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New Physics models with either an elementary or composite origin are often associated with a
similar imprint in a direct search at colliders, case in point being the production of a light pseu-
doscalar in association with a monochromatic photon from the decay of a Z boson at future e+ e−
colliders. We exploit the correlation between the discovery of a signal in the Z decays and elec-
troweak precision measurements as a tool to distinguish a composite model from an elementary
scalar one. Our results offer an appealing and rich physics case for future colliders and demonstrate
how a lepton collider at the Z mass can be a discovery machine for new physics in the Higgs sector.

I. INTRODUCTION

The mechanism underlying the electroweak (EW) sym-
metry breaking in the Standard Model (SM) has been
the subject of intense inquisition. The SM Higgs sector,
in fact, provides a neat description via an elementary
scalar field with an ad-hoc potential [1], while also suffer-
ing from the well-known radiative instability of the EW
scale (naturalness problem). One of the most attractive
possibilities follows from the analogy with chiral sym-
metry breaking in Quantum Chromodynamics (QCD).
In such scenarios, the gauge group of the SM is embed-
ded in a global symmetry group G, spontaneously bro-
ken via a fermion condensate [2] to a subgroup H, which
only contains the generator of electrodynamics (QED).
The underlying dynamics requires a new confining group
with fermions charged under it (and also carrying EW
charges). Henceforth, several Goldstone bosons emerge,
sitting in the coset space G/H. Two extreme possibilities
can be realised for the breaking of the EW symmetry:

A) In Technicolor-like [2–4] scenarios the breaking of
G also results in the EW breaking, hence the Higgs
vacuum expectation value (vev) v is replaced by the
Goldstone decay constant f = v;

B) In composite Higgs scenarios [5–8], the Higgs dou-
blet emerges as a pseudo-Nambu-Goldstone boson
(PNGB) and the EW symmetry is broken via vac-
uum misalignment [5], leading to f � v.

Note that a misalignment model can always be rotated
to its Technicolor limit, while the viceversa is not al-
ways possible [9]. One generic consequence of this mecha-
nism is the emergence of additional pseudo-scalars, which
are potentially lighter that the Higgs boson. In many
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cases, their leading-order linear couplings to SM particles
stem from the Wess-Zumino-Witten (WZW) topological
anomaly [10, 11], which yields couplings to the EW gauge
bosons in the form

LWZW ⊃ a
(
g2CW

Λ
WµνW̃

µν + g′
2CB

Λ
BµνB̃

µν

)
, (1)

where a is a light composite pseudoscalar singlet un-
der the EW symmetry, Λ is the cut-off of the effective
theory, while W,B are the SU(2)L and U(1)Y gauge
bosons, respectively. The coefficients CW,B are deter-
mined by the underlying completion of the model. The
pseudoscalar a could either be embedded in models of
composite Higgs [7, 12–14] or be a generic axion-like par-
ticle (ALP) [15, 16]. In either case, we are interested in
scenarios where a lacks leading-order couplings to glu-
ons and SM fermions. Hence, the couplings to fermions
are loop-induced [17] and are entirely determined by the
WZW couplings in Eq. (1), making the model highly
predictive. Thus, the only free parameters are its mass
ma and the decay constant fa ∼ f , the latter appearing
in the expression for CW /Λ and CB/Λ.

The run of a future e+ e− collider at the Z mass en-
ergy offers a bright prospect for the discovery of these
states if ma < mZ . This includes the prospected Tera-Z
run of the FCC-ee project [18, 19] as well as the planned
Giga-Z run at the CePC project [20, 21]. The analysis in
Ref.[22] considered the Z portal production of the pseu-
doscalar a in association with a monochromatic photon,
Z → a γ. Depending on the mass and the decay constant
f , the pseudoscalar decays promptly, with a displaced
vertex (long lived case) or outside the detector, mani-
festing itself as missing energy. The entire analysis was
duly classified on the basis of the presence of a coupling
to photons: In the photophobic case (CB = −CW ), the
decays are due to the loop-induced couplings to fermions,
preferably to bottom quarks, leading to larger parame-
ter space with long lived or missing energy signatures; In
the remaining photophilic cases, the decay is dominantly
into a pair of photons by means of the WZW vertex in
Eq.(1).
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Of particular interest are cases with long lived signa-
tures, as the presence of a displaced vertex in association
with a monochromatic photon is characterised by negli-
gible SM backgrounds. Given that the long lifetimes of
these composite pseudoscalars were due to the absence
of leading order couplings to gluons and fermions, one
was led to wonder if such a signal is an incontrovertible
smoking gun of compositeness.

In this work we give a closer look into this hy-
pothesis and explore the possibility of obtaining the
same signature from elementary scalar extensions of the
SM. We construct a mockup model with elementary
(pseudo)scalars and vector-like leptons (VLLs). To dis-
tinguish the elementary model from the composite case,
provided the same signature and rates, we consider cor-
rections to EW precision measurements as a discrimina-
tor. In fact, a future e + e− collider will provide huge
improvements in the tests of the properties of the EW
gauge bosons, provided a substantial improvement in the
theoretical precision is also achieved. Our results offer
a strong case for the use of e + e− machines, like FC-
Cee and CePC, as discovery tools via a strong synergy
of direct searches and EW precision measurements. This
example also provides a powerful probe of the origin of
the EW symmetry breaking in the SM.

The paper is organised as follows: In Section II we
briefly summarise the properties of the light composite
pseudoscalars. In Section III we detail the salient fea-
tures of the mockup model, consisting of a complex sin-
glet scalar extension to the SM plus heavy VLLs. In
Section IV we show how the discovery of the Z → a γ
process plus EW precision tests provides a strong dis-
crimination power. Finally, we draw our conclusions in
Section V.

II. COMPOSITE ALPS

Composite Higgs models with an underlying gauge-
fermion description always feature additional PNGBs,
besides the Higgs and the Goldstones eaten by the W and
Z bosons [7, 23, 24]. For example, the minimal model fea-
tures the symmetry breaking pattern SU(4)→ Sp(4) and
has an additional pseudoscalar singlet [9, 12]. In general,
we are interested in light pseudoscalars that only couple
to the EW gauge bosons via the WZW terms in Eq. (1).
The coefficients depend on the properties of the under-
lying gauge theory, and read (at leading order in v/f):

CW/B

Λ
=

dψ

64
√

2π2

cW/B

f
, (2)

where dψ is the dimension of the underlying fermion rep-
resentation, and cW/B are group theory factors related to
the coset of the specific model. A photophobic a is, there-
fore, present if cB = −cW , situation that occurs in cosets
of the form SU(Nf )/Sp(Nf ) and SU(Nf )2/SU(Nf ). In
the minimal cases, Nf = 4, we have cW = −cB = 1.

For a lighter than the Z boson, only couplings to pho-
tons are relevant for the phenomenology, which, from
Eq. (1), read

LWZW ⊃ a e2

(
Cγγ
Λ

AµνÃ
µν +

2

sW cW

CγZ
Λ

AµνZ̃
µν + . . .

)
,

(3)
where Cγγ = CW + CB and CγZ = c2WCW − s2

WCB .
Here, sW and cW are the sine and cosine of the Weinberg
angle, respectively. In the photophobic case, Cγγ = 0 and
CγZ = CW . The BR(Z → aγ) can, therefore, be directly
related to the WZW coefficient (and the compositeness
scale f) by

BR =
8πα m3

Z

3s2
W c

2
WΓZ

(
1− m2

a

m2
Z

)3 (
CW
Λ

)2

. (4)

Note that, for fixed ma and using Eq. (2), f can be re-
lated to the BR by inverting the above equation.

III. ELEMENTARY MOCK-UP: A COMPLEX
SCALAR MODEL

Complex singlet scalar extensions of the SM (cxSM)
have been the subject of extensive investigations, rang-
ing from their implications for collider phenomenology to
cosmological considerations [25–33]. In this work we con-

sider one complex singlet S = (S + i a)/
√

2 where, with
abuse of notation, we call a the pseudoscalar component.
We assign to S the most general and simplest renormal-
isable scalar potential with approximate global U(1) and
discrete Z2 symmetries. Hence, the scalar potential of
the cxSM we consider, including the Higgs doublet field
H, reads [29–33]:

V (H,S) =
m2

2
H†H +

λ

4
(H†H)2 +

δ2
2
H†H |S|2

+
b2
2
|S|2+

d2

4
|S|4+

(
|b1|eiφb1

4
S2 + c.c

)
+
(
|a1|eiφa1S + c.c

)
,

(5)

where m and λ are the usual SM Higgs potential param-
eters. The last two complex couplings, b1 and a1 break
explicitly the approximate symmetries U(1) and Z2, re-
spectively, and can be considered small compared to the
other parameters in the potential. Following Eq. (5),
both H and S develop a vev, where 〈S〉 = vS . The scalar
spectrum consists of two scalars, h1,2, stemming from the
mixing between the SM Higgs and S, and a pseudoscalar
a. Either h1 or h2 corresponds to the 125 GeV Higgs
boson discovered by ATLAS and CMS, and a crucial pa-
rameter here is the mixing angle φ which is constrained
by the measurement of the Higgs couplings and also con-
trols the EW precision tests in this model, as we will see.
The pseudoscalar acquires a mass

m2
a = |b1|+

√
2|a1|
vS

, (6)
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hence proportional to the couplings that break the global
symmetries. As such, a is a PNGB and it is enabled to be
arbitrarily light. As we are interested in the production
of these particles through the decay of a Z boson, we
can ensure all possible values of the mass between 1 and
90 GeV. Note that this low mass is not in contradiction
with having vS � v, so that mh2 � mh1 = 125 GeV.

We consider next the the couplings of the new scalars
to SM particles. The scalar h2 inherits them from the
mixing to the SM Higgs boson, while the pseudoscalar
a has no tree level couplings, being a gauge singlet. To
generate couplings of a single a to the EW gauge bosons,
similar to the composite WZW case, we introduce VLLs
Ψj in different representations of the EW gauge symme-
try, and introduce the following Lagrangian:

LΨ =
∑
j

Ψ̄ji /DΨj − µjΨ̄jΨj − yj S Ψ̄jΨj . (7)

Note that the presence of both a mass term µj and a
coupling yj breaks the global symmetries in the scalar
sector. At one loop, the VLLs Ψj generate couplings
to the EW gauge bosons in the form of Eq. (1), with
coefficients

CW
Λ

=
1

8π2

∑
j

T (Rj)
yj√
2mj

I0

(
ma

mj

)
, (8)

CB
Λ

=
1

8π2

∑
j

Y 2
j

yj√
2mj

I0

(
ma

mj

)
, (9)

where mj = µj + yjvS/
√

2 is the mass of the multiplet,
Rj and Yj its SU(2) representation and hypercharge, re-
spectively, and I0 a loop function that tends to a constant
for large VLL mass, I0(0) = 1/2.

To impose photophobic couplings, so that Cγ = CW +
CB = 0, requires non-trivial constraints on the parame-
ters of the VLL sector. First of all, if the mass is only
due to the S vev, i.e. mj = yjvS/

√
2, then this condition

cannot be achieved without forbidding all other couplings
to the EW gauge bosons. This is more illuminating by
writing explicitly Cγ :

Cγ
Λ

=
1

8π2

∑
j

yj√
2mj

Tr
[
Q2

Ψ

]
I0

(
ma

mj

)
= 0. (10)

For µj = 0, then
yj
mj

=
√

2/vS and the coefficient is al-

ways positive, unless all VLLs are gauge singlets. The
only way to ensure a photophobic elementary a is to re-
quire a cancellation due to the signs of the Yukawas yj
for µj 6= 0. For concreteness, in the following we consider
two scenarios where the cancellation can occur.

Case A. We introduce a doublet Ψ1 and a singlet
Ψ2. A minimal choice for the hypercharges that avoids
semi-integer electric charges is Y1 = ±1/2 and Y2 = ±1.
Considering the large VLL mass limit, the photophobic
scenario can be achieved by choosing

y2

m2
= − y1

m1
, (11)
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FIG. 1. Contours for two values of BR(Z → aγ):
10−8(dotted) and 10−10(solid) for elementary models and cor-
responding to a value of Yukawa coupling of the VLL to be
∼ 1.5. It is shown as a function of the VLL mass and the light
pseudoscalar mass. The red (grey) lines correspond to Case
A (Case B) respectively. The values are beyond the reach of
LEP.

which leads to

CW
Λ

= −CB
Λ

=
1

32π2

y1√
2m1

. (12)

Note, however, that a coupling of the VLLs to the Higgs
can be added in this case, hence mixing the two multi-
plets and modifying the contribution to the above cou-
plings.
Case B. We introduce a triplet Ψ1 and a singlet Ψ2.

A photophobic scenario can be facilitated by two choices
of hypercharges and the corresponding relation between
the Yukawa couplings:
1) If Y1 = ±1 and Y2 = ±1, we have:

y2

m2
= −5

y1

m1
;

2) If Y1 = 0 and Y2 = ±1, we have,

y2

m2
= −2

y1

m1
.

Both scenarios lead to the following coefficients

CW
Λ

= −CB
Λ

=
1

8π2

y1√
2m1

. (13)

In this case, however, a coupling of the VLLs to the Higgs
doublet is not possible.

In both cases, the coefficients depend on the ratio of
two parameters: the coupling y1 and the VLL mass m1 of
one of the two multiplets. These parameters can be tuned
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to obtained the desired value of the BR(Z → aγ). Figure
1 illustrates the the contours for two different values of
the branching fraction, 10−8, 10−10, for y1 = 1 and as
a function of the pseudoscalar and VLL masses. The
red (black) lines correspond to Case A (Case B), thus
ensuring that the pseudoscalar in elementary models will
have similar distribution of lifetimes as was noted for the
composite analogues [22].

Thus a signature with a monochromatic photon with
displaced vertices at the Tera-Z is possible for both com-
posite and elementary models. This leads us towards the
consideration of EW precision observables as a possible
discriminator.

IV. PRECISION ELECTROWEAK SIEVE

One of the hallmarks of an electron-positron collider
is its capability to achieve high levels of precision. This
makes it sensitive to high scales while offering avenues
to favour one BSM scenario over the other. In particu-
lar, low energy runs at the Z mass and at the W+W−

threshold, will allow to massively improve the precision
measurements in the EW sector of the SM. The possible
new physics contributions to various observables can be
conveniently parameterised in terms of the oblique pa-
rameters S and T [34]. The two ellipses in Fig. 2 show
the current 95% CL contours with (green) and without
(red) the inclusion of the recent CDF-II measurement of
the W mass [35]. The red ellipse corresponds to the fit on
the most recent PDG [36], while the new best fit values
including CDF-II, (S, T ) = (0.05, 0.15), follow from the
analyses in [37]. The size of the ellipses reflect the ex-
isting levels of precision: the green ellipse is narrower in
comparison, as expected, due to the improved precision
by the CDF-II measurement. The programme at future
e + e− colliders offers to greatly improve the precision
on the determination of S and T . Due to statistics alone
compared to LEP, the precision may improve by a factor
of 100, so that the current limiting factor stems from the-
oretical uncertainties on the SM predictions. A realistic
projected precision at FCCee indicates an improvement
of O(10) [38], and we will use this as a benchmark in our
analysis.

The oblique parameters have been studied in great de-
tail for both the elementary and the composite models.
We present the main features of the impact on these mod-
els on oblique parameters before using it for the purpose
of discrimination between the elementary and composite
light pseudoscalar.

In the elementary mockup model, the simplified cxSM,
there are two contributions to the oblique parameters: A)
the mixing between the scalar singlet component to the
SM Higgs boson, and B) the contribution to the vacuum
polarisation due to the VLLs. In particular, the pseu-
doscalar a does not directly contribute. The contribution

of the VLLs to the S parameter is given as

∆SVLL = − 4

3π

∑
j

Tr

[
T 3Yj log

(
m2

Ψj

Λ2

)]
, (14)

where the trace acts on the components of the multiplets
Ψj . This contribution vanishes unless mass differences
among multiplet components are induced, which can only
come from Yukawa couplings to the Higgs. The same ap-
plies to ∆TVLL, as violation of the custodial symmetry
can only come from Yukawa couplings of the Higgs dou-
blet. Hence, in the most minimal scenarios, the VLLs
do not contribute. The only non-vanishing effect comes
from the mixing of the singlet scalar S with the Higgs
from the doublet, and it is sensitive to the mixing angle
φ, proportional to δ2 in the scalar potential. The con-
tribution to the oblique parameters due to this mixing is
given as

∆Tφ = − 3

8πc2W
sin2 φ log

mh2

mh1

,

∆Sφ =
1

6π
sin2 φ log

mh2

mh1

,

(15)

where mh1 is identifies as the 125 GeV Higgs candi-
date while mh2 is the mass of the (heavier) CP-even
eigenstate. Hence, the oblique observables and the pro-
duction dynamics of the pseudoscalar depend on two
non-overlapping and independent sets of parameters:
{φ,mh2

} and {ma,mVLL}, respectively. As a result, the
observation of the Z → aγ process with a given BR does
not lead to a precise prediction for the (S, T ) values. Nev-
ertheless, as the contributions are proportional to each
other, the cxSM model can only lie on a line, shown as
the black solid line in Fig. 2. As already mentioned,
additional contributions may come from the VLLs, if a
coupling to the Higgs doublet H is present and sizeable.

This is in stark contrast to the scenario in composite
models. The oblique parameters, in this latter case, can
be expressed as [39]

∆TFC = − 3

8πc2W

v2

f2
log

ΛFC
mh

,

∆SFC =
1

6π

v2

f2

(
log

ΛFC
mh

+ND

)
,

(16)

where ΛFC ≈ 4πf is the condensation scale of the under-
lying fundamental gauge (FC) theory and ND counts the
number of chiral SU(2)L doublets in the confining theory.
For minimal cosets, ND = dψ, c.f. Eq. (2). Note that the
contributions proportional to the logarithm come from
modifications of the Higgs couplings and are, therefore
similar to the cxSM terms in Eq. (15). The term pro-
portional to ND, instead, estimates the non-perturbative
contribution of the confining sector, which is assumed to
be custodial invariant and hence not contributing to T .
Contrary to the elementary case, (S, T ) in Eq. (16) can
be related to the Z → aγ process via f , which can be
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FIG. 2. A comparison of the contributions to the oblique parameters between the composite and the elementary models. The
red and green curves represent the current 95% regions with and without the inclusion of CDF-II W mass result, respectively.
The solid black line is the elementary contribution. The dots show the contribution of the composite models without (black)
and with (brown) the top partners. We fixed BR(Z → aγ) = 10−8 and small ma, showing results for ND = 2 (left) and ND = 4
(right). The small grey ellipses estimate the errors after future e+ e− colliders as 1/10 of the ones of the green ellipse.

obtained as a function of the BR by inverting Eq. (4).
Hence, once ma and BR are fixed by the discovery at the
Tera-Z, (S, T ) are fully fixed in terms of ND = dψ. In
Fig. 2 we show two examples for BR= 10−8 and small
ma, with ND = 2 (left plot) and ND = 4 (right plot).
We can already see that the prediction for the composite
models are very close to the mockup model like, hence it
will be hard to distinguish them unless the precision on
the EW observables is greatly enhanced, via more accu-
rate theoretical calculations. As a reference, in the plot
we draw an ellipse centred on the composite prediction,
based on the green contour but with errors reduced by a
factor of 10. Note that smaller BR would require larger
f , hence proportionally smaller contributions to S and T

The central value predicted by composite models also
lies well outside of the current ellipses, hence it is strongly
disfavoured, especially after the inclusion of the CDF-
II measurement of the W mass (green ellipse). How-
ever, complete composite Higgs models feature top par-
tial compositeness [40], characterised by the presence of
potentially light fermionic top partners [41, 42]. As a re-
sult, additional contributions to the oblique parameters
are generated, which could push the black points in Fig.
2 closer to the experimental ellipse and away from the
mockup model values. A simple estimate of the contri-
bution of top partners is given as [41]

∆TTP '
3

16π2
y2
t ξ ,

∆STP '
g2

8π2

(
1− 2c2θ

)
ξ log

(
m2
∗

m2
4

)
,

(17)

where yt ∼ 1 is the SM top Yukawa, ξ = v2

f2 , cθ is the co-

sine of a mixing angle between the top and the composite
top partners, and m?/m4 ∼ 1 is the ratio of masses in
the top partner sector, generated by the strong dynamics.
The key message is that a largish and positive contribu-
tion is expected for T , while the effect on S is somewhat
smaller. Also, ∆TTP is completely fixed by f , which is
fixed as before as a function of the BR and ND. The ad-
ditional contribution to (S, T ) from top partial compos-
iteness is indicated schematically by the arrows in Fig. 2,
where the length of the shift is fully determined in the
T direction. These contributions tend to push the com-
posite models towards the experimental ellipse while also
disentangling them from the mockup elementary model.

V. RESULTS AND CONCLUSIONS

The presence of light composite pseudoscalars offers
the possibility of using future low energy e+ e− colliders
at the Z resonance as discovery machines for composite-
ness. The new state can be discovered in the channel
Z → aγ and prove high compositeness scales, as demon-
strated in Ref. [22]. In this letter we have demonstrated
that electroweak precision measurements, which will also
be performed at the same machine, can potentially distin-
guish the composite pseudoscalar from elementary mock-
ups.

As shown in Fig. 2, the projected precision, which will
improve by a factor of 1/10 with respect to the current
fits, is not enough per se to disentangle the two mod-
els. However, contribution from top partial composite-
ness play a crucial role in pushing the composite predic-
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tion in the (S, T ) plane away from the mockup and also
closer to the currently allowed ellipse. It should be re-
marked that we did not include the effect of vector-like
leptons in the mockup model, as effects on S and T can
only be generated if couplings of the Higgs are included.

Overall, the results in Fig. 2 serve as a useful bench-
mark for the development of FCCee strategy in terms of
desired precision goals. In the composite model, there
is a remarkable correlation between the value of the
BR(Z → aγ) and (S, T ), which can be deployed to un-
cover some details of the underlying confining dynamics.
Instead, in the mockup elementary model, this correla-
tion is not present. Nevertheless, achieving the explored
signals required the presence of relatively light states:
vector-like leptons below a few TeV and a second Higgs
boson. The former can be searched for at a high energy

hadron collider, while the presence of the latter will be
tested via precision measurement of the Higgs couplings
at the High-Luminosity LHC and future e + e− collid-
ers in their Higgs-factory run. Hence, this simple model
offers a rich physics case for a variety of future collider
projects.
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