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Motivation of the talk

What are the signatures for light pseudo scalars in composite models

Depending on the parameter space, the light composite states can have a different 
imprint on the detector: Prompt, Displaced or Missing energy

In this talk we will discuss the coverage of the parameter space for each of these 
scenarios

Depart from the conventional O(1) parametrization: Hierarchy is good!!



The Higgs sector of the SM is still a mystery:

Spontaneous symmetry breaking is not explained: simply modelled

Shielding of the electroweak scale from higher scales: Naturalness

A solution to the above two questions: Compositeness

Several motivations to consider these kind of models:

Use lessons from QCD: chiral symmetry breaking

Lightness of the “pion”

Source: symmetry magazine

Elementary or Composite?

New states implies new signatures

#win



Technicolor:  
Electroweak symmetry breaks due to the 

 formation of condensates. Higgs is the lightest

Disclaimer: We are interested in models with fundamental fermions charged under 
new confining group. Motivated by QCD, we have a global symmetry for fermions. 

SO(5)/SO(4)

PNGB Higgs:  
Underlying dynamics breaks only the global symmetry 

of underlying fermions

In a generic vacuum alignment, the Higgs is neither a PNGB or a  
TC-Higgs

Misalignment,  
for a Goldstone-Higgs

v ⇠ f

v ⌧ f

sin ✓ =
v

f Cacciapaglia FCC ‘20

Global symmetry and its breaking: G/H



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).
G
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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

OZh =
(@µa)

⇤

�
�
†
iDµ �+ h.c.

�
! �

g

2cw

(@µa)

⇤
Zµ (v + h)2 , (2)

4

Typical pseudo scalar Lagrangian

The couplings C’s are typically  chosen to be O(1)

By giving examples, we will demonstrate how a departure from the conventional 
parametrisation can lead to interesting phenomenology

This analysis is also applicable to ALP’s which exhibit similar properties!



Properties of the PNGB “a”

Coupling to Gauge bosons

The coupling to a pair of gauge bosons are through the anomalous WZW interactions

2

the hierarchy problem), as well as minimality (only the
WZW interactions are needed).
In this letter we explore the theory space of composite

Higgs models with top partners based on an underlying
fundamental dynamics, and find that all models predict
a U(1) singlet pNGB potentially compatible with the re-
cent di-photon hint. We propose how to use this hint
in combination with other di-boson searches in order to
delineate the best candidate for composite higgs mod-
els with top-partners and demonstrate how it allows to
severely reduce the theory space of the models under con-
sideration and to make precise and testable prediction for
other signatures from surviving models. This strategy is
also relevant in case the di-photon excess turns out to
be a statistical fluctuation in the data, as other excesses
may appear in the data.

MODEL DISCUSSION

The models we discuss in this letter are based on a
confining GHC with two species of fermions, ψ and χ,
which transform under two independent representations.
We refer to ψ as the colourless fermions which produce
the Higgs as a pNGB, after condensation occurs. The
number of such fermions Nψ (defined as the number of
Weyl spinors) depends on their representation and the
coset generated by their condensation: we can distinguish
3 classes of cosets, and for each we consider the minimal
case that contains a composite Higgs.

- Real representation: the condensate breaks
SU(Nψ) → SO(Nψ). The minimal case corre-
sponds to Nψ = 5, with 5 components transforming
under the custodial SU(2)L × SU(2)R of the SM as
a (2, 2) plus a singlet.

- Pseudo-real representation: in this case, Dirac
fermions need to be considered, and the coset arises
as SU(Nψ)/Sp(Nψ) with evenNψ and minimal case
for Nψ = 4. The 4 Weyl spinors transform as
(2, 1)⊕ (1, 2).

- Complex representation: Dirac fermions are needed
to avoid gauge anomalies (Nψ is even), and the
coset is SU(Nψ/2)2/SU(Nψ/2). The minimal case
corresponds to Nψ = 8. The 4 Dirac fermions
transform as (2, 1)⊕ (1, 2).

The top partners arise as fermionic bound states of the
form ψψχ or ψχχ, thus χ must carry both colour and
an additional U(1) charge to fit the hypercharge of the
SM quarks. Thus, the minimal Nχ is 6, comprising a
Dirac triplet of colour. If the HC representation of χ is
real (pseudo-real), than both colour and the additional
charge U(1)X are embedded in the coset SU(6)/SO(6)
(SU(6)/Sp(6)), while for complex representation colour

GHC ψ χ EW Colour X
Sp(2Nc), 2 ≤ Nc ≤ 18 F A SU(4)

Sp(4)
SU(6)
SO(6)

2/3
SO(11), SO(13) Spin F 2/3
Sp(2Nc), Nc ≥ 2 A F

SU(5)
SO(5)

SU(6)
Sp(6)

1/3
Sp(2Nc), Nc ≥ 6 Adj F 1/3
SO(11), SO(13) F Spin 1/3
SO(7), SO(9) Spin F

SU(5)
SO(5)

SU(6)
SO(6)

2/3
SO(7), SO(9) F Spin 1/3
SO(Nc), Nc ≥ 15 Adj F 1/3
SO(Nc), Nc ≥ 55 S F 1/3
SU(4) A F SU(5)

SO(5)
SU(3)2

SU(3)

1/3
SO(10), SO(14) F Spin 1/3
SU(4) F A SU(4)2

SU(4)
SU(6)
SO(6)

2/3
SO(10) Spin F 2/3
SU(7) F A3

SU(4)2

SU(4)
SU(3)2

SU(3)

1/12
SU(Nc), Nc ≥ 5 F A 2/3
SU(Nc), Nc ≥ 5 F S 2/3
SU(Nc), Nc ≥ 5 A F 1/12
SU(Nc), Nc ≥ 8 S F 1/12

TABLE I: The complete list of theories. The HC repre-
sentations are: F fundamental, S 2-index symmetric, A 2-
index anti-symmetric, A3 3 index anti-symmetric, Adj ad-
joint, Spin spinorial of SO. The last column contains the
U(1)X charge assignment.

is the unbroken group SU(3)3/SU(3) and the charge is
the anomaly-free χ-baryon number. Note that the as-
signment of the charge under U(1)X is fixed by the HC
representations of the two fermions. A full list of the
possible models [8, 23] is shown in Table I.

Couplings of the U(1) pNGBs

Each model contains two U(1)s that are spontaneously
broken by the condensates: one associated to the ψ
fermions (U(1)ψ) and one to the χ fermions (U(1)χ). In
the cases with complex representation, the U(1) corre-
sponds to the “axial” one, as the “vector” one is un-
broken and anomaly-free. However, one combination of
the two has an anomaly with the GHC , like the η′ in
QCD, and will thus acquire a large mass of order ΛHC

via instanton effects. The anomaly free U(1), which is
associated to the light pNGB, is defined by the following
charge assignment to the two species of fermions:

qψ = NχTχ , qχ = −NψTψ , (1)

where Tψ,χ is the Dynkin index of the HC representation,
and Nψ,χ is the multiplicity of the fermions (Nχ = 6, and
Nψ = 4, 5, 8 depending on the coset).
If we call a the pNGB of the spontaneously broken

global U(1), its couplings to the gauge bosons via the
WZW term can be parametrised as:

L ⊃
g2i

32π2

κi
fa

a ϵµναβGi
µνG

i
αβ , (2)

The underlying dynamics also fixes the co-efficients.

Coupling to Fermions:

No tree level interaction.They are loop induced and also through the WZW interaction.

f

a

f

WZW
f,ma
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Free  
parameters



Terra-Z portals for compositeness

a

e
Z

�e
WZW

Tera Z phase of FCCee will lead to                  visible Z bosons at the end of the run. 
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Cacciapaglia, Deandrea, A.I, 
Sridhar

This process is always associated with a monochromatic photon.

⇠ 5� 6⇥ 1012
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Good for rare decays!!



Based on the coupling of pseudoscalars to the photons,photons,  
the discussion can be split into two scenarios:

Photo-Phobic Photo-Phillic
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No leading order coupling to  
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(6)/SO(6) :   

Cacciapaglia, Deandrea, A.I, 
Sridhar



Invisible or Displaced or Prompt

Displaced

Prompt

Cacciapaglia, Deandrea, A.I, 
Sridhar
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Photo-Phobic Photo-Phillic



One isolated photon +  
at least one b tagged jet

Discriminating variable: 
Energy of the photon

a

e
Z

�e

b b

Cacciapaglia, Deandrea, A.I, 
SridharPhenomenology-Prompt Decays

a

e
Z

�e

Three isolated photons
��
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Discriminating variable: 
Invariant mass

Photo-Phobic Photo-Phillic



Long lived vertex

In the absence of a detector card adapted to handle long lived particles, we simply 
Count the number of displaced events.

Signatures are likely to be background free

Monochromatic photon +  
displaced hadrons

Monochromatic photon +  
At least one displaced photon

Missing energy

We use an existing analysis which estimates the lower bound for 

B(Z ! ��̄) < 2.3⇥ 10�11
<latexit sha1_base64="5aW+d1TesATnoxRuVY8DHz0ZbWA="></latexit>

Where       is the dark photon�̄
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Photo-Phobic Photo-Phillic



Photo-Phobic Photo-Phillic



Diphoton decay at the Z pole?

Event selection: 3 isolated 
photons

Reconstruct inv. mass of two 
leading photons

The only possibility is the double fake from Z- ee 

Cacciapaglia, Deandrea, A.I, 
Sridhar

The three photon  background exhibits a rapid decline after 80 GeV

Possibility of zero background bins at the tail for pseudo scalar masses between 
87-93 GeV 

�
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The current fake rate from CMS searches is 0.0015: Detector and collider specific

One can expect significantly reduced numbers for FCCee

Need for a detailed analysis!!



Summary

Is a monochromatic photon associated with a displaced vertex a definite hint for 
compositeness? Maybe! Look for distinctions with elementary models

We argued the need to go beyond the conventional O(1) parametrisation 
Of couplings: A HIERARCHY is not bad after all

Scales deep into the UV can be probed at the FCCee

This analysis is also applicable to ALP’s which exhibit similar properties!



BACKUP



Choice of global symmetries

Begin with single Dirac species of fermions: 

The possibilities for the flavour symmetry are SU(2Nf) or SU(Nf)xSU(Nf) 

Breaking of global symmetries and cosets

SU(Nf)xSU(Nf) :  Fermions sitting in the complex representations. QCD like

SU(2Nf) :  Fermions sitting in the (pseudo-)real representations.

SU(2Nf)/SO(2Nf) :   
Real

SU(2Nf)/SP(2Nf) :   
Pseudo-Real

SU(Nf)xSU(Nf)/SU(Nf) :   
Complex

SU(4)xSU(4)/SU(4) :   
15 GB~(2,2)+(2,2)+(1,3)+(3,1)+(1,1)

“Minimal versions of each”
SU(4)/SP(4) :   

 5 GB~(2,2)+(1,1)
SU(6)/SO(6) :   

 20 GB~(3,3),(2,2)+(2,2)+3(1,1)

Most minimal from the matter content 
point of view
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Energy of the third photon for the background



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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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
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Axion Like particles
Bauer, Neubert, Thamm ‘17
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Figure 3: ALP decay rates into pairs of SM particles obtained by setting the relevant e↵ective
Wilson coe�cients to 1 (top), or by setting the ALP–fermion couplings to 1 and the ALP–boson
couplings to 1/(4⇡2) (bottom). The gray area between 1 and 3GeV shows the region in which
various exclusive hadronic (and di�cult to calculate) decay channels such as a ! ⇢⇢ open up. In
this interval the rate �(a ! hadrons) is expected to interpolate between the black and red lines. The
rates for decays into heavy-flavor jets are shown separately.

with CF = 4/3. The perturbative calculation of this expression can be trusted as long as
ma � ⇤QCD and mq � ⇤QCD. For the light quarks, the appropriate infrared scale is not the
quark mass but a typical hadronic scale such as m⇡. We have derived the estimate (16) by
using the above result for the gluon contribution to cqq in (13).

3.4 Summary of ALP decay modes

Above we have presented an overview of possible ALP decay modes into SM particles. The
upper panel in Figure 3 shows the various decay rates for a new-physics scale ⇤ = 1TeV as a
function of the ALP mass, under the assumption that the relevant coe�cients |C

e↵

�� |, |C
e↵

GG| and
|c

e↵

ff | are all equal to 1. For di↵erent values of these parameters, the rates need to be rescaled by
factors (|Ce↵

ii |/⇤)2. For example, in the lower panel we assume that the ALP–boson couplings
are loop suppressed. If all Wilson coe�cients are of the same magnitude and the ALP is
lighter than the pion (or if it does not couple to colored particles at all), the dominant decay
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