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We look at the prospects for detecting light bosons, X, at proposed Z factories assuming a production of
1012 Z bosons. Such a large yield is within the design goals of future FCC-ee and CEPC colliders.
Specifically, we look at the cases where X is either a singlet scalar that mixes with the standard model Higgs
or a vector boson with mass 1≲MX ≲ 80 GeV. We find that several channels are particularly promising
for discovery prospects. In particular, Z → ff̄X and Z → VQX give a promising signal above a very clean
standard model background. We also discuss several channels that have too large a background to be useful.
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I. INTRODUCTION

So far, the LHC has not uncovered any unambiguous
evidence for physics beyond the standard model(SM). It is
striking then to consider that, despite this impressive advance
at the energy frontier, the parameter space for new bosons
that are lighter than a Higgs is still relatively unconstrained.
This will remain true even in the case where the high
luminosity LHC fails to find new physics [1]. Two proposed
experiments, the FCC-ee and the CEPC[2–6], could either
result in detection or falsify large parts of the parameter space
for such a light boson. It is within the design goals of both
experiments to produce up to 1012 Z bosons per year, making
the even rare decays probable. Such rare decays have been
proposed as a way to constrain a hidden dark sector [7,8], as
an indirect probe for supersymmetry [8], and as a probe to an
electroweak phase transition [9].
In this work, we consider the singlet extension of the

standard model as well as a new vector boson which couples
to the standard model through effective operators. Such new
bosons are ubiquitous in extensions to the standard model
[1,10–22]. New scalar particles can be a dark matter
candidate, a portal to the dark sector [23–31], as well as a
catalyst for a strongly first-order electroweak phase transition
[32–35], and a way to improve the stability of the vacuum
[36–40]. We find that one can discover such a light scalar
even for relatively small mixing angles of sin2 θ ∼ 10−7 →
10−3 with the SM Higgs boson depending on the mass and

the decay branching ratio BrðS → final stateÞ. This impres-
sive search power is due to the relatively clean SM back-
grounds for decay channelsZ → Xff̄ andZ → VQX, where
VQ is the 13S1 quarkoniumwithQ ∈ ðc; bÞ. In both of these
cases, theSMbackgrounds are dominated byX decaying into
either bb̄, μμ̄ or invisible final states (neutrinos, or massless
Goldstone bosons, or yet unknown dark matter). Such
channels turn out to be the most promising for reasons
we discuss throughout the paper. We perform a systematic
analysis of every possible decay channel of these types
which we list in Table I. In the case of spin-1 boson
extensions to the standard model, the limits we find depend
on which fermion the boson couples to as well as its mass.
The Z factories have the potential to directly detect a
few GeV vector boson whose gauge coupling strength to
the SM fermion is as small as ∼10−4e. Throughout this

TABLE I. Possible signals and their SM background. Fake
signals within the SM are those whose invariant mass of the
underlined fermion pair is close to mX .

Z decay Subsequent X decay SM background

Z → νiν̄iX X → bb̄ Z → bb̄, νiν̄i
X → μμ̄ Z → μμ̄, νiν̄i

Z → bb̄X X → bb̄ Z → bb̄, bb̄
X → μμ̄ Z → μμ̄, bb̄

X → invisible Z → νiν̄i, bb̄

Z → μμ̄X X → bb̄ Z → bb̄, μμ̄
X → μμ̄ Z → μμ̄, μμ̄

X → invisible Z → νiν̄i, μμ̄

Z → J=ψX X → μμ̄ Z → J=ψμμ̄
X → invisible Z → J=ψνiν̄i

Z → ϒX X → μμ̄ Z → ϒμμ̄
X → invisible Z → ϒνiν̄i
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paper, both numerical and analytic methods are used with
the numerical study relying heavily on the numerical
package CALCHEP [41].
The structure of this paper is as follows. We discuss the

singlet and spin-1 extensions of the standard model in
Sec. II, then discuss the two most promising decay channels
including an analysis of excesses over the SM expectations
as a function of the parameter space and the standard model
background in Secs. III and IV, respectively. Next, in
Sec. V, we discuss the case where the singlet does not
mix. Finally, in Sec. VI, we compare the signal to the
background. We end with a conclusion.

II. SCALAR AND SPIN-1 BOSON EXTENSIONS
OF THE STANDARD MODEL

Let us begin with a scalar singlet (S) extension to the
standard model. The singlet couples to the standard model
through a Higgs portal term. A commonly used one is
S†SH†H, where H is the SM Higgs field. As such, the
decay rates of Z → Sff̄ or Z → VQS only depend on the
physical mass, MS, of the singlet scalar and its mixing
angle with the SMHiggs. S is produced on shell and decays
either visibly into SM particles or into some invisible final
states. One will then observe a resonant peak in the
invariant mass of the final states. Note that the invariant
mass of the invisible decay can be well determined in the
rest frame of the Z boson. The specific signal, S → Y, is
then controlled by the model-dependent branching ratio
BrðS → YÞ. We aim to calculate prospective limits in the
sin2 θ × BrðS → YÞ vsMS plane at future Z factories. Note
that these limits are independent of the details of the model.
To set up our conventions, we focus only on the relevant

Lagrangian for a scalar field extension that is a singlet
under the standard model gauge group and the interaction
with the standard model is through the general Higgs
portal. We denote the weak basis of the real components of
SM Higgs and the singlet as (h0, s0). For our purposes we
will only need the mass squared matrix�m2

h0
m2

sh

m2
sh m2

s0

�
: ð2:1Þ

We stress that the origins of the mass squared matrix is
irrelevant to this work and it can arise from either explicit or
spontaneous symmetry breaking. The mass matrix can be
diagonalized by a rotation�

Hm

Sm

�
¼

�
cos θ − sin θ

sin θ cos θ

��
h0
s0

�
ð2:2Þ

with mixing angle θ, and

tan 2θ ¼ 2m2
sh

m2
s0 −m2

h0

: ð2:3Þ

Here the range of the mixing angle is θ ∈ ½−π=2; π=2�. We
consider the case where m2

s0 < m2
h0

and the mass eigen-
values are

M2
Hm

¼ 1

2

h
m2

h0
þm2

s0 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

h0
−m2

s0Þ2 þm2
sh

q i
;

M2
Sm

¼ 1

2

h
m2

h0
þm2

s0 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

h0
−m2

s0Þ2 þm2
sh

q i
: ð2:4Þ

In the absence of mixing, i.e., when m2
sh ¼ 0, one has

MHm
¼ mh0 and MSm ¼ ms0 .

Hm is identified as the MH ¼ 125 GeV SM-like Higgs
boson and Sm is the new neutral scalar boson with unknown
mass MS. For notational simplicity we shall drop the
subscript m for the mass eigenstates and use the shorthand
notations sθ, cθ for sin θ, cos θ. We are interested in the
mass range 1≲MS ≲ 80 GeV. The upper bound is limited
by kinematics and the lower bound of MS ≃ 1 GeV is due
to the energy resolution of the future Z factories which we
assume to be around 1 GeV.
Finally we also consider the case of a new spin-1 boson

with the same mass range. For simplicity, we only consider
the case where the interaction Lagrangian between the spin-
1 boson and the standard model is phenomenologically
parametrized as

L ⊃ ðegfDÞf̄γμfVμ
D: ð2:5Þ

The UV completion of such a model is not our concern in
this work. See Refs. [42,43] for examples of plausible UV
completions that give rise to the above operator.
In this case we have only two free parameters in the mass

of the new boson and the coupling strength gfD for each
flavor. For the cases with axial vector couplings, the study
can be easily extended with one more free parameter for
each flavor. In general, the new vector boson could acquire
flavor changing couplings. We will only focus on the case
that the new vector boson couplings are flavor conserving.
However, our study can be trivially extended to the flavor
changing case where the SM background can be ignored
and some useful new limits can be placed.

III. DECAY CHANNEL Z → Xf f̄

In this section, we discuss the first promising decay
channel where X can be an invisible SM background (νν̄),
a visible SMbackground such as ff̄ or the singlet particlewe
are searching for. For the case of fermions, we will only
consider bottom quarks and muons, the former due to
b-tagging and the latter due to its detectability arising from
its long lifetime. Light jets and tau leptons turn out to be too
noisy to competewith these channels.Wewill systematically
study the decay rate as a function of the three parameters: the
mass and the mixing angle (gauge coupling) of the light
scalar (vector) as well as the decay branching fraction of X.
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In the case of the mixing angle (gauge coupling), the signal
branching ratios are trivially proportional to sin2 θððgfDÞ2Þ
and we can simply divide by this quantity to give two
parameter plots. The Z can be produced almost at rest by
precisely controlling the energies of e� beams. The invariant
mass of X can be determined by the squared of the
4-momentum sum of all its decay products. We are looking
for a resonant invariantmasswhichpeaks atMX. On the other
hand, even if X decays invisibly; for example, in the process
ZðPZÞ → fðk1Þf̄ðk2ÞXðPXÞ, the invariantmass ofX can still
be reconstructed by kinematics of the fermion pair in the Z
rest frame:

P2
X ¼ ½PZ − ðk1 þ k2Þ�2
¼ M2

Z þM2
ff − 2MZðECM

1 þ ECM
2 Þ: ð3:1Þ

The SM Z → ff̄f0f̄0 background is calculated by CALCHEP

and summarized in Fig. 10.
In eþe− collisions at a resonance such as at the Z-pole,

there is always an intrinsic nonresonance contribution to
the final states. Most notably, when the final states involve
charged fermion pairs, they can originate from virtual
photon emissions from the initial states and t-channel
processes with a very forward light fermion pair. We use
CALCHEP to evaluate the full SM tree-level cross section
σðeþe− → final statesÞ, and we scan the c.m. energy within
MZ � 10 GeV to extract the continuous nonresonance SM
background.
We found that the nonresonance background is indeed

much smaller than the Z-resonance background. For exam-
ple, the nonresonance to resonance ratios in eþe− → μμ̄bb̄
are f6.5; 6.1; 13.5g% for bb̄ invariant mass mbb¼
f70�1;45�1;20�1gGeV, and f4.3; 8.3; 10.5; 17.0g%
for muon pair mμμ¼f70�1;45�1;20�1;10�1gGeV. It
is clear that the nonresonance contribution is larger for
smaller mμμ where virtual photon mediation is the main
process. We obtained ≳20% corrections from the nonreso-
nant background for mμμ < 10 GeV only. For cases
with invisible final states such as eþe− → νν̄bb̄ with
f4.3; 2.8; 7.2g% for bb̄ invariant mass mbb ¼ f70� 1;
45� 1; 20� 1g GeV, and f3.5; 2.8; 3.5g% for neutrino pair
mνν¼f45�1;20�1;10�1gGeV. Since the neutrino pair
can only come from virtual Z, the nonresonance background
is consistently small. Finally, we remark that the signal Xff̄
can also have nonresonance contributions. However, these
are typically much smaller than the contributions we
calculated.

A. X = S

Let us begin with the case where X is the light scalar for
which we are ultimately searching. Due to the Yukawa
suppression, we can ignore diagrams with S attached to the
fermion line. If MS > 2mb, the dominant decay channel is
S → 2b. A useful kinetic variable yb ≡m2

bb=M
2
Z is defined,

wherembb is the invariant mass of the bb̄ pair. The on-shell
light scalar gives a very narrow resonance peak in yb at
around yb ¼ ðMS=MZÞ2 and stands out from the continu-
ous SM background. In this case, we can calculate the
branching ratio analytically and find it to be

BrðZ → Sff̄Þ ¼ s2θ × FðMS=MZÞ × BrðZ → ff̄Þ; ð3:2Þ

where

FðxÞ¼ GFM2
Z

24
ffiffiffi
2

p
π2

�
3xðx4−8x2þ20Þffiffiffiffiffiffiffiffiffiffiffiffi

4−x2
p cos−1

�
x
2
ð3−x2Þ

�

−3ðx4−6x2þ4Þ lnx−1

2
ð1−x2Þð2x4−13x2þ47Þ

�
;

ð3:3Þ

Using the PDG [44], we can acquire the relevant standard
model branching ratios:

BrðZ → bb̄Þ ¼ 15.12%;

BrðZ → νiν̄iÞ ¼ 20.0%;

BrðZ → μμ̄Þ ¼ 3.366%: ð3:4Þ

In Fig. 1, we show the prediction for theZ → ff̄S branching
ratios normalized by sin2 θ. In the casewhere the singletmass
is less than twice of the bottommass,MS < 2mb, the cleanest
signal will be S → ee, μμ which can be used to reconstruct
the S resonance using the quantities ye and yμ.
For the case of S decaying into invisible final states, the

SM background is Z → νν̄ff̄. As discussed before, the
invariant mass of X can still be reconstructed from the other
visible fermions since the Z boson can be produced nearly
at rest.

FIG. 1. The decay branching ratios of Z → ff̄S over the mixing
angle squared vs MS. The red solid/blue dash/black line is for
f ¼ μ=b=νi.
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B. X =VD

The decay width of VD → ff can be derived to be

ΓVD→ff ¼ Nf
cαðgfDÞ2
3

MVD
ð1þ 2r2fÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4r2f

q
; ð3:5Þ

where rf ¼ mf=MVD
. Note that there is no tree-level VDZZ

coupling and the form factor has to be symmetrized
for the two Z’s. By labeling the process as Zðq; μÞ →
fðp1Þf̄ðp2ÞVDðk; νÞ, where the VD is attached to the
fermion line, the amplitude reads

iM ¼ −iūðp1Þ
�
−=kγνγμ þ 2pν

1γ
μ

m2
VD

þ 2p1 · k
−
−γμγν=kþ 2pμ

2γ
ν

m2
VD

þ 2p2 · k

�

×

�
eg2g

f
D

cW

�
ðgfV − gfAγ

5Þvðp2Þϵ�νðkÞϵμðqÞ; ð3:6Þ

after applying the equation of motions and ðϵ · kÞ ¼ 0.
Here, gfA ¼ Tf

3=2 and gV ¼ Tf
3=2 − qfs2W are the SM Z

couplings. The complete analytic expression for the cross
section is too complicated for practical use. For f ≠ b, the
mf ¼ 0 limit is a good approximation, and the simplified
differential decay width reads

d2ΓZ→VDff̄

dxdy
¼ αðgfDÞ2GFM3

Z

3
ffiffiffi
2

p
π2

Nf
c ½ðgfVÞ2 þ ðgfAÞ2�

y2ð1þ d − x − yÞ2
× ½4y3ð1þ d − xÞ þ yð1þ d − xÞ
× ð1þ x2 þ d2 þ 4dÞ − 2y4 − dð1þ d − xÞ2
− y2ð3þ 3d2 þ 3x2 þ 8d − 4x − 4xdÞ�;

ð3:7Þ
where d ¼ ðMVD

=MZÞ2, x ≡ ðp1 þ p2Þ2=M2
Z, and y≡

ðp2þkÞ2=M2
Z. The kinematics are 0 ≤ x ≤ ð1 − ffiffiffi

d
p Þ2 and

ð1þd−xÞ=2−λcmðx;dÞ=2≤y≤ð1þd−xÞ=2þλcmðx;dÞ=2,
where λcmðx1; x2Þ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ x21 þ x22 − 2ðx1 þ x2 þ x1x2Þ

p
.

The y integration can be performed analytically, but we
do not find a closed form expression for the double
integration. Instead, we will just evaluate the complete
differential decay rate, with mf ≠ 0, numerically.
The widths of Z → VDff̄ are displayed in Fig. 2.

IV. DECAY CHANNEL Z → VQX

Before considering the process Z → VQX, we shall study
the SM background Z → VQff̄, (f ¼ μ, ν). For simplicity,
we will not consider f ¼ c, b, which are complicated by
QCD. We need to derive the ZZVQ coupling vertex for
calculating the SM process Z → VQνiν̄i. Another SM back-
ground Z → νν̄Z�ðZ� → VQÞ is negligible. Following [45],
the desired vertex can be derived from the Feynman
diagrams; seeFig. 3. Labeling themomenta andpolarizations
as Zðp1; ϵ1Þ − Zðp2; ϵ2Þ − VQðPV; ϵVÞ, ðp1 þ p2 ¼ pVÞ,
the reduced amplitude (without the quark spinor wave
functions) reads

ifM¼ i
g22=c

2
W

ðp1 ·p2Þ
½=ϵ2ðgQV −gQA γ

5Þðq1−p2þmQÞ=ϵ1ðgQV −gQA γ
5Þ

þ=ϵ1ðgQV −gQA γ
5Þðp2−q2þmQÞ=ϵ2ðgQV −gQA γ

5Þ�; ð4:1Þ

where gQV and gQA are the SMheavy quark-Z couplings. In the
NR limit,q1 ∼ q2 ∼ p≡ pV=2 andq21 ∼ q22 ∼m2

Q. Including
the spin projection and the quarkonium wave function, the
coupling is

iM ≃ −
ffiffiffiffiffiffiffiffiffiffiffiffi
NcmV

p
ϕQ
0

2mQ
Tr½iM̃=ϵ�VðpþmQÞ� ð4:2Þ

¼ AQ
ZZV

ðp1 · p2Þ
ϵϵV ;ϵ1;ϵ2;p1−p2 ; ð4:3Þ

where ϕQ
0 is the wave-function at the origin for VQQ̄, and

AQ
ZZV ¼ 8

�
g2
cW

�
2 ffiffiffiffiffiffiffiffiffi

3mV

p
ϕQ
0 g

Q
A g

Q
V : ð4:4Þ

Note that the vertex admits the Bose symmetry under
Zðp1; ϵ1Þ ⇔ Zðp2; ϵ2Þ exchange. By using the following
values [44,46], MJ=ψ ¼ 3.0969 GeV, Mϒ ¼ 9.4603 GeV,

ϕJ=ψ
0 ¼0.270ð20ÞðGeVÞ3=2, and ϕϒ

0 ¼0.715ð24ÞðGeVÞ3=2,
we have Ac

ZZV ¼ 0.0866ð64Þ ðGeVÞ2 and Ab
ZZV ¼

0.723ð24Þ ðGeVÞ2.

FIG. 2. The decay branching ratio of Z → ffVD over the
coupling strength squared vs MVD

. FIG. 3. The Feynman diagrams for the ZZVQ coupling.
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Now we can calculate the SM background ZðPZÞ →
VQðPVÞνðk1Þν̄ðk2Þ. The differential decay width can be
calculated to be

dΓZ→VQνν

dx
¼ 1

192π3
ffiffiffi
2

p jAZZV j2GF

MZvQ
Fvννðx; vQÞ; ð4:5Þ

where vQ ≡ ðMVQ
=MZÞ2, x≡ ðk1 þ k2Þ2=M2

Z and we have
summed over all three neutrino species. The function Fvνν
is given by

Fvννðx; vQÞ ¼
λcmðx; vQÞ

ð1 − xÞ2ð1þ x − vQÞ2
× ½v3Qð1þ xÞ − 2v2Qð1þ 6xþ x2Þ
þ vQð1þ 15xþ 15x2 þ x3Þ þ 4xð1 − xÞ2�:

ð4:6Þ

The total branching ratios can be evaluated to be

BrðZ → J=ψνiν̄iÞ ¼ ð1.29� 0.10Þ × 10−11; ð4:7Þ

BrðZ → ϒνiν̄iÞ ¼ ð0.96� 0.07Þ × 10−10; ð4:8Þ

where the uncertainty arises from the wave function of
quarkonium. Again, even though the neutrinos are invis-
ible, the invariant mass squared of two neutrinos can be
reconstructed by the energy of the quarkonium in the rest
frame of Z:

xM2
Z ¼ðk1þk2Þ2¼ðPZ−PVÞ2 ¼M2

ZþM2
V −2MZECM

V :

ð4:9Þ

This fakes the signal of Z → XVQ production with sub-
sequent invisible X decays.
For Z → VQX with mass mX, the SM background is,

therefore,

ΔΓSM
Z→VQνν̄

ðmXÞ ¼
Z ðmXþδEÞ2=M2

Z

ðmX−δEÞ2=M2
Z

�
dΓVνν

dx

�
dx ð4:10Þ

for a yet unknown detector-dependent invariant mass
resolution, δE. We take δE ∼ 1 GeV as a conservative
guess of the energy resolution at the future Z factory, the
result is displayed in Fig. 4.
Next, we turn our attention to the SM background for the

signal Z → VQX where X decays into μμ̄. In this case one
looks for the resonance peak of m2

μμ̄ ¼ M2
X. For

Z → VQXðX → μμ̄Þ, the dominant SM background comes
from Z → VQγ

� and the virtual photon turns into a muon
pair. Similar to what we did for the ZZVQ, just replacing
one Z by a photon, the SM “direct” Z − γ − VQ coupling
(amplitude) is worked out to be

M ¼ AQ
γ ϵϵZ;ϵ

�
γ ;ϵ�V ;pγ ; ð4:11Þ

with the dimensionless coupling

AQ
γ ¼ 8ieQg

Q
A

�
eg2
cW

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
NcMV

p
ϕQ
0

M2
Zð1 − vQÞ

: ð4:12Þ

Note that there is also a loop induced “indirect” contribu-
tion to this process [46,47]. However its contribution is
small, ∼ − 5% of the direct contribution and we thus ignore
it in this work.
Plugging in the numbers, we have Ac

γ ¼ 3.05ð23Þ × 10−5

and Ab
γ ¼ 7.14ð24Þ × 10−5 for J=Ψ and ϒ, respectively.

The width of 2-body Z decay Z → f1f2 is Γ ¼
pcmhjMj2i=8πM2

Z, where pcm ¼ MZ
2
λcmðx1; x2Þ is the final

state particle 3-momentum in the rest frame, and
xi ≡ ðmi=MZÞ2. Then, the total decay width of can be
calculated to be

ΓZ→γVQ
¼ jAQ

γ j2MZ

96π

ð1þ vQÞð1 − vQÞ3
vQ

: ð4:13Þ

Note that these results agree with [45]. With the ZγVQ

vertex in hand, we can now consider the case that X
decays visibly, into μμ̄. The differential width of Z →
VQμðk1Þμ̄ðk2Þ is straightforwardly calculated to be

dΓZ→VQμμ

dx
¼ αjAQ

γ j2MZ

288π2vQ
FVμðx; fμ; vQÞ ð4:14Þ

where the dimensionless variables are defined as
ðk1 þ k2Þ2 ¼ xM2

Z, fμ ≡ ðmμ=MZÞ2, and

FIG. 4. The SM background for Z → VQ þ X vs MX with a
projective 1 GeV energy resolution at the Z factory, where X
refers to S or VD, and X decays invisibly. The blue/red curve is for
Z → ðJ=ψνiν̄iÞ=ðϒνiν̄iÞ.
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FVμðx; f; vÞ ¼
λcmðx; vÞ

x2
f3f2ð1þ vÞx

þ 3f½v3 − v2ð1þ 2xÞ þ vðx2 þ 4x − 1Þ
þ ð1 − xÞ2� þ x½v3 − v2ð1þ 2xÞ
þ vðx2 þ 8x − 1Þ þ ð1 − xÞ2�g: ð4:15Þ

The range of x for the massive fermion final state is now
4fμ ≤ x ≤ ð1 − ffiffiffiffiffiffivQ

p Þ2. The total branching ratios can be
numerically evaluated to be

BrðZ → J=ψμμ̄Þ ¼ ð8.97� 1.37Þ × 10−10; ð4:16Þ

BrðZ → ϒμμ̄Þ ¼ ð5.15� 0.35Þ × 10−10: ð4:17Þ

Once again the uncertainties in the above arise from the
wave function of quarkonium. Because of the photon
mediation, these two branching ratios are roughly 2 orders
of magnitude larger than the previously calculated
BrðZ → VQνiν̄iÞ. Similar to before, we integrate over the
SM differential cross section at the vicinity of x ¼
ðMX=MZÞ2 with the detector energy resolution δE which
we assume to be around ∼1 GeV. The SM background for
Z → VQXðX → μμ̄Þ is

ΔΓSM
Z→VQμμ̄

ðmXÞ ¼
Z ðmXþδEÞ2=M2

Z

ðmX−δEÞ2=M2
Z

�
dΓZ→VQμμ

dx

�
dx: ð4:18Þ

Due to the photon propagator, the differential rate peaks
at small x (see Fig. 5). The SM background drops rapidly as
X gets heavier rendering the SM background basically
irrelevant for MX > 60 GeV.

A. X =VD

The ZVQVD coupling can be easily extended from the
SM ZVQγ vertex. For the case of a light vector, we can just

multiply Aγ by gQD and take the light vector mass into
account,

AγD ¼ i8gQDeQg
Q
A

�
eg2
cW

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
NcMV

p
ϕQ
0

M2
Zð1 − vQ þ dÞ ; ð4:19Þ

where d ¼ ðMVD
=MZÞ2. The decay width becomes

ΓZ→VQVD
¼ ðgQDÞ2jAγj2MZ

96πvQ
×
�

1 − vQ
1þ d − vQ

�
2

× λcmðvQ; dÞ

× fð1þ vQÞ½ð1 − vQÞ2 þ d2�
− 2dð1 − 4vQ þ v2QÞg; ð4:20Þ

which is proportional to ðgQDÞ2. The Z → VQVD decay
branching ratio modulated the unknown VD coupling
ðgQDÞ2, Q ¼ c, b is shown in Fig. 6.

B. X = S

For ZðPZ; ϵZÞ → VQðPV; ϵVÞS, there are three Feynman
diagrams we need to consider; see Fig. 7. With the same
token, the ZSVQ vertex can be calculated to be

sθA
Q
s MZ

�
−
ϵV · ϵZ
1 − vQ

þ PV · PZϵV · ϵZ − PV · ϵZPZ · ϵV
M2

Zð1þ s − vQÞ
�
ð4:21Þ

FIG. 5. The SM background for Z → VQ þ X vs MX with a
projective 1 GeV energy resolution at the Z factory, where X
refers to S or VD, and X decays into μμ̄. The blue/red curve is for
Z → ðJ=ψμμ̄Þ=ðϒμμ̄Þ.

FIG. 6. The branching ratio over g2D vsMVD
. The blue/red curve

is for Z → ðJ=ψVDÞ=ðϒVDÞ.

FIG. 7. The Feynman diagrams for the ZSVQ coupling. Note
that there are two ways of connecting the S to the fermion lines.
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with the dimensionless coupling

AQ
s ¼ 2

�
g2
cW

�
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
NcMV

p
gQVϕ

Q
0

M2
Z

; ð4:22Þ

where s≡ M2
S

M2
Z
. For J=Ψ and ϒ, Ac

s ¼ 1.04ð8Þ × 10−5 and

Ab
s ¼ −8.69ð29Þ × 10−5, respectively. We have

ΓZ→VQS ¼
jAsj2s2θMZ

192π

λcmðvQ; sÞ
vQ

�ð1þ vQ − sÞ2 þ 8vQ
ð1 − vQÞ2

−
12vQð1þ vQ − sÞ

ð1 − vQÞð1þ s − vQÞ

þ 2vQ½ð1þ vQ − sÞ2 þ 2vQ�
ð1þ s − vQÞ2

�
: ð4:23Þ

The first term in the curvy bracket represents the contri-
bution of the diagram where S connects to the Z boson. The
third term represents the contributions where S connects to
the quark lines in the quarkonium, and the middle term is
the interference contribution. Note that, sθ aside, there is a
sign difference, compared with [45], for the first ϵV · ϵZ
term in Eq. (4.22) due to a difference in convention.
However, for the decay width, Eq. (4.23) agrees with [45].
The BrðZ → SVQÞ=s2θ is displayed in Fig. 8. Note that

the BrðZ → ϒSÞ is about 1 order of magnitude larger than
BrðZ → J=ψSÞ. This can be understood due to the
ratio ðgbV=gcVÞ2 · ðMϒ=MJ=ψÞ · ðmb=mcÞ3 ∼ 10.

V. WHEN S DOES NOT MIX

Let us briefly consider the case where S does not develop
a vacuum expectation value(VEV). In this case, the only
coupling to the standard model is through the interaction
with the Higgs. After spontaneous symmetry breaking, we
have a dimensionful coupling between the singlet and the
Higgs which controls the decay rate. The relevant inter-
action is parametrized as

κvH
2

HS2; ð5:1Þ

where vH ¼ 246 GeV is the VEV of the SM Higgs. Then
the H → 2S decay width can be calculated as

ΓH→2S ¼
κ2v2H

32πMH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð4M2

S=M
2
HÞ

q
: ð5:2Þ

The above contributes to the Higgs invisible decay.
ATLAS [48] and CMS [49] give limits on the Higgs
invisible decay of Brinv < 0.28 and Brinv < 0.36 at
95% CL, respectively. Using the ATLAS bound, it amounts
to Γinv < 0.388Γvisible ¼ 1.58 MeV for the SM 125 GeV
Higgs. This translates to an upper bound on the triple scalar
coupling of

κ2 <
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 4M2
S=M

2
H

p 32πMHΓinv

v2H
: ð5:3Þ

The coupling is severely constrained to be smaller than
≲4 × 10−4 for the mass range we are interested in,
MS < MH=2. The widths of Z → μμ̄SS can be calculated
by CALCHEP. For MS ¼ 5ð20Þ GeV, the width is
2.3 × 10−11ð2.01 × 10−12Þ × ðκ2=10−4Þ GeV. And the
SM background will be Z → μμ̄νν̄ and the width is
2.662 × 10−8 GeV. Given 1012 Z bosons, the number of
expected signal events is around Oð1Þ and the expected
number background events is around 104. Hence, the
Z factory cannot compete with the Higgs invisible decay
constraint in this scenario.
Similar excise can be carried out for the Higgs factory.

We find the signal to background ratio is smaller than 10−6.
Moreover, even with a luminosity around ab−1, the
expected signal event number is ≲Oð1Þ.

VI. RESULTS AND CONCLUSIONS

In this work,we have studied the possibility of probing the
parameter space for the light boson, X, extensions to the
standardmodel with a Z factory.We have focused on the rare
Z decays Z → ff̄X and Z → VQX, where the fermions are
either invisible states, b quarks, or muons. These states are
useful probes due to the increasing efficiency of b tagging
and relatively long lifetime, respectively. Other channels are
less useful for such a search. In particular, the light jets have a
noisy background, and the τ lepton has multiple hadronic
decay channels rendering it more difficult to reconstruct.
Moreover, our formulas can be easily extended to these cases.
The SM 4-body Z decay backgrounds listed in Table I are
evaluated by CALCHEP and displayed in Fig. 10.
For the Z → VQX background Z → VQff̄, with f ¼ μ,

ν, we derived the analytic expressions and the numerical
evaluation of these expressions are displayed in Fig. 4 and
Fig. 5. To avoid complications arising from QCD, we do
not consider the channel Z → VQbb̄.
We now have all the ingredients to compare signals with

SM backgrounds. In Fig. 9, we plot the curves correspond-
ing to the 3σ limit that satisfies

FIG. 8. The branching ration over s2θ vsMS. The blue/red curve
is for Z → ðJ=ψSÞ=ðϒSÞ.
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Sffiffiffiffi
B

p ¼ BrðsignalÞ×106×
ffiffiffi
ξ

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Brðbackground;△E¼1GeVÞ×ð△E=1GeVÞp ¼3;

ð6:1Þ
with 1012 fiducial Z events and final state invariant mass
resolution △E ¼ 1 GeV.1 We do not include the uncer-
tainty in the quarkonium wave function, ∼Oð10%Þ, for the

processes involving VQ, nor the nonresonant SM back-
grounds, ∼Oð10%Þ, as their effects are barely visible in the
figure. Here we also included the unknown overall detec-
tion efficiency ξ for a specific channel. For those channels
with SM background branching ratios smaller than 10−12,
we use 10−12 as the background.
When the energy resolution is reasonably small, the

number of background events is linearly proportional to
the energy resolution. For a different energy resolution, the
corresponding 3σ limits can be easily read from Fig. 9 with
a vertical shift 1

2
log10ð△E=1 GeVÞ.

(a) (b)

(c) (d)

(e) (f)

FIG. 9. (a), (c), (e) The 3σ limits on
ffiffiffi
ξ

p
s2θ × BrðS → ff̄Þ vsMS with 1012 Z’s. (b,d,f) The 3σ limits on

ffiffiffi
ξ

p ðgfDÞ2 × BrðVD → f0f̄0Þ vs
MVD

with 1012 Z’s and energy resolution △E ¼ 1 GeV. Here ξ denotes the unknown total detection efficiencies for the signals. In (a),
we also display the limits from the direct search at LEP2 [50](where the detection efficiencies have been taken into account), pp →
tt̄Sðbb̄Þ at HLC13 and HLC100 with L ¼ 3 ab−1, and at the Higgs factory [1] with L ¼ 1 ab−1. In (f), some limits adopted from the
Drell-Yan process at LHC [51] and eþe− → γμμ̄ at the CEPC and FCC [52] are displayed. Note, however, that these limits apply to the
kinetic Uð1ÞY-Uð1Þhidden mixing model only.

1The expected precision of invariant mass at the planning
Z-factories (see Fig. 3.15 and Fig. 3.16 in [2]) are about δmbb̄ ∼
2 GeV and δmμμ̄ ∼ 0.2 GeV for the bb̄ and μμ̄, respectively.
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For quarkonium,VQ → ll̄ offers a clean tag for the particle
identity and the di-lepton decay branching ratios, BrðJ=Ψ →
ll̄Þ ¼ 11.932ð46Þ% and Brðϒ → ll̄Þ ¼ 7.46ð15Þ% [44] are
well measured. Therefore, the dominant factor of the
quarkonium identification is the detection efficiencies of
di-lepton, and the overall ξ will be similar to that of the four
charged leptons final state. The expected eðμÞ identification
efficiency at the CEPC is 99.5%ð98.5%Þ for charged lepton
energy E > 10 GeV, and it drops to ∼96%ð85%Þwhen E ∼
2 GeV [2]. From these numbers, a simple estimation is that
ξ ∼ ð0.985Þ4 ¼ 0.94 when all four muon energies are larger
than 10 GeV. For the events with one muon energy around
2GeVand the other three> 10 GeV, ξ∼ð0.85Þ×ð0.985Þ3¼
0.81. For the b quark, the tagging efficiency is ∼90%
[2].2 Thus, ξ ∼ ð0.9Þ4 ¼ 0.66 for the 4b channel. For the
μμ̄bb̄ channel, the overall detection efficiency ranges
roughly from ξ ∼ 0.68, with one low energy muon, to
0.78 when all particle energies are larger than 10 GeV. Of
course, to determine the actual detection efficiency for a
specific channel, a comprehensive analysis of the full
kinematic and the detector performance is needed and we
should leave it to the future studies.
As has been studied in [1,23], the Z → Sðbb̄Þff̄ is a very

promising channel for either discovery or falsifying a
sizeable portion of the light scalar parameter space; see
Fig. 9(a). This new s2θ × BrðS → bb̄Þ limit outperforms the
LEP-II limits [50] [the green curve in Fig. 9(a)] by around
5=1 orders of magnitude atMS ¼ 10=80 GeV by using the
Z → νν̄bb̄ channel due to the enormous number of Zs that
are expected to be produced. The signal will be a sharp
b-pair invariant mass in the decay Z → νν̄bb̄. This channel
is useful for probing S with large bb̄ [or μμ̄ when
MS < 2mb, Fig. 9(e)] decay fraction. A similar limit is

obtained for the light vector; see Fig. 9(b). In the Higgs
portal models, theYukawa couplings of the singlet scalar are
proportional to the fermion masses. Thus it is expected that
the constraint on the mixing s2θ from the visible decay mode
S → μμ̄ is 4 orders of magnitude weaker than that of the
S → bb̄ mode if the detector has similar energy resolutions
on determining the invariant masses mbb̄ and mμμ̄. On the
other hand, the new vector boson couplings in general are
not proportional to the fermion masses. Therefore, whether
VD → bb̄ or VD → μμ̄ are better visible channels for
discoverywill dependon the unknowndetector performance
in the future machine. The searching strategies we proposed
to look for the vector boson with mass 1≲MVD

≲ 80 GeV
at the Z factories is model independent. The Z → ff̄VD
signals are determined by the phenomenological flavor-
dependent gauge coupling ffD, assuming there is no mixing
between the SM Z boson and the physical state VD. On the
other hand, the limits obtained in [51,55], where the
kinematic mixing parameter can be probed down to ϵ ∼
10−3 by electroweak precision or the Drell-Yan processes at
the LHC, requires a UV complete model. For instance, the
Drell-Yan processes need the vector boson couplings to both
quarks and leptons at the same time.
Moreover, we found that the invisible decay of X can be

utilized at the Z factory with precision controlled e� beam
energy; see Fig. 9(c) and Fig. 9(d). This mode provides a
powerful handle to probe the X with sizable invisible decay
branching ratios, for example the model discussed in [23].
We know of no other reactions that can compete with this
for the mass range of X we are studying. Furthermore, we
have also studied the 2-body Z → γX process with the
production of back-to-back on-shell X and a high-energy
photon and found that the signal cannot compete with the
SM background, eþe− → γff̄. However, with a higher
center of mass energy,

ffiffiffi
s

p ≳ 160 GeV, this eþe− → γff̄
channel is useful for detecting a vector boson with mass
≳20 GeV which kinematically mixes with the SM Uð1ÞY
[52]. In this model, the BrðVD → ff̄Þ is determined
by the strength of the kinetic mixing parameter ϵ. When

(a) (b)

FIG. 10. (a) The SM background decay branching vs MX. The solid/dash line is for the X invisible/visible decay associated with
f ¼ μ, b. (b) The SM background decay branching for visible decay associated with μ or b vs MX.

2At LEP, the efficiencies for b-tagging range from 21.0% to
44.0% depending on the b-purities [53]. With the implementation
of new techniques like neural networks and boosted decision
trees, an efficiency to identify b jet of 70% can be achieved at the
ATLAS [54].
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MX < vH, the X-fermion coupling is mostly vectorlike and,
therefore, gfD ≃ ϵ. Their 2σ limits on ϵ2 multiplied by
BrðVD → μμ̄Þ for f ¼ μ with L ¼ 1 ab−1 at the FCC-ee
(160 GeV, 350 GeV) and CEPC(240 GeV) are shown in
Fig. 9(f). A different limit from the Drell-Yan process
pp → VD → ll at LHC14 with L ¼ 3 ab−1 [51] is dis-
played too. We stress that these limits apply solely to the
specific Uð1Þ kinetic mixing model.
It is also worth pointing out that, since there is no

meaningful SM background, the above-mentioned searches
can set stringent constraints on the vector boson flavor-
changing decay branching ratios BrðVD → fif̄j þ fjf̄iÞ as
well. For example, by using the signal Z → μμ̄VDðVD →
fif̄j þ fjf̄iÞ, the combination ðgμDÞ2 × BrðVD → fif̄jþ
fjf̄iÞ can be probed to the 10−9ð10−3Þ level for MVD

∼ a
few (80) GeV. Additionally, in the case of an inert singlet
scalar, which does not mix with the SM Higgs, the Z and
Higgs factory cannot compete with the limit from the Higgs
invisible decay [48,49].We also considered the possibility of
probing a light X boson by utilizing the Z → VQX channel,
where VQ ¼ J=Ψ, ϒ. Although the limits are relatively
weak, this process provides an additional search strategy for
X with a large invisible (or μμ̄) decay branching ratio and a
cross check if X is found; see Figs. 9(c)–(f). On the other

hand, the light exotic vector possibilitywill be excluded if the
signal Z → ϒμμ̄ with a μμ̄ resonance is seen but the
counterpart signal Z → bb̄μμ̄ is not.
Finally, we note that we can probe regions of parameter

space with significantly smaller branching ratios to SM
particles than has previously been considered. As such, it is
worth the caution to check to see if the lifetime of the
singlet scalar can ever be so long as to fake an invisible
decay. We find that, for our range of masses, the mixing
angle needs to be several orders of magnitude below what
we consider before the singlet lifetime becomes an issue.
Of course, we cannot predict the details and parameters

of the future machines. Our numerical estimations in this
work should be regarded as explorative speculation at this
moment. The realistic analysis is still awaited for the
experimentalist to perform in the future.
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