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CHAPTER 1

OVERVIEW OF THE PHYSICS CASE FOR
CEPC-SPPC

1.1 CEPC: the precision frontier

The discovery of a Higgs boson in 2012 by the ATLAS and CMS collaborations [1, 2] at
the Large Hadron Collider (LHC) has opened a new era in particle physics. Subsequent
measurements of the properties of this new particle have indicated compatibility with the
predictions of the Standard Model (SM) [? ? ? ? ? ] [need updates]. While the SM
has been remarkably successful in describing experimental phenomena, it is important to
recognize that the SM is not a complete theory. In particular, the SM does not predict the
parameters in the Higgs potential, such as the Higgs mass. The vast difference between
the Planck scale and the weak scale remains a major mystery. In addition, there is not
a complete understanding of the nature of electroweak phase transition. The discovery
of a spin zero Higgs boson, the first elementary particle of its kind, has only sharpened
these questions. It is clear that any attempt of addressing these questions will involve new
physics beyond the SM. Therefore, the Higgs boson discovery marks the beginning of a
new era of theoretical and experimental explorations.

A physics program of precision measurement of Higgs properties will be a critical
component of any roadmap for high energy physics in the coming decades. Potential new
physics beyond the SM could lead to observable deviations in the Higgs boson couplings
from the SM expectations. Typically, such deviations can be parametrized as

� = c
v2

M2
NP

, (1.1)

where v and MNP are the vacuum expectation value of the Higgs field and the typical mass
scale of new physics, respectively. The size of the proportionality constant c depends on
model, but it should not be much larger than O(1). The current and upcoming LHC runs

.
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2 OVERVIEW OF THE PHYSICS CASE FOR CEPC-SPPC

will measure the Higgs couplings to about 5% Ref [? ]. At the same time, LHC will
directly search for new physics from a few hundreds of GeV to at least a TeV. Eq. (1.1)
implies that probing new physics significantly beyond the LHC reach would require the
measurement of the Higgs boson couplings with sub percent level accuracy. Achieving
such a level of precision will need new facilities, a lepton collider operating as a Higgs
factory is an obvious candidate.

We briefly summarized the projections for the precision of the CEPC measurements
below. The details of the analysis which lead to these projections are presented in Section
[refer to the physics potential section].
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Figure 1.1: Left: Higgs coupling extraction in the -framework. Right: Projection for the precision of
the Z-pole measurements.

The CEPC will operate at a center-of-mass energy of
p

s ⇠ 240 GeV. The capability of
CEPC in measuring Higgs couplings and electroweak observables, shown in the left panel
of Fig. 1.1. The main mode of Higgs production is through e+e� ! ZH process. At the
CEPC, in contrast to the LHC, Higgs boson candidate events can be identified through a
technique known as the recoil mass method without tagging its decay products. There-
fore, Higgs boson production can be disentangled from its decay in a model independent
way. Moreover, the cleaner environment at a lepton collider allows much better exclu-
sive measurement of Higgs boson decay channels. All of these give the CEPC impressive
reach in probing Higgs boson properties. For example, with an integrated luminosity of
5 ab�1, over one million Higgs bosons will be produced. With this sample, the CEPC will
be able to measure the Higgs boson coupling to the Z boson with an accuracy of 0.25%
[update], about a factor of 10 better than the reach of the High Luminosity upgrade of the
LHC (HL-LHC). Such a precise measurement gives the CEPC unprecedented reach into
interesting new physics scenarios which are very difficult to probe at the LHC. The CEPC
also has strong capability in detecting Higgs boson invisible decay. For example, with
5 ab�1, it can improve the accuracy of the measurement of invisible decay branching ratio
to 0.14% [update]. In addition, it is expected to have good sensitivities to exotic decay
channels which are swamped by backgrounds at the LHC. It is also important to stress
that an e+e� Higgs factory can perform model independent measurement of the Higgs
boson width. This unique feature in turn allows for the determination of the Higgs boson
couplings without assumptions about Higgs decay channels.

The CEPC is also designed to run at the Z-pole (producing close to 1012 Zs) and near
the W+W� threshold (with about 107 W pairs). Hence, it will have a robust program on
electroweak precision measurement. The projected precision for a set of such observables
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is shown in on the right panel of Fig. 1.1. In comparison with the current precision, CEPC
can improve by about one order of magnitude.
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Figure 1.2: Upper panel: The reach of the Higgs measurement on the size of effective field theory op-
erators, normalized as ci(Oi/v

2). Lower panel: On the left, the CEPC limit on the oblique parameters
in comparison with the current precision. On the right, 68% (dash-dot) and 95% (solid) contours from
CEPC measurement.

Another convenient of representing the physics reach of the Higgs coupling measure-
ments is the limits they can place on the EFT operators, shown in Fig. 1.2. The standard
way of representing the reach of electroweak precision measurements is the limits on the
so called oblique parameters, shown in the upper panel of Fig. 1.2. The significant im-
provement from the LHC measurement is apparent. It is also customary to present the
reach of electroweak precision in terms of the constraint on the so called oblique param-
eters. This is shown in the lower panel of Fig. 1.2. The improvement is expected to be
about a factor of 10.

In the rest of this section, we will discuss the potential of using these precision mea-
surements to address important open questions of the Standard Model and explore new
physics.
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1.2 Higgs and electroweak symmetry breaking

1.2.1 Naturalness

The appearance of large numerical hierarchies in fundamental theories has long been a
source of discomfort, articulated in the modern era by Dirac [3] and subsequently refined
in the context of quantum field theory by Wilson [4], Susskind [5], ’t Hooft [6], and others.
In the context of quantum field theory, dimensionless parameters of a quantum field theory
are naturally expected to be O(1), while the dimensionful parameters are naturally the
size of the fundamental scale at which the theory is defined. An exception arises when a
symmetry is manifested in the limit that a parameter of the theory is taken to zero. In this
case, it is “technically natural” for some parameters to remain smaller than others, in the
sense that they are protected from large quantum corrections, though even in this case one
is left to find an explanation for the dynamical origin of the small parameter. This notion
of naturalness has been reinforced by the widespread successes of effective field theory
and diverse realizations in both particle physics and condensed matter physics.

Famously, all of the observed parameters of the Standard Model satisfy the naturalness
criterion in some form, with the exception of the Higgs mass parameter and the strong
CP angle. The naturalness of these parameters remains an open question, and in each
case a natural explanation entails a significant extension of the Standard Model. Of these,
the naturalness of the weak scale is perhaps the most pressing, as it is drawn into sharp
relief by the discovery of an apparently elementary Higgs boson at the LHC. Evidence for
a natural explanation for the value of the weak scale has yet to appear, with null results
across a suite of experimental searches imperiling many preferred candidate. But the LHC
is not capable of decisively deciding the naturalness of the weak scale, providing strong
motivation for colliders that complement LHC sensitivity to natural new physics.

The oft-cited quadratically divergent radiative corrections to the Higgs mass parameter,

�m2
h
⇠

3y2
t

8⇡2
⇤2 , (1.2)

are not the naturalness problem in and of themselves, but rather an indication of the prob-
lem. Such divergences indicate that the Higgs mass parameter is precisely that – a param-
eter – and incalculable in the Standard Model. But the robust expectation is that the Higgs
mass and other parameters of the Standard Model are fully calculable in a fundamental
theory. In this case, the quadratically divergent contributions to the Higgs mass parameter
in the Standard Model are replaced by finite contributions dictated by the fundamental
theory. The Higgs mass in terms of underlying parameters will take the form

m2
h

= a⇤2
h

+ b
3�2

t

8⇡2
⇤2

h
+ . . . (1.3)

where a, b, . . . are dimensionless constants and ⇤h is an underlying mass scale of the fun-
damental theory. If the Higgs mass is natural, the parameters a and b will be O(1), up to
possible manifestations of technical naturalness associated with symmetries in the under-
lying theory. In this case, one expects mh ⇠ ⇤h, corresponding to the appearance of new
physics near the weak scale. Alternately, mh << ⇤h points either to fine-tuning among
fundamental parameters, or to a correlation between ultraviolet and infrared aspects of the
theory with no known counterpart in effective field theory.
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The most promising strategy for rendering the weak scale natural in a more fundamen-
tal theory is to extend the Standard Model to include additional symmetries that render
the Higgs mass parameter technically natural. In four dimensions, the available symme-
tries are supersymmetry and global symmetry. In the former case, the fields of the Stan-
dard Model are extended into complete supersymmetric multiplets, and supersymmetry
is softly broken to accommodate the non-degeneracy of Standard Model fields and their
partners [7–9]. The Higgs is related to a fermionic partners, thereby rendering the Higgs
mass technically natural by the same chiral symmetries that protect the fermion masses.
In the latter case, the Higgs is a pseudo-Nambu-Goldstone boson (pNGB) of a sponta-
neously broken global symmetry, with a mass parameter protected by the corresponding
shift symmetries. The scale of global symmetry breaking in such theories must itself be
rendered natural, leading to e.g. composite Higgs models [10] and little Higgs models [11]
(for an excellent recent review, see [12]).

In both cases, these symmetries predict an abundance of new physics near the weak
scale. Although this new physics may be searched for efficiently at the LHC, such searches
typically leverage ancillary properties of the new physics unrelated to the naturalness of
the weak scale. For example, searches for the scalar top partners predicted by supersym-
metry typically leverage QCD quantum numbers of the stop and decay modes unrelated
to the stop-Higgs coupling. The sensitivity of LHC searches to inessential features of the
new physics makes them imperfect probes of electroweak naturalness.

In this respect, a Higgs factory provides the ideal context for probing natural new
physics via precision Higgs couplings. The same couplings and diagrams that control the
size of the Higgs mass in a natural theory generate radiative corrections to its couplings.
As such, precision tests of Higgs properties directly probe natural physics in a way that is
complementary to, and less subject to caveats than, direct searches at the LHC.

Signatures of natural new physics in precision Higgs measurements take a variety of
forms. In most symmetry solutions, there are Higgs coupling deviations due to tree-level
mixing with additional Higgs-like states. However, these tree-level deviations need not
be the leading effect. Radiative corrections are also significant, due to both the size of
Higgs couplings and the proximity of new particles to the weak scale. In theories where
new physics associated with naturalness carries Standard Model quantum numbers, such
as conventional supersymmetric and composite models, the most distinctive radiative cor-
rections modify loop-induced Higgs couplings to gluons and photons. In addition, all
symmetry solutions – whether or not they involve new states charged under the Standard
Model – radiatively modify Higgs couplings through effective wavefunction renormaliza-
tion of the physical Higgs scalar, an effect that may be observed in loop-level corrections
to tree-level Higgs couplings.

Although our discussion of naturalness has focused on symmetries, they are not the only
mechanism for explaining the value of the weak scale. The most notable alternative is to
lower the cutoff in Eq. (1.3), the avenue realized by technicolor [5, 13] and large [14, 15]
or warped [16, 17] extra dimensions. However, these solutions typically do not predict a
significant mass gap between the Higgs and additional degrees of freedom, making them
more susceptible to LHC null results. More recent proposals, such as relaxation of the
weak scale [18], can potentially lead to mh << ⇤h without fine-tuning, and remain in-
teresting targets for exploration. Nonetheless, these alternatives still involve new particles
coupling to the Higgs, and may leave their imprint on Higgs couplings or exotic decays.
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Figure 1.3: Potential coverage of the MSSM Higgs sector in the hMSSM limit [20] at the CEPC is
shown in blue. Sensitivity is driven largely by modifications of the Higgs coupling to bottom quarks.
Projected HL-LHC coverage of the MSSM Higgs sector in the same limit due to direct searches for
heavy Higgs states is shown in orange [21].

1.2.1.1 Supersymmetry

Supersymmetric extensions of the Standard Model have the virtue of rendering the weak
scale natural with an elementary Higgs scalar, consistent with properties observed thus
far at the LHC. While searches for supersymmetric partner particles at the LHC have
excluded large regions of the natural supersymmetric parameter space, significant blind
spots remain that are best covered by precision Higgs coupling measurements.

Tree-level modifications to Higgs properties Supersymmetric extensions of the Standard
Model necessitate more than one Higgs doublet. Mass mixing between the CP-even neu-
tral Higgs scalars leads to tree-level deviations in Higgs properties. In the limit that the
additional Higgs scalars are heavy and may be integrated out, this leads to dimension-six
operators that shift Higgs couplings to fermions and dimension-eight operators that shift
Higgs couplings to massive vectors. As a result, deviations are largest in Higgs couplings
to fermions, particularly those in the down quark and lepton sectors. Percent-level CEPC
sensitivity to modifications of the Higgs coupling to bottom quark enables indirect tests of
the MSSM Higgs sector to the TeV scale, as illustrated in Fig. 1.3. More broadly, CEPC
sensitivity to tree-level effects in extended Higgs sectors such as the MSSM is studied
comprehensively in [19]. However, due to the decoupling properties of the MSSM Higgs
sector, heavy Higgs states may remain above the TeV scale without increasing the fine-
tuning of the weak scale. In this respect, tree-level modifications to Higgs properties aris-
ing in supersymmetric theories represent a discovery opportunity but not an irreducible
constraint.

Loop-level modifications to Higgs properties The plethora of new partner particles pre-
dicted by supersymmetric extensions of the Standard Model leads to a wealth of loop-
level contributions to Higgs couplings. These contributions are typically largest in the
stop sector, due to the large coupling to the Higgs required by supersymmetry, but may
be significant for any of the partners of third-generation fermions. The most distinctive
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the Zh cross section. Figures adapted from [25].

consequences are modifications to the loop-level Standard Model couplings of the Higgs
to gluons and photons, though radiative corrections to tree-level couplings arise as well
and may be used to cover blind spots arising in the loo-level couplings. The potential for
CEPC to probe a suite of loop-level corrections to Higgs and electroweak observables in
supersymmetric models is comprehensively studied in [22].

For simplicity, here we will focus on the loop-level consequences in the stop sector,
corresponding to the scalar partners of both the right-handed and left-handed top quarks.
In the limit that the stops are significantly heavier than the Higgs, the correction to gluons
and photons is proportional to

1

4

 
m2

t

m2
t̃1

+
m2

t

mt̃2

�
m2

t
X2

t

m2
t̃1
m2

t̃2

!
(1.4)

where mt̃1
, mt̃2

are the stop mass eigenstates and Xt = At � µ cot � is the off-diagonal
mixing parameter in the stop mass matrix. The mixing parameter is bounded from above
by the avoidance of tachyonic stops, and from below by precision measurements of the
Higgs coupling to gluons and photons. A robust bound may be placed on the stop sector
whenever the minimum value exceeds the maximum value [23]. The strongest constraints
arise in the degenerate limit when mt̃1

= mt̃2
, in which case the CEPC is capable of

probing stop masses close to the TeV scale; this is illustrated in the left panel of Fig. 1.4.
However, the modification of Higgs couplings is highly sensitive to the mixing in the stop
sector, and blind spots arise when the mixing leads to vanishing deviations in the Higgs
coupling to gluons and photons [22, 24]. However, as illustrated in the right panel of
Fig. 1.4, these blind spots may be covered by precision measurements of the Zh cross
section, which is sensitive to loop-level corrections to the tree-level hZZ coupling that
are generically nonzero in the gluon/photon blind spot [24].

1.2.1.2 Global symmetry

Global symmetry approaches to the weak scale cover a vast array of specific models and
UV completions, but share the common features of an approximately elementary Standard
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Figure 1.5: Potential coverage of composite-type global symmetry models in terms of resonance mass
m⇢ and Higgs mixing parameter ⇠ ⌘ v
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2 via direct searches at the LHC (dark blue) and precision
Higgs measurements (light blue).

Model-like Higgs mixing with heavier resonances and further influenced by the presence
of light fermionic excitations.

Tree level In global symmetry solutions, the Higgs is a pNGB of a spontaneously broken
global symmetry. This invariably implies tree-level corrections, which can be interpreted
as arising from mixing between the Standard Model-like Higgs and heavy states asso-
ciated with the spontaneously broken global symmetry. This mixing is typically propor-
tional to v2/f 2, where f is the decay constant associated with the broken global symmetry
(see e.g. [26] for a comprehensive parameterization), although precise corrections may
vary between Higgs couplings to fermions and gauge bosons depending on the model.
As shown in Fig. 1.5, the precision attainable at the CEPC probes this mixing to better
than one part in one hundred, translating to an energy reach of several TeV. In the sim-
plest composite realizations of global symmetries, bounds on v2/f 2 translate directly into
lower bounds on the tuning of the electroweak scale, but this tuning may be avoided in
Little Higgs models and related constructions. The complementarity between precision
measurements of Higgs couplings and direct searches at future colliders in probing global
symmetry approaches to the hierarchy problem is explored in detail in e.g. [27].

Loop level Global symmetry approaches to naturalness likewise feature a plethora of
new states near the weak scale, albeit with the same statistics as their Standard Model
counterparts. While corrections to Higgs couplings from loops of these new particles are
typically sub-dominant compared to tree-level corrections, they provide a more immutable
test of naturalness. As with supersymmetry, the largest corrections are typically due to
the fermionic top partner sector, due to the large coupling of these partners to the Higgs
and their proximity to the weak scale. As such partners typically carry Standard Model
quantum numbers, the most striking corrections are to the loop-level couplings of the
Higgs to gluons and photons.

For the sake of definiteness, consider a theory involving two top partners T1, T2 whose
couplings are dictated by the global symmetry protecting the Higgs mass. In this case
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Figure 1.6: Left: LHC and CEPC precision Higgs constraints in the mT1 � mT2 plane from Higgs
couplings to gluons and photons assuming equal couplings. Right: Coverage of blind spots including
precision measurement of the Zh cross section. Figures adapted from [25].

corrections to the Higgs coupling to gluons and photons are proportional to [25]

�

✓
⇢

m2
t

m2
T1

+ (1� ⇢)
m2

t

m2
T2

◆
(1.5)

where ⇢ parameterizes the fraction of the quadratic divergence cancellation coming from
the T1 field, which is directly reflected in the modification of Higgs couplings. In the case
of equal couplings, the CEPC is capable of probing fermionic top partners above the TeV
scale, as shown in the left panel of Fig. 1.6. Note that the existence of more than one
fermionic top partner allows for the possibility of a blind spot to arise when ⇢ > 1, which
may be constrained by radiative corrections to the Zh cross section (shown in the left
panel of Fig. 1.6) in analogy with the stop blind spot in supersymmetry. A comprehensive
exploration of the CEPC potential to constrain radiative corrections to Higgs couplings
arising in global symmetry solutions to the hierarchy problem may be found in [25].

1.2.1.3 Neutral naturalness

While it is entirely possible that the naturalness of the weak scale is explained by con-
ventional symmetries that have thus far evaded LHC detection, LHC null results may
indicate that the weak scale is stabilized by less conventional symmetries that do not lead
to partner particles carrying Standard Model quantum numbers. This form of “neutral
naturalness” [28] can occur, for example, when only discrete symmetries are operative
at the weak scale. To date both opposite-statistics and same-statistics examples of neu-
tral naturalness have been constructed. The former case is exemplified by Folded Su-
persymmetry [29], which features new partner particles carrying electroweak quantum
numbers but no irreducible tree-level corrections. The latter case is exemplified by the
Twin Higgs [30], which features new partner particles entirely neutral under the Standard
Model, as well as significant tree-level Higgs coupling deviations. Examples also exist of
theories with entirely neutral scalar top partners [31] and electroweak-charged fermionic
top partners [32], both of which share the tree-level modifications to Higgs couplings of
the Twin Higgs.
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Figure 1.7: CEPC reach in the mass scale of neutral fermionic top partners due to tree-level mixing
corrections to �Zh.

The primary phenomenological consequences of neutral naturalness are (1) a signifi-
cant weakening of direct search limits due to the paucity of states charged under the Stan-
dard Model, and (2) the reduction of loop-level corrections to loop-level Higgs couplings.
However, these models still lead to distinctive patterns of Higgs coupling deviations that
may be first revealed at a Higgs factory.

Tree level Many theories of neutral naturalness, most notably the Twin Higgs [30], fea-
ture significant tree-level mixing between the Standard Model-like Higgs and an addi-
tional CP even scalar state. Much as with conventional global symmetries, this leads to
O(v2/f 2) deviations in Higgs couplings. In contrast to conventional global symmetries,
however, these corrections are typically universal in the sense that they are the same for
Higgs couplings to both vectors and scalars. Bounds on v2/f 2 may be translated directly
into bounds on the mass of the twin top partner, as shown in Fig. 1.7. In such cases, CEPC
can probe multi-TeV scales and test the efficacy of neutral naturalness down to the percent
level.

Loop level While all models of neutral naturalness feature loop-level corrections to
Higgs properties, they are the leading effect in many opposite-statistics models such as
folded supersymmetry. New partner particles in these models still carry electroweak quan-
tum numbers, leading to loop-level deviations in the Higgs coupling to photons, as shown
in Fig. 1.8. This allows the CEPC to place constraints on the mass scale of folded partner
particles in the hundreds of GeV, probing tuning of the weak scale to the 20% level in
these theories.

It is also possible that the weak scale is stabilized by scalar top partners entirely neutral
under the Standard Model without accompanying tree-level Higgs coupling deviations. In
this case, all of the distinctive direct search channels and corrections to loop-level Higgs
couplings are absent. However, a precision measurement of the Zh cross section is still
sensitive to the wavefunction renormalization of the physical Higgs scalar induced by
loops of the scalar top partners [33]. In general, n� scalars �i coupling via the Higgs
portal interaction

P
i
��|H|

2
|�i|

2 leads to a correction to the Zh cross section of the form
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Figure 9. Projected constraints in the folded stop mass plane from a one-parameter fit to the Higgs–photon–

photon couplings from future experiments. Directly analogous to Fig. 7. Results from the ILC 250/500/1000

would be similar to CEPC; lower-energy ILC measurements provide even weaker constraints. These constraints

are subdominant to the constraints on left-handed folded stops arising from T -parameter measurements, which

are the same as those for ordinary stops in the left-hand column of Fig. 5.

could only modify the Higgs–photon coupling, the Higgs–photon–Z coupling, and (at a subleading
level) the Higgs–Z–Z coupling. Yet the Higgs–photon coupling measurements, even at future e

+
e
�

colliders, have very limited sensitivities. Even FCC-ee Higgs measurements could only probe folded
stops up to 400 GeV, as illustrated in Fig. 9 (which updates the result in [32] to include CEPC). Notice
that we have also taken into account of a precise determination of �(h ! ��)/�(h ! ZZ) at HL-LHC.
It has been demonstrated that combing this with Higgs measurements at future e

+
e
� colliders could

result in a significant improvement of sensitivity to Higgs–photon–photon coupling [87, 88].
On the other hand, the reach of the electroweak precision we derived in this article (the left

column of Fig. 5) applies to folded stops as well as the usual stops. Except for the blind spot in the
parameter space, future EWPT could probe left-handed folded stops, via their correction to the T

parameter, up to 600 GeV (e.g. at the ILC) or even 1 TeV (e.g. at FCC-ee). CEPC’s preliminary
plans fall close to the ILC reach, but conceivable upgrades could achieve similar reach to FCC-ee.
These EWPT constraints would surpass the Higgsstrahlung constraints on folded SUSY estimated in
ref. [65]. Improved measurements of the W mass, then, may be one of the most promising routes
to obtaining stronger experimental constraints on folded SUSY. Therefore, with the help of future
electroweak precision measurements, we can test the fine tuning of folded SUSY at the few percent
level.
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Figure 1.8: Left: CEPC reach for color-neutral folded stops in Folded SUSY from Higgs couplings to
photons, from [22]. Right: CEPC reach in the mass scale of neutral scalar top partners due to loop-level
corrections to �Zh, adapted from [33].
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where ⌧ = m2
h
/4m2

�
. This leads to the sensitivity shown in Fig. 1.8, for which the CEPC

is able to place constraints in the hundreds of GeV on a scenario that is otherwise largely
untestable at colliders.

1.2.1.4 Other solutions

Symmetries are not the only mechanism for explaining the origin of the weak scale,
though other solutions may not be manifestly natural in the same way. However, even
non-symmetry explanations for the value of the weak scale (excepting anthropic ones)
generically entail some degree of coupling between new degrees of freedom and the Higgs
itself. This typically leads to deviations in Higgs couplings, new exotic decay modes of
the Higgs, or a combination thereof.

A compelling example of non-symmetry solutions is the relaxion [18], in which the
value of the weak scale is set by the evolution of an axion-like particle across its potential
in the early universe. The relaxion necessarily couples to the Higgs boson in order for its
evolution to influence the Higgs mass. This leads to a variety of signatures that may be
tested via precision Higgs measurements depending on the specific model.

The most promising signature is that of the Higgs decaying into new invisible states.
This signature arises in a range of different relaxion models. One such realization, il-
lustrated in Fig. 1.9, generically possesses significant couplings between the Higgs and a
pair of relaxion fields whose strength is dictated by the back-reaction of the Higgs on the
evolution of the relaxion. Substantial limits on the parameter space of the relaxion may
be set by indirect bounds on the non-SM width of the Higgs [34].
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Figure 4. Constraints on the relaxion-Higgs mixing sin2
✓ for relaxions with m� between 5 GeV

and 90 GeV from LEP and the LHC: 4-fermion final states from Higgs strahlung at LEP (green,
labelled as LEP hZ); Higgs decays to NP with BR(h ! NP)  20% at the LHC (purple, solid) as
well as a projection for BR(h ! NP)  10% (purple, dashed); explicit searches for h ! �� with
final states 4⌧ (dark blue, dotted, m� < 10 GeV, Run 3 projection) and 2µ2b (dark blue, dotted,
m� > 25 GeV, Run 3 projection). Contours for ⇤br = 120GeV (gray, dashed for j = 2; brown,
dashed for j = 1), f = mh and f = 1TeV (black for j = 2, brown for j = 1).

6 Cosmological and astrophysical probes of relaxion-Higgs mixing

As discussed in the previous section, laboratory measurements can probe a significant region

of the relaxion parameter space. However, in the sub-MeV region, before the fifth force

experiments start to gain sensitivity in the sub-eV region, a large portion of the parameter

space is left unconstrained. In this section we show how astrophysical and cosmological

probes can explore part of this region of the parameter space, as shown in figure 5, and

also provide relevant bounds if the relaxion mass is in the MeV-GeV range (also shown in

figure 3). In order to identify the part of the parameter space most relevant for relaxion

models and to gain an understanding of the theory contours in figure 5, we refer the reader

to the discussion at beginning of section 5.

6.1 Cosmological probes

Late relaxion decays can be constrained by a variety of cosmological probes such as light

element abundances, CMB spectral distortions and distortions of the di�use extragalactic

background light (EBL) spectrum. In this section we first compute the relaxion abundance

– 25 –

Figure 1.9: Constraints on the relaxion parameter space of [34] from non-SM decay of the Higgs into
relaxion pairs.

1.2.2 Electroweak phase transition

The discovery of the Higgs boson marks the culmination of a decades-long research pro-
gram to understand the source of electroweak symmetry breaking (EWSB). We have
known since the mid-20th century that this symmetry is not realized in nature and that the
weak gauge bosons are massive. Now measurements at the Large Hadron Collider (LHC)
have provided overwhelming evidence that EWSB results from the recently-discovered
Higgs. With the Higgs boson discovery we have learned why the electroweak symmetry
is broken in nature, but we still do not understand how it is broken dynamically — this is
the question of the electroweak phase transition.

The nature of the electroweak phase transition (EWPT) is controlled by the properties
and interactions of the Higgs boson. For instance the Higgs mass sets the temperature
scale of the phase transition to be roughly T ⇠ mh ' 125 GeV. The more detailed and
interesting features of the phase transition depend also upon the interactions of the Higgs
boson with itself, with other Standard Model particles, and with possible new physics.
The nature of these interactions will not be determined very precisely at the LHC, where
we have only just begun to study the Higgs. Rather, if we want to understand the nature
of the electroweak phase transition, we require precision measurements of Higgs physics
at a dedicated Higgs factory experiment like the CEPC.

First order phase transition or continuous crossover?

Despite years of careful study at the LHC, we still have such a poor understanding of the
Higgs that it is impossible to determine even the order of the electroweak phase transition.
In general, these two scenarios are used to classify symmetry-breaking phase transitions:

A first order phase transition proceeds through the nucleation of bubbles that grow,
coalesce, and eventually fill the system.

By contrast, a continuous crossover occurs smoothly throughout the system.

See also Fig. 1.10. If the phase transition is determined to be first order, there would be
profound implications for early-universe cosmology and the origin of the matter-antimatter
asymmetry. Moreover, determining the order of the EWPT is simply the first step in a
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Figure 1.10: An illustration of a continuous crossover (left) and a first order phase transition (right).

much richer research program that deals with other aspects of the phase transition includ-
ing its latent heat, bubble wall velocity, and plasma viscosity.

The Higgs potential

The order of the EWPT is intimately connected to the shape of the Higgs potential energy
function. For each value of the Higgs field, �, there is an associated potential energy
density, V (�). During the electroweak phase transition, the Higgs field passes from � = 0
where the electroweak symmetry is unbroken to � = v ' 246 GeV where the electroweak
symmetry is broken and the weak gauge bosons are massive. Thus the order of the phase
transition is largely determined by the shape of V (�) in the region 0 < � < v.

For instance, if the Higgs potential has a barrier separating � = 0 from � = v, then
electroweak symmetry breaking is accomplished through a first order phase transition with
the associated bubble nucleation that we discussed above. If there is no barrier in V (�),
the transition may be either first order or a crossover depending on the structure of the
thermal effective potential, Ve↵(�, T ).

Currently we know almost nothing about the shape of the Higgs potential. This situation
is illustrated in Fig. 1.11 and the following discussion. When we make measurements
of the Higgs boson in the laboratory, we only probe small fluctuations of the potential
around � = v. By measuring the strength of the weak interactions, GF = (

p
2v2)�1

'

1⇥ 10�5 GeV�2, we learn that the Higgs potential has a local minimum at v ' 246 GeV.
By measuring the Higgs boson’s mass, we learn that the local curvature of the potential at
its minimum is (d2V/d�2)

��
�=v

= m2
h
' (125 GeV)2. This is the extent of what we know

today about the Higgs potential. Even the third derivative, which is related the Higgs
boson’s cubic self-coupling, is completely undetermined!

Measurements of the Higgs boson thus far are consistent with the predictions of the
Standard Model of particle physics. The Standard Model asserts that the Higgs potential
has the form

V (�) =
1

2
µ2�2 +

1

4
��4 , (1.7)

which only depends on the two parameters µ2 and �. Taking � > 0 and µ2 < 0 induces a
vacuum expectation value (VEV) for the Higgs field and triggers electroweak symmetry
breaking. At the minimum of the potential v =

p
�µ2/� gives the Higgs field VEV and

m2
h

= �2µ2 gives the Higgs boson’s mass. Thus, having measured both v ' 246 GeV
and mh ' 125 GeV in the laboratory, the Standard Model completely predicts the shape
of the Higgs potential.
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Figure 1.11: The Higgs potential energy function. All we know about the shape of the Higgs potential
is the local curvature at its minimum. These observations are consistent with the Standard Model, but
they are also consistent with models containing new physics that can dramatically change the nature of
the electroweak phase transition.

However the presence of new physics can dramatically change the shape of the Higgs
potential without disrupting the measurements of v and mh. For example, a simple gener-
alization of Eq. (1.7) is to include a sextic term and write the Higgs potential as [35–37]

V (�) =
1

2
µ2�2 +

1

4
��4 +

1

8⇤2
�6 . (1.8)

A potential of this form arises if new, heavy particles are coupled to the Higgs boson,
and then ⇤ is related to the mass scale of the new particles. This potential has enough
structure to support two local minima with a barrier between, which we see in Fig. 1.11
for the curve labeled “new physics (1).” The nature of the electroweak phase transition in
this model is expected to be very different from the Standard Model due to the barrier [38–
40]. Alternatively the new physics can manifest through a non-analytic term in the Higgs
potential, such as the one proposed by Coleman and Weinberg [41],

V (�) =
1

4
��4 log

�2

⇤2
. (1.9)

Such a potential arises when new physics is coupled to the Higgs and leads to a strong run-
ning in the Higgs quartic self-coupling [42]. As shown by the curve labeled “new physics
(2)” in Fig. 1.11, this potential is very flat near the origin allowing thermal corrections to
induce a barrier and thus a first order phase transition.

Precision measurements of the Higgs boson’s interactions with itself and other particles
will probe the shape of the potential energy function and thereby provide much-needed
experimental input to test the order of the electroweak phase transition.

Cosmological implications

Since we cannot reproduce the high-temperature conditions of the electroweak phase tran-
sition in the laboratory, the question of the EWPT has the most relevance for studies of
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FIG. 2: The Higgs bubble profile for � = 1, T = 51.94 GeV
and � = 600 GeV.

Again, in the low frequency regime the spectrum �tu(f)h2

increased as f
2, but in the high frequency regime it de-

creased as f
�3.5 [33].

The two characteristic parameters ↵ and � can be
evaluated by solving the Higgs bubble profile from the
following equation

d
2
h

dr2
+

2

r

dh

dr
=

�Veff

�h
,

with the boundary conditions h(r ! �) = 0, dh(r=0)
dr

= 0.
Using the overshoot/undershoot method, one can numeri-
cally determine the exact profile of the Higgs bubble after
fixing the model parameters  and ⇤. As a demonstra-
tion, we present one numerical solution in Fig. 2 for the
specific case of  = 1 and ⇤ = 600 GeV. It is worth noting
that, however, the bubble wall runs away if ⇤ becomes
smaller than 590 GeV [36, 37]. Once the Higgs profile has
been found, all associated parameters can be derived, and
accordingly, the predicted GW spectra can be calculated
such as shown in Fig. 3.

Results and Discussions.— In Fig. 3, the GW spec-
tra h

2�GW and the hZ cross section deviations ��hZ are
presented by taking di�erent values of the cuto� scale ⇤
(590 GeV, 600 GeV, 650 GeV and 700 GeV) with  being
fixed to unity in the Higgs scenario under consideration.
For instance, the red curve in the figure depicts the GW
signals for ⇤ = 590 GeV predicted by our model, which
also predicts a collider signature of the cross section de-
viation ��hZ ' 2.2% (the corresponding deviation of the
trilinear Higgs coupling �h is 1.32) which is expected to be
tested at the CEPC. In addition, we numerically present
the theoretical curves for the cases of 600 GeV, 650 GeV
and 700 GeV, as shown by the blue, green and black lines,
respectively. These curves correspond respectively to the
values of 2.1%, 1.8%, and 1.5% for ��hZ .

From our result, it is obvious that the amplitude of the
GW spectrum is more significant for smaller cuto� scales.
This fact can be naturally explained by the observation
that in Eq. (1) a smaller ⇤ yields a larger contribution of
the sextic operator which then leads to a stronger EWPT.
Moreover, it can be found that the GW signals are peaked

FIG. 3: GW spectra h2�GW and the hZ cross section devi-
ations ��hZ for di�erent cuto� scales � (590 GeV, 600 GeV,
650 GeV and 700 GeV) with � = 1 in our Higgs model. The
colored regions show the expected experimental sensitivities
of future GW interferometers for eLISA, DECIGO, BBO, U-
DECIGO, and SKA. The red line depicts the GW signal for
� = 590 GeV, which also gives rise to a collider signal of
��hZ � 2.2% at the CEPC. The blue, green and black lines are
the cases for 600 GeV, 650 GeV and 700 GeV, respectively.

FIG. 4: The observational abilities of di�erent experiments.
For CEPC, the sensitive region is �/

�
� < 1357.65 GeV;

for LHC, it corresponds to �/
�

� < 280 GeV; the theoreti-
cal condition for the SFOPT requires 480 GeV < �/

�
� <

840 GeV; and the detectable region of GW interferometers
reads 590 GeV < �/

�
� < 650 GeV.

around 10�4 Hz, which lies in the detectable range of satel-
lite based GW experiments. The colored regions in Fig. 3
show the expected experimental sensitivities of future
GW interferometers including eLISA2 [38], SKA, BBO,
DECIGO [39] and Ultimate-DECIGO (U-DECIGO) [40].

2 The eLISA C1 and C4 in the figure are two representative config-
urations studied in Ref. [38].

Figure 1.12: The spectrum of gravitational waves generated during a first order electroweak phase
transition for the model described in Eq. (1.8). Colored curves show the predicted spectrum for differ-
ent models as the scale of new physics, ⇤, is varied. The figure is reproduced from Ref. [40].

the early universe. Most cosmologists expect that a thermal EWPT occurred soon after
the Big Bang when the universe was filled with a very hot plasma. If the early universe
EWPT was first order, it may have left behind interesting cosmological relics that could
be accessible to observations today.

Gravitational Waves. During a first order electroweak phase transition, gravitational waves
are produced from the collisions of bubbles, the decay of magnetohydrodynamic turbu-
lence, and the damping of sound waves [43]. Today these gravitational waves would look
like a stochastic and isotropic “noise” from all directions on the sky. As we see in Fig. 1.12
the predicted gravitational wave spectrum falls within reach of future space-based interfer-
ometer experiments, including LISA, DECIGO, BBO, Taiji, and TianQin. The detection
of these gravitational waves would provide direct evidence that the cosmological EWPT
was a first-order one, but a future collider like the CEPC is required to uncover the new
physics that explains why the EWPT is first order.

Matter-Antimatter Asymmetry. A first order cosmological EWPT provides the right envi-
ronment to explain the Universe’s excess of matter over antimatter through the mechanism
of electroweak baryogenesis [44]. This mechanism uses the fact that baryon number is
violated in the Standard Model through reactions mediated by the electroweak sphaleron.
Before the cosmological EWPT, the sphaleron efficiently converts matter into antimatter,
but during the electroweak phase transition the sphaleron-mediated reactions are shut off.
If this shutoff is sufficiently abrupt, then an excess of matter over antimatter can be gener-
ated. This requires that the electroweak phase transition is strongly first order in the sense
that

v(Tpt)

Tpt
& 1.0 (“strongly first order” electroweak phase transition) (1.10)

where v(Tpt) is the value of the Higgs field inside of the bubbles during the phase transi-
tion at temperature Tpt.
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Electroweak baryogenesis is not viable in the Standard Model, because the electroweak
phase transition is a continuous crossover, v(Tpt) = 0, and thus the observed excess
of matter over antimatter is an irrefutable motivation for physics beyond the Standard
Model. In general the new physics can take many forms, but in the context of electroweak
baryogenesis, it is clear that the new physics must couple to the Higgs boson so that
the sphaleron-suppression condition in Eq. (1.10) is satisfied. Therefore this condition
directly quantifies the required departure from Standard Model physics.

New physics and the electroweak phase transition

The Standard Model predicts that the EWPT is a continuous crossover, but we have seen in
the discussion of Fig. 1.11 that even minimal extensions of the Standard Model can dras-
tically change the predictions for electroweak symmetry breaking. Thus for any model
with new physics coupled to the Higgs, it is necessary to ask: What is the nature of the
electroweak phase transition?

In the years before the LHC started running, much of the work was focused on the
light stop scenario of the Minimal Supersymmetric Standard Model (MSSM) [45, 46].
Early LHC data determined that this scenario is ruled out [47], because the light stops,
which are colored and charged particles with spin-0, should have been easy to produce and
detect at the LHC. However, if the new scalar particles were not charged or colored, the
electroweak phase transition could still be first order while evading collider constraints; to
leading order, the electroweak phase transition only cares about couplings with the Higgs,
not quantum numbers [48]. Therefore in order to assess the unique power of the CEPC
to test new physics that leads to a first order electroweak phase transition, it is useful to
consider models with uncharged and uncolored particles, which are very difficult to probe
at the LHC.

A viable model with a first order EWPT is found in even the most minimal extension
of the Standard Model with a real, scalar singlet field S [49–51]. The relevant Lagrangian
is written as

L =
�
DµH

�†�
DµH

�
+

1

2

�
@µS

��
@µS

�
� µ2

H
H†H � �H

�
H†H

�2

�
µ2
S

2
S2
�

aS

3
S3
�

�S

4
S4
� �HSH†HS2

� 2aHSH†HS (1.11)

where H(x) denotes the Higgs doublet field. The last two operators in Eq. (1.11) cor-
respond to the so-called Higgs portal interactions. The Higgs field acquires a vacuum
expectation value, hHi = (0 , v/

p
2) that breaks the electroweak symmetry. In general

the singlet field may acquire a vacuum expectation value, hSi = vS , and it can mix with
the Higgs boson, which is parametrized by an angle ✓. The spectrum of this theory con-
tains two scalars with masses mh ' 125 GeV and mS .

It is also interesting to consider the model that is obtained by imposing a Z2 symmetry
on Eq. (1.11). This symmetry transformation, S(x) ! �S(x), enforces aHS = aS = 0,
and it is conventional to also assume that vS = 0.

The singlet extension of the Standard Model allows for a first order electroweak phase
transition in a variety of ways [48]. If the singlet particle is heavy, mS � mh, then it can
be integrated out of the theory generating an effective potential for the Higgs field. In the
regime where the aS and �S terms are negligible and µ2

S
� �HSv2, the Higgs potential
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Figure 2. Regions in the (mS ,λHS) plane with viable EWBG. Red shaded region: for µ2
S < 0 it

is possible to choose λS such that EWBG proceeds via a tree-induced strong two-step electroweak
phase transition (PT). Orange contours: value of vc/Tc for µ2

S > 0. The orange shaded region
indicates vc/Tc > 0.6, where EWBG occurs via a loop-induced strong one-step PT. Above the
green dashed line, singlet loop corrections generate a barrier between h = 0 and h = v even at
T = 0, but results in the dark shaded region might not be reliable, see section 3.1.3.
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Figure 3. Comparison of the zero-temperature potential contributions in the SM vs. the SM +
singlet with (mS ,λHS) = (450GeV, 3.2) which has a strong first-order PT with vc/Tc > 1. The
one-loop contribution of the singlet reduces the potential difference between the origin and the
EWSB vacuum.
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Figure 8. Dashed blue contours: the one-loop corrections to the associated production cross-
section of Zh at lepton colliders eq. (5.2), in % relative to the SM.

5.2 Zh production cross section at lepton colliders

The singlet can also affect higgs couplings by generating a small correction to the higgs wave

function renormalization, which modifies all higgs couplings by a potentially measurable

amount. In particular, precision measurements of the Zh production cross section at lepton

colliders might be another avenue for indirect detection of such a singlet. [94]

At one loop, the fractional change in Zh production relative to the SM prediction is

given by [94, 95]

δσZh =
1

2

|λHS |2v2

16π2m2
h

[1 + F (τφ)] (5.2)

where we have modified the equation to comply with our convention of v ≈ 246GeV, and

inserted a factor of 1
2 since S is a real and not a complex scalar. The loop function F (τ),

with τφ = m2
h/4m

2
S , is given by

F (τ) =
1

4
!
τ(τ − 1)

log

"
1− 2τ − 2

!
(τ(τ − 1))

1− 2τ + 2
!
(τ(τ − 1))

#
. (5.3)

δσZh is shown as a function of (mS ,λHS) in figure 8. In the regions relevant for

EWBG, the shift is at most ∼ 0.5%. For the one-step transition (orange region) it can be

as small as 0.1%. Recent analyses show that future measurements of δσZh might be pushed

to O(0.5)% [96, 97]. It is clear that this indirect measurement has very limited potential

to detect the singlet-induced electroweak phase transition, unless the measurements are

pushed very close to the absolute statistical uncertainty limit of 0.07% by combining all

four TLEP detectors without any background or systematics [97]. Instead, it is very likely

that the higgs self-coupling measurement described in the previous subsection has superior

sensitivity.
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Figure 1.13: Parameter space of the real scalar singlet model with Z2 symmetry. Left: Regions of
parameter space that lead to a first order electroweak phase transition that proceeds in one or two steps.
The orange curves show the strength of the electroweak phase transition, v(Tc)/Tc, in the one-step
region. Right: Blue curves show the fractional change to the Zh production cross section relative to
the SM prediction in percent; these values are 2 �ghZZ using the notation in the text (1.13). The figures
are taken from Ref. [53]

takes the form

V (�) =
1

2
µ2
H

�2 +
1

4

✓
�H �

2a2
HS

µ2
S

◆
�4 +

�HS a2
HS

2m4
S

�6 , (1.12)

which has the same structure as the one that we encountered in Eq. (1.8). The two poten-
tials are matched by taking ⇤2 = m4

S
/(4�HSa2

HS
). For smaller ⇤ the shape of the Higgs

potential begins to deviate more from the Standard Model prediction, and the phase tran-
sition becomes first order. This example illustrates the intuition that models with a first
order electroweak phase transition require new, light particles with a large coupling to the
Higgs boson. If the singlet particle is so light that we are not justified to integrate it out
(mS ⇠ mh) the analysis above is inapplicable, but the phase transition can still be made
first order due to the presence of large loop corrections to the Higgs potential [42], large
thermal corrections, and/or a multi-step phase transition [52]. Some of these scenarios are
illustrated in the left panel of Fig. 1.13 for the Z2-symmetric singlet extension.

In general the presence of new particles coupled to the Higgs boson modifies how
strongly the Higgs couples to itself and to the other Standard Model particles. It is pre-
cisely the goal of Higgs factory experiments, like the CEPC, to measure these couplings
with high precision. Therefore, if the electroweak phase transition is first order, we ex-
pect that the measurements of these couplings must deviate from their Standard Model
predictions.

The coupling that will be measured most precisely at the CEPC and future lepton col-
liders is the Higgs-Z-Z coupling. We can parametrize deviations in this parameter away
from the Standard Model prediction with the variable

�ghZZ ⌘
1

2

✓
�(e+e� ! hZ)

�SM(e+e� ! hZ)
� 1

◆����
s=(250 GeV)2

=
ghZZ

ghZZ,SM
� 1

����
s=(250 GeV)2

. (1.13)
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In the singlet extension model, the strength of the hZZ coupling is suppressed compared
to the SM prediction. The leading-order suppression arises from the Higgs-singlet mixing,
and the sub-leading effect arises from Higgs wavefunction renormalization [33] and the
Higgs triple self-coupling [54]. Combining these effects, the fractional suppression is
written as [53, 55]

�ghZZ =
�
cos ✓ � 1

�
� 2

|aHS + �HSvS|
2

16⇡2
IB(m2

h
; m2

h
, m2

S
) (1.14)

�
|�HS|

2v2

16⇡2
IB(m2

h
; m2

S
, m2

S
) + 0.006

✓
�3

�3,SM
� 1

◆

where ✓ is the Higgs-singlet mixing angle, and IB is a loop function. The Higgs triple self-
coupling �3 also deviates from the Standard Model prediction due to the Higgs-singlet
mixing. Then the self-coupling is predicted to be [56]

�3 =
�
6�Hv

�
cos3 ✓ +

�
6aHS + 6�HSvS

�
sin ✓ cos2 ✓

+
�
6�HSv

�
sin2 ✓ cos ✓ +

�
2aS + 6�SvS

�
sin3 ✓ . (1.15)

In the Standard Model we have �3 = �3,SM ⌘ 3m2
h
/v ' 191 GeV. If the singlet is light,

mS < mh/2, then the Higgs boson acquires an exotic decay channel, h ! SS, which
may be invisible depending on the stability of S. The rate for this decay is

�(h! SS) =
�2

211

32⇡mh

s

1�
4m2

S

m2
h

(1.16)

where

�211 =
�
2aHS + 2�HSvS

�
cos3 ✓ +

�
4�HSv � 6�Hv

�
sin ✓ cos2 ✓

+
�
6�SvS + 2aS � 4�HSvS � 4aHS

�
sin2 ✓ cos ✓ +

�
�2�HSv

�
sin3 ✓ . (1.17)

is the effective tri-linear coupling of the mass eigenstates. Measurements of the Higgs
boson at the LHC already strongly constrain the invisible decay channel, which requires
�211 << 1 or mS > mh/2.

The complementarity between first order electroweak phase transition and precision
Higgs observables is shown in Fig. 1.14 for the singlet extension of the Standard Model.
Orange points correspond to models with a first order phase transition, v(Tpt)/Tpt 6= 0.
Blue points correspond to models with a strongly first order phase transition, v(Tpt)/Tpt &
1, which is a necessary requirement for electroweak baryogenesis (1.10). Red points
correspond to models with a very strongly first order phase transition that can potentially
be probed by the space-based gravitational wave interferometer telescope LISA.

Figure 1.14 shows that the models with a first order phase transition (all colored points)
also generally predict large deviations in the hZZ coupling. For the models with a strongly
first order phase transition (blue and red points) the effect on ghZZ is large enough to
be tested by the CEPC. Additionally, most of the parameter points also predict a large
enhancement to the Higgs trilinear self-coupling that can be probed by a future 100 TeV
hadron collider experiment, like the proposed SppC. The funnel region of orange points
at �3/�3,SM ⇡ 1 corresponds to a “blind spot” where the Higgs-singlet mixing vanishes.
Thus, apart from the blind spot, the reach of the CEPC is sufficient to probe a first order
electroweak phase transition across the entire parameter space.
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Figure 1.14: Collider observables in the real scalar singlet model. Points in theory space with a first
order phase transition are shown in orange, points with a strongly first order phase transition are shown
in blue, and points with a strongly first order phase transition that also produces detectable gravitational
waves are shown in red. The figure is reproduced from Ref. [55].

The blind spot mentioned above corresponds to two scenarios. The Higgs-singlet mix-
ing could vanish, because of an accidental cancellation between aHS and �HSvS . This
corresponds to an artificially fine-tuned parameter space, that is not theoretically appeal-
ing. Alternatively, the mixing vanishes identically in the Z2 symmetric limit of the singlet
extension. In this case, the relevant parameter space is shown in Fig. 1.13. The right
panel shows the predicted deviation in the hZZ coupling away from the Standard Model
expectation, which is on the edge of the CEPC sensitivity.

Another representation of the parameter space appears in Fig. 1.15, which shows a
correlation between the phase transition temperature and the Higgs cubic self-coupling.
For a similar analysis see also Ref. [57], but note that this article was published before the
Higgs mass was determined.

Among all possible new physics that renders the electroweak phase transition to be first
order, we focus on the singlet extension here, because it is the most challenging to test
with collider experiments. To illustrate this point, one can allow the new scalar particles
to carry an electric charge (similar to a two-Higgs doublet model). An analysis of this
model has been performed in Ref. [55], and the results are shown in Fig. 1.16. The CEPC
has enough sensitivity to test the entire interesting parameter space, and much of the space
will also be tested by measurements at the LHC.

What will we learn from the CEPC?

The CEPC will probe the Higgs boson with unprecedented precision. While the LHC has
taught us that the Higgs is responsible for electroweak symmetry breaking, measurements
at the CEPC provide a unique opportunity to learn how electroweak symmetry breaking
occurs. The nature of the electroweak phase transition is a question that we cannot settle
using only measurements at the LHC and its upgrades. Simple and compelling extensions
of the Standard Model can have a dramatic effect on the nature of the electroweak phase
transition, while remaining completely inaccessible to the LHC. However, the presence
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FIG. 4: Correlation between the SM-like scalar (h1) self-
coupling g111 and the critical temperature for SFOEWPT-
viable parameter space points. Blue, red, green, and yellow
bands represent, respectively, a ±50%, ±30%, ±13%, and
±5% variation in g111 about its SM value.

this potential, we show in Fig. 4 bands corresponding to
±50%, ±30%, ±13%, and ±5% variations in g111 about
its SM value corresponding roughly to the prospective fu-
ture collider sensitivities summarized above. We see that
there exists a non-negligible fraction of the SFOEWPT-
viable points that would lead to significant and observ-
able deviations from the SM expectations for g111, par-
ticularly with the precision expected for the full ILC data
set and the VHE-LHC or SPPC. Conversely, agreement
with the SM value could yield stringent constraints on
the possibility of a SFOEWPT in this scenario.

V. CONCLUSIONS

Uncovering the dynamics of EWSB in the early uni-
verse and its possible connection with the origin of the
baryon asymmetry remains a key task in particle physics.
While the SM scalar sector does not allow for out-
of-equilibrium dynamics needed for baryogenesis, sim-
ple extensions of the scalar sector can accommodate a
SFOEWPT as required by electroweak baryogenesis sce-
narios. In this paper, we have revisited the implications

for the collider phenomenology and the EWPT of the
simplest extension of the SM scalar sector containing
one additional real gauge singlet scalar field, or xSM.
This model exemplifies the phase transition dynamics of
more extensive SM-extensions incorporating gauge sin-
glet scalars, e.g., variants of the minimal supersymmet-
ric SM that include a singlet superfield. Focusing on the
kinematic regime in which no new scalar decay modes
arise, we have updated the constraints on the parame-
ters of the xSM in light of the discovery of a Higgs-like
scalar at the LHC and present determinations of its signal
strengths. We have then shown how there exist consider-
able regions of SFOEWPT-viable parameter space that
one could probe with future precision Higgs studies at the
HL-LHC, ILC, TLEP, CEPC, VHE-LHC and/or SPPC
as well as with searches for singlet-like scalars in the low
mass region, < 2mh.

Should future experiments find evidence for non-zero
Higgs-singlet mixing, a substantial deviation of the Higgs
trilinear self-coupling from its SM value, and the ex-
istence of a second singlet-like scalar having SM-Higgs
branching ratios, our analysis would then allow one to
narrow down the regions of xSM parameter space consis-
tent with a SFOEWPT. A quantitatively robust assess-
ment of the viability of such a transition and a determi-
nation of its characteristics would then require a Monte
Carlo study, given the limitations of perturbation theory
in this context (for a discussion of these limitations, see
e.g., Ref. [41]). The outcome of such a program would
constitute a significant step toward explaining the abun-
dance of visible matter in the universe.
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Figure 1.15: A correlation between the cubic self-coupling of the SM-like scalar boson and the critical
temperature of the first order electroweak phase transition. To connection with the notation in the text,
g111 ! �3/(6 GeV) and Tc ! Tpt/GeV. The figure is reproduced from Ref. [56].

Figure 1.16: A model in which the new scalar particles are charged and uncolored. Such a model can
be tested by the CEPC, but it is already strongly constrained by the LHC’s measurement of the Higgs
diphoton decay width. The figure is reproduced from Ref. [55].

of new particles coupled to the Higgs boson must affect the way that the Higgs boson
couples to itself and to other Standard Model particles, such as the Z-boson. Therefore
precision measurements of the Higgs couplings are precisely what’s required to expose
the new physics. In particular, the strength of the hZZ coupling, which will be measured
at the 0.1% level by the CEPC, is an excellent litmus test for a first order electroweak
phase transition.



EXPLORING NEW PHYSICS 21

1.3 Exploring new physics

Exotic new physics could interact with the Standard Model in multiple ways that could be
tested at CEPC. Here we summarize and classify different possible scenarios, which are
discussed in more detail in the following sections:

1. Exotic particles carry Standard Model charges. The classic example in the dark matter
context is dark matter in electroweak multiplets: although dark matter must be neutral,
it could be part of an SU(2) multiplet that also contains charged particles. Because
CEPC is primarily a machine for Higgs and electroweak physics, this is a natural case
to consider.

2. Renormalizable Standard Model portals: if there are no new particles with Standard
Model gauge interactions and no new gauge groups that the Standard Model parti-
cles are charged under, exotic particles in the hidden (dark) sectors can still interact
with the Standard Model via the gauge-singlet operators H†H (“Higgs portal”) [58–
65], Bµ⌫ (“hypercharge portal” or kinetic mixing) [66–72], and HL (“neutrino por-
tal”) [73–79].

3. Portals with additional Standard Model sector physics or new gauge groups that the
Standard Model is charged under: if some exotic particle itself carries no Standard
Model gauge charges, it may nonetheless interact with the Standard Model via un-
known new particles with Standard Model charges. For instance, the existence of a
second Higgs doublet that couples dominantly to leptons can make models of “lep-
tophilic” dark matter possible. The second possibility is that there exists some new
gauge group, e.g. U(1)0, that (some) Standard Model particles are charged under.
Then there is a renormalizable coupling between the new gauge boson and the current
made of the Standard Model particles. If the new gauge group is anomalous with the
Standard Model particle content, there could also be a Wess-Zumino type interaction
between the Z and the new gauge boson [80–89].

4. Effective theory and high dimensional operators: this approach is agnostic to which
of the above three scenarios we consider. The theory only contains certain light exotic
particles and the Standard Model. The other new physics that generates the coupling
between them is not identified and is only encoded in Wilson coefficients. Examples
include an axion-like particle (ALP) interacting with the Z boson or photon through
dimension-five operators [90–102] and magnetic inelastic dark matter and Rayleigh
dark matter models [103–107], in which the dark sector interacts with Z via even
higher dimensional operators.

These different scenarios may result in modifications to precision Higgs and Z observ-
ables or to exotic Higgs and Z decays. The first type of signal has been discussed in
Chapter 2. In sections 1.3.1 and 1.3.2, we will discuss the potential of CEPC for measur-
ing exotic Higgs and Z decays. Then in section 1.3.3, we will focus on the implications
for dark matter and dark sectors. In sections 4.5 and 4.6, we will discuss the potential of
measuring exotic physics connected to neutrino and flavor physics.



22 OVERVIEW OF THE PHYSICS CASE FOR CEPC-SPPC

1.3.1 Higgs exotic decays

Higgs boson can be an important portal to new physics beyond the Standard Model. Such
new physics could manifest itself through Higgs exotic decays if some of the degrees of
freedom are light. The Higgs boson BSM decays have a rich variety of possibilities. To
organize this study on Higgs boson BSM decays. We focus on two-body Higgs decays
into BSM particles, dubbed as Xi, h ! X1X2, which are allowed to subsequently decay
further, up to four-body final states. The cascade decay modes are classified into four
cases, schematically shown in Fig. 1.17. These processes can be motivated by SM+singlet
extensions, two-Higgs-doublet-models, SUSY models, Higgs portals, gauge extensions of
the SM [108–110].

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

Figure 1.17: The topologies of the SM-like Higgs exotic decays.

For CEPC running at the center of mass energy 240 ⇠ 250 GeV, the most important
Higgs production mechanism is Z-Higgs associated production e+e� ! Z⇤

! Zh. The
Z boson with visible decays enables Higgs tagging using the “recoil mass” technique.
A cut around the peak of the recoil mass spectrum would remove the majority of the
SM background. To demonstrate a typical Higgs exotic search at CEPC, we show one
benchmark processes from our analysis,h ! jj + Emiss

T and h ! bb̄ + Emiss
T . In the

last part of this section, we present the summary for Higgs exotic decay physics potential
at CEPC for an integrated luminosity of 5 ab�1 and 10 ab�1 operated at 240 GeV. The
details of these analysis can be found in Ref. [110].

For numerical analyses, we generate both the signal and the background events for a
240 GeV electron-positron collider with MadGraph5 at parton level [111] We describe
here our parameter choices for the detector effects, and our pre-selection cuts that are uni-
versal for the analyses for all Higgs exotic decay mode. All of the visible particles in the fi-
nal state are required to have | cos ✓| < 0.98, or equivalently |⌘| < 2.3. The final state par-
ticles are required to be well separated with yij ⌘ 2 min

�
E2

i
, E2

j

�
(1� cos ✓ij)/E2

vis
> 0.001.

We only study the case where the Z boson decays into `+`� where `± = e±, µ±. The
signal events are required to contain at least a pair of opposite-sign same-flavor charged
leptons with an opening angle greater than 80�, and satisfy E` > 5 GeV and |m``�mZ | <
10 GeV, where m`` is the invariant mass of the di-lepton system. The recoil mass is de-
fined as m2

recoil ⌘ s� 2
p

sE`` + m2
``

where E`` = E`+ + E`� . The recoil mass is required
to satisfy |mrecoil �mh| < 5 GeV. To suppress the ISR contribution to the backgrounds1,
for Higgs exotic decay modes without missing energy, we require the events to have the
total visible energy Evis > 225 GeV. We mimic the detector resolution effect by adding
Gaussian smearing effects on the four-momentum of the particles, details can be found in
Ref. [110].

1Corrections from beamstrahlung effect [112] and ISR effect [113] need to be carefully taken into account
for certain processes relying a precise reconstruction of the recoil mass.
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Figure 1.18: left panel: The invariant mass distribution of the SM backgrounds for `
+
`
�

⌫`⌫̄`jj in
the mjj-Emiss

T plane. Right panel: The 95% C.L. upper limit on the Higgs exotic decay branching
fractions into jj + E

miss
T for various lightest detector-stable particle mass m1 and mass splittings

m2 �m1.

1.3.1.1 h ! jj + Emiss
T

The SM-like Higgs boson decays into X2X1 with X2 ! X1jj through an off-shell in-
termediate state gives raise to this exotic decay mode. Beyond the pre-selection cut and the
recoil mass cut, we require that there are two additional jets which satisfy Ej > 10 GeV and | cos ✓j| <
0.98. The dominant background after the recoil mass cut will clearly be the Higgsstrahlung
process with h ! ZZ⇤

! qq̄⌫⌫̄. After the recoil mass cut, the SM background cross
section is 0.063 fb. The dijet invariant mass (mjj) distribution and the two-dimensional
differential distribution of mjj versus Emiss

T of the SM background after the recoil mass
cut are shown in the left panel of Fig. 1.18. There is a clear valley in the distribution be-
tween 35 to 75 GeV, in which none of the Z bosons from the SM-like Higgs boson decay
are on-shell and thus the h! qq̄⌫`⌫̄` is doubly suppressed.

We use the likelihood function of the mbb̄-Emiss
T distribution to derive the exclusive

limit. The results are shown in the right panel of Fig. 1.18 in the plane of X1, mass
m1, and the mass splitting between X2 and X1, m2 � m1 for h ! jj + Emiss

T . The
exclusion limits on the branching fraction in the bulk region of the parameter space reach
3⇥ 10�4

⇠ 8⇥ 10�4 for h! jj + Emiss
T .

From the exclusion limits shown in the right panel of Fig. 1.18, we find that when the
mass splitting m2 � m1 is around 80 GeV, the future lepton colliders have the strongest
sensitivities on these Higgs exotic channels, reaching around 3.1 ⇥ 10�4 for h ! jj +
Emiss

T . When X1 is light and m2 � m1 is large, the energy is shared by the two jets and
the X1. Consequently, when the mass splitting m2 � m1 is around 80 GeV, the dijet
invariant mass will be around 40⇠60 GeV, falling in the “valley” of low SM background
as shown in the left panel of Fig. 1.18. For heavier X1, the MET will be lower due to less
momentum available for the LSP. The optimal limits will be reached for an even smaller
mass splitting.
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1.3.2 Exotic Z decay

CEPC’s Z pole run will offer unique possibilities to test new physics. We summarize the
sensitivities of exotic Z decay branching ratios at CEPC including a hypothetical Tera Z,
comparing them with those of HL-LHC, in Fig. 1.19. We have classified exotic Z decay
channels by final states, the number of intermediate resonances, and different topologies.
The final states we consider are Z ! /E + �, /E + ��, /E + `+`�, /E + JJ , (JJ)(JJ) and
���. Each pair of photons, charged leptons or jets can be a resonance, which we denoted
with (). In Fig. 1.19, we go through all six categories of final states and for each category,
we choose several typical decay topologies and the detailed process is labeled on the bar-
chart. For CEPC and Tera Z, the sensitivity reach for exotic Z decay branching ratios
(BR) are plotted as blue and red bars. The kinematic cuts are general pT and angular cuts
on reconstructed objects, and if there is a resonance in the pair of particles (including dark
matter particles), an appropriate invariant mass cut will be applied. The cuts are optimized
for each topology by checking the kinematic variable distributions. The sensitivity reach
for the high luminosity LHC (HL-LHC) at 13 TeV with L = 3 ab�1 has been computed
in a similar way. Details of the simulation can be found in Ref. [114].

The sensitivity to final states with missing energy reaches branching ratios 10�6 to 10�9.5

for CEPC and 10�7 to 10�11.5 for Tera Z. For each topology, the light blue and red shaded
regions indicate the range from varying the model parameters, like mediator or dark mat-
ter mass. The light color regions with dashed boundary show the optimal sensitivity,
while the dark color regions with solid boundary show the pessimistic benchmark of the
model. In all the channels, future Z factories improve the sensitivity by several orders of
magnitude above those of HL-LHC.

In general, CEPC has several advantages compared to a hadron collider like HL-LHC.
First, an e+e� collider has a much cleaner environment compared to a hadron collider
with a huge QCD background. Second, in the Drell-Yan production of a Z boson at a
hadron collider, the decay products tends to be soft because the Z boson mass is small
compared to the beam energy, which makes it hard to detect at HL-LHC. Therefore, it
is natural that CEPC has better sensitivity compared to HL-LHC and provides a better
opportunity to look into the dark sector physics through exotic Z decays.

We will present two case studies to demonstrate the great power of exotic Z decays to
probe different dark (hidden) sectors [114]. (Further discussion of a variety of exotic Z
decays appears in [115].) The first model contains fermionic dark matter interacting with
a singlet real scalar S, which mixes with the Standard Model Higgs. The possible exotic
Z decay channel in this case is Z ! s̃Z⇤

! (�̄�) + `+`�, where s̃ is the light scalar
mass eigenstate (mostly the dark Higgs S) and � is the fermionic dark matter. The second
model is an axion-like particle a coupling to the Standard Model U(1)Y gauge field Bµ.
Then the exotic Z decay is Z ! a� ! (��)�. The final state is 3� and in the case
that ma is too small to separate the two photons, the final state is 2�. The sensitivity of
exotic Z decays (as well as other possible probes) to key parameters in these two models
is summarized in Fig. 1.20.

In the left panel of Fig. 1.20, there are two free parameters, the Higgs mixing angle
sin ↵ and dark Higgs mass ms̃. The other two parameters related to dark matter are fixed.
One is the dark matter mass, fixed closed to half of ms̃, which only affects the dark matter
relic abundance but not other limits. The other one is the Yukawa coupling between dark
matter � and the dark Higgs s̃, which is taken to be y� = 0.1 for illustrative purposes. We
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Figure 1.19: The sensitivity reach for branching ratio for various exotic Z decay topologies at CEPC
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Z), a possible extension to Tera Z (1012
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L = 3 ab�1. Adapted from ref. [114].
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Figure 1.20: Z rare decays at CEPC, adapted from Adapted from ref. [114]. Left: the sensitivity
to the dark Higgs mixing angle sin ↵ at CEPC (1010

Z) and at a Tera Z option (1012 Z) in a Higgs
portal dark matter model, using the process Z ! `

+
`
�

s̃ ! `
+
`
�(�̄�). Right: the sensitivity to the

coupling ⇤aBB for an axion-like particle (ALP) model as a function of the ALP mass ma, where B is
the hypercharge gauge field. The signal process is Z ! �a, where a can decay to a pair of photons
(3�), be detected as one photon due to high boost (2�), or be detected as missing energy due to its long
lifetime (� /E).

look for the exotic Z decay process Z ! `+`�s̃ ! `+`�(�̄�), which has been labeled
as an orange solid line for the CEPC (1010 Z) option and a red dot-dashed line for the
Tera Z (1012 Z) option, and compared with the LEP result with an integrated luminosity
114 pb�1 [116] labeled as “LEP-Zs-inv".

The dark Higgs can also be constrained using the modified SM Higgs coupling with
mixing angle sin ↵, independent of the scalar mass s̃. The global fit to Higgs data at
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the LHC 7 TeV and 8 TeV runs can constrain the single scaling factor to Higgs in-
teractions, and this gives sin ↵ < 0.33 [117] which is labeled as “h̃ current global fit
(LHC)". The HL-LHC can extend the reach to sin ↵ < 0.28 (0.20) using 300 fb�1

(3 ab�1) luminosity [118]. In the future e+e� collider, the precision measurement of the
Higgs bremsstrahlung cross-section �(Zh) can reach the accuracy of O(0.3% � 0.7%)
expected from 5 � 10 ab�1 [119–121], which can probe the scalar mixing down to
0.055 � 0.084 [122], labeled as “��(Zh)". The next type of constraint comes from SM
Higgs invisible decay. The current LHC limits from the Run I combination of ATLAS
and CMS data constrains BR(h ! inv)  0.23 at 95% C.L. [123, 124]. Following the
h̃ invisible decay branching ratio in the Higgs portal dark matter model, the limit on the
mixing angle sin ↵ is labeled as “BRh̃

inv < 0.23". We also add the HL-LHC (3 ab�1) and
future e+e� collider projections on invisible Higgs search, which lead to 95% C.L. lim-
its BRh̃

inv . 0.08 ⇠ 0.16 [125, 126] and BRh̃

inv . 0.003 [120, 127] at ILC and CEPC.
There are also constraints based on dark matter assumptions. The dark matter relic abun-
dance [128] is satisfied on the dashed gray line, while the direct detection searches on
spin-independent cross-sections (XENON1T [129], LUX [130], PANDAX-II [131], and
CRESST-II [132]) excludes the region within the dashed green line.

In the right-panel of Fig. 1.20, we have searched for the exotic Z decay Z ! �a,
followed by a ! ��. In the 3� signal, the ALP mass is heavy enough that the two
photons are well separated and detectable. When the mass of the ALP is below O(1) GeV,
the boost of the axion makes the two photons from the axion decay close enough together
that they cannot be resolved. Hence, the 2� search channel is more relevant. The current
constraints on the two cases are given by LEP and LHC photon searches. In Fig. 1.20, the
LEP I [133] constraint uses an inclusive diphoton search e+e� ! 2� + X covering the
small mass region. In the higher mass region, the boost of the axion decreases and the 3�
channel is considered. The LEP II (OPAL) constraints have 2� and 3� data [134], which
are employed to put bounds on the process e+e� ! �/Z?

! a� ! 2� + �. ATLAS 3�
and Z ! 3� [135, 136] searches can be translated to an ALP bound, as derived in [137].
There is also the possibility that the ALP decays outside of the detector, which is relevant
for a /E + � search. In this case the strongest bound comes from the LEP L3 collaboration
with 137 pb�1 data at the Z pole [138]. It can limit the BR of the exotic decay Z ! � /E
down to 1.1 ⇥ 10�6 if the photon energy is greater than ⇠ 30 GeV. It directly excludes
⇤aBB < 4.3 ⇥ 104 for Z ! /E + � decay, and is labeled as “L3 ( /E�)" in the right panel
of Fig. 1.20. The sensitivity curves are plotted as an orange solid line for CEPC (1010 Z)
and a red dot-dashed line for a Tera Z (1012 Z) option.

These comparisons show that exotic Z decays at a future Z-factory could provide the
leading sensitivities compared to other dark matter detection experiments, current limits
from collider searches, and estimated sensitivities of high luminosity run of the LHC (HL-
LHC).

1.3.3 Dark matter and hidden sectors

Observations tell us that the majority of matter in the universe is dark. Because the abun-
dance of dark matter in the universe is within an order of magnitude of the abundance of
ordinary matter, it is natural to suspect that dark matter and ordinary matter should be re-
lated in some way. A variety of models, including the classic thermal relic WIMP, attempt
to explain the abundance of dark matter in terms of its interactions with ordinary matter.
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In some models, there is a richer “dark sector” consisting not only of dark matter itself
but of new force-carrying particles that can mediate self-interactions between dark matter
particles or interactions of dark matter with ordinary matter.

Different classes of possibilities for how dark matter interacts with the Standard Model
have been summarized in section 1.3. Below we discuss each of these possibilities in turn.
This categorization of studies may be useful in the future for identifying DM scenarios at
CEPC that have not yet been fully studied.

There are major efforts underway to search for dark matter via direct detection, indirect
detection, and searches at the LHC and lower energy but high luminosity collider and
fixed-target experiments. It is possible that one of these experiments will discover a dark
matter signal before CEPC operates. Even in that case, CEPC can play a crucial role in
discovering the nature of the dark matter particle. Direct detection, for example, may
tell us a spin-independent scattering rate, but without knowledge of the local dark matter
density or whether the particle we are seeing constitutes all of the dark matter or is just a
component, limited knowledge of particle physics would be gleaned from the discovery.
The role of CEPC in such a case could be to tell us that dark matter interacts directly with
the Higgs boson or weak gauge bosons, for instance. Below we will emphasize both cases
in which CEPC can measure dark matter properties and supplement other experiments
and cases in which CEPC could play the crucial role in discovering a DM signal for the
first time.

1.3.3.1 Dark matter in electroweak multiplets

CEPC’s strength is electroweak physics, both through precision measurements of prop-
erties of W and Z bosons and through its primary role as a Higgs factory. Studies of
the CEPC’s capabilities for detecting new electroweak physics include [19, 22, 38, 139–
145]. Hence, the most natural place to begin is with CEPC searches for dark matter
particles that are in electroweak multiplets (e.g. doublets or triplets of SU(2)L) or mix-
tures of electroweak multiplets (including admixtures of a singlet). Studies on this topic
include [146–151].

One question is whether other, dedicated dark matter experiments will cover the full
parameter space of dark matter in electroweak multiplets. Dark matter direct detection
experiments, like the currently-operating Xenon1T [129] and PandaX [152], are currently
probing much of the parameter space for spin-independent dark matter scattering on nu-
cleons mediated by Higgs exchange. The current bound on the DM-nucleon cross section
of a few times 10�46 cm2 corresponds to an h�� coupling in the Lagrangian with coef-
ficient of order 10�2. Future experiments like DARWIN [153] will potentially push the
search down to the neutrino floor, corresponding to h�� couplings of order 10�3. This
will probe a large swath of the parameter space for electroweak dark matter.

As noted above, CEPC could help to measure DM properties even if a direct detection
experiment makes the discovery first. Still more interesting are possibilities in which
electroweak DM could be missed by direct detection experiments but seen by CEPC.
There are two main scenarios to consider where this could happen. The first is if DM is a
nearly pure electroweak multiplet, such as a pseudo-Dirac higgsino. Such particles have
very small interactions with the Higgs, so their direct detection rate is loop-suppressed and
at about the level of the neutrino floor [154]. These particles would also be very difficult
to detect at the LHC [155]. Indirect detection may constrain them, but at low mass their
thermal abundance is low, and even a significant non-thermal abundance may fall below
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current constraints [156, 157]. A second possibility is that DM lies in a mixed electroweak
multiplet with couplings to the Higgs, but the coupling of the lightest mass eigenstate has
a small coupling to the Higgs, either accidentally or due to an approximate symmetry.
This is referred to as a blind spot for direct detection [158, 159]. For instance, a mostly-
wino dark matter particle in a supersymmetric theory has vanishing tree-level coupling to
the Higgs boson if M2 = �µ sin(2�). In some cases, a spin-independent blind spot may
be covered by spin-dependent scattering. Blind spots might also be uncovered by collider
searches [160].

Robust blind spots for both spin-dependent and spin-independent scattering arise in
some theories due to approximate parity or custodial symmetries. In the MSSM, this
occurs for higgsino dark matter at tan � = 1 and sign(µM1,2) < 0. In closely related
theories, these blind spots have been understood to result from custodial symmetries [147].
These robust direct detection blind spots are excellent opportunities for CEPC to play a
role in dark matter physics, so let us explain the physics in somewhat more detail. They
arise for pseudo-Dirac DM, i.e. theories with a Dirac mass term of the form µ�1�2 which
can be written as a sum of two Majorana mass terms, µ(�+�+ � ����) where �± =
1p
2
(�1 ± �2). In such a theory the Z boson couples off-diagonally, Zµ(�

†
+�µ�� + h.c.).

Mixing or higher-dimension operators can split the mass eigenstates, but in the custodially
symmetric limit, the eigenstates remain �+ and �� rather than mixtures thereof. There is
a parity symmetry under which �+ and the Z are odd but �� and h are even, which forbids
an h�+�+ coupling. Hence when �+ is the lighter mass eigenstate, both spin-dependent
and spin-independent scattering are turned off.

A number of studies have been carried out on two particular models of electroweak dark
matter, the doublet–singlet and doublet–triplet models (e.g. [161–163]). The doublet–
singlet model introduces a singlet fermion S (with zero hypercharge) with Majorana mass
�

1
2mSSS and two electroweak doublet Weyl fermions D1,2 with opposite hypercharges
⌥1/2 and Dirac mass �mD✏ijDi

1D
j

2, together with mixing through the SM Higgs:

y1HSD1 � y2H
†SD2 + h.c. (1.18)

The doublet–triplet model introduces the same doublet fields as well as an SU(2) triplet
with zero hypercharge, T , with a Majorana mass�1

2mTT iT i and mixing with the doublet
through the Higgs:

y1(H�iD1)T
i
� y2(H

†�iD2)T
i + h.c. (1.19)

Both of these models have blind spots for both spin-independent and spin-dependent di-
rect detection in the pseudo-Dirac case when mD < mS,T (all mass parameters taken to
be positive) and y1 = y2. An explicit rewriting of the Lagrangian that makes a custodial
symmetry manifest in this limit has been given in [147]. This blind spot can also be un-
derstood in terms of a parity symmetry at the point y1 = y2 along the lines explained in
the previous paragraph.

In the SUSY context we can identify the fields S, D, and T with the bino, higgsino,
and wino. In this case the couplings y1 and y2 are equivalent to g(0) cos � and g(0) sin � in
the doublet–triplet (doublet–singlet) case. These relatively small couplings tend to lead to
small signals at CEPC. However, it is also interesting to consider extensions of the MSSM
with an additional doublet and singlet that mix to serve as dark matter. Such theories can
help to explain why the observed Higgs mass is heavier than expected in the simplest
SUSY theories [164], which offers a motivation for considering the larger values of y1,2

that could be probed at CEPC.
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Precision electroweak physics at the Z pole is most sensitive to the S and T param-
eters. Although these operators appear in studying the propagators of gauge fields, they
originate from new physics that couples to the Higgs. For instance, in the basis of [165],
the S parameter is related to the operators H†�iHW i

µ⌫
Bµ⌫ , (H†�i

 !
D µH)D⌫W i

µ⌫
, and

(H† !D µH)@⌫Bµ⌫ ; the T parameter, to (H† !D µH)2. These operators are generated in
the doublet–singlet or doublet–triplet model because the fermions mix by coupling to the
Higgs boson. On the other hand, for a pure electroweak multiplet like the pseudo-Dirac
higgsino, Higgs couplings are very small and S and T are suppressed. The T parame-
ter is also suppressed in models with a good approximate custodial symmetry. In such
theories, other electroweak precision observables like the W and Y operators (DµW i

µ⌫
)2

or (@µBµ⌫)2 may be relatively important, though they are generated with small coeffi-
cients and are harder to probe. In this case, observables at 240 GeV from processes like
e+e� ! µ+µ� [166] or e+e� ! W+W� [148, 167] may be more effective probes of
electroweak dark matter than Z-pole observables.
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Figure 1.21: Left: CEPC electroweak precision (S, T ) fit probe of the doublet–triplet model at the
custodially symmetric point y1 = y2 = 1, taken directly from Figure 5a of [147]. When the dark matter
particle is mostly triplet (mD � mT ), spin-independent direct detection is a powerful probe (shaded
green region). When the dark matter particle is mostly doublet, the tree-level direct detection rate
vanishes but CEPC’s measurement of the S parameter becomes a powerful probe (dashed contours).
Right: CEPC probe of the same model via the Higgsstrahlung cross section �(Zh), taken directly
from Figure 11b of [150]. We see that in a large part of parameter space with mT � mD, where the
direct detection rate is low due to custodial symmetry, there are observable (percent-level or higher)
deviations in the Zh cross section.

The doublet–singlet and doublet–triplet models at the CEPC have been discussed in [147],
which focuses on the S and T parameters (and also discusses a quadruplet–triplet model
with similar properties).2 They have shown that CEPC can probe a large region of param-
eter space where the dark matter mass is below 200 GeV, and certain regions of parameter
space with even larger masses. In particular, the S parameter allows a probe of the custo-
dially symmetric region that is hidden from direct detection. We show some results from
this paper in the left-hand panel of Figure 1.21. A related study in [150] considers effects

2Earlier papers discussing electroweak and Higgs constraints on similar models include [168–172].
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of doublet–singlet and doublet–triplet dark matter on Higgs observables, including the Zh
cross section, the h! �� decay rate, and the Higgs invisible width. Away from the custo-
dially symmetric point in the doublet–singlet model, when y1 = 0.5 and y2 = 1.5, CEPC’s
measurement of the total Zh cross section probes up to 200 GeV lightest neutralino mass.
For y1 = y2 = 1, with custodial symmetry, deviations are smaller and mD is probed only
up to about 125 GeV. In the doublet–triplet case, the region of parameter space bounded
by the Zh measurement is illustrated in the right-hand panel of Figure 1.21. Aspects of
a slightly different doublet–singlet model, with the singlet taken to be a Dirac fermion,
have also been discussed in Ref. [146]. They focus on the region with mostly singlet DM,
in which case the doublet may be thought of as allowing a completion of a “Higgs portal”
model. In this case, the most important constraints come from the T parameter. They also
present results for a wider range of doublet and singlet masses including cases where dark
matter is mostly doublet.

In the case in which DM resides in a nearly pure electroweak multiplet, the S and T
parameters and the h ! �� rate are no longer useful probes. For the case of nearly pure
higgsinos, Ref. [148] has studied the prospects of an e+e� ! W+W� measurement at
CEPC as a constraint. This measurement is sensitive not only to corrections to the photon
and Z propagators but to loop corrections to the triple gauge coupling vertex. Ref. [148]
claims that a 0.1% precision measurement of e+e� ! W+W� at CEPC could probe
higgsino dark matter up to about 210 GeV. However, the scatter plot in Figure 1 of that
reference suggests that many models with even heavier higgsinos will be accessible. A
more detailed future exploration of the parameter space probed by the W+W� measure-
ment would be useful. The rate of e+e� ! µ+µ� at 240 GeV can also be a sensitive
probe of deviations in the propagators of photons and Z bosons; in particular, for new
physics contributing to the W and Y parameters but not to S and T , it may be superior to
electroweak precision studies on the Z pole thanks to the larger center-of-mass energy. A
detailed study of this probe of electroweak physics has been carried out in [166]. Their
conclusion is that if systematic uncertainties can be controlled to achieve a 0.1% precision
on the rate, pseudo-Dirac higgsinos may be excluded up to a mass of about 200 GeV. This
is encouraging, since pseudo-Dirac doublets are among the most difficult electroweak
particles to probe in any experiment. In particular, the LHC is not expected to reach far
above 200 GeV (though this will depend in part on how well systematic uncertainties can
be understood). The results of Ref. [166] may not apply directly to CEPC due to their
assumptions about beam polarization, so a further dedicated CEPC study of this process
is warranted.

Another interesting possibility is that light singlet dark matter mixing with heavier
electroweak-charged particles. A particular example arises for mostly-bino dark matter
in the MSSM [173], �̃0

1, which could have a non-thermal relic abundance. Because the
bino is a pure singlet, it couples to the Standard Model only through small mixing param-
eters and is difficult to detect directly. However, in some cases it can be detected through
the invisible width of the Higgs boson. The parameter space probed by dark matter direct
detection and CEPC is shown in the right panel of Fig. 1.22. This figure illustrates that
CEPC could probe the region allowed by the current direct detection with a sensitivity to
Br(h! �̃0

1�̃
0
1) & 0.24%,
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Figure 1.22: Nonthermal neutralino dark matter and invisible Higgs decays, adapted from [173]. Left:
The spin-independent (SI) WIMP-nucleon cross-section vs M�̃

0
1

for all points allowed by collider and
relic density constraints. The color code characterizes the value of Br(h! �̃

0
1�̃

0
1), while black points

have Br(h ! �̃
0
1�̃

0
1) < 0.4%. The solid blue line shows the current limit from LUX-2016 [174] and

the dashed blue line shows the reach for Xenon1T [175] and Xenon-nT [175]. Right: The Higgs to
invisible branching ratio Br(h! �̃

0
1�̃

0
1) vs. the LSP mass M�̃

0
1
. The grey (colored) points distinguish

the points allowed before (after) the Higgs signal strength constraints. Blue, green, yellow, red points
are allowed by the current limits on SI WIMP-nucleon cross-section from Xenon1T, LUX-2016, LUX-
2013 and Xenon-100. From top to bottom, the black-dashed line represents the reach of the LHC with
300 fb�1, LHC with 3000 fb�1, and CEPC.

1.3.3.2 Renormalizable Standard Model portals

If the dark matter does not reside in an electroweak multiplet, it could still couple to the
SM through coupling to gauge-invariant, renormalizable SM “portal" operators

H†H, Bµ⌫ , HL, (1.20)

where H is the SM higgs doublet, Bµ⌫ is the hypercharge field strength and L is a lepton
doublet. These three portals are usually referred to as the Higgs portal, the kinetic mixing
(or hypercharge) portal and the lepton (neutrino) portal. These simple portal dark matter
scenarios predict rich phenomenology and a plethora of experimental signatures. They
have been established as well defined dark matter benchmarks and experimental targets,
in addition to the traditional electroweak WIMP scenario.

CEPC, with all the powerful direct and indirect probes it could provide, could poten-
tially play an important role in detecting and testing these SM portals to dark matter.
Below we will present estimates of the CEPC potential for the Higgs and kinetic mixing
portals based on the studies in the existing literature.

The simplest Higgs portal model contains a real singlet scalar � serving as dark mat-
ter [60]. The scalar � couples to the SM through cs�2H†H with cs a dimensionless num-
ber. It is odd under a Z2 symmetry which stabilizes it. At a lepton collider, � could be pair
produced in either the associated production with Z-bremsstrahlung e+e� ! Zh(⇤)

!

Z�� or in the Z fusion e+e� ! e+e�h(⇤)
! e+e���. The resulting signals are jets or

leptons plus missing energy. When m� < mh/2, �’s are produced from on-shell Higgs
decays and contribute to the invisible width of the Higgs. When m� > mh/2, the produc-
tion goes through an off-shell Higgs and the search is more challenging. Based on results
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in Ref. [176], CEPC will be sensitive to the on-shell Higgs decays to two �’s and probe
the Higgs portal coupling down to 10�3 for m� < 60 GeV assuming a a jet energy resolu-
tion of 3%. The reach is comparable to that of the current generation of dark matter direct
detection experiments such as PandaX and Xenon1T when m� ⇢ (10 � 60) GeV and is
superior when m� < 10 GeV since direct detection is no longer effective due to the energy
thresholds. CEPC’s sensitivity, in particular that of the exotic Z decay, to fermionic Higgs
portal dark matter has been discussed in section 1.3.2.
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Figure 1.23: Dark photons via radiative return at CEPC. This figure, adapted from [177], shows 95%
C.L. bounds on the mixing parameter ✏ with hypercharge as a function of the dark photon (Z 0) mass.
The CEPC

p
s = 90 GeV and 250 GeV projections correspond to 0.5 ab�1 and 5 ab�1 respectively; the

100 TeV projection is for 3 ab�1. Constraints from electroweak precision (EWPT) and direct searches
taken from [178].

Next, let us consider the kinetic mixing portal scenario, in which the hidden sector con-
taining the dark matter is charged under a broken dark Abelian gauge symmetry, U(1)D.
U(1)D could mix with the SM hypercharge U(1)Y through the operator

1

2

✏

cos ✓
ZDµ⌫B

µ⌫ , (1.21)

where ✏ is the kinetic mixing parameter and ✓ is the weak mixing angle. The heavy gauge
boson associated with U(1)D, often called the dark photon, could be searched for at a
lepton collider in quite a few ways. First, the dark photon introduces two effects in the fit
of precision electroweak observables: a shift in the Z mass observable and a shift of the
Z couplings to SM fermions. The Z-pole program at CEPC could improve the sensitivity
to electroweak observables by a factor of 10 compared to LEP and push the reach of ✏
down to ⇠ 10�3 for mZD < 90 GeV [178]. A more powerful way is to search for dark
photons directly through the radiative return processes such as e+e� ! �ZD ! �µ+µ�.
The search can be implemented by simply counting the number of events in the dimuon
invariant mass spectrum in both the Z-pole and Higgs programs at CEPC. The direct
searches probe ✏ ⇢ (3 ⇥ 10�4

� 10�3) depending on mZD in the entire mass range up
to 250 GeV that could be covered by CEPC [177], as illustrated in Fig. 1.23. Another
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Parameter Signal process Background (pb) Signal region

✏

Z̃K̃

Z̃ ! ¯̀̀ , K̃ ! �̄� ¯̀̀ ⌫̄⌫ 0.929
N` � 2, |m`` � mZ | < 10 GeV,

and |mrecoil � mK̃ | < 2.5 GeV

Z̃ ! ¯̀̀ , K̃ ! ¯̀̀ ¯̀̀ ¯̀̀ 0.055
N` � 4, |m`` � mZ | < 10 GeV,

and |m`` � mK̃ | < 2.5 GeV

ÃK̃

K̃ inclusive decay �f̄f 23.14
N� � 1, and

|E� � (
p

s
2 �

m2
K̃

2
p

s
)| < 2.5 GeV

K̃ ! ¯̀̀ � ¯̀̀ 12.67
N� � 1, N` � 2, |E� � (

p
s

2 �
m2

K̃
2
p

s
)| < 2.5 GeV,

and |m`` � mK̃ | < 5 GeV

K̃ ! �̄� �⌫̄⌫ 3.45
N� � 1, |E� � (

p
s

2 �
m2

K̃
2
p

s
)| < 2.5 GeV,

and /E > 50 GeV

Z̃H0
H0 ! K̃Z̃ with ¯̀̀̄ ``⌫̄⌫ 1.8 ⇥ 10�5 N` � 4, |m`` � mZ | < 10 GeV,

K̃ ! �̄�, Z̃ ! ¯̀̀ and |mrecoil � mK̃ | < 2.5 GeV

sin ↵ Z̃S
Z̃ ! ¯̀̀

¯̀̀ ⌫̄⌫ 0.87
N` � 2, |m`` � mZ | < 10 GeV,

S ! K̃K̃ ! 4� and |mrecoil � mS | < 2.5 GeV

Table 1.1: Double Dark Portal model: summary of the different vector + scalar and vector + vector
production modes studied, along with the most salient cuts to identify the individual signals. All
background processes include up to one additional photon to account for initial and final state radiation.
Background rates are given for

p
s = 250 GeV, and visible particles are required to satisfy preselection

cuts given in the main text of [122].

possible direct probe is the rare Z decay: Z ! hDZD ! ZDZDZD, where hD is the dark
Higgs. The reach of this has been discussed in section 1.3.2.

In the remainder of this subsection we will discuss a case study of a model with two
renormalizable Standard Model–dark sector couplings, the Double Dark Portal model
of [122]. This model rests on the observation that one possible origin for the mass of
a U(1)D dark gauge boson is through the VEV of a dark Higgs scalar � carrying U(1)D
charge. The U(1)D gauge boson kinetically mixes with the photon (with mixing parameter
✏) while the dark Higgs � mixes with the Higgs through a �HP |�|

2
|H|

2 quartic potential.
A dark fermion � with Dirac mass m� carrying U(1)D dark charge can play the role of
dark matter. We denote the two scalar mass eigenstates of this model by H0 (mostly
Higgs) and S (mostly �) with mixing angle ↵. We denote the vector mass eigenstates by
Z̃µ (mostly the SM Z boson) and K̃µ (mostly the dark photon). Both of the renormalizable
portal couplings lead to attractive discovery prospects at CEPC from a variety of channels
summarized in Table 1.1.

This model contains several couplings allowing transitions from the Standard Model
to the dark sector, proportional to an insertion of a mixing parameter. Vertices propor-
tional to ↵ include H0SS; H0H0S; K̃µK̃µH0; and Z̃µZ̃µS. Vertices proportional to ✏
include Z̃µK̃µS and Z̃µK̃µH0. If 4m� < 2m

K̃
< mS , then both the dark photon K̃ and

dark Higgs S will dominantly decay invisibly, with visible branching ratios suppressed by
e2✏2/g2

D
and tan2 ↵/g2

D
respectively. Hence, the Double Dark Portal model contains invis-

ible Higgs decay modes H0 ! SS ! 4K̃ ! 8� and H0 ! 2K̃ ! 4�, in addition to the
possible exotic decay H0 ! Z̃K̃ which is either partially visible or invisible depending
on the Z̃ decay channel. A precision measurement of the invisible branching fractions of
the Higgs boson can significantly constrain the model, as summarized in Fig. 1.24. Pre-
cision observation of the Higgsstrahlung rate with O(0.3% � 0.7%) accuracy [119–121]
will constrain the scalar mixing angle at the level sin ↵ . 0.055� 0.084.

Direct searches for dark sector particles are possible in the channels Z̃H0, Z̃S, �K̃ and
Z̃K̃. The sensitivity of CEPC searches for these signals and comparisons to existing con-
straints from BaBar, LEP, and LHC are summarized in Fig. 1.25. The Z̃K̃ final state can
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Figure 1.24: Adapted from ref. [122]. Left and center: Rates for the invisible branching fraction of
the 125 GeV Higgs in the sin ↵ vs. ✏ plane, setting mS = 50 GeV, mK = 20 GeV, and gD = e (left)
and 0.01 (center). Right: Exclusion regions in the sin ↵ vs. mK plane from the search for an invisible
decay of the 125 GeV Higgs by ATLAS and CMS giving BRinv < 0.23 [123, 124], and projected reach
from a future e

+
e
� machine giving BRinv < 0.005 [118–120, 179].
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Figure 1.25: Adapted from ref. [122]. Left: Projected exclusion regions in the ✏ vs. mK plane from
multiple complementary searches of K̃ production. Solid lines enclose expected exclusion regions
with L = 5 ab�1 of

p
s = 250 GeV e

+
e
� machine data. Dashed lines indicate existing limits from

the LEP e
�

e
+
! `

�
`
+ contact operator search, LEP electroweak precision tests (LEP-EWPT), BaBar

K̃ invisible decay search (BaBar) and LHC Drell-Yan constraints (LHC-DY). The 3 ab�1 HL-LHC
projection for Drell-Yan constraints is also shown as a solid line. Note mK is approximately the m

K̃

mass eigenvalue. Right: Exclusion reach from the Z̃S, Z̃ ! `
+
`
� search in the recoil mass distribu-

tion for invisible S decays in the sin ↵ vs. mS plane using 5 ab�1 of e
+
e
� data at

p
s = 250 GeV or

500 GeV. We also show comparisons to the current fit, sin ↵ < 0.33 [117], future LHC projections of
0.28 (0.20) using 300 fb�1 (3 ab�1) luminosity [118], and precision ��(Zh) measurements constrain-
ing 0.084 (0.055) using 5 ab�1 (10 ab�1) [119–121]. We plot the excluded region from LEP searches
for invisible low mass Higgs in ZS channel in cyan [116, 180–182].

be searched for using the recoil mass in events containing Z ! `+`�. The radiative return
process e+e� ! �K̃ allows a search for events with a monochromatic photon together
with K̃ ! �̄�, `+`�. The left panel of Fig. 1.25 shows that searches with invisible K̃ are
more effective than those with K̃ ! `+`�, due to the larger branching fraction. The figure
also shows that a search for H0 ! Z̃K̃(! �̄�) is less effective. Finally, the right-hand
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panel of Fig. 1.25 shows the reach of a search for the S-strahlung process e+e� ! Z̃S in
the mixing angle sin ↵. This search is exactly analogous to the previous search at LEP-II
for a purely invisible decaying Higgs [116]. Improved sensitivity could be obtained by
varying the

p
s of the collider to maximize the �(e+e� ! Z̃S) rate for the test S mass

(see also Ref. [183]).

1.3.3.3 Portals with additional SM-sector physics

While the renormalizable SM portals are simple, they are not the only possibilities. Portals
between the dark and visible sectors could be formed by additional particles with Standard
Model gauge charges. These can offer interesting variations on the renormalizable portal.
One example of such a portal is the leptonic Higgs portal [184]. This model includes
an elementary scalar, S, which only couples to the SM leptons, g`Sl̄l.3 Note that this
operator is not SM gauge invariant and has to be UV completed. One possible simple
UV completion is to couple a SM singlet to two Higgs doublets with one of the doublets
only coupling to leptons and the other one only coupling to quarks. At a lepton collider,
assuming that the couplings g` are proportional to the corresponding lepton mass, S could
be produced in association with ⌧ leptons, e+e� ! ⌧+⌧� + (S ! e+e�, µ+µ�, ⌧+⌧�).
Current beam dump and lepton colliders only probe mS to a few GeV. CEPC could be
capable of extending the sensitivity to much heavier S up to ⇠ 250 GeV. In the particular
lepton-specific two Higgs doublet UV completion, the mixing between the singlet S and
the higgs boson h leads to exotic Higgs decays such as h ! SS ! 4⌧, 2µ2⌧ . For
the 4⌧ final state, CEPC could test a branching fraction as small as 10�4 at 95% C.L.,
improving the sensitivity by three orders of magnitude compared to even HL-LHC [185]!
This is translated to a factor of 30 improvement in testing the coupling g` fixing all the
other parameters. Another similar possibility is a leptonic portal arising from some gauge
bosons coupling to SM lepton-flavor currents [186].

In general, the dark matter portal models could give rise to exotic Higgs decays. A
thorough review of the models leading to exotic Higgs decays and the status of LHC
searches could be found in Ref. [108]. Supersymmetric exotic decays of the Higgs boson
have been studied in Refs. [185, 187]. The potential of detecting exotic Higgs decays in
14 different final states at CEPC has been presented in Ref. [185]. In every final state, we
expect at least one order of magnitude improvement in sensitivity compared to HL-LHC
and in quite a few channels, we expect 3-4 orders of magnitude improvement at CEPC.
More details are discussed in section 1.3.1.

A characteristic feature of many models that go beyond renormalizable portals is the
possibility of new sources of flavor violation. For example, nonrenormalizable (dipole
moment) operators could allow one SM fermion to decay to a dark photon and another
SM fermion of different flavor, e.g. µ±

! e±�d or t ! c�d [188]. Renormalizable
completions of such models introduce new “messenger” particles that interact with the
SM gauge groups and the dark photon. The induced flavor-violating decays could be
searched for at CEPC.

Another possibility that could be tested at the CEPC is flavor-violating dark matter in
which dark matter couples dominantly to muons [189]. The dark multiplet contains a

3A variant of the model with S dominantly coupling to the muon and proton with tiny couplings to the
electron and neutron might explain the proton radius puzzle and the muon anomalous magnetic moment
discrepancy.
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scalar and a vector-like fermion and couples to the muon through a Yukawa interaction.
The neutral component of the scalar serves as the dark matter candidate. The interaction
generates a loop correction to the �µ+µ� and Zµ+µ� couplings that could be measured
as deviations in the cross section of e+e� ! µ+µ�. Choosing the Yukawa coupling
to be about 1, a 2% precision measurement of the cross section can probe dark matter
mass within 20 GeV around 120 GeV. Related models include flavored dark matter [190,
191], in which dark matter particle carries flavor quantum numbers and has renormalizable
contact interactions with the SM fields. In particular, electron-flavored dark matter could
be produced copiously at a lepton collider associated with a photon if its mass is below
⇠ 120 GeV.

1.3.3.4 Effective theory

So far, our discussion of dark matter has been organized based on details of the model.
However, one could also take a portal-agnostic or “model-independent” approach, simply
searching for a generic signal like a single photon plus missing energy [192]. This could
arise if DM is part of an electroweak multiplet, due to loops of the charged SU(2)L partners
of dark matter and W bosons. It could also arise if completely new charged particles,
independent of DM, exist and couple to DM. Results could be expressed simply in terms
of effective operators, without committing to a particular UV completion. A variety of
studies of such signals at e+e� colliders have been carried out, e.g. [193–196].

In an effective theory approach, such signals arise from dimension-7 effective operators
coupling fermionic dark matter to pairs of SM gauge bosons. The operators that can be
efficiently constrained by searches at CEPC are

LS �
1

⇤3
��

�̄�Aµ⌫Aµ⌫ +
1

⇤3
�Z

�̄�Aµ⌫Zµ⌫ ,

LP �
1

⇤3
��

�̄i�5�Aµ⌫ eAµ⌫ +
1

⇤3
�Z

�̄i�5�Aµ⌫ eZµ⌫ , (1.22)

where the field strengths Aµ⌫ and Zµ⌫ and their duals eAµ⌫ and eZµ⌫ couple to the scalar (S)
and the pseudoscalar (P) fermionic dark matter bilinears. The ⇤ factors in the coefficients
represent the approximate mass scale of new physics (up to loop factors). Similar opera-
tors can be also be written for the SU(2)L gauge fields, but the WW couplings may not
be as efficiently probed by e+e� collisions at the Z pole.

The diphoton operator dominates processes with low momentum transfer because the
photon is massless. It is much more stringently constrained by direct detection than its
DM-�Z and DM-ZZ counterparts. For DM lighter than half of mZ , indirect detection us-
ing diffuse gamma rays is also more sensitive to the diphoton operator. Collider searches,
on the other hand, can more effectively probe Z couplings. The high-luminosity Z pole
run at CEPC offers a unique opportunity to test the DM couplings to the Z boson. For a
light DM mass, the resonantly produced �̄�� system is best searched for in the channel
of monophoton + missing energy.

Ref. [197] studies the proposed Z pole runs’ prospective limits on effective DM-�Z and
�� couplings in the monophoton channel. The major SM background e+e� ! ⌫̄⌫� can be
effectively controlled by optimizing the cut on the single photon’s pT . The corresponding
constraints on ⇤ are illustrated in Figs. 1.26 and 1.27. The best sensitivity is obtained for
light dark matter mass. In case only one operator is considered, the projected sensitivity
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Figure 1.26: CEPC 3� reach in the m� � ⇤ plane, adapted from ref. [197]. The black, gray, and
blue lines refer to

p
s = 91.2 GeV with 2.5 ab�1, 91.2 GeV with 25 fb�1, and 240 GeV with 5

ab�1 respectively. The three panels from left to right correspond to pure ⇤�Z interaction, pure ⇤��

interaction, and ⇤�Z = ⇤�� interaction. The photon is required to have |⌘| < 3 and a pT > 25 (35)
GeV for 91.2 (240) GeV collision energy to optimize the sensitivity for a low m�. The solid lines are
for a scalar operator and the dashed lines for the pseudoscalar case.

for ⇤�Z is 360 GeV, 540 GeV for 25 fb�1 (giga Z) and 2.5 ab�1 (tera Z) luminosities at
the Z pole. In comparison, ⇤�� is best probed at higher energy runs, and a limit of 360
GeV is obtained for a 5 ab�1 run at 240 GeV center of mass energy. In general, both ⇤�Z

and ⇤�� would be present and their relative size is model dependent.
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Figure 1.27: ⇤�� � ⇤�Z limits for direct, indirect detection and CEPC runs from ref. [197]. In the
left (right) panel, the DM mass is m� = 4 (10) GeV. Solid and dashed curves show the constraints for
scalar and pseudoscalar types of operators, respectively. Red, orange, and pink dashed areas indicate
the bounds from SuperCDMS [198], CDEX [199], and CDMSlite [200]. The green dashed area shows
the bound from XENON1T [129], LUX [130], and PandaX [152] (which are in close proximity to
each other). The purple (dashed) line denotes the Fermi-LAT bound from the R3 region [201]. For
CEPC limits, curves are as indicated in Fig. 1.26. The brown line denotes the ILC 3� sensitivity with
an integrated luminosity of 500 fb�1 at

p
s = 500 GeV with cuts 10�

< ✓� < 170� and pT (�) > 90
GeV. Note that the XENON1T/LUX/PandaX limit only appears in the m�=10 GeV case.

Fig. 1.27 further shows the direct and indirect detection limits together with CEPC’s
constraint in the ⇤�� � ⇤�Z plane. For direct detection, we adopt the calculation of the
spin-independent scattering rate via the scalar operator from Ref. [106, 202], which takes
into account the diphoton exchange that dominates over �Z contributions. We choose
benchmark DM masses at 4 and 10 GeV that are accessible to major nuclear recoil exper-
iments. For indirect detection, we show the 95% CL constraint from the gamma ray line
search at Fermi-LAT [201]. The nonrelativistic DM annihilation cross section into two
photons (�̄�! ��) is dominated by ⇤�� for m� below mZ/2. The ⇤�Z dependence only
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Table 1.2: The current and projected limits on selected Higgs exotic decay modes for the (HL-)LHC
and CEPC with 5 ab�1 integrated luminosity, based upon results from Ref. [110]. The projections for
the HL-LHC are collected in the third column, where the limits for 100 fb�1 and 300 fb�1 alone are
shown in parentheses and square brackets respectively.

Decay 95% C.L. limit on Br
Mode LHC HL-LHC CEPC

E
miss
T 0.23 0.056 0.014

(bb̄) + E
miss
T – [0.2] 1⇥10�4

(jj) + E
miss
T – – 4⇥10�4

(⌧+
⌧

�) + E
miss
T – [1] 8⇥10�5

bb̄ + E
miss
T – [0.2] 2⇥10�4

jj + E
miss
T – – 5⇥10�4

⌧
+
⌧

� + E
miss
T – – 8⇥10�5

(bb̄)(bb̄) 1.7 (0.2) 6⇥10�4

(cc̄)(cc̄) – (0.2) 8⇥10�4

(jj)(jj) – [0.1] 2⇥10�3

(bb̄)(⌧+
⌧

�) [0.1] [0.15] 4⇥10�4

(⌧+
⌧

�)(⌧+
⌧

�) [1.2] [0.2 ⇠ 0.4] 2⇥10�4

(jj)(��) – [0.01] 1⇥10�4

(��)(��) [7⇥10�3] 4⇥10�4 8⇥10�5

emerges in a tiny correction as part of the �̄� ! �(�⇤/Z⇤
! f̄f) process, and can be

ignored at the DM masses shown.

1.3.3.5 Miscellaneous

Merge these references into the neutrino section once it’s complete?
Batell/McCullough “natural neutrinos” (does this belong here or in a different

section?) [203]
Lepton flavor violation from neutral scalar at CEPC [204] should be cited some-

where, maybe not here

1.3.3.6 Summary and outlook

We summarize the set of Higgs exotic decays in Table 1.2, including current and projected
LHC constraints, and limits from our study for the CEPC with 5 ab�1 integrated luminos-
ity. For the LHC constraints, we tabulate both the current limits and projected limits on
these exotic decay channels from various references. We choose to focus on comparison
for particular benchmark points, which is sufficient to demonstrate the qualitative differ-
ence between the LHC and CEPC.

In the summary in Table 1.2 and the corresponding Fig. 1.28, the exotic Higgs decay
channels are selected such that they are hard to be constrained at the LHC. The improve-
ments on the limits of the Higgs exotic decay branching fractions vary from one to four
orders of magnitude for these channels. The lepton colliders can improve the limits on the
Higgs invisible decays beyond the HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12% from h ! ZZ⇤

! ⌫⌫̄⌫⌫̄ [205].
After subtraction of the SM contribution to the Higgs to invisible decays, a 95% C.L. up-
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Figure 1.28: The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-
LHC, ILC and CEPC, based on Ref [110]. The benchmark parameter choices are the same as in
Table 1.2. We put several vertical lines in this figure to divide different types of Higgs exotic decays.

per limit can be placed on BSM Higgs For the Higgs exotic decays into hadronic particle
plus missing energy, bb̄ + Emiss

T , jj + Emiss
T and ⌧+⌧� + Emiss

T , the future lepton colliders
improve on the HL-LHC sensitivity for these channels by roughly three to four orders of
magnitude. This great advantage benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton colliders. As for the Higgs exotic
decays without missing energy, the improvement varies between two to three orders of
magnitude, except for the one order of magnitude improvement for the (��)(��) channel.
Being able to reconstruct the Higgs mass from the final state particles at the LHC does
provide additional signal-background discrimination power and hence the improvement
from CEPC on Higgs exotic decays without missing energy is less impressive than for
those with missing energy. Furthermore, as discussed earlier, leptons and photons are
relatively clean objects at the LHC and the sensitivity at the LHC on these channels will
be very good. CEPC complements the HL-LHC for hadronic channels and channels with
missing energy.

1.3.4 Neutrino connection

1.3.4.1 Neutrino Mass Models

The CEPC is an excellent tool to study the physics associated with the neutrino mass
generation as a portal to unknown new physics during both, the 240 GeV and Z-pole
runs. It can therefore be used as a discovery machine for new physics that evades the
detection at hadronic colliders, including feebly coupled “hidden sector" extensions of
the SM that can address fundamental questions in particle physics and cosmology.

1.3.4.2 Introduction

The experimental observation of neutrino flavor oscillations [206, 207] indicates that neu-
trinos have a nonzero mass. Global fits to neutrino oscillation experiments (cf. e.g.
[208, 209]) allow to fix two neutrino mass square differences as well as all mixing angles
in the Pontecorvo-Maki-Nakagawa-Sakata matrix V⌫ (assuming it to be unitary), while
the absolute neutrino mass scale is constrained from cosmology to be in the sub-eV range,
cf. e.g. [210]. The data immediately poses the questions why the neutrinos are so much
lighter than all other fermions, and why the elements of the neutrino mass mixing matrix
are so different from the quark mixing matrix.
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Since the Standard Model (SM) of particle physics cannot account for the neutrino
masses mi 6= 0 in a renormalizable way, the neutrino oscillations provide compelling evi-
dence from the laboratory for physics beyond the SM. While the origin of the charged third
generation fermions of the SM is well established by the Higgs boson measurements, the
origin of neutrino masses is unknown and calls for a more fundamental theory of nature,
into which the SM is embedded. Moreover, neutrinos may be Majorana fermions [211],
fundamentally different from their charged fermion counterparts with experimentally ver-
ifiable consequences related to violation of lepton number, discoverable at colliders [212].
It may also be connected to the open question in cosmology, the baryon asymmetry of the
universe (BAU), i.e., the tiny excess ⇠ 10�10 [128] of matter over antimatter in the early
universe, cf. sec. 1.3.4.10.

Under the assumption that the New Physics scale ⇤ associated with the mass of the
lightest new particle involved in the generation of neutrino masses is much larger than the
typical energy E⌫ ⇠ MeV in neutrino oscillation experiments,4 the neutrino oscillations
can be described in the framework of Effective Field Theory (EFT). The relevant operators
O

[n]
i

have mass dimension n > 4, are suppressed by powers of ⇤n�4, and have Wilson
coefficients c[n]

i
which are matrices in flavour space. In this framework the smallness of

neutrino masses can be a consequence of any combination of the following reasons:

I) High-Scale Seesaw Mechanism: Large values of ⇤ automatically lead to small mi.
The three tree level implementations of the idea [215] are known as: type-I [73,
74, 216–219], SM plus right-handed neutrinos N ; type-II [219–223], SM plus scalar
SU(2)L triplet �L; type-III [224], SM plus fermionic SU(2)L triplet field ⌃L.

II) Small numbers: The O
[n]
i

can remain small (for all values of ⇤, including those ac-
cessible to the CEPC) if the Wilson coefficients c[n]

i
are small. In particular, if the

neutrinos are Dirac particles their masses can be generated by the Higgs mechanism
in exactly the same way as all other fermion masses with tiny Yukawa couplings. Tiny
constants can be avoided e.g. when the neutrino interactions are created dynamically
due to the spontaneous breaking of a flavor symmetry by flavons [225], or when the
O

[n]
i

are created radiatively, cf. e.g. [226–230].

III) Low-Scale Seesaw Mechanism: A low scale ⇤ and O(1) couplings between the SM
and the new particles can be realized when symmetries give rise to cancellations in the
neutrino mass matrix. For instance the B � L symmetry of the SM can keep the O

[n]
i

small for ⇤ below the TeV scale [231–233]. Specific models that implement this idea
include the inverse [234–236] and linear [237, 238] seesaw, the Neutrino Minimal
Standard Model [239, 240] and scale invariant models [241].

Here the terms "high scale" and "low scale" scenarios should be understood with respect
to the CEPC collision energy; for values of ⇤ far above 240 GeV the EFT treatment
introduced here to describe neutrino oscillation experiments can also be applied to the
CEPC phenomenology, while lower values imply that the new particles can be found at
the CEPC and have to be described dynamically.

4Scenarios with ⇤ < E⌫ are in principle feasible, cf. e.g. refs. [213, 214] and references therein, but
strongly constrained by the success of the high level of consistency in global fits to neutrino oscillation data
that assume only three light neutrinos [208, 209].
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The original setting for the seesaw mechanism were grand unified theories, based on
SO(10) [217], and SU(5) [216], as well as the minimal Left-Right (LR) symmetric
model [73, 74] and flavor/family symmetries [218]. The large scale of grand unifica-
tion typically sets the mass scale ⇤ related to neutrino physics beyond the direct reach of
colliders, however parts of multiplets may lie much below the GUT scale. For example,
the minimal SU(5) model with the addition of 24F on top of the original Georgi-Glashow
model, needs a light fermionic triplet in order for gauge couplings to unify [242, 243],
motivating type III searches at the TeV scales. Other well known examples are for in-
stance B � L symmetry, additional “neutrinophilic” Higgs doublets, and flavor symme-
tries. Such neutrino mass physics generally predicts the existence of new particles, which
could at least in principle be discovered and studied at the CEPC.

1.3.4.3 Lepton number violation

If neutrinos are Majorana particles, the mechanism that generates their mass can mediate
LNV processes at colliders if the scale ⇤ is below or near the collision energy [212].

Type I Seesaw: Observing the violation of lepton number from heavy neutrino mass
eigenstates (Ni ) in the process e+e� ! N⌫ at lepton colliders is possible in princi-
ple due to the different kinematics of LNV and LNC processes as was demonstrated
for the ILC [244]. In particular for heavy neutrino Ni masses Mi > MZ , the process
e+e� ! ⌫`jj is a promising signature at lepton colliders [245–247] and has been studied
specifically for CEPC [248].

The subleading production process for heavy neutrinos at lepton colliders e+e� !
N`±W⌥ allows for same sign dileptons for N ! `±W (⇤) and W ! hadrons [247].

The observation of the interesting "inverse neutrinoless double � decay” [249], would
require same sign lepton collisions [250]. It is worth pointing out, that LNV in Type I
Seesaw mechanism is suppressed by the smallness of the light neutrino masses [232, 233].
It has been proposed that the suppression of LNV may be alleviated by the process of
heavy neutrino-antineutrino oscillations, which occurs for heavy neutrinos with masses
below mW and with U2 < O(10�5) [251–253].

Signals in Type II Seesaw: The triplet scalar multiplet �L in the type II seesaw con-
tains three complex fields: the neutral CP-even and CP-odd states, singly charged and the
doubly charged components. The appealing feature of the model is the direct connection
between LH neutrino masses and mixing parameters [254, 255] and the Majorana Yukawa
matrix M⌫ = Y�h�Li, that may lead to cFLV signals [256].

Collider phenomenology of this setup is set by the final state that mainly depends on
the triplet vev [257] and the mass splittings of its components [258]. If the masses are
degenerate, the dominant decay mode is to leptons if the triplet vev is small . 10�4

GeV. This decay mode tests the flavor structure of the neutrino mass matrix and leads
to significant flavor dependent bounds up to 870 GeV at the LHC [259]. For the triplet
vev above & 10�4 GeV, the states decay to pairs of gauge bosons. A relatively small
mass splitting, allowed by the EW precision tests, triggers cascade decay modes [258],
which produce soft hadronic and multi-lepton final states [260]. Signal in the WW lead
to weak lower bounds at the LHC, m�++

L
& 90 GeV [261] or less, depending on the

lepton flavor. Similarly, the cascade decays [258, 262] are not easy to look for in hadronic
colliders [263], however they may be observable in cleaner lepton collisions [264].
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At lepton colliders, the triplet components can be produced pair-wise through e+e� !
SS, S, S 0 = �0

L
, �±

L
, �±±

L
or in single production in association with two same-sign

leptons e+e� ! �±±
L

`⌥`⌥, see [265, 266]. Another possible production mode is via
vector-boson fusion e+e� ! ` `0S S 0, where `, `0 = e±, ⌫, as discussed in [267].

The doubly charged scalar bosons �±±
L

can couple to the electrons and positrons di-
rectly and contribute to Bhabha scattering in the t-channel [265, 268].

Running the lepton colliders with same-sign beams may strongly enhance the produc-
tion of the doubly charged components in the s-channel [265, 269], see [270] for the
recent work.

Exotic Higgs decays with same-sign leptons: The mixing of the SM Higgs doublet with
the SU(2)R triplet Higgs that gives Majorana mass to right-handed neutrinos in the Left-
Right Symmetric Model (LRSM) [271–274] may lead to LNV decays of h! NN [275].
Subsequent and possibly displaced decay of N ! `±jj, can lead to a �L = 2 LNV and
potentially charged lepton flavor violating (cFLV) final states with two same sign-leptons
and up to four jets. Due to the soft final states and displacement, such searches may be
challenging at the LHC, however lepton colliders are much more suitable to detect such
signals due to the absence of triggers and lower QCD backgrounds.

The presence of the mixing also allows for an enhanced production of the SU(2)R
triplet pp ! �0

R
! NN at the LHC [276] with varying kinematics, depending on its

mass. Moreover, one may be able observe a truly exotic Higgs decay with h! �0
R
�0

R
!

4N , where lepton number can be broken to up to four units [276]. The production at
lepton colliders may proceed through the Higgs mixing e+e� ! Z�0

R
! NNZ for

p
s . 100 GeV and in the VBF channel that produces the NN⌫⌫̄ final state with lepton

number violation (LNV) and missing energy [276]. At
p

s = 240 GeV and L = 5 ab, one
may expect from a few 100 to more than 5000 NNZ events, depending on the masses
of triplets and heavy neutrinos, as well as the Higgs-triplet mixing. Such events are es-
sentially background free at lepton colliders because of the LNV final state, Z tagging
and characteristic displacement. Similarly, the quadruple production of N ’s can proceed
through Higgs-triplet triple vertex with the potential of observing O(104) events with the
branching ratio of Higgs to �0

R
�0

R
at 1% level.

1.3.4.4 Charged lepton flavor violation

Neutrino oscillations violate lepton flavor, which is transferred to the charged leptons
via perturbation theory, such that the violation of the charged lepton flavor (cLFV) is a
prediction [277].

Mixed flavor leptonic Higgs orZ boson decays: Observables at high energy that can mea-
sure cLFV are exotic decays of the Z boson into two charged leptons of different flavor,
Z ! e±µ⌥, e±⌧⌥, µ±⌧⌥ [278, 279]. Also the decays of the Higgs boson into two charged
leptons of different flavor are possible [280, 281]. The processes h! e±µ⌥, e±⌧⌥, µ±⌧⌥

are lepton flavor violating Higgs decays that can be measured at the CEPC for branching
ratios as small as 1.2⇥ 10�5

÷ 1.6⇥ 10�4 [282].
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Lepton universality violation in W boson decays: The branching ratios of the W bosons
should be identical for the three different leptons5, which is due to the lepton universality
in the SM. Another probe of lepton universality is given by the decays of the ⌧ lepton.
Mixing of the active neutrinos with neutral fermions from the Type I or III seesaw can
lead to violations of lepton universality, cf. e.g. [284]. Charged scalar particles can affect
the measurement of lepton-universality observables from W boson branching ratios [285].

Mixed flavor final states with and without resonance: An observable cLFV process at
lepton colliders is given by e+e� ! `±

↵
`⌥
�

(+H). These processes receive contributions
from electrically neutral scalars, for instance from neutrinophillic Two Higgs Doublet
models, Type II-based Seesaw models, B � L or left-right symmetry. A dedicated study
of of such cLFV processes involving neutral scalars can be found in ref. [204]. The most
stringent constraints and the CEPC prospects in both the on-shell and off-shell modes
collected in Fig. 1.29.

1.3.4.5 Higgs boson properties

Anomalous Higgs boson production: For Mi > mh additional Higgs bosons can be
produced from heavy neutrino decays in processes e+e� ! Z⇤

! N⌫ ! H⌫⌫. This
can yield an enhancement of the SM mono-Higgs channel of up to ⇠ 2% when applying
“standard” filters [286, 287]. The CEPC sensitivity via additional Higgs bosons from
dedicated analyses is shown by the yellow line in Fig. 1.30.

Heavy neutrinos can also contribute significantly to the process e+e� ! HWW [288].
The heavy charged leptons from the Type III Seesaw are expected to modify the Higgs
potential [289, 290] and can lead to significant contributions to the process e+e� ! HH
[291].

In B � L and L � R symmetric models the additional neutral scalar particles may
reduce the standard Higgs boson production cross section due to their mixing. In the
minimal LRSM model at TeV scales, Higgs couplings, such as the triple Higgs vertex
can be dominated by loops [276, 292] of charged triplets and heavy neutrinos, leading to
several 10% or even O(1) corrections of the hhh vertex with respect to the SM, if the
neutral triplet-Higgs mixing is at a 10% level.

Invisible Higgs boson decays: Ni can leave measurable imprints in precision measure-
ments of the Higgs boson branching ratios. In Type I Seesaw for Ni with M < mh the
Higgs boson can decay into a light and a heavy neutrino mass eigenstate, which can ac-
count for up to 30% of the Higgs decays [293] without violating present constraints [294].
The sensitivity from searches via Higgs branching ratio measurements, considering the
precision from Ref. [121], are shown by the red line in Fig. 1.30.

Leptonic Higgs decays with cLFV or LNV: As mentioned above cLFV decays also add
loop-induced additional channels to the total Higgs decay width, cf./ sec. 1.3.4.4, and
processes where the Higgs couples to two Ni can give rise to exotic LNV decay channels,
cf. 1.3.4.3.

5Current LEP data features a branching Br(W ! ⌧⌫) that is larger than Br(W ! `e,µ⌫) by ⇠ 2� [283].
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Higgs decays into two Ni : In B � L and L � R symmetric models, additional neutral
scalars can mix with the Higgs boson. This can give rise to additional decay channels
into two Ni , which can be observable, depending on their masses and lifetimes. Such
signatures were studied in the context of LRSM [275, 276] and B�L models [295, 296].

Anomalous diphoton decays: In the Type II Seesaw the additional scalar particles cou-
ple directly to the Higgs boson, such that the singly and doubly charged components con-
tribute to its loop-induced coupling to the photon [258, 297–299]. Also Type III Seesaw
contains additional charged particles that can contribute to the Higgs-to-diphoton branch-
ing ratio, see e.g. [300]. In the LRSM, the doubly charged component of the SU(2)R
triplet couples rather strongly to the SM Higgs, leading to a O(100 GeV) lower bound on
its mass [292].

Modified Higgs self couplings: In Type I Seesaw the Ni with masses Mi of a few TeV
can modify the trilinear Higgs self-coupling up to 30 percent [301]. One would expect
this modification also for the low-scale Type III Seesaw [289, 290].

1.3.4.6 Modifications of electroweak precision observables

Neutrino mass physics can modify the theory predictions for the electroweak observables,
which may be observable even if the new mass scale is above the CEPC center-of-mass
energy. These can either occur due to virtual exchange of the new particles (which may
be represented by higher dimensional operators in an EFT approach [302, 303]) or due to
the production of new particles that mix with SM particles (e.g. with the active neutrinos
or the SM Higgs boson).

In the context of the type I seesaw mechanism the mixings ✓ai = vYai/Mi of ns heavy
right handed neutrinos ⌫Ri with the SM neutrinos ⌫La leads to an effective violation of
unitarity in the 3 ⇥ 3 mixing matrix V⌫ , which is a submatrix of the (3 + ns) ⇥ (3 +
ns) leptonic mixing matrix U [284, 304–306]. This affects all the electroweak precision
observables (EWPO). Such tests are mostly independent of the heavy neutrino masses Mi

and they test different combinations of the active-sterile mixing parameters [284, 293, 307,
308]. We show the corresponding possible sensitivity of the CEPC by solid and dashed
blue lines in Fig. 1.30, considering a total integrated luminosity of 0.1 ab�1. In addition
to the modified EWPO, one also expects violations of lepton universality and (apparent)
violations of the unitarity of the Cabibbo-Kobayashi-Maskawa matrix [284, 294, 309–
312].

In the context of type II seesaw, the EWPTs are affected both by the triplet vev, as well
as by the mass splittings [258] that enter the oblique T parameter. In the minimal LRSM,
this splitting is predicted to be large and leads to a lower bound on the entire SU(2)L
triplet multiplet [292].

1.3.4.7 Displaced secondary vertices

Single displaced vertex in Type I Seesaw: For masses below mW , the Ni lifetime scales
as ⌧Ni / |

P
a
|✓ai|2|�2G�2

F
M�5

i
and their decays give rise to a visibly displaced secondary

vertex in a large part of the allowed parameter space. 6 Displaced vertex signatures have

6The sensitivity of a standard detector could be increased with additional detectors of the MATHUSLA [313]
or FASER [314] type.
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been studied in detail for the case of the Type I Seesaw, and the CEPC specific results
from refs. [253, 315] are shown in figure 1.30. It is worth noting that with a longer
Z pole run the sensitivity for Mi < mZ can be significantly increased, cf. figure 1.31.
The sensitivity of a standard detector could be increased with additional detectors of the
MATHUSLA [313, 316] or FASER [314] type.

Long lived neutral scalars: Due to mixing with the Higgs boson, the electrically neutral
scalars in gauged U(1)B�L [317] or the neutral scalar from SU(2)R [318] can decay via
the SM Yukawa couplings into the SM fermions. For masses in the GeV range, the result-
ing proper lifetimes can easily be O(1) cm, such that their decays give rise to displaced
secondary vertices.

Multiple displaced vertices: Pair production of N in exotic Higgs decays may lead to
two displaced vertices, each containing a lepton and two jets at parton level, as pointed
out in the context of LRSM [275, 276] and models with B � L symmetry [295, 296].
Rare exotic decays of the SM-like Higgs boson to a pair of triplets with subsequent decay
to 4Ns leads to up to four displaced vertices with rather soft final states, which lepton
colliders may be much more suited for than the LHC.

The associated production of the scalar triplet at e+e� ! Z⇤
! Z�0

R
leads to two

displaced vertices when �0
R
! NN , while Z decay gives additional prompt leptons/jets

or missing energy.

1.3.4.8 Extra gauge bosons

Extended theoretical frameworks generally predict more and stronger signals from heavy
neutrinos. In particular the gauged B � L symmetry, which contains an extra Z 0 gauge
boson, may give rise to a modified rate the processes e+e� ! `+`� at lepton collid-
ers [319–321].

The Left-Right symmetric model contains the parity-symmetric WR and ZLR charged
and neutral gauge bosons. The charged bosons are strongly constrained by B and K
meson mixing and CP-odd observables, cf. e.g. [322], as well the neutron EDM con-
straints [323], with current bounds in the 3 TeV range. The neutral gauge boson ZLR is
typically heavier in minimal LR models.

In many instances, the LHC searches are catching up with flavor limits. In particular the
‘golden channel’ pp ! WR ! `N [324] features a dynamic parameter space [325] that
ranges from prompt N production to merged neutrino jets [326–328], displaced vertices
[329, 330] and a single prompt lepton with missing energy, where current bounds range up
to 5 TeV, see [330] for the complete coverage of parameter space of WR and N masses.

Additional gauge bosons can give rise to additional production mechanisms for Ni that
is not suppressed by small Yukawa couplings, but possibly by the large gauge boson
masses or their small couplings to the SM, cf. e.g. [295].

1.3.4.9 Monte Carlo Tools for seesaws at CEPC

The aforementioned seesaw scenarios have been implemented in various FeynRules
[331–333]-based model files that are compatible with the general purpose event genera-
tors Herwig [334], MadGraph5_aMC@NLO [111], Sherpa [335], and Whizard [336].
In particular, publicly available Universal FeynRules Object (UFO) [337] libraries are
available for models of heavy neutrinos [338], including those with extra gauge bosons [328,
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(right) at CEPC with
p
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Here we have assumed 10 cFLV signal events, and the shaded regions are excluded by electron and
muon g � 2, the rare decays ⌧ ! eee and ⌧ ! eeµ. In the left panel we have assumed a BR of 50%
from H decay to be visible, and the green band could explain the (g� 2)µ discrepancy at the 2� level.
See text and [204] for more details.

339–342]; models with triplet scalars [341, 343, 344], including the Higgs gluon fusion
and Higgs-triplet mixing [345], as well as models with triplet leptons [346–349].

1.3.4.10 Leptogenesis

1.3.4.11 Motivation

Global fits to present neutrino oscillation data prefer charge-parity (CP ) violation in the
leptonic sector at the 2÷2.5� level, cf. [208, 209]. The CP violation in the leptonic sector
may be related [350] to the observed baryon asymmetry of the universe (BAU), i.e., the
tiny excess ⌘B ⇠ 10�10 [128] of matter over antimatter in the early universe over that
formed the origin of the baryonic matter in the universe after mutual annihilation of all
other particles and antiparticles, cf. e.g. [351].

The idea that a matter-antimatter asymmetry in the early universe is primarily generated
in the lepton sector [352] and then transferred into a baryon asymmetry via sphaleron pro-
cesses [353] is known as leptogenesis and provides an explanation for the observed BAU
and connects one of the deepest mysteries in cosmology to the properties of neutrinos.

For ⇤ above the collision energies at the CEPC, it is impossible to discover the new par-
ticles responsible for the generation of the BAU, but observing a combination of LNV and
cFLV signatures at scales accessible to the CEPC could still rule out such "high scale lep-
togenesis" scenarios because particles with LNV interactions near the electroweak scale
could wash out baryon asymmetries that were produced at high scales [354, 355].

If, in contrast, ⇤ is within reach of the CEPC, one can directly probe the mechanism
of leptogenesis by studying the properties of the new particles [356]. One of the best
studied scenarios that accommodates leptogenesis is based on the low-scale type I seesaw
model. The Yukawa couplings Yai that couple the right-handed neutrinos Ni to the Higgs
and the left-handed neutrinos ⌫La in general are complex and are a potential source of
CP violation. Hence, the Ni may be the common origin on neutrino masses and baryonic
matter in the universe. In the mass range Mi around and below the collider-accessible
TeV scale, leptogenesis can proceed in two different ways. For Mi above the electroweak
scale, the BAU can be generated during the freeze-out and decay of the ⌫Ri [357] ("freeze-
out scenario"). For masses below the electroweak scale the BAU can be generated in
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CP-violating oscillations [240, 358] and Higgs decays [359] during the Ni production
("freeze-in scenario"). The latter effectively also describes leptogenesis in the Neutrino
Minimal Standard Model (⌫MSM) [239, 240], a complete model where a third heavy
neutrino composes the Dark Matter [75, 76] and does not contribute significantly to neu-
trino mass generation and leptogenesis due to strong observational constraints [360]. Due
to its minimality, part of the relevant parameter space of this model is in principle fully
testable at colliders [361, 362], and significant fractions of the parameter space can be
probed with the CEPC [253]. For Mi below the electroweak scale, this analysis could be
done with an accuracy on the percent level at the Z pole with 10/ab [253].

1.3.4.12 Lepton Number violation

Lepton number violation is a crucial ingredient of any leptogenesis scenario. Typical
signatures at the CEPC may involve same sign dilepton final states, either in prompt or
displaced decays, cf. sec. 1.3.4.3. An observation of such processes in all three SM
flavours or a combination of LNV in some channel and different cLFV signatures could
potentially falsify high scale leptogenesis scenarios [354, 355].

Many low scale models rely on an approximate lepton number conservation to explain
the smallness of the neutrino masses in the regime of coupling constants that is accessi-
ble to the CEPC [231–233], which parametrically suppresses the rate of LNV processes
discussed in sec. 1.3.4.3 in prompt decays. For particles with quasi-degenerate masses
and comparable lifetimes, as they e.g. appear in resonant leptogenesis scenarios of the
⌫MSM, it has been proposed that this suppression may be overcome by the long time that
they have to undergo coherent oscillations within the detector [251, 252, 363]. Since the
amount of lepton number violation is proportional to the mass splitting, indirect measure-
ments may be possible from a comparison of the rates for lepton number violating and
conserving processes [251, 363] or by observing heavy neutrino-antineutrino oscillations
in the detector [252] in displaced vertex searches at the CEPC [253]. The reach of such
searches at CEPC in the minimal seesaw model is shown in Fig. 1.31, cf. also 1.30.

1.3.4.13 Lepton flavor violation

Measurements of cLFV (cf. sec. 1.3.4.4) are crucial to test high scale leptogenesis models
at the CEPC because an efficient washout of the asymmetries in all flavours at tempera-
tures above the electroweak scale is crucial to rule out such scenarios as the origin of the
BAU [355].

Low scale leptogenesis scenarios typically rely on flavour effects and therefore tend to
make predictions for the rates of cLFV. In the minimal type I seesaw with ns = 2 (or the
⌫MSM), leptogenesis significantly restricts the flavour mixing pattern of heavy neutrinos
Ni with experimentally accessible mixing angles [362]. The accuracy on the percent
level at which the flavour mixing pattern can be probed in displaced vertex searches with
10 ab�1 at the Z pole are sufficient to probe large fractions of the parameter region for
which heavy neutrinos can be discovered.

1.3.4.14 Displaced decays from long lived heavy neutrinos

For heavy neutrino masses below the electroweak scale, where leptogenesis proceeds in
the "freeze in" manner, the Ni couplings should be comparably small to avoid a complete
washout of the BAU in the early universe (|✓ai|2 < 10�8

⇥ 10GeV/Mi [364], where
larger values can be allowed due to strong hierarchies in their couplings to individual SM
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at
p

s =240 GeV.

flavours [365]). Hence, most of the parameter space of active-sterile neutrino mixing and
masses that is compatible with low scale leptogenesis in this scenario gives rise to long
lifetimes of the heavy neutrino mass eigenstates, which can be found with high sensitivity
via displaced vertex searches at CEPC. The reach of such searches at CEPC is compared
to the parameter region where leptogenesis is feasible in the minimal seesaw model in
Fig. 1.31.

1.3.5 Extended Higgs Sector

While all the indications from the current measurements seem to confirm the validity of
the SM up to the electroweak scale of a few hundred GeV, and the observed Higgs boson is
SM-like, there are compelling arguments, both from theoretical and observational points
of view, in favor of the existence of new physics beyond the Standard Model (BSM). As
such, searching for new Higgs bosons would be of high priority since they are present in
many extensions of theories beyond the SM. One of the most straightforward, but well-
motivated extensions is the two-Higgs-doublet model (2HDM) [368], in which there are
five massive spin-zero states in the spectrum (h, H0, A0, H±) after the electroweak sym-
metry breaking. Extensive searches for BSM Higgs bosons have been actively carried
out, especially in the LHC experiments [21, 369–379]. Unfortunately, no signal obser-
vation has been reported thus far. This would imply either the non-SM Higgs bosons are
much heavier and essentially decoupled from the SM, or their interactions are accidentally
aligned with the SM configuration [380, 381]. In either situation, it would be challenging
to directly observe those states in experiments.

Complementary to the direct searches, precision measurements of SM parameters and
the Higgs properties could lead to relevant insights on new physics. High precision
achieved at future Higgs factories with about 106 Higgses, and possible Z pole measure-
ments with 1010

� 1012 Z bosons [139, 382–385] would hopefully shed light on the new
physics associated with the electroweak sector. Identifying the light CP-even Higgs h to
be the experimentally observed 125 GeV Higgs, the couplings of h to the SM fermions
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2 for
which the baryon asymmetry of the universe can be generated in the minimal type I seesaw model
with ns = 2 with given M̄ = (M1 + M2)/2 and |M2 �M1|/(M2 + M1) < 0.1. This upper limit
is expected to be much higher [365] and practically identical to the DELPHI constraint with ns = 3
heavy neutrinos, so that the CEPC at 240 GeV can enter the cosmologically interesting parameter
region for both hierarchies. Above the colored contour lines the CEPC is expected to observe at least
four displaced vertex events from Ni compatible with neutrino masses and BAU. The orange lines
show the regions accessible with

p
s = 240 GeV for the most optimistic and most pessimistic flavour

mixing patters consistent with light neutrino oscillation data. The purple lines indicate the regions
accessible with

p
s at the Z pole, which do not depend on the flavour mixing pattern. The figure is

based on the results found in ref. [253].
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and gauge bosons receive two contributions: tree-level values, which are controlled by
the mixing angles ↵ of the CP-even Higgses and tan �, ratios of the vacuum expectation
values of two Higgses: tan � = v1/v2, and loop contributions with heavy Higgses run-
ning in the loop. Of particular interest is the so-called “alignment limit" [380, 386] of
cos(� � ↵) = 0, in which the light CP-even Higgs couplings are identical to the SM ones
at the tree-level, regardless the other scalar masses. Loop corrections, however, could lead
to deviations of the couplings of h to SM particles, even at the alignment limit.
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Figure 1.32: The allowed region in the plane of cos(��↵) vs. tan � at 95% C.L. for the four types of
2HDM, given LHC and CEPC Higgs precision measurements. For future measurements, it is assumed
that the measurements agree with SM predictions. The special “arm" regions for the Type-II, L and F
are the wrong-sign Yukawa regions. Plots are taken from Ref. [19].

There is a plethora of articles in the literature to study the effects of the heavy Higgs
states on the Higgs couplings in Models with extended Higgs sector [19, 368, 387–395].
With a global fit to the Higgs rate measurements at the LHC as well as the CEPC, assuming
that no deviation to the SM values is observed at future measurements, the 95% C.L.
region in the cos(� � ↵) vs. tan � plane for various types of 2HDM (depending on how
the two Higgs doublets are coupled to the quark and lepton sectors) are shown in Fig. 1.32
for tree-level only effects. cos(��↵) in all four types are tightly constrained at both small
and large values of tan �, except for Type-I, in which constraints are relaxed at large tan �
due to suppressed Yukawa couplings.
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Figure 1.33: Three-parameter fitting results at 95% C.L. with CEPC precision for Type-II 2HDM.
The left panel shows the parameter space cos(� � ↵) vs. tan �, varying the value

p
�v2 with mA =

mH = mH± = m� = 600 GeV. The tree-level only global fit results are shown by the dashed black
lines for comparison. The right panel shows the m� vs. tan � plane, varying the value of cos(� � ↵)
with

p
�v2 = 300 GeV. The colored stars show the corresponding best fit point. Plots are taken from

Ref. [395].

To fully explore the Higgs factory potential in search for new physics beyond the SM,
both the tree-level deviation and loop corrections need to be considered. Fig. 1.33 shows
the 95% C.L. global fit results to all CEPC Higgs rate measurements in the Type-II 2HDM
parameter space, including both tree level and loop corrections. Degenerate Heavy Higgs
masses mA = mH = mH± = m� are assumed such that Z-pole precision measurements
are automatically satisfied. The left panel shows cos(��↵) vs. tan � parameter space with
regions enclosed by curves are allowed if no deviation from the SM prediction is observed.
Black, red, blue and green curves are for model parameter

p
�v2 =

p
m2

� �m2
12/s�c� =

0, 100, 200, and 300 GeV, respectively. The tree-level only global fit results are shown
by the dashed black lines for comparison. | cos(� � ↵)| is typically constrained to be
less than about 0.008 for tan � ⇠ 1. For smaller and larger values of tan �, the allowed
range of cos(� � ↵) is greatly reduced. Loop effects from heavy Higgses tilt the value of
cos(� � ↵) towards negative, especially in the large tan � region.

The right panel of Fig. 1.33 shows the 95% C.L. allowed region in m� vs. tan � plane,
with cos(� � ↵) = �0.005 (green), 0 (blue) and 0.005 (red). In the alignment limit of
cos(� � ↵) = 0, the heavy Higgs mass m� > 500 GeV are still allowed for tan � .
10. Once deviating away from the alignment limit, the constraints on the heavy Higgs
mass get tighter. Comparing to the direct searches of the heavy Higgs bosons at hadron
colliders [21, 369–379], The reach in the heavy Higgs mass and couplings at future Higgs
factories can be complementary to the direct search limits at the LHC, especially for
intermediate values of tan �.

Going beyond the degenerate mass case, both the Higgs and Z-pole precision vari-
ables are sensitive to the mass splittings between the charged Higgs and the neutral ones.
Fig. 1.34 shows the 95% C.L. range of �mA = mA�mH vs. �mC = mH±�mH plane,
focusing on the cos(� � ↵) dependence (given by different colored lines), for Higgs and



52 OVERVIEW OF THE PHYSICS CASE FOR CEPC-SPPC

Figure 1.34: Three-parameter fitting 95% C.L. range of �mA = mA�mH vs. �mC = mH± �mH

pane, focusing on the cos(� � ↵) dependence (given by different colored lines), for Higgs and Z-pole
precision constraints individually (left panel), and combined constraints (right panel) in the Type-II
2HDM. Plots are taken from Ref. [395].

Z-pole precision constraints individually in (left panel), and combined constraints (right
panel), with mH = 600 GeV and

p
�v2 = 300 GeV. For the Higgs precision fit, the

alignment limit (blue curve) leads to both �mA and �mC around 0 within a few hundred
GeV range. Even for small deviation away from the alignment limit, �mA is constrained
to be positive for cos(� � ↵) = 0.007, and negative for cos(� � ↵) = �0.007. The Z
pole precision measurements (shown in region enclosed by blue dashed curves) constrain
either �mC ⇠ 0 or �mC ⇠ �mA, equivalent to mH± ⇠ mH,A. The dependence on
cos(� � ↵) is almost non-noticeable given the small range of cos(� � ↵) allowed under
the current LHC Higgs precision measurements. Combining both the Higgs and Z pole
precisions (right panel), the range of �mA,C are further constrained to a narrower range.
The expected accuracies at the Z-pole and at a Higgs factory are quite complementary in
constraining heavy Higgs mass splittings.

1.4 QCD precision measurement

As a fundamental force in nature, strong force is responsible for the generation of proton
mass. The discovery in 1970s of Quantum Chromodynamics (QCD) as a correct theory
for describing strong force marks a great achievement in the history of human civiliza-
tion. Despite forty years of intense study and numerous progress, QCD remains the least
understood quantum field theory of nature, in particular in its non-perturbative domain.
Even at high energy where the strong force becomes weak due to the property of asymp-
totic freedom, it is still challenge to obtain quantitative description of QCD phenomena.
For example, the “fine structure constant” of QCD, ↵s, is eight order of magnitude less
constrained than the fine structure constant of QED, and is currently the least constrained
fundamental force of nature, including gravity. Improving the precision in our understand-
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ing of QCD has direct impact to our understanding of nature, ranging from the production
and decay of the Higgs boson, the partonic structure of proton, and the stability of the
Standard Model vacuum.

QCD can be studied at lepton, lepton-hadron, and hadron collider. Traditionally, hadron
colliders such as the Large Hadron Collider (LHC) has been described as QCD machine,
because both initial state and final state at hadron colliders are intimately connected to
QCD. However, the strong-interaction nature of initial state also adds additional compli-
cations to the description of hard scattering, including the need for the detailed knowledge
of Parton Distribution Functions (PDFs), as well as removal/subtraction of the effects from
multiple scattering or underlying events. These complications are absent at lepton collider,
making it an ideal environment for studying QCD at highest precision. In the past lepton
collider has played important role in the study of QCD, from the direct observation of
gluon jet to the precise extraction of ↵s from collider experiment. Compared with LEP,
the largest e+e� collider ever built, CEPC has substantial improvement in statistics and
systematics, therefore allow QCD study at unprecedented precision. The increase in col-
lision energy will also allow exploration of QCD phenomena at previously unaccessible
territory at lepton collider. Besides those well-known problems from the LEP era, many
new directions on QCD and jet have been opened since the LHC era due increasing at-
tention in the study of structure of jet, either as a way to disentangle new physics from
QCD background, or as a probe of QCD dynamics. CEPC will be an ideal machine to ad-
dress many of these questions at high precision, due to the absent of complications from
multiple scattering and underlying events.

Combined with the remarkable progress in QCD theory, ranging from new methods for
efficient calculation of cross section, to development of effective field theory for collider
process, to new ideas for simulating scattering processes on Lattice, it is expected that
CEPC will marks a new chapter in QCD reserach.

1.4.1 Precision ↵s determination

The strong coupling constant ↵s is perhaps the most important parameter in QCD. It enters
the perturbative predictions of QCD on every observable, in particular cross sections for
scattering processes with hadronic final state at CEPC. A precision determination of ↵s

at CEPC with unprecedented experimental uncertainties will be an important contribution
to the world efforts of ↵s determination. At lepton collider, ↵s can be measured in a
number ways. The represented ones include hadronic Z decay, hadronic ⌧ decay, QCD
jet rates, and QCD event shape measurement. Summary of ↵s determination from these
observables using LEP data can be found in Ref. [283].

A distinct feature of CEPC compared with previous lepton collider is the increase of
center-of-mass energy. The measurements which can benefit from increased energy are
event shape observables, for which non-perturbative corrections are typically scale as
c⇤QCD/Q, where c is an O(1) parameter which can not be calculated from first principle
with current understanding of QCD. There exist two different approaches in the modeling
of non-perturbative hadronization effects for event shapes. One based on corrections for
non-perturbative hadronization effects using QCD inspired Monte Carlo tools [396–400],
the other based on analytic modeling of non-perturbative shape function [401–405]. Nei-
ther of the two treatments can be regarded fully satisfactory. In the Monte Carlo approach,
there is mismatch in the parton level definition of Monte Carlo simulation and fixed order
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calculation. In the analytic power correction approach, the associated systematics has not
been fully verified. Therefore, by going to higher center-of-mass energy, the impact of
hardonization effects can be reduced, and the uncertainties associated with them can also
be reduced.

As an example of ↵s determination from event shape observable using analytic power
correction, we quote the recent determination based on C parameter [405]:

↵s(mZ) = 0.1123 ± 0.0002exp ± 0.0007hadr ± 0.0014pert , (1.23)

where hadronization effects and perturbative uncertainties are the main source of uncer-
tainties contributed to ↵s determination. While the perturbative uncertainties can be ex-
pected to be reduced further in the coming years, given the remarkable progress in the
calculation of higher order corrections and in the resummation of large logarithms, the re-
duction of hadronization uncertainty is likely coming from an increase of center-of-mass
energy.

Currently, for thrust [402, 406], C parameter [404, 405], and heavy-jet-mass distribu-
tion [407], the best theoretical prediction is at the level of N3LL resummation matched
to NNLO in fixed order perturbation theory. A notable recent progress is the calcula-
tion of Energy-Energy Correlation (EEC) at NNLO. EEC is an event shape observable
which exhibits the so-called rapidity divergence, and leads to additional logarithms to be
resummed, compared with thrust et al.. Very recently, a determination of ↵s using NNLL
resummation matched to NNLO, and Monte Carlo for the modeling of power corrections,
has been done, with the result [408]:

↵s(mZ) = 0.11750 ± 0.00018exp ± 0.00102hadr ± 0.00257ren ± 0.00078res , (1.24)

where hadronization effects are important source of uncertainties. Since the analysis in
Ref. [408] only uses data at or below Z pole, it is expected that future from CEPC at
250 GeV can significantly reduce the hadronization uncertainty. Additional scale and
resummation uncertainties can also be reduced in the future by incorporating N3LL re-
summation [409].

1.4.2 Jets rates at CEPC

Another distinct feature of CEPC compared with LEP is its unprecedented luminosity, in
particular above Z pole. The high luminosity opens the door for the precision study of
multi-jet production at e+e� collider.

As an example, we show in Fig. 1.35 the four-jet production cross sections at CEPC
(
p

s = 250 GeV) with the Durham jet algorithm as a function of the resolution parameter
ycut, calculated using NLOjet++ [410]. The cross sections are at the level of a few pb to
tens pb for the range of ycut considered. The colored bands represent the scale variations
calculated by varying the renormalization scale from

p
s/2 to 2

p
s. The NLO predicitons

show a smaller scale variation as comparing to the LO ones. The cross sections diverge
for small resolution parameter where further QCD resummations are needed to stabilize
the theoretical predictions. The right plot shows the projected statistical uncertainties
assuming an integrated luminosity of 1 and 5 ab�1. The statistical uncertainties are at
the level of one per mille or better for ycut below 10�2 due to the large luminosity. The
scale uncertainties of the NLO predictions are large in comparison and about 10%, which
can be reduced with QCD resummation [410]. The n-jet rate have been employed to
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measure the strong coupling constant ↵s at LEP [411]. The four-jet cross sections are
propotional to ↵2

s
at leading order, thus the statistical uncertainties in the measurement of

↵s are estimated to be well below one per mille. On the hand, the theoretical uncertainties
will play a dominant role and need further investigations. Currently, NNLO predictions
for e+e� to three jets are available [412–416]. Along this line there have been remarkable
progress in the calculation of two-loop amplitudes with five external particles [417, 418],
and its associate integrals [419, 420]. Although there is still substantial work to be done,
a NNLO calculation for four jet production can be expected in the future. There has also
been progress in resumming the large logarithms in jet rates. A Monte Carlo approach for
resummation has been proposed and used to resum the large logarithms in two-jet rates in
Ref. [421], which can achieve resummation at NNLL level. It would be very interesting
to extend this approach to three and four jet rates.

Figure 1.35: Left plot: four-jet production cross sections at CEPC (
p

s = 250GeV) with the Durham
jet algorithm as a function of the resolution parameter ycut; Right plot: scale variation and expected
statistical uncertainties for the same cross sections normalized to the central values.

1.4.3 Non-global logarithms
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Figure 1.36: Normalized light-jet-mass distribution at Z-pole (Left) and 250 GeV (Right). Green
curves are NLL results without NGLs, and red bands are full NLL results with scale uncertainties.

Besides the precision extraction of ↵s from jetty final states, there has also be significant
interests in understanding some novel aspects of QCD dynamics from jet processes at
lepton collider. An important example is the study on Non-global logarithms (NGL) [422,
423].
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Non-global logarithms are significant obstacles to study soft physics at high energy
colliders. E.g. jet physics, energy flow measurements, hadronization and so on. And
therefore it is important to develop theoretical framework to understand their structures.
NGLs are first pointed out by Dasgupta and Salam in Ref.[422], where they developed
Monte-Carlo algorithm to resum leading-logarithmic(LL) NGLs in the large NC limit.
After that, based on strong energy ordering limit Banfi, Marchesini and Smye derived
an integral-differential evolution equation which can also resum LL NGLs [423]. Since
then, there are many efforts trying to improve theoretical predictions [424–429], including
sub-leading Nc effects[430–432] and some fixed-order calculations[433, 434].

Recently, there are several developments in these fields[435–443]. E.g. the effective
field theory developed in Ref. [437], which is the first time to write down the factorisation
formula for non-global observables and give an any order renormalization group evolution
equation for NGLs.

As electron positron collider CEPC will provide new opportunities, which can precisely
measure NGLs in many observables. As shown in Fig. 1.36 we show normalized light-
jet-mass distribution at Z-pole (Left) and 250 GeV (Right). Green curves are NLL results
without NGLs, and red bands are full NLL results with scale uncertainties. Obviously,
after including NGLs theoretical predicitons are reduced significantly, and especially this
reduction is magnificent at 250 GeV. Therefore CPEC CEPC will give us the first oppor-
tunity to measure NGLs.

1.4.4 QCD event shapes and light quark Yukawa coupling

Higgs boson in the SM decays dominantly to various hadronic final states with a total
branching fraction of more than 80%. That provides a new source for QCD studies at
CEPC Higgs factory, especially with the unique color-neutral digluon state. Table. 1.3
summarizes the estimated number of events for different hadronic decay modes of the
Higgs boson, assuming the tagged Z boson decaying into electrons or muons and an in-
tegrated luminosity of 5 fb�1 and

p
s = 250 GeV. The traditional hadronic event shapes,

e.g., thrust distribution, can be well measured due to the high statistics. At lepton colliders
one can reconstruct the kinematics fully and then boost all final states back to rest frame
of the Higgs boson. On theory side those distributions can be calculated with high pre-
cision by QCD resummation matched with fixed-order results. There exist uncertainties
from non-perturbative QCD effects like from model of hadronizations which are usually
estimated by MC event generators. Left plot of Fig. 1.37 shows the normalized distri-
bution of the variable thrust for several different hadronic decay channels of the Higgs
boson, including gg, qq̄, bb̄, and W (qq̄)W ⇤(qq̄) [444]. The distribution peaks at ⌧ ⇠ 0.02
for light-quark decay channel. The peak shifts to ⌧ ⇠ 0.05 for the gluon channel, corre-
sponding to a scaling of roughly CA/CF . The distribution is much broader for the gluon
case due to the stronger QCD radiation. The distribution for the bb̄ channel is very close
to the qq̄ case, except at very small ⌧ , where the mass and hadronization effects become
important. For the WW ⇤ channel there exist already four quarks at leading order and the
distribution is concentrated in the large-⌧ region.

Different shapes of the thrust distribution from diquark and digluon final states mo-
tivates the idea of using global event shapes to probe the Yukawa couplings of light
quarks [444], namely strange, up and down quarks. The provided discrimination can
largely reduce background due to Higgs boson decays into two gluons while backgrounds
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Z(l+l�)H(X) gg bb̄ cc̄ WW ⇤(4h) ZZ⇤(4h) qq̄

BR [%] 8.6 57.7 2.9 9.5 1.3 ⇠ 0.02

Nevent 6140 41170 2070 6780 930 14
Table 1.3: The decay branching ratios of the SM Higgs boson with a mass of 125 GeV to different
hadronic channels [205] and the corresponding expected numbers of events in ZH production, with
subsequent decays at a e

+
e
� collider with

p
s = 250 GeV and an integrated luminosity of 5 ab�1. h

represents any of the quarks except the top quark and q are light quarks.

from Higgs boson decays into heavy quarks can be suppressed with the usual heavy-flavor
tagging algorithms. It is of great challenging to probe the light-quark Yukawa couplings
due to their smallness since the projected number of events with full luminosity of CEPC
is only 14 as shown in Table. 1.3. The expected exclusion limits on decay branching ra-
tios of Higgs boson to light quarks are shown in the right plot of Fig. 1.37, indicated by
intersections with the vertical line and normalized to the branching ratio to digluon. The
results can be translated into an upper limit of 0.48% on the decay branching ratios or 5
times of its value in standard model for Yukawa coupling of strange quark.
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Figure 1.37: Left plot: normalized distributions of thrust in hadronic decays of the Higgs boson, in
e
+
e
�
! qq̄ with a CMS energy of 125 GeV and in e

+
e
�
! Zqq̄ with a CMS energy of 250 GeV;

Right plot: expected 95% CLs exclusion limit on r as a function of the total cross section of the Higgs
boson decay to jj normalized to the SM value.
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ÏĎ+jets final state using 14.7 fbâĹŠ1 of pp collision data recorded at sâĹŽ=13
TeV with the ATLAS experiment, .

[378] Beyond Standard Model Higgs boson searches at a High-Luminosity LHC with
ATLAS, ATL-PHYS-PUB-2013-016, CERN, Geneva, Oct, 2013.
http://cds.cern.ch/record/1611190.

[379] CMS Collaboration, C. Collaboration, 2HDM Neutral Higgs Future Analysis
Studies, .

[380] M. Carena, I. Low, N. R. Shah, and C. E. M. Wagner, Impersonating the Standard
Model Higgs Boson: Alignment without Decoupling, JHEP 04 (2014) 015,
arXiv:1310.2248 [hep-ph].

http://dx.doi.org/10.1016/j.physrep.2012.02.002
http://dx.doi.org/10.1016/j.physrep.2012.02.002
http://arxiv.org/abs/1106.0034
http://dx.doi.org/10.1007/JHEP01(2018)055
http://arxiv.org/abs/1709.07242
http://dx.doi.org/10.1140/epjc/s10052-017-5491-4
http://arxiv.org/abs/1710.01123
http://arxiv.org/abs/1712.06386
http://dx.doi.org/10.1016/j.physletb.2017.10.039
http://arxiv.org/abs/1707.04147
http://arxiv.org/abs/1712.06518
http://cds.cern.ch/record/1611190
http://dx.doi.org/10.1007/JHEP04(2014)015
http://arxiv.org/abs/1310.2248


84 REFERENCES

[381] P. S. Bhupal Dev and A. Pilaftsis, Maximally Symmetric Two Higgs Doublet
Model with Natural Standard Model Alignment, JHEP 12 (2014) 024,
arXiv:1408.3405 [hep-ph]. [Erratum: JHEP11,147(2015)].

[382] G. P. Lepage, P. B. Mackenzie, and M. E. Peskin, Expected Precision of Higgs
Boson Partial Widths within the Standard Model, arXiv:1404.0319
[hep-ph].

[383] M. Baak et al., Working Group Report: Precision Study of Electroweak
Interactions, in Proceedings, 2013 Community Summer Study on the Future of
U.S. Particle Physics: Snowmass on the Mississippi (CSS2013): Minneapolis, MN,
USA, July 29-August 6, 2013. 2013. arXiv:1310.6708 [hep-ph].
http://www.slac.stanford.edu/econf/C1307292/docs/
EnergyFrontier/Electroweak-19.pdf.

[384] Gfitter Group Collaboration, M. Baak, J. CÃžth, J. Haller, A. Hoecker, R. Kogler,
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