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CEPC or its Cousins
A  Precision Machine of Higgs Boson

The Mission: 

1) The mass, the lifetime (width) and the spin/CP quantum numbers 

    must be measured as general characteristics of the particle.


2) The couplings of the Higgs boson to electroweak gauge bosons 

    and to leptons/quarks must be proven to rise (linearly) with their masses. 


3) The self-coupling of the Higgs particle, responsible for the potential 

    which generates the non-zero vacuum value of the Higgs field, 

    must be established. 




Electron-Positron Collision
Three thresholds

p
s = 250 GeV

p
s = 350 GeV

p
s = 500 GeV
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right-handed positrons), right-handed electrons will not
contribute to the process. This is also the case for one of
the most important Higgs production process at the ILC:
e+e� ! nen̄eH (WW -fusion single Higgs production). If
we have an 80% left-handed electron beam and a 30%
right-handed positron beam the Higgs production cross
section for this WW -fusion process will be enhanced by a
factor of 2.34 as compared to the unpolarized case. Beam
polarization hence plays an essential role.

Why 250 to 500 GeV?

The ILC is an e+e� collider designed primarily to cover the
energy range from

p
s = 250 to 500GeV. This is because

of the following three very well know thresholds. The first
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Fig. 41 Why 250-500 GeV? The three thresholds.

threshold is at around
p

s = 250GeV, where the e+e� ! Zh
process will reach its cross section maximum. This process
is a powerful tool to measure the Higgs mass, width, and
JPC. As we will see below, this process allows us to measure
the hZZ coupling in a completely model-independent man-
ner through the recoil mass measurement. This is a key to
perform model-independent extraction of branching ratios
for various decay modes such as h ! bb̄, cc̄, tt̄ , gg, WW ⇤,
ZZ⇤, gg , as well as invisible decays.

The second threshold is at around
p

s = 350GeV, which
is the well known tt̄ threshold. The threshold scan here pro-
vides a theoretically very clean measurement of the top quark
mass, which can be translated into mt(MS) to an accuracy
of 100MeV. The precise value of the top mass obtained this
way can be combined with the precision Higgs mass mea-
surement to test the stability of the SM vacuum [138]. The tt̄
threshold also enables us to indirectly access the top Yukawa
coupling through the Higgs exchange diagram. It is also
worth noting that with the gg collider option at this energy
the double Higgs production: gg ! hh is possible, which can
be used to study the Higgs self-coupling [139]. Notice also
that at

p
s = 350GeV and above, the WW -fusion Higgs pro-

duction process, e+e� ! nn̄h, becomes sizable with which
we can measure the hWW coupling and accurately deter-
mine the total width.

The third threshold is at around
p

s = 500GeV, where
the double Higgs-strahlung process, e+e� ! Zhh attains

its cross section maximum, which can be used to access
the Higgs self-coupling. At

p
s = 500GeV, another impor-

tant process, e+e� ! tt̄h, will also open, though the prod-
uct cross section is much smaller than its maximum that is
reached at around

p
s = 800GeV. Nevertheless, as we will

see, QCD threshold correction enhances the cross section
and allows us a reasonable measurement of the top Yukawa
coupling concurrently with the self-coupling measurement.

By covering
p

s= 250 to 500GeV, we will hence be able
complete the mass-coupling plot. This is why the first phase
of the ILC project is designed to cover the energy up to

p
s=

500GeV.

2.3.2 ILC at 250 GeV

The first threshold is at around
p

s = 250GeV, where the
e+e� ! Zh (Higgs-strahlung) process attains its cross sec-
tion maximum (see Fig.42).

Fig. 42 Cross sections for the three major Higgs production processes
as a function of center of mass energy.

The most important measurement at this energy is that of
the recoil mass for the process: e+e� ! Zh followed by Z !
`+`� (` = e,µ) decay. By virtue of the e+e� collider, we
know the initial state 4-momentum. We can hence calculate
the invariant mass of the system recoiling against the lepton
pair from the Z decay by just measuring the momenta of the
lepton pair:

M2
X = (pCM � (p`+ + p`�))

2 . (15)

The recoil mass distribution is shown in Fig. 43 for a mh =

125GeV Higgs boson with 250 fb�1 at
p

s = 250GeV. A
very clean Higgs peak is sticking out from small background.
Notice that with this recoil mass technique even invisible de-
cay is detectable since we do not need to look at the Higgs
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threshold is at around
p

s = 250GeV, where the e+e� ! Zh
process will reach its cross section maximum. This process
is a powerful tool to measure the Higgs mass, width, and
JPC. As we will see below, this process allows us to measure
the hZZ coupling in a completely model-independent man-
ner through the recoil mass measurement. This is a key to
perform model-independent extraction of branching ratios
for various decay modes such as h ! bb̄, cc̄, tt̄ , gg, WW ⇤,
ZZ⇤, gg , as well as invisible decays.

The second threshold is at around
p

s = 350GeV, which
is the well known tt̄ threshold. The threshold scan here pro-
vides a theoretically very clean measurement of the top quark
mass, which can be translated into mt(MS) to an accuracy
of 100MeV. The precise value of the top mass obtained this
way can be combined with the precision Higgs mass mea-
surement to test the stability of the SM vacuum [138]. The tt̄
threshold also enables us to indirectly access the top Yukawa
coupling through the Higgs exchange diagram. It is also
worth noting that with the gg collider option at this energy
the double Higgs production: gg ! hh is possible, which can
be used to study the Higgs self-coupling [139]. Notice also
that at

p
s = 350GeV and above, the WW -fusion Higgs pro-

duction process, e+e� ! nn̄h, becomes sizable with which
we can measure the hWW coupling and accurately deter-
mine the total width.

The third threshold is at around
p

s = 500GeV, where
the double Higgs-strahlung process, e+e� ! Zhh attains

its cross section maximum, which can be used to access
the Higgs self-coupling. At

p
s = 500GeV, another impor-

tant process, e+e� ! tt̄h, will also open, though the prod-
uct cross section is much smaller than its maximum that is
reached at around

p
s = 800GeV. Nevertheless, as we will

see, QCD threshold correction enhances the cross section
and allows us a reasonable measurement of the top Yukawa
coupling concurrently with the self-coupling measurement.

By covering
p

s= 250 to 500GeV, we will hence be able
complete the mass-coupling plot. This is why the first phase
of the ILC project is designed to cover the energy up to

p
s=

500GeV.

2.3.2 ILC at 250 GeV

The first threshold is at around
p

s = 250GeV, where the
e+e� ! Zh (Higgs-strahlung) process attains its cross sec-
tion maximum (see Fig.42).

Fig. 42 Cross sections for the three major Higgs production processes
as a function of center of mass energy.

The most important measurement at this energy is that of
the recoil mass for the process: e+e� ! Zh followed by Z !
`+`� (` = e,µ) decay. By virtue of the e+e� collider, we
know the initial state 4-momentum. We can hence calculate
the invariant mass of the system recoiling against the lepton
pair from the Z decay by just measuring the momenta of the
lepton pair:

M2
X = (pCM � (p`+ + p`�))

2 . (15)

The recoil mass distribution is shown in Fig. 43 for a mh =

125GeV Higgs boson with 250 fb�1 at
p

s = 250GeV. A
very clean Higgs peak is sticking out from small background.
Notice that with this recoil mass technique even invisible de-
cay is detectable since we do not need to look at the Higgs

90

The top-quark width is generated by the EW interaction,
t ! bW , therefore the effects of the top-quark finite width
are intimately related to the EW corrections of the process.
To take into account certain electroweak non-resonant ef-
fects a method referred to as phase-space matching was in-
troduced in [702, 703].

This idea has been further developped and rephrased
in the framework of an effective theory for unstable parti-
cle [704, 705]. (See Refs. [706, 707] for an application of
the method to W -pair production in e+e� annihilation.) A
systematic analysis of the electroweak effects in top-quark
pair production has started rather recently, and NLO elec-
troweak non-resonant contributions were computed [708],
e.g. R(e+e� ! tb̄W�

)⇠ aEW, where resonant (onshell) top
quarks decay and the final state (bW+

)(b̄W+

) is measured
assuming stable W -bosons and b-quarks. In this work in-
variant mass cuts on the top-quark and anti–top-quark decay
products are implemented. It is found that the non-resonant
correction results in a negative 5% shift of the total cross
section which is almost energy independent, in agreement
with Ref [703]. The dominant NNLO non-resonant correc-
tions were computed in Ref. [709,710] and it was shown that
the single resonant amplitudes (e.g. e+e� ! t(b̄W�

)g) pro-
vide the counter terms for the uncanceled ultraviolet diver-
gence asG /e discussed previously for the double resonant
e+e� ! tt̄ amplitude at NNLO QCD. Therefore, the non-
resonant corrections provide together with NNLO QCD a
consistent treatment of top quark width effects.

It is also known that the final state corrections [711,712]
between top quarks and decay products have to be consid-
ered for observables other than the total cross section. A
systematic analysis of these effects is still missing beyond
NLO. Dedicated studies of the electroweak corrections to
the threshold cross section have started rather recently.

Influence of the Higgs boson on the total cross section In
the SM the large top-quark mass leads to a large top-quark
Yukawa coupling to the Higgs boson, therefore it is expected
that Higgs boson exchange in top-quark production may lead
to observable corrections. Such a Higgs exchange effect ap-

Fig. 104 Corrections due to Higgs exchange in e+e� ! tt̄. In the left
diagram the Higgs exchange contributes to the production vertex for
gtt̄,Ztt̄, which ocurrs at short distance when the tt̄-pair is separated by
r ⇠ 1/mt . In the right diagram Higgs exchanges occurs after bound-
state formation between top and anti-top quarks separated by the scale
of the bound-state r ⇠ 1/(mt as).

pears in two different ways in top and anti-top production
near threshold (see Fig.104). One is a short distance con-
tribution which enhances the top quark production vertex as
t̄gµ t ! (1+ch)t̄gµ t. The one-loop Higgs correction c(1)h was
determined in Refs. [699], and Higgs and EW mixed two-
loop correction c(2)h in Ref. [713]. The enhancement factor
for the cross section is given by

dR/RLO ⇡ 2c(1)h = 6.7/3.4/0.9⇥10�2 (101)

using mh = 120/200/500GeV.
In addition, there is a long-distance effect described by

the Yukawa potential Vh(r) for the top quark pair:

Vh(r) = � y2
t

8p

e�mhr

r
'� y2

t
2m2

h
d (r), (102)

where the second expression is a good approximation for
mhr � 1 assuming mh ⇠ 125GeV and r ⇠ (mtas)

�1. In the
SM the Yukawa coupling is related to the top-quark mass by
yt =

p
2emt/(sW MW ).
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Fig. 105 Cross section for e+e� ! tt̄ for mt = 170GeV with/without
1-loop Higgs boson corrections. A Higgs boson mass of mh = 125GeV
is used.

In Fig.105 the threshold cross section is shown taking
into account of Higgs loop effects through ch and Vh. One
can see that the threshold cross section gets an almost energy
independent enhancement. The Higgs potential Vh produces
corrections to the energy and to the wave function as

dE1/ELO = 3.2/1.2/0.2⇥10�2,

d |Y1(0)|2/|YLO(0)|2 = 4.6/1.6/0.3⇥10�2, (103)

using mt = 175GeV, µ = 30 GeV and mh =

120/200/500GeV, respectively. The above value for dE1
can be translated into a shift dmt = 25/9/1MeV of the top-
quark mass determined in a threshold scan.

Distribution and Asymmetry In the threshold production, the
top-quark momentum pt can be reconstructed from its de-
cay products. Therefore the top-quark momentum distribu-

CEPC 
2 detectors 

5ab-1 in 10 yrs
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Higgs Production at CEPC
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Figure 3.6 Feynman diagrams of the e+e� ! ZH , e+e� ! ⌫⌫̄H and e+e� ! e+e�H processes.
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Figure 3.7 (a) Production cross sections of e+e� ! ZH and e+e� ! ⌫⌫̄H, e+e�H as functions of
p

s for a
125 GeV Higgs boson. (b) Higgs boson decay branching ratios as functions of mH .

hadron collisions, e+e� collisions are not affected by underlying event and pile-up effects. Theoretical1810

calculations are less dependent on higher order QCD radiative corrections and therefore allow for more1811

precise tests of the theoretical predictions. The tagging of e+e� ! ZH events through the recoiling1812

mass method is independent of the Higgs boson decay. It is unique to lepton colliders and provides a1813

powerful tool for model-independent measurements of Higgs boson production cross sections and de-1814

cay branching ratios. Combinations of these measurements will determine the total Higgs boson decay1815

width and the extraction of Higgs boson couplings to fermions and vector bosons, providing sensitive1816

probes to potential new physics beyond the SM.1817

The cross sections and expected numbers of events for an integrated luminosity of 5 ab�1 at
p

s =1818

250 GeV are shown in Table 3.5 for the main production processes in standard model. Their cross1819

sections as functions of
p

s are also shown in Fig. 3.8. Along with the 10

6 Higgs events, 10

7 Z and 10

8

1820

W events will be produced. These events are main backgrounds for the Higgs production. However,1821

because of the large differences in mass values and decay topologies, their impacts on the Higgs property1822

measurements are expected to be small.1823
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Table 3.5 Production cross sections of signal and background processes at
p

s = 250 GeV and numbers of events
expected in 5 ab�1. Here ZZorWW and ZorW process refers to processes whose final states allow a intermediate
state of both WW/ZZ or Single W/Z (interference). not clear here

Process Cross section (fb) Nevents in 5 ab�1

Higgs boson production
e+e� ! ZH 209 1 ⇥ 10

6

e+e� ! ⌫⌫̄H 6.9 3.5 ⇥ 10

4

e+e� ! e+e�H 0.6 3.0 ⇥ 10

3

Total 217 1 ⇥ 10

6

Background processes
BhaBha 25k 1.3 ⇥ 10

8

e+e� ! qq 50k 2.5 ⇥ 10

8

e+e� ! µµ, ⌧⌧ 9.3k 4.7 ⇥ 10

7

e+e� ! WW 8900 4.5 ⇥ 10

7

e+e� ! ZZ 1100 5.5 ⇥ 10

6

e+e� ! ZZorWW 3600 1.8 ⇥ 10

7

Single Z 2100 1.0 ⇥ 10

7

Single W 3400 1.7 ⇥ 10

7

Single Z or W 250 1.3 ⇥ 10

6

3.3.2 Recoil mass distributions of e+e� ! ZH events1824

Unlike hadron colliders, the center of mass energy at an e+e� collider is precisely measurable and1825

adjustable. For a Higgsstrahlung event where the Z boson decaying to a visible pair of fermions (Z !1826

ff ), the Higgs boson mass MH can be reconstructed as the mass of the system (recoil mass m
recoil

)1827

recoiling against the Z boson assuming the event has the total energy
p

s and zero momentum:1828

m2

recoil

= (

p
s � Eff )

2 � p2

ff = s � 2Eff

p
s + m2

ff (3.2)

where Eff , pff and mff are, respectively, the total energy, momentum and invariant mass of the1829

fermion pair. The m
recoil

distribution should exhibit a resonant peak at MH for the signal processes1830

e+e� ! ZH and ZZ-fusion, and is expected to be smooth for background processes. The width of the1831

resonance is largely determined by the energy and momentum resolution of the detector as the Higgs1832

boson physical width is about 4 MeV and
p

s will be known better than 1 MeV. Thus the best precision1833

is achieved for the leptonic Z ! `` (` = e, µ) decays.1834

By fitting the m
recoil

spectrum, the e+e� ! ZH event yield can be extracted independent of the1835

Higgs decay. Thus the e+e� ! ZH production cross section, �ZH , can be measured and from this1836

cross section the partial Higgs decay width �(H ! ZZ), or equivalently the Higgs-Z boson coupling1837

g(HZZ), can be derived in a totally model-independent manner. The latter is an essential input to1838

the determination of the total Higgs boson decay width. Higgs boson decay branching ratios can then1839

measured by studying how Higgs bosons decay in the selected e+e� ! ZH candidates. Furthermore, a1840
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Figure 3.8 Cross sections of main standard model processes of e+e� collisions as functions of center-of-mass
energy

p
s, where ISR effect is included. Calculated with Whizard.

precise value of MH can be determined by fitting the m
recoil

mass spectrum. The recoil mass spectrum1841

has been investigated for both leptonic and hadronic Z boson decays as presented below.1842

3.3.2.1 Recoil mass spectrum from leptonic Z decays1843

Events with leptonic Z decays are ideal for studying the recoiling mass spectrum of the e+e� ! ZX1844

events. Z ! `` decays are easily identifiable and can be precisely measured. Figure 3.9 shows the1845

reconstructed recoil mass spectrum of e+e� ! ZX candidates in the Z ! µµ and Z ! ee channels.1846

The analyses take into account all major backgrounds and are based on full simulation for the ZH1847

signal and fast simulation for backgrounds. The width of the reconstructed recoil mass distribution of1848

the e+e� ! ZH signal is dominated by the radiation effects and experimental resolutions if the Higgs1849

boson has an intrinsic width of 4 MeV as predicted by the SM.1850

In a model independent analysis, all the SM processes with at least 2 leptons in its final state will1851

become the background. The event selection uses only information from these two leptons. The Z !1852

µµ and Z ! ee channels use different event selection methods. The resulting recoil mass spectra1853

are shown in Fig. 3.9. Both channels have significant high-mass tail resulting mainly from initial state1854

radiations. In addition, the Z ! ee channel has much stronger bremsstrahlung and FSR radiation,1855

leading to a much wider recoil mass distribution.1856

  1 million Higgs bosons 
10 million Z-bosons



Degrassi et al. '12

With the NNLO calculation we are able to derive a very precise relation between 
Higgs and top masses from vacuum stability:

G. Isidori –  Theoretical constraints on the Higgs boson mass                                Orsay,  18th July  2012

Higgs Precision: Mass

     v

At large field values:

Veff

    log(Λ/1 GeV)

Veff(|ϕ|)  ≈ λ(|ϕ|) × |ϕ|4  

|ϕ|

 mh = 150 GeV

Stability and metastability bounds

λ(Λ)

G. Isidori –  Theoretical constraints on the Higgs boson mass                                Orsay,  18th July  2012

Cabibbo et al.  '79; Hung '79;
Lindner 86; Sher '89; ....



Higgs Precision: Mass

Energy recoil method

62 HIGGS PHYSICS AT CEPC

Table 3.5 Production cross sections of signal and background processes at
p

s = 250 GeV and numbers of events
expected in 5 ab�1. Here ZZorWW and ZorW process refers to processes whose final states allow a intermediate
state of both WW/ZZ or Single W/Z (interference). not clear here

Process Cross section (fb) Nevents in 5 ab�1

Higgs boson production
e+e� ! ZH 209 1 ⇥ 10

6

e+e� ! ⌫⌫̄H 6.9 3.5 ⇥ 10

4

e+e� ! e+e�H 0.6 3.0 ⇥ 10

3

Total 217 1 ⇥ 10

6

Background processes
BhaBha 25k 1.3 ⇥ 10

8

e+e� ! qq 50k 2.5 ⇥ 10

8

e+e� ! µµ, ⌧⌧ 9.3k 4.7 ⇥ 10

7

e+e� ! WW 8900 4.5 ⇥ 10

7

e+e� ! ZZ 1100 5.5 ⇥ 10

6

e+e� ! ZZorWW 3600 1.8 ⇥ 10

7

Single Z 2100 1.0 ⇥ 10

7

Single W 3400 1.7 ⇥ 10

7

Single Z or W 250 1.3 ⇥ 10

6

3.3.2 Recoil mass distributions of e+e� ! ZH events1824

Unlike hadron colliders, the center of mass energy at an e+e� collider is precisely measurable and1825

adjustable. For a Higgsstrahlung event where the Z boson decaying to a visible pair of fermions (Z !1826

ff ), the Higgs boson mass MH can be reconstructed as the mass of the system (recoil mass m
recoil

)1827

recoiling against the Z boson assuming the event has the total energy
p

s and zero momentum:1828

m2

recoil

= (

p
s � Eff )

2 � p2

ff = s � 2Eff

p
s + m2

ff (3.2)

where Eff , pff and mff are, respectively, the total energy, momentum and invariant mass of the1829

fermion pair. The m
recoil

distribution should exhibit a resonant peak at MH for the signal processes1830

e+e� ! ZH and ZZ-fusion, and is expected to be smooth for background processes. The width of the1831

resonance is largely determined by the energy and momentum resolution of the detector as the Higgs1832

boson physical width is about 4 MeV and
p

s will be known better than 1 MeV. Thus the best precision1833

is achieved for the leptonic Z ! `` (` = e, µ) decays.1834

By fitting the m
recoil

spectrum, the e+e� ! ZH event yield can be extracted independent of the1835

Higgs decay. Thus the e+e� ! ZH production cross section, �ZH , can be measured and from this1836

cross section the partial Higgs decay width �(H ! ZZ), or equivalently the Higgs-Z boson coupling1837

g(HZZ), can be derived in a totally model-independent manner. The latter is an essential input to1838

the determination of the total Higgs boson decay width. Higgs boson decay branching ratios can then1839

measured by studying how Higgs bosons decay in the selected e+e� ! ZH candidates. Furthermore, a1840
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Figure 3.9 Recoil mass spectrum of e+e� ! ZX candidates with the Z boson decaying to a pair of leptons for
an integrated luminosity of 5 ab�1 for Z ! µµ (Left) and Z ! ee (Right).

The Z ! µµ selection is composed of 2 steps. First, a loose selection on the number of leptons and1857

some loose kinematic constraints are applied. Secondly, a multi-variant analysis (MVA) discriminant1858

is employed to enhance the separation the signal-background separation. The overall signal selection1859

efficiency is approximately 62% (22k signal events passing the selection) with a reduction in background1860

by nearly 3 orders of magnitude (48k background events surviving). The leading backgrounds after1861

event selection are ZZ, WW and Z� (ISR return) events. Using the Z ! µµ channel, the cross section1862

can be measured to a relative precision of 0.9%. For the Higgs mass measurement, the beam energy1863

spread (0.16% per beam, or equivalently, 350 MeV uncertainty per event) has comparable contribution1864

to the radiation effect and detector resolution. A precision of 6.5 MeV can be achieved.1865

The Z ! ee selection is based on simple cuts. Compared with the Z ! µµ decay, the Z ! ee1866

decay suffers from additional backgrounds from Bhabha, ee ! e⌫W and ee ! eeZ productions. They1867

dominate the background contributions after the event selection. The cuts select 27% signal events (10k1868

events) and 147k background events. The relative precision on the ZH cross section measurement is es-1869

timated to be 2.4% while an uncertainty of 17 MeV is predicted for the Higgs boson mass measurement.1870

A significant fraction (⇠ 10%) of electrons lose sizable energies through Bremsstrahlung radiations1871

before reaching the calorimeter, thus their energy measurements can be improved by including the ener-1872

gies of the photons inside a small cone around the electron tracks. With this improvement, the estimated1873

uncertainty on the ZH cross section measurement is expected to reach 2.1%.1874

3.3.2.2 Recoil mass spectrum from hadronic Z decays1875

The recoil mass technique can also be applied to hadronic Z decays (Z ! qq) of e+e� ! ZX1876

candidates. This final state benefits from a larger Z ! qq decay branching ratio, but suffers from a1877

relatively poor resolution for jet measurements as well as from the random combinatorics in the Z ! qq1878

jet-pairing, particularly for events with additional jets such as those from H ! bb, cc and gg decays.1879

Thus the recoil mass reconstruction depends highly on event reconstruction performance, like particle1880

flow, jet clustering algorithms and jet flavor tagging. Nevertheless, preliminary studies show that this1881

measurement is feasible at CEPC with promising results.1882

An analysis based on a fast simulation has been performed for 5 ab�1 of integrated luminosity, taking1883

into account all known SM background processes. After the event selection, main backgrounds are WW1884

and Z� production. Figure 3.10 (Left) shows the reconstructed recoil mass distribution. In contrast to1885

Z

H

leptons

Initial state photon radiation is crucial.
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the Z ! `` channel, the Higgs boson decay mode has a non-negligible effect on Z ! qq reconstruction.1886

Jets from hadronic decays of the Higgs boson can lead to mis-pairing of Z ! qq, for example. Thus for1887

this analysis, it is crucial to understand and control the efficiency homogeneity for different Higgs decay1888

modes (Fig. 3.10 (Right)). An average signal efficiency of 33.9% is obtained with a relative variation of1889

6.5%.1890

Figure 3.10 Left: Recoil mass spectrum of e+e� ! ZX candidates assuming Z ! qq decay for 5 ab�1 of
integrated luminosity. Right: Selection efficiency for different Higgs boson decay modes.

3.3.3 e+e� ! ZH production cross section and Higgs boson mass1891

The inclusive e+e� ! ZH production cross section and Higgs boson mass MH can be extracted from1892

fits to the reconstructed recoil mass distributions of e+e� ! `` + X candidates (Fig. 3.9). The signal1893

is modeled with a Crystal Ball function while the total background is modeled with a polynomial. As1894

noted above, the distribution is insensitive to the intrinsic Higgs boson width if it is as small as predicted1895

by the SM. Table 3.6 lists the expected precisions. The recoil mass distribution of e+e� ! qq + X1896

events contributes little to the precision of the Higgs mass measurement due to the poor Z ! qq1897

mass resolution, but dominates the precision of the e+e� ! ZH cross section measurement. For an1898

integrated luminosity of 5 ab�1, an uncertainty of 5.5 MeV on the Higgs boson mass can be achieved1899

combining measurements from Z ! ee and Z ! µµ, and a relative precision of 0.5% can be achieved1900

for �(ZH) combining all three measurements.1901

The inclusive e+e� ! ZH production cross section is a function of Higgs mass MH and HZZ1902

coupling (g(HZZ)), independent of Higgs boson width and it’s couplings to fermions and other vector1903

bosons. Thus g(HZZ) can be extracted from �(ZH), free of assumptions. The �(ZH) measurement1904

leads to a relative precision of 0.5% on g(HZZ). This model-independent determination of g(HZZ)1905

allows for the measurement of the Higgs boson total width, a subject discussed in Sec. 3.3.6.1906

3.3.4 Production rates of individual Higgs Boson decay mode1907

The Higgs boson production and decay to a particular final state, �(ZH) ⇥ BR, can be measured by1908

studying the details of the system recoiling against the Z boson of e+e� ! ZH events. Different1909

decay modes can be identified through their specific decay products. The Higgs boson signal can also1910

Pro: 
   Large branching Ratio 

Con: 
   Poor resolution of 
        jet measurement 
   Jet combination
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Table 3.6 Estimated precisions on the Higgs boson mass and �(ZH) as well as the Higgs-Z boson coupling
with 5 ab�1 integrated luminosity.

Z decay mode �MH (MeV) ��(ZH)/�(ZH) �g(HZZ)/g(HZZ)

ee 13 2.1%
µµ 6.6 0.9%

ee + µµ 5.9 0.8% 0.4%

qq 0.65% 0.32%
ee + µµ + qq 0.51% 0.25%

be tagged by the invariant mass of its decay final states. Some of these measurements are discussed1911

below.1912

3.3.4.1 H ! bb, cc, gg1913

For a SM Higgs boson with a mass of 125 GeV, nearly 70% of Higgs bosons decay into a pair of jets: b-1914

quarks (57.8%), c-quarks (2.7%) or gluons, gg (8.6%). Hence, measurements of these branching ratios1915

require efficient tagging of the hadronic decays of the Higgs boson. Moreover, flavor tagging is essential1916

for the separation of the different hadronic decays: H ! bb, cc, gg. The precise determination of these1917

branching ratios is highly motivated by beyond SM physics scenarios. The b-quark belongs to the1918

heaviest family of the SM, where many new physics models, e.g. SUSY, 2HDM and others [32], predict1919

significant deviations on BR(H ! bb) and the coupling of the Higgs boson to b-quarks, g(Hbb). The1920

Higgs boson in the SM couples to gluons mainly through the top quark loop and, thus the BR(H ! gg)1921

and the effective coupling of the Higgs to gluons is sensitive to new colored, massive particles, especially1922

a top partner. The Higgs boson coupling to c-quarks, g(Hcc), is probably the only SM coupling between1923

the Higgs boson and the second generation quarks that can be determined at collider experiments. Its1924

comparison with the Higgs boson coupling to the top quark will lead to a test of quark universality.1925

On the other hand, these measurements pose critical requirements on the CEPC detector performance,1926

particularly the capability of c-quark tagging. In this sense, these measurements are good performance1927

benchmarks for the CEPC detector design.1928

[GeV]
-µ+µ

recoilM
120 130 140 150

E
n

tr
ie

s/
0
.5

 G
eV

0

1000

2000

3000
CEPC Preliminary

-1
 Ldt = 5 ab∫; b b→, H-µ+µ →Z

CEPC Simulation

S+B Fit

Signal

ZZ backgrounds

[GeV]
-µ+µ

recoilM
120 130 140 150

E
n

tr
ie

s/
0
.5

 G
eV

0

50

100

150

CEPC Preliminary

-1
 Ldt = 5 ab∫; c c→, H-µ+µ →Z

CEPC Simulation

S+B Fit

Signal

ZZ backgrounds

[GeV]
-µ+µ

recoilM
120 130 140 150

E
n

tr
ie

s/
0
.5

 G
eV

0

200

400

600
CEPC Preliminary

-1
 Ldt = 5 ab∫ gg; →, H-µ+µ →Z

CEPC Simulation

S+B Fit

Signal

ZZ backgrounds

Figure 3.11 Recoiling mass distributions of ZH candidate events with Z ! µµ for three jet flavor catagories:
H ! bb, cc and gg.

CEPC projection (preliminary):
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Fig. 26 Observed transverse mass distributions for the ATLAS ZZ !
2`2n analysis [107] in the signal region compared to the expected
contributions from ggF and VBF Higgs production with the decay
H⇤ ! ZZ SM and with µoff�shell = 10 (dashed) in the 2e2n channel. A
relative gg ! ZZ background K-factor of 1 is assumed.

Fig. 27 CMS likelihood scan versus GH . Different colours refer to:
combination of 4` low-mass and high-mass (ochre), combination of 4`
low-mass and 2`2n high-mass and combination of 4` low-mass and
both channels at high-mass (blue). Solid and dashed lines represent
observed and expected limits, respectively [108].

for different assumptions for the off-shell H ! ZZ signal
strength µoff�shell. The resulting constraints on µoff�shell, to-
gether with the on-shell H ! ZZ ! 4` µon�shell measure-
ment, can be interpreted as a limit on the Higgs boson width
if the relevant off-shell and on-shell Higgs couplings are as-
sumed to be equal.8

Combining ZZ and WW channels, ATLAS find an ob-
served (expected) 95% C.L. limit of

5.1(6.7)< µoff�shell < 8.6(11.0)

8 However, the relation between the off-shell and on-shell couplings
can be severely affected by new-physics contributions, in particular via
threshold effects. In fact, such effects may be needed to give rise to
a Higgs-boson width that differs from the one of the SM by the cur-
rently probed amount, see also the discussion in [114]. In this sense,
these analyses currently provide a consistency test of the SM rather
than model-independent bounds on the total width.

when varying the unknown K-factor ratio between the gg !
ZZ continuum background and the gg ! H⇤ ! ZZ signal
between 0.5 and 2.0. This translates into

4.5(6.5)< GH/G

SM
H < 7.5(11.2)

if identical on-shell and off-shell couplings are assumed.
Fig. 27 illustrates the results of a corresponding CMS

analysis, yielding observed (expected) 95% C.L. limit of
GH/G

SM
H < 22(33) MeV or GH/G

SM
H < 5.4(8.0).

Spin and parity

Within the SM, the Higgs boson is a spin-0, CP-even par-
ticle. Since the decay kinematics depend on these quantum
numbers, the JP

= 0+ nature of the SM Higgs boson can be
used as constraint to increase the sensitivity of the SM anal-
yses. After dropping such assumptions, however, these anal-
yses can also be used to test against alternative spin-parity
hypotheses. These studies are currently based on one or sev-
eral of the bosonic decays modes discussed above: H ! gg ,
H ! ZZ ! 4`, and H !WW ! 2`2n .

In the H ! gg analysis, the JP
= 0+ and JP

= 2+ hy-
pothesis can be distinguished via the Collins-Soper angle
q

⇤ of the photon system. Since there is a large non-resonant
diphoton background, the spin information is extracted from
a simultaneous fit to the |cosq

⇤| and m
gg

distributions. The

Fig. 28 Top: Final state observables sensitive to the spin and parity
of the decaying resonance in ZZ⇤ ! 4` final states. Bottom: cosq1
distribution for ATLAS data (point with errors), the backgrounds (filled
histograms) and several spin hypotheses (SM solid line and alternatives
dashed lines) [111].

Direct	  measurements	  of	  Higgs	  boson	  width:

	  

CMS,	  2014ATLAS,	  2014
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3.3.6 Measurement of Higgs boson width2121

The Higgs boson width (�H ) is of special interest as it is sensitive to BSM physics in Higgs decays,2122

such as the Higgs to invisible decay. However, the 4 MeV width predicted by the SM is too small to2123

be measured with a reasonable precision from the distributions of either the recoil mass or the invariant2124

mass of the Higgs decay products. Unique to lepton colliders, the width can be determined from the2125

measurements of Higgs boson production cross sections and its decay branching ratios. This is because2126

the inclusive e+e� ! ZH cross section �(ZH) can be measured from the recoil mass distribution,2127

independent of Higgs decays.2128

Measurements of �(ZH) and BR’s have been discussed in Sections 3.3.3 and 3.3.5 respectively.2129

Combining these measurements, the Higgs boson width can be calculated in a model-independent way:2130

2131

�H / �(H ! ZZ⇤
)

BR(H ! ZZ⇤
)

/ �(ZH)

BR(H ! ZZ⇤
)

(3.5)

Here �(H ! ZZ⇤
) is the partial width of the H ! ZZ⇤ decay. Because of the small expected2132

BR(H ! ZZ⇤
) value for a 125 GeV Higgs boson (2.3% in the SM), the precision of �H is limited by2133

the H ! ZZ⇤ statistics. It can be improved using the decay final states with the expected large BR2134

values, for example the H ! bb decay:2135

�H / �(H ! bb)

BR(H ! bb)
(3.6)

�(H ! bb) can be independently extracted from the cross section of the W fusion process e+e� !2136

⌫⌫̄H ! ⌫⌫bb:2137

�(⌫⌫H ! ⌫⌫bb) / �(H ! WW ⇤
) · BR(H ! bb) = �(H ! bb) · BR(H ! WW ⇤

) (3.7)

Thus the Higgs boson total width2138

�H / �(H ! bb)

BR(H ! bb)
/ �(⌫⌫H ! ⌫⌫bb)

BR(H ! bb) · BR(H ! WW ⇤
)

(3.8)

Here BR(H ! bb) and BR(H ! WW ⇤
) are measured from the e+e� ! ZH process. The limitation2139

of this method is the small e+e� ! ⌫⌫H ! ⌫⌫bb cross section.2140

The precision from the method of Eq. 3.5 is 4.4%, dominated by the statistics of e+e� ! ZH2141

events with H ! ZZ⇤. The precision from the method of Eq. 3.8 is 3.3% dominated by the statistics2142

of e+e� ! ⌫⌫̄H events with H ! bb. This method uses the large BR(H ! bb) value to compensate2143

the smaller cross section of the W fusion process �(e+e� ! ⌫⌫̄H). A combined result from the above2144

two methods, after taking into account the correlations, shows that CEPC is capable of measuring �H2145

with a precision of 2.7% with 5 ab

�1. The precise knowledge of the Higgs boson total width will lead2146

us to much better understandings of Higgs boson properties in a model independent way as discussed in2147

Sec. 3.4.2148

3.3.7 Summary of the Higgs measurements2149

Table 3.12 summarizes the estimated precisions of Higgs property measurements discussed in this paper.2150

For the leading Higgs boson decay modes, namely bb, cc, gg, WW , ZZ and ⌧⌧ , percent level precisions2151

are expected. As it has been discussed in Section 3.1 this level of precision is required to attain sensitivity2152

to many beyond SM physics scenarios.2153

All � ⇥ BR measurements results are based on simple counting experiments. The best achievable2154

statistical uncertainties for 5 ab�1 are 0.25% for �(e+e� ! ZH) ⇥ BR(H ! bb) and 0.5% for2155
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Fig. 43 Recoil mass distribution for the process: e+e� ! Zh fol-
lowed by Z ! µ

+

µ

� decay for mh = 125GeV with 250fb�1 at
p

s =
250GeV [140].

decay at all [141]. This way, we can determine the Higgs
mass to Dmh = 30MeV and the production cross section to
DsZh/sZh = 2.6%, and limit the invisible branching ratio
to 1% at the 95% confidence level [142, 143]. This is the
flagship measurement of the ILC at 250 GeV that allows ab-
solute measurement of the hZZ coupling thereby unlocking
the door to completely model-independent determinations
of various couplings of the Higgs boson as well as its total
width as we will see below.

Before moving on to the coupling determinations, let us
discuss here the determination of the spin and CP properties
of the Higgs boson. The LHC observed the h ! gg decay,
which fact alone rules out the possibility of spin 1 and re-
stricts the charge conjugation C to be positive. The more
recent LHC analysis strongly prefer the JP

= 0+ assignment
over 0� or 2± [144]. By the time of the ILC the discrete
choice between different spin and CP-even or odd assign-
ments will certainly be settled, assuming that the 125 GeV
boson is a CP eigen state. Nevertheless, it is worth noting
that the ILC also offers an additional, orthogonal, and clean
test of these assignments. The threshold behavior of the Zh
cross section has a characteristic shape for each spin and
each possible CP parity. For spin 0, the cross section rises as
b near the threshold for a CP-even state and as b

3 for a CP-
odd state. For spin 2, for the canonical form of the coupling
to the energy-momentum tensor, the rise is also b

3. If the
spin is higher than 2, the cross section will grow as a higher
power of b . With a three-20 fb�1-point threshold scan of the
e+e� ! Zh production cross section we can separate these
possibilities [145] as shown in Fig. 44. The discrimination
of more general forms of the coupling is possible by the use

Fig. 44 Threshold scan of the e+e� ! Zh process for mh = 120 GeV,
compared with theoretical predictions for JP

= 0+, 1�, and 2+ [145].

Fig. 45 Determination of CP-mixing with 1-s bands expected atp
s = 350 GeV and 500 fb�1 [147].

of angular correlations in the boson decay; this is discussed
in detail in [146].

The power of the ILC manifests itself when we ask more
subtle questions. There is no guarantee that the h is a CP
eigenstate. It can rather be a mixture of CP-even and CP-
odd components. This happens if CP is violated in the Higgs
sector. A small CP-odd contribution to the hZZ coupling can
affect the threshold behavior. Figure 45 shows the determi-
nation of the small CP-odd component h at

p
s =350 GeV

from the value of the total cross section and from an appro-
priately defined optimal observable [147]. The hZZ coupling
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blet or triplet? What about the underlying dynamics? Is it
weakly interacting or strongly interacting? In other words, is
the Higgs boson elementary or composite? We should also
try to investigate its possible relation to other questions of
particle physics such as dark matter, electroweak baryogen-
esis, neutrino masses, and inflation.

There are many possibilities and different models pre-
dict different deviation patterns in the mass-coupling rela-
tion. An example is given in Table 7, where a model with
an extra singlet and four types of two-Higgs doublet models
(2HDM) are compared. The four types of 2HDMs differ in
the assignment of a Z2 charge to the matter fermions, which
protects them from inducing dangerous flavor-changing neu-
tral currents [136].

Table 7 The expected deviation pattern for various Higgs couplings,
assuming small deviations for cos(b �a)< 0. The arrows for Yukawa
interactions are reversed for 2HDMs with cos(b �a)> 0.

Model µ t b c t gV

Singlet mixing # # # # # #
2HDM-I # # # # # #
2HDM-II (SUSY) " " " # # #
2HDM-X (Lepton-specific) " " # # # #
2HDM-Y (Flipped) # # " # # #

Notice that though both singlet mixing and 2HDM-I with
cos(b �a) < 0 give downward deviations, they are quanti-
tatively different: the singlet mixing reduces the coupling
constants universally, while 2HDM-I reduces them differ-
ently for matter fermions and gauge bosons. In these models,
gV < 1 is guaranteed because of the sum rule for the vacuum
expectation values of the SM-like Higgs boson and the addi-
tional doublet or singlet. When a doubly charge Higgs boson
is present, however, gV > 1 is possible. The size of any of

these deviations is generally written in the following form
due to the decoupling theorem:

Dg
g

= O

✓

v2

M2

◆

(14)

where v is the SM vev and M is the mass scale for the new
physics. Since there is no hint of new physics beyond the
SM seen at the LHC, M should be rather large implying
small deviations. In order to detect possible deviations and
to fingerprint the BSM physics from the deviation pattern,
we hence need a % level precision, which in turn requires
a 500 GeV linear collider such as the International Linear
Collider (ILC) and high precision detectors that match the
potential of the collider.

The ILC, being an e+e� collider, inherits all of its tra-
ditional merits: cleanliness, democracy, detail, and calcula-
bility. The two detector concepts proposed for the ILC: ILD
and SiD (see Fig.40) take advantage of these merits.

Fig. 40 Two proposed detector concepts for the ILC: ILD (left) and
SiD (right) [137].

Moreover, they are designed with an ambitious goal
of reconstructing all the events in terms of fundamental
particles such as quarks, leptons, gauge bosons, and Higgs
bosons, thereby viewing events as viewing Feynman
diagrams. This requires a thin and high resolution vertex
detector that enables identification of b- and c-quarks by
detecting secondary and tertiary vertices, combination of a
high resolution charged particle tracker and high granularity
calorimeters optimized for Particle Flow Analysis (PFA) to
allow identification of W , Z, t, and H by measuring their
jet invariant masses, and hermeticity down to O (10 mrad)
or better for indirect detection of a neutrino as missing
momentum. Notice that both ILD and SiD put all the
calorimeters inside the detector solenoidal magnets to
satisfy the requirement of hermeticity and high performance
PFA. Furthermore, the power of beam polarizations should
be emphasized. Consider the e+e� ! W+W� process.
At the energies explored by the ILC, SU(2)L ⌦ U(1)Y
symmetry is approximately recovered and hence the process
can be regarded as taking place through two diagrams:
s-channel W3 exchange and t-channel ne exchange. Since
both W3 and ne couple only to a left-handed electron (and
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3.4 Coupling Extractions and Combinations2194

3.4.1 Coupling fits2195

In order to extract the implications of the predicted measurement precision shown in Table 3.12 on pos-2196

sible new physics models, constraints on additional contributions to Higgs couplings are derived. The2197

Standard Model makes specific predictions for the Higgs couplings to the SM fermions, g(hff ; SM) ,2198

and to the SM gauge bosons g(hV V ; SM)

1 . The deviation from the Standard Model couplings will be2199

parameterized using:2200

f =

g(hff)

g(hff ; SM)

, V =

g(hV V )

g(hff ; SM)

(3.9)

In addition to couplings which are present at tree level, the Standard Model also predicts effective2201

couplings h�� and hgg, in terms of other SM parameters. Change can be induced by the possible shifts2202

in the Higgs couplings described above. In addition, they can also be altered by loop contributions from2203

new physics states. Hence, they will be introduced as two independent couplings, with their ratios to2204

the SM predictions denoted as � and g .2205

Furthermore, it is possible that the Higgs can decay directly into new physics particles. In this case,2206

two type of new decay channels will be distinguished:2207

1. Invisible decay. This is a specific channel in which Higgs decay into invisible particles. This can2208

be searched for and, if detected, measured.2209

2. Exotic decay. This includes all the other new physics channels. Whether they can be observed, and,2210

if so, to what precision, depends sensitively on the particular final states. In one extreme, they can2211

be very distinct and can be measured very well. In another extreme, they can be in a form which2212

is completely swamped by the background. Whether postulating a precision for the measurement2213

of the exotic decay or treating it as an independent parameter (essentially assuming it can not be2214

measured directly) is an assumption one has to make. Results in both cases will be presented. In2215

the later case, it is common to use the total width �h as an equivalent free parameter.2216

In general, possible deviations of all Standard Model Higgs couplings should be considered. How-2217

ever, in the absence of obvious light new physics states with large couplings to the Higgs boson and2218

other SM particles, a very large deviation (> O(1)) is unlikely. In the case of smaller deviations, the2219

Higgs boson phenomenology will not be sensitive to the deviations e, u, d and s. Therefore, they2220

will not be considered here.2221

CEPC will not be able to directly measure the Higgs coupling to top quarks. A deviation of this2222

coupling from its SM value does enter h�� and hgg amplitudes. However, this can be viewed as2223

parameterized by � and g already. Therefore, there will be no attempt to include t as an independent2224

parameter. In summary of the previous discussions, the following set of 10 independent parameters is2225

considered:2226

b, c, ⌧ , µ, Z , W , � , g, BR

inv

, �h. (3.10)

In this 10 parameter list, the relation ⌃i�i = �h is used to replace the exotic decay branching ratio with2227

the total width.2228

Several assumptions can be made that can lead to a reduced number of parameters (see also [46, 47]).2229

For instance a 9 parameter fit can be defined assuming lepton universality:2230

b, c, ⌧ = µ, Z , W , � , g, BR

inv

, �h. (3.11)

1For the discussion of coupling fits and their implications, 00h00 is used to denoted the 125 GeV Higgs boson.

10 parameters 
scheme
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Figure 3.20 The 10 parameter fit result and comparison with the ILC. The CEPC at 250 GeV with 5 ab�1

integrated luminosity and the ILC 250+500 GeV at 250+500 fb�1 are shown. The CEPC and ILC result without
combination with HL-LHC input as shown in dashed edges.

Table 3.14 Coupling measurement precision in percent from the 10 parameter fit described in the text for several
benchmark integrated luminosity of CEPC, and corresponding results after combination with the HL-LHC. All the
numbers refer to are relative precision except for BR

inv

for which 95% CL upper limit are quoted respectively.

CEPC CEPC+HL-LHC
Luminosity (ab�1) 0.5 2 5 10 0.5 2 5 10

�h 8.7 4.4 2.8 1.9 6.2 3.7 2.5 1.8
b 4.1 2.1 1.3 0.92 2.8 1.7 1.2 0.87
c 5.4 2.7 1.7 1.2 4.2 2.4 1.6 1.2
g 4.8 2.4 1.5 1.1 3.2 2.0 1.4 1.0
W 3.9 1.9 1.2 0.87 2.4 1.6 1.1 0.82
⌧ 4.5 2.3 1.4 1.0 3.2 1.9 1.3 0.97
Z 0.81 0.40 0.26 0.18 0.81 0.40 0.26 0.18
� 15 7.4 4.7 3.3 2.7 2.5 2.3 2.0
µ 28 14 8.6 6.1 8.9 7.7 6.3 5.1

BR

inv

0.88 0.44 0.28 0.20 0.88 0.44 0.28 0.20

3.4.2 Higgs self coupling2294

The Higgs self-coupling, �(hhh), is a critical parameter governing the dynamics of the electroweak2295

symmetry breaking. It does not enter the CEPC phenomenology directly, but it affects the hZZ coupling2296

at 1-loop level. Therefore, a limit on Z can be interpreted as a limit on �(hhh)

with some model2297

assumptions [64]. Of course, other new physics can also alter Z . Unless in the case of a cancellation,2298

the limit on �(hhh)

should be regarded as a reasonable estimate. The result from such a constraint is2299

summarized in Fig. 3.21.2300

COUPLING EXTRACTIONS AND COMBINATIONS 79

3.4 Coupling Extractions and Combinations2194

3.4.1 Coupling fits2195

In order to extract the implications of the predicted measurement precision shown in Table 3.12 on pos-2196

sible new physics models, constraints on additional contributions to Higgs couplings are derived. The2197

Standard Model makes specific predictions for the Higgs couplings to the SM fermions, g(hff ; SM) ,2198
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couplings h�� and hgg, in terms of other SM parameters. Change can be induced by the possible shifts2202

in the Higgs couplings described above. In addition, they can also be altered by loop contributions from2203

new physics states. Hence, they will be introduced as two independent couplings, with their ratios to2204

the SM predictions denoted as � and g .2205
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two type of new decay channels will be distinguished:2207

1. Invisible decay. This is a specific channel in which Higgs decay into invisible particles. This can2208
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In general, possible deviations of all Standard Model Higgs couplings should be considered. How-2217

ever, in the absence of obvious light new physics states with large couplings to the Higgs boson and2218

other SM particles, a very large deviation (> O(1)) is unlikely. In the case of smaller deviations, the2219

Higgs boson phenomenology will not be sensitive to the deviations e, u, d and s. Therefore, they2220

will not be considered here.2221

CEPC will not be able to directly measure the Higgs coupling to top quarks. A deviation of this2222

coupling from its SM value does enter h�� and hgg amplitudes. However, this can be viewed as2223

parameterized by � and g already. Therefore, there will be no attempt to include t as an independent2224

parameter. In summary of the previous discussions, the following set of 10 independent parameters is2225

considered:2226

b, c, ⌧ , µ, Z , W , � , g, BR

inv

, �h. (3.10)

In this 10 parameter list, the relation ⌃i�i = �h is used to replace the exotic decay branching ratio with2227

the total width.2228

Several assumptions can be made that can lead to a reduced number of parameters (see also [46, 47]).2229

For instance a 9 parameter fit can be defined assuming lepton universality:2230

b, c, ⌧ = µ, Z , W , � , g, BR

inv
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1For the discussion of coupling fits and their implications, 00h00 is used to denoted the 125 GeV Higgs boson.

10 parameters 
scheme



Higgs Precision: Couplings

COUPLING EXTRACTIONS AND COMBINATIONS 81

LHC 300/3000 fb-1

CEPC 250 GeV at 5 ab-1 wi/wo HL-LHC

κb κc κg κW κτ κZ κγ
10-3

10-2

0.1

1

R
el
at
iv
e
Er
ro
r

Precision of Higgs couplingmeasurement (Contrained Fit)

Figure 3.19 The 7 parameter fit result, and comparison with the HL-LHC. The projections for CEPC at 250
GeV with 5 ab�1 integrated luminosity are shown. The CEPC results without combination with HL-LHC input
are shown with dashed edges. The LHC projections for an integrated luminosity of 300 fb�1 are shown in dashed
edges.

dependent assumptions. One of such comparison is within the framework of a 7-parameter fit, shown in2275

Fig. 3.19. Even with this set of restrictive assumptions, the advantage of the CEPC is still significant.2276

The measurement of Z is more than a factor 10 better. The CEPC can also improve significantly on a2277

set of channels which suffers from large background at the LHC, such as b, c, and g . We emphasize2278

that this is comparing with the HL-LHC projection with aggressive assumptions about systematics.2279

Such uncertainties are typically under much better control at lepton colliders. Within this 7 parameter2280

set, the only coupling which HL-LHC can give a competitive measurement is � , for which the CEPC’s2281

accuracy is limited by statistics. This is also the most valuable input that the HL-LHC can give to the2282

Higgs coupling measurement at the CEPC, which underlines the importance of combining the results of2283

these two facilities.2284

We also remark on the couplings which are left out in this fit. The most obvious omission is the2285

BR
inv

. The CEPC with 5 ab�1 can measure this to a high accuracy of 0.25%, as shown in Table 3.14.2286

At the same time, the HL-LHC can only manage a much lower accuracy 6 � 17% [4].2287

As we have discussed above, one of the greatest advantages of lepton collider Higgs factory is the2288

capability of determining the Higgs coupling model independently. The projection of such a determi-2289

nation at the CEPC is shown in Fig. 3.20. For comparison, we have also put in the projection from2290

the combination ILC 250 GeV and 500 GeV runs, based on the baseline designed luminosities. The2291

advantage of the higher integrated luminosity at a circular lepton collider is apparent. The CEPC has a2292

clear advantage in the measure of Z . It is also much stronger in µ and BR
inv

measurements.2293

Assuming no exotic and invisible decays
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In general, possible deviations of all Standard Model Higgs couplings should be considered. How-2217

ever, in the absence of obvious light new physics states with large couplings to the Higgs boson and2218

other SM particles, a very large deviation (> O(1)) is unlikely. In the case of smaller deviations, the2219
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will not be considered here.2221

CEPC will not be able to directly measure the Higgs coupling to top quarks. A deviation of this2222

coupling from its SM value does enter h�� and hgg amplitudes. However, this can be viewed as2223

parameterized by � and g already. Therefore, there will be no attempt to include t as an independent2224

parameter. In summary of the previous discussions, the following set of 10 independent parameters is2225
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In this 10 parameter list, the relation ⌃i�i = �h is used to replace the exotic decay branching ratio with2227

the total width.2228

Several assumptions can be made that can lead to a reduced number of parameters (see also [46, 47]).2229
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FIG. 11. The total cross sections for Higgs pair production
at the LHC [96].

FIG. 12. Feynman diagrams of gg → hh at the lowest order.
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where CS is the hard matching coefficient, s̃ is the soft
function, and U is the evolution function.
Table I shows the NLO and NLO+NNLL total cross

sections of Higgs boson pair production at the LHC with√
S = 14 TeV for different Higgs boson self-coupling λ.

Obviously, due to the interference effects between two
channels, the total cross section of Higgs boson pair pro-
duction decreases with the increasing of λ. Besides, the
resummation effects increase the QCD NLO results by
about 20% ∼ 30%. Moreover, in Fig. 13 the resummation

λ/λSM

√
S = 14 TeV

NLO [fb] NLO + NNLL [fb] K-factor

-1 127.9+23.1+8.7 (+3.8)
−18.8−7.7 (−3.3) 161.6+9.8+12.0 (+6.0)

−3.1−11.4 (−4.9) 1.26

0 71.1+12.8+4.8 (+2.1)
−10.5−4.3 (−1.8) 90.0+5.4+6.8 (+3.3)

−1.7−6.4 (−2.8) 1.27

1 33.9+6.1+2.3 (+1.0)
−5.0−2.0 (−0.9) 42.9+2.6+3.3 (+1.6)

−0.8−3.1 (−1.3) 1.27

2 16.1+2.9+1.1 (+0.5)
−2.4−1.0 (−0.4) 20.4+1.2+1.6 (+0.8)

−0.4−1.5 (−0.7) 1.27

TABLE I. NLO and NLO+NNLL total cross sections of Higgs
boson pair production at the 14 TeV LHC for different Higgs
boson self-coupling λ. The first errors represent the scale
uncertainties. The second errors are PDF+αs uncertain-
ties [104].

results show that the shape of the normalized invariant
mass distribution of Higgs boson pair strongly depends
on the Higgs boson self-coupling λ. And it is possible
to extract the parameter λ from the Higgs boson pair
invariant mass distribution.
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FIG. 13. The normalized Higgs boson pair invariant mass
distribution at the LHC with

√
S = 14 TeV, where the bands

represent the scale uncertainties [104].

Later, the extraction of the Higgs self-coupling is also
studied by exploiting the double-to-single cross section
ratio [116]. The top quark mass effects on the total cross
section of Higgs boson pair production at the QCD NLO
have been studied [117, 118], where the NLO cross section
keeping exact top quark mass is expanded in powers of
1/mt. And the the power corrections are calculated up
to O(1/m8

t ) and O(1/m12
t ) for partonic channel gg →

HH and qg(q̄) → HH , respectively. They find that the
poor convergence induced by top quark mass effects can
be improved if the exact LO cross section are used to
normalize the QCD NLO correction, and the remaining
uncertainties from top mass effects are about O(10%) in
the QCD NLO results.
Veryrecently, the full QCD NNLO corrections for the

cross section in the large top mass limit for Higgs bo-
son pair production are calculated, in which the soft and
collinear divergences are removed via the FKS subtrac-
tion method [113]. Table II shows the total cross section
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1. Introduction

One of the aims of the Large Hadron Collider (LHC) is to search for the agent of

electroweak symmetry breaking (EWSB), which in its minimal form is the Standard

Model (SM) Higgs boson (H). Recently, both the ATLAS and the CMS collabora-

tions have observed a new state with a mass of about 125 GeV, whose properties are

in substantial agreement with the SM Higgs boson [1–5]. The quest for understand-

ing the mechanism behind EWSB does not end with the discovery of this particle.

It is crucial to test the Higgs sector to its full extent, measuring the couplings of

the Higgs boson to gauge bosons and matter fields [6–30], and also to probe its

self-interactions [31–36]. After EWSB, the Higgs potential can be written as

V (H) =
1

2
M2

HH
2 + �HHHvH

3 +
1

4
�HHHHH

4 . (1.1)

In the SM, �SM
HHH = �SM

HHHH = (M2
H/2v

2) ⇡ 0.13 for a Higgs mass of MH ' 125 GeV

and a vacuum expectation value of v ' 246 GeV. We can also define normalised

couplings � ⌘ �HHH/�
SM
HHH and �̃ ⌘ �HHHH/�

SM
HHHH .

A measurement of these two couplings is crucial to the reconstruction of the

Higgs potential and will allow testing of the EWSB mechanism. Moreover, in many

models beyond the SM, these couplings may deviate from the SM values, and in
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Nightmare Scenario
What if we observe a lone Higgs and
nothing else at the LHC in the end?

For instance, it is possible that 
  1) no new resonance discovered 
  2) Higgs boson being more and more SM-like

Can we conclude that the NP scale must be 
well beyond the LHC capability?

Is there any loop hole for the above arguments?

Is it possible to have light NP particles?
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It is impossible to detect the faked no-NP scenario  
       in the decay of Higgs boson simply because

H
t t

γ

γ

g

g

H Q′

γ

γ

H H±

γ

γ

H W ′

γ

γ

Mission impossible at the LHC and HL-LHC

Z

L =
v

⇤2
(FZ�HZµ⌫A

µ⌫ + F��HAµ⌫A
µ⌫)



       Production at e+e- collidersH�

e−

e+

Z/γ

γ

H
(a)

FNP

(c)

e−

e+

γ/Z

γ

H

t

e−

e+

γ/Z

γ

H

W

(b)

e−

e+

γ

H

νe W

(d)



The SM contribution is tiny

(b)

e−

e+

Z

γ

H
(e)

NP

e−

e+

γ

H

νe W

(c) (d)

e−

e+

e−
γ

H

νe
W

e−

e+

γ/Z

γ

H

W

(a)

e−

e+

γ/Z

γ

H

t

Ajouadi, et al  
NPB 491, 68  

(1997) Bad for  
discovery 

but  
perfect for 
exclusion



The production cross section

We first consider one parameter at a time.
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Collider simulation
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Discovery Potential
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No-Loose — Exclusion on HZA/HAA 

The Faked-No-NP scenario can be fully excluded 
at a high energy electron-positron collider.
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W-Boson Mass Measurement
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Table 4.3 Using threshold scan measurement method in dedicated WW threshold scan runs, the expected
precision in mW measurement in CEPC detectors and the comparison with LEP experiments.

�MW (MeV) LEP CEPC CEPCp
s(GeV) 161 250 250

R L(fb�1) 3 1000 1000
channel `⌫qq, qqqq `⌫qq qqqq

beam energy 13 1.0 1.0
background 13 0.5 1.5
efficiency 8 0.5 0.1
luminosity 10 1.0 1.0
polarization 3 0.5 0.8

jet energy scale — 0.5 1.0
statistics 20 1.0 0.5

total 36 2.5 3.0

Using the direct measurement method, a precision of 3 MeV can be achieved for the measurement2761

at CEPC. The main advantage of the direct measurement method is that no dedicated run is needed: all2762

the measurements can be performed in ZH runs with
p

s = 250 GeV. Another advantage is that this2763

method has a lower requirement for accelerator performance. The main challenge of this method is to2764

handle the uncertainty due to QED radiation. The energy spread from beamstrahlung is proportional to2765

the square of the beam energy. To reduce the dependence of the mW precision on the absolute beam2766

polarization and momentum determination, a dedicated study using radiative return (e+e� ! Z�)2767

events is necessary [19]. The uncertainty due to the beamstrahlung effect can be reduced to the 1 MeV2768

level using 1000 fb�1 data. Other systematic uncertainties include the lepton momentum scale and the2769

modeling of hadronization. The list of systematic uncertainties are summarized in Table 4.4.2770

4.2 CEPC Electroweak Oblique Parameter Fit2771

Based on the latest estimates of the experimental capabilities of CEPC, we estimate the precision that2772

can be obtained in a fit of the electroweak parameters S and T [20, 21]. Table 4.5 presents the assumed2773

experimental uncertainties that enter into the fit. The numbers in boldface represent measurements per-2774

formed by CEPC. Other improvements between the current uncertainties and those that will be available2775

when CEPC runs will result from LHC measurements of the top quark, lattice QCD calculations, and2776

perturbative Standard Model calculations. A thorough discussion of the prospects for these improve-2777

ments and the rationale behind the choices made in the table may be found in Ref. [22]. Readers seeking2778

a more general review of the status of electroweak precision should consult ref. [23].2779

We have included sin

2 ✓`
e↵

as an observable in the fit, although it will itself result from a fit of several2780

other parameters, including A0,b
FB

, A`, and A0,`
FB

. A detailed assessment of each of these individual inputs2781

has not yet been performed for CEPC, so we include only the estimated precision that can be achieved2782

on the combination sin

2 ✓`
e↵

. Similarly, other observables like �
had

will ultimately play a role in CEPC2783

precision tests, but we omit them until future experimental studies provide precise uncertainty estimates.2784

Threshold W-mass  
measurement

Challenge:  
   uncertainties due to  
   QED radiation

Direct W-mass  
measurement

98 ELECTROWEAK PRECISION PHYSICS AT CEPC

Table 4.4 Using direct measurement method in ZH runs, the expected precision in mW measurement in CEPC
detectors and the comparison with the LEP experiments.

�MW (MeV) LEP CEPC CEPCp
s(GeV) 161 250 250

R L(fb�1 3 1000 1000
channel l⌫qq, qqqq lvqq qqqq

beam energy 9 1.0 1.0
hadronization 13 1.5 1.5

radiative corrections 8 1.0 2.0
lepton and missing energy scale 10 1.5 1.0

bias in mass reconstuction 3 0.5 1.0
statistics 30 1.0 2.5

overall systematics 21 2.5 3.0
total 36 3.0 4.0

Present data CEPC fit
↵s(M2

Z) 0.1185 ± 0.0006 [24] ±1.0 ⇥ 10

�4 [25]
�↵(5)

had

(M2

Z) (276.5 ± 0.8) ⇥ 10

�4 [26] ±4.7 ⇥ 10

�5 [27]
mZ [GeV] 91.1875 ± 0.0021 [28] ±0.0005

mt [GeV] (pole) 173.34 ± 0.76

exp

[29] ±0.5
th

[27] ±0.6
exp

± 0.25

th

[27]
mh [GeV] 125.14 ± 0.24 [27] < ±0.1 [27]
mW [GeV] 80.385 ± 0.015

exp

[24]±0.004

th

[30] (±3
exp

± 1

th

) ⇥ 10

�3 [30]
sin

2 ✓`
e↵

(23153 ± 16) ⇥ 10

�5 [28] (±4.6
exp

± 1.5
th

) ⇥ 10

�5 [31]
�Z [GeV] 2.4952 ± 0.0023 [28] (±5

exp

± 0.8
th

) ⇥ 10

�4 [32]
Rb ⌘ �b/�

had

0.21629 ± 0.00066 [28] ±1.7 ⇥ 10

�4

R` ⌘ �

had

/�` 20.767 ± 0.025 [28] ±0.007

Table 4.5 Inputs to the electroweak fit of the oblique parameters S and T . The oblique parameters and the first five
observables in the table float freely in the fit, and determine the values of the remaining five. We find that Rb and R`

have minimal effect on the fit of oblique parameters. We quote the precisions of current and CEPC measurements
as well as the current central values. Theory uncertainties are provided only when they are nonnegligible and are
not already incorporated in the quoted experimental uncertainty. Boldface numbers represent measurements that
will be performed at CEPC.

We have performed a fit to the oblique parameters S and T under the assumption that U = 0. Given2785

that a weakly-coupled Higgs boson has been discovered, S and T result from dimension six operators,2786

OS ⌘ h†Wµ⌫hBµ⌫ , (4.4)

OT ⌘ ��h†Dµh
��2 , (4.5)

Ecm=160.6, 161.2, 161.4,  
          161.6, 162.2, 170.0 GeV

~100
million

W-boson
decays
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mixing parameter, MF̃i
denotes the soft SUSY-breaking pa-

rameter for sfermions of the ith family for left-handed
squarks (F = Q), right-handed up- and down-type squarks
(F = U,D), left-handed sleptons (F = L) and right-handed
sleptons (F = E). A f denotes the trilinear sfermion-Higgs
couplings, M3 the gluino mass parameter and M2 the SU(2)
gaugino mass parameter, where the U(1) parameter is fixed
as M1 = 5/3s2

W/c2
W M2. MA is the C P-odd Higgs boson

mass and tanb the ratio of the two Higgs vacuum expec-
tation values.

Parameter Minimum Maximum
µ -2000 2000
MẼ1,2,3

= ML̃1,2,3
100 2000

MQ̃1,2
= MŨ1,2

= MD̃1,2
500 2000

MQ̃3
100 2000

MŨ3
100 2000

MD̃3
100 2000

Ae = A
µ

= A
t

-3MẼ 3MẼ
Au = Ad = Ac = As -3MQ̃12

3MQ̃12
Ab -3max(MQ̃3

,MD̃3
) 3max(MQ̃3

,MD̃3
)

At -3max(MQ̃3
,MŨ3

) 3max(MQ̃3
,MŨ3

)
b̃ 1 60
M3 500 2000
MA 90 1000
M2 100 1000

Table 26 Parameter ranges. All parameters with mass dimension are
given in GeV.

All MSSM points included in the results have the neu-
tralino as LSP and the sparticle masses pass the lower
mass limits from direct searches at LEP. The Higgs and
SUSY masses are calculated using FeynHiggs (version
2.9.4) [771–775]. For every point it was tested whether
it is allowed by direct Higgs searches using the code
HiggsBounds (version 4.0.0) [776,777]. This code tests the
MSSM points against the limits from LEP, Tevatron and the
LHC. 43

The evaluation of MW includes the full one-loop result
and all known higher order corrections of SM- and SUSY-
type, for details see [770, 778] and references therein. The
results for MW are shown in Fig. 112 as a function of mt .
In the plot the green region indicated the MSSM MW pre-
diction assuming the light C P-even Higgs h in the region
125.6± 3.1GeV. The red band indicates the overlap region
of the SM and the MSSM. The leading one-loop SUSY con-
tributions arise from the stop sbottom doublet. However re-
quiring Mh in the region 125.6± 3.1GeV, restricts the pa-
rameters in the stop sector [779] and with it the possible MW
contribution. Large MW contributions from the other MSSM

43An updated version of HiggsBounds became available at
http://higgsbounds.hepforge.org after this study was com-
pleted.

Fig. 112 Prediction for MW as a function of mt . The plot shows the
MW prediction assuming the light C P-even Higgs h in the region
125.6±3.1GeV. The red band indicates the overlap region of the SM
and the MSSM with MSM

H = 125.6± 3.1 GeV. All points are allowed
by HiggsBounds. The gray ellipse indicates the current experimen-
tal uncertainty, whereas the red ellipse shows the anticipated future
ILC/GigaZ precision.

sectors are possible, if either charginos, neutralinos or slep-
tons are light.

The gray ellipse indicates the current experimental un-
certainty, see Eqs. (110), (120), whereas the red ellipse
shows the anticipated future ILC/GigaZ precision. While at
the current level of precision SUSY might be considered as
slightly favored over the SM by the MW -mt measurement,
no clear conclusion can be drawn. The small red ellipse, on
the other hand, indicates the discrimination power of the fu-
ture ILC/GigaZ measurements. With the improved precision
a small part of the MSSM parameter space could be singled
out. The comparison of the SM and MSSM predictions with
the ILC/GigaZ precision could rule out either of models.

4.3 Z pole observables

Other important EWPOs are the various observables related
to the Z boson, measured in four-fermion processes, e+e�!
g,Z ! f f̄ , at the Z boson pole. We review the theoreti-
cal precision of SM predictions for various Z boson pole
observables and the anticipated experimental precision at
GigaZ. As for MW , we also review the potential of a precise
measurement and prediction of sin2

q

`
eff to obtain informa-

tion about the MSSM parameter space.

4.3.1 Theoretical prospects 44

44Ayres Freitas

Ecm=250GeV

L=250 fb-1
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Weak Gauge Coupling of 
Bottom Quark

Long-standing puzzle about the 
forward-backward asymmetry

10. Electroweak model and constraints on new physics 29

Table 10.5: Principal Z pole observables and their SM predictions (cf. Table 10.4).

The first s2
ℓ (A

(0,q)
FB ) is the effective angle extracted from the hadronic charge

asymmetry, the second is the combined value from DØ [167] and CDF [168], and
the third is from CMS [171]. The three values of Ae are (i) from ALR for hadronic
final states [162]; (ii) from ALR for leptonic final states and from polarized Bhabba
scattering [164]; and (iii) from the angular distribution of the τ polarization at
LEP 1. The two Aτ values are from SLD and the total τ polarization, respectively.

Quantity Value Standard Model Pull Dev.

MZ [GeV] 91.1876 ± 0.0021 91.1874 ± 0.0021 0.1 0.0
ΓZ [GeV] 2.4952 ± 0.0023 2.4961 ± 0.0010 −0.4 −0.2
Γ(had) [GeV] 1.7444 ± 0.0020 1.7426 ± 0.0010 — —
Γ(inv) [MeV] 499.0 ± 1.5 501.69± 0.06 — —
Γ(ℓ+ℓ−) [MeV] 83.984 ± 0.086 84.005 ± 0.015 — —
σhad[nb] 41.541 ± 0.037 41.477 ± 0.009 1.7 1.7
Re 20.804 ± 0.050 20.744 ± 0.011 1.2 1.3
Rµ 20.785 ± 0.033 20.744 ± 0.011 1.2 1.3
Rτ 20.764 ± 0.045 20.789 ± 0.011 −0.6 −0.5
Rb 0.21629 ± 0.00066 0.21576 ± 0.00004 0.8 0.8
Rc 0.1721 ± 0.0030 0.17227 ± 0.00004 −0.1 −0.1

A
(0,e)
FB 0.0145 ± 0.0025 0.01633 ± 0.00021 −0.7 −0.7

A
(0,µ)
FB 0.0169 ± 0.0013 0.4 0.6

A
(0,τ)
FB 0.0188 ± 0.0017 1.5 1.6

A
(0,b)
FB 0.0992 ± 0.0016 0.1034 ± 0.0007 −2.6 −2.3

A
(0,c)
FB 0.0707 ± 0.0035 0.0739 ± 0.0005 −0.9 −0.8

A
(0,s)
FB 0.0976 ± 0.0114 0.1035 ± 0.0007 −0.5 −0.5

s̄2
ℓ (A

(0,q)
FB ) 0.2324 ± 0.0012 0.23146 ± 0.00012 0.8 0.7

0.23200 ± 0.00076 0.7 0.6
0.2287 ± 0.0032 −0.9 −0.9

Ae 0.15138 ± 0.00216 0.1475 ± 0.0010 1.8 2.1
0.1544 ± 0.0060 1.1 1.3
0.1498 ± 0.0049 0.5 0.6

Aµ 0.142 ± 0.015 −0.4 −0.3
Aτ 0.136 ± 0.015 −0.8 −0.7

0.1439 ± 0.0043 −0.8 −0.7
Ab 0.923 ± 0.020 0.9348 ± 0.0001 −0.6 −0.6
Ac 0.670 ± 0.027 0.6680 ± 0.0004 0.1 0.1
As 0.895 ± 0.091 0.9357 ± 0.0001 −0.4 − 0.4

December 18, 2013 12:00

LEP1 Theory

Also a sign ambiguity for the 
right-handed Z-b-b coupling

where we indicate on the right the approximate values of the left- and right- handed
couplings necessary to fit the bottom-quark production data at the Z-peak1. Clearly, no
experiment performed at the Z-peak can reduce the degeneracy any further.
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Figure 1: The forward-backward asymmetry for the b-quark as a function of
√

s for the
four solutions of eq.(6). The signs in the parentheses refer to those for (ḡb

L, ḡb
R) in the

same order as in eq.(6) with (+, +) being SM-like. The experimental data correspond to
the measurements reported in Refs. [10–20].

Off the Z-peak though, the photon-mediated diagram becomes important thereby
affecting the forward-backward asymmetry of the bottom-quark. Such data, thus, could
discriminate amongst the four solutions described above. The asymmetry is easy to
calculate and in Fig. 1, we plot the same as a function of the center of mass energy of
the e+e− system for each of the solutions2 in eq.(6). It is quite apparent that the two
solutions with ḡb

L ≈ −gb
L(SM) can be summarily discarded. Interestingly enough, the

data does not readily discriminate between the two remaining solutions. This, though, is
not unexpected as |gb

R| ≪ |gb
L| within the SM. A similar analysis can be performed for Rb

as well, but the off-peak measurements of this variable are not accurate enough to permit
a similar level of discrimination.

1A similar analysis, although restricted to modifying the magnitude but not the sign of the couplings,
was performed in Ref. [9]

2Had we instead held the magnitudes of the couplings to their SM values, the resulting curves would
have been barely distinguishable from those in Fig. 1.
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CEPC can help to 
resolve both issues

Systematic uncertainties?



1 Introduction

The electroweak precision tests, driven primarily by the experiments at LEP, the Teva-
tron and the SLC, have, in recent years, held much of the attention of the field. Taken in
conjunction with the measurement of the top mass and certain other low energy measure-
ments, these experiments have vindicated the Standard Model (SM) to an unprecedented
degree of accuracy [1]. While startling deviations from the SM expectations have occa-
sionally appeared, only to disappear later as the precision increased, the results of the
precision tests have been remarkably steady over the last five years. Yet, certain discrep-
ancies persist. It is thus contingent upon us to examine their significance and especially
to ascertain whether they could be pointers to new physics at the weak scale.

In this article, we shall concentrate upon the most obvious of such a possible devia-
tion [2], namely the forward-backward asymmetry (Ab

FB) of the b-quark, the measurement
of which shows a 2.9σ deviation from the value predicted by the best fit to the precision
electroweak observables within the SM [1,3]. One might, of course, argue that this discrep-
ancy is but a result of experimental inaccuracies and/or just a large statistical fluctuation.
This viewpoint is supported, to some extent, by the observation that the corresponding
SLD measurement of the b-asymmetry factor Ab using the LR polarized b asymmetry is
in much better agreement with the SM [1]. It has also been argued that any correction to
the b̄bZ vertex, large enough to ‘explain’ Ab

FB would have shown up in the very accurate
measurement of Rb, the branching fraction of the Z into b’s. However, we shall demon-
strate that this need not be so. But more importantly, given the remarkable consistency
amongst the four LEP experiments as regards Ab

FB, it is perhaps worthwhile to take this
deviation from the SM seriously and to speculate on possible explanations thereof.

Let us begin by reviewing the relevant data at the Z-peak. We parametrize the
effective Zbb̄ interaction by

LZbb̄ =
−e

sW cW
Zµb̄γµ

!

ḡb
LPL + ḡb

RPR

"

b (1)

where sW ≡ sin θW , cW ≡ cos θW and PL,R are the chiral projection operators. An
analogous definition holds for the other fermions. Within the SM, the tree-level values
of the chiral couplings gf

L,R are determined by gauge invariance. The weak radiative
corrections to the same are well-documented and are insignificant for all but the b-quark.
Clearly then,

Rb ≡
Γ(Z → bb̄)

Γ(Z → hadrons)
≃

(ḡb
L)2 + (ḡb

R)2

#

q [(ḡq
L)2 + (ḡq

R)2]
(2)

where the sum is to be done over all the light quarks. The forward-backward asymmetry
at LEP, on the other hand, is given by

Ab
FB|√s≃mZ

=
3

4
Aℓ Ab (3)

with

Ab ≃
(ḡb

L)2 − (ḡb
R)2

(ḡb
L)2 + (ḡb

R)2
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Small corrections also accrue to the above observable from a non-zero b-quark and c-
quark masses as well as QCD, electroweak and electromagnetic vertex corrections [4–6].
Whereas the observed values are

Rb(obs) = 0.21646 ± 0.00065 , Ab
FB(obs) = 0.0990 ± 0.0017 , (5)

the SM expectations for a top quark mass of 174.3 GeV and a Higgs mass close to its
present experimental bound, are Rb(SM) ≃ 0.2157 and Ab

FB(SM) ≃ 0.1036. Thus, while
the observed value for Rb is consistent with the SM, that for Ab

FB shows, as emphasized
before, a relatively large deviation from the predicted value. This relatively large dis-
crepancy may be reduced by choosing larger Higgs masses, although only at the cost
of worsening the agreement between theory and experiment for other observables, most
notably the lepton asymmetries.

It has been noted, for example in Ref. [7], that the overall consistency of the SM with
the data improves if we dismiss altogether the measurement of the forward-backward
asymmetry. Such an act of exclusion leads to a preference for new physics scenarios
that produce a negative shift in the oblique electroweak parameter S [8], an example
being provided by supersymmetric theories with light sleptons [7]. We, instead, choose to
consider all experimental data on equal footing.

In this article, we investigate a possible way of resolving the disagreement between
the hadronic and leptonic asymmetries through the introduction of new quark degrees of
freedom at the weak scale thereby inducing non-trivial mixings with the third generation
of quarks. In section 2, we examine the experimental status in order to determine the
necessary modifications in the couplings of the right- and left-handed bottom quarks.
As the required modification in the right-handed sector turns out to be too large to
be obtainable via radiative corrections, we investigate, in section 3, the possibility that
tree-level mixing of the bottom quark with exotic quarks might be responsible for the
observed deviations. All possible assignments for such quarks are examined for their
effects on the precision electroweak observables and the two simplest choices identified.
The fits to the data for the two cases are presented in sections 4 and 5 respectively. Other
phenomenological consequences, including the question of unification, will be investigated
in sections 6 and 7. We reserve section 8 for our conclusions.

2 Bottom Quark Couplings Confront Data

Let us assume a purely phenomenological stance and attempt to determine ḡb
L,R from the

data. Even in the limit of infinite precision, the ellipse and the straight lines representing
the solution spaces for eqs.(2, 3) intersect at four points with the coordinates given by

(ḡb
L, ḡb

R) ≈ (±0.992gb
L(SM),±1.26gb

R(SM)) , (6)

3

where we indicate on the right the approximate values of the left- and right- handed
couplings necessary to fit the bottom-quark production data at the Z-peak1. Clearly, no
experiment performed at the Z-peak can reduce the degeneracy any further.
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Figure 1: The forward-backward asymmetry for the b-quark as a function of
√

s for the
four solutions of eq.(6). The signs in the parentheses refer to those for (ḡb

L, ḡb
R) in the

same order as in eq.(6) with (+, +) being SM-like. The experimental data correspond to
the measurements reported in Refs. [10–20].

Off the Z-peak though, the photon-mediated diagram becomes important thereby
affecting the forward-backward asymmetry of the bottom-quark. Such data, thus, could
discriminate amongst the four solutions described above. The asymmetry is easy to
calculate and in Fig. 1, we plot the same as a function of the center of mass energy of
the e+e− system for each of the solutions2 in eq.(6). It is quite apparent that the two
solutions with ḡb

L ≈ −gb
L(SM) can be summarily discarded. Interestingly enough, the

data does not readily discriminate between the two remaining solutions. This, though, is
not unexpected as |gb

R| ≪ |gb
L| within the SM. A similar analysis can be performed for Rb

as well, but the off-peak measurements of this variable are not accurate enough to permit
a similar level of discrimination.

1A similar analysis, although restricted to modifying the magnitude but not the sign of the couplings,
was performed in Ref. [9]

2Had we instead held the magnitudes of the couplings to their SM values, the resulting curves would
have been barely distinguishable from those in Fig. 1.

4

1 Introduction

The electroweak precision tests, driven primarily by the experiments at LEP, the Teva-
tron and the SLC, have, in recent years, held much of the attention of the field. Taken in
conjunction with the measurement of the top mass and certain other low energy measure-
ments, these experiments have vindicated the Standard Model (SM) to an unprecedented
degree of accuracy [1]. While startling deviations from the SM expectations have occa-
sionally appeared, only to disappear later as the precision increased, the results of the
precision tests have been remarkably steady over the last five years. Yet, certain discrep-
ancies persist. It is thus contingent upon us to examine their significance and especially
to ascertain whether they could be pointers to new physics at the weak scale.

In this article, we shall concentrate upon the most obvious of such a possible devia-
tion [2], namely the forward-backward asymmetry (Ab

FB) of the b-quark, the measurement
of which shows a 2.9σ deviation from the value predicted by the best fit to the precision
electroweak observables within the SM [1,3]. One might, of course, argue that this discrep-
ancy is but a result of experimental inaccuracies and/or just a large statistical fluctuation.
This viewpoint is supported, to some extent, by the observation that the corresponding
SLD measurement of the b-asymmetry factor Ab using the LR polarized b asymmetry is
in much better agreement with the SM [1]. It has also been argued that any correction to
the b̄bZ vertex, large enough to ‘explain’ Ab

FB would have shown up in the very accurate
measurement of Rb, the branching fraction of the Z into b’s. However, we shall demon-
strate that this need not be so. But more importantly, given the remarkable consistency
amongst the four LEP experiments as regards Ab

FB, it is perhaps worthwhile to take this
deviation from the SM seriously and to speculate on possible explanations thereof.

Let us begin by reviewing the relevant data at the Z-peak. We parametrize the
effective Zbb̄ interaction by
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where sW ≡ sin θW , cW ≡ cos θW and PL,R are the chiral projection operators. An
analogous definition holds for the other fermions. Within the SM, the tree-level values
of the chiral couplings gf

L,R are determined by gauge invariance. The weak radiative
corrections to the same are well-documented and are insignificant for all but the b-quark.
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RPR

"

b (1)

where sW ≡ sin θW , cW ≡ cos θW and PL,R are the chiral projection operators. An
analogous definition holds for the other fermions. Within the SM, the tree-level values
of the chiral couplings gf

L,R are determined by gauge invariance. The weak radiative
corrections to the same are well-documented and are insignificant for all but the b-quark.
Clearly then,

Rb ≡
Γ(Z → bb̄)

Γ(Z → hadrons)
≃

(ḡb
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Figure 1: The Feynman diagram for production of a top in association with a light quark due to
the anomalous couplings tqγ and tqZ in electron-positron collisions.

√
s 240 GeV 350 GeV 500 GeV

FCNC σ(fb) σ(fb) σ(fb) σ(fb) σ(fb) σ(fb)
couplings Signal Bkg. Signal Bkg. Signal Bkg.

tqγ 2154(λtq)2 4879 3832(λtq)2 3221.2 4302(λtq)2 2048.6
tqZ (σµν) 1434(κtq)2 4879 2160(κtq)2 3221.2 2282(κtq)2 2048.6
tqZ (γµ) 916(Xtq)2 4879 786(Xtq)2 3221.2 464(Xtq)2 2048.6

Table 1: Cross-sections (in fb) of σ(e− + e+ → tū + tc̄ + t̄u + t̄c) × Br(t → Wb → lνb) with
l = e, µ for three signal scenarios, tqγ, tqZ (vector-tensor) before applying cuts. The cross section
of the main background process W±jj including the branching ratio of the leptonic decay of the
W boson is also presented.

3 Analysis strategy

As we have mentioned before, this study is dedicated to probe the tqγ and tqZ FCNC couplings
via single top quark production at FCC-ee. The results will be presented at different center-of-
mass energies of the colliding electron-positron. In this section, the details of the event generation
and Monte Carlo simulation for signal and background, event selection, and multivariate analysis
to separate signal from SM background will be presented.

3.1 Event generation and simulation

Now, we present the signal and the corresponding backgrounds generation in the e−e+ collisions.
The signal is defined as e−e+ → Z/γ → tq̄ (t̄q), where q is an up or a charm quark. The top
quark decays through SM, t → W+b → ℓ+νℓb and t̄ → W−b̄ → ℓ−νℓb̄. Therefore, the final state
consists of a charged lepton, missing energy, a b-jet and a light jet.

In order to simulate and generate the signal events, the effective Lagrangian describing the
FCNC couplings is implemented with the FeynRules package [37–41], then the model has been
imported to a UFO module [42] and inserted in MadGraph 5 [43,44].

Based on the expected signature of the signal events, the main background contribution is

4

The paper is organized as follows. In Section 2 we present the theoretical framework which
describes the top quark FCNC couplings to a photon and Z boson. The Monte Carlo event
generation, detector simulation and signal separation from backgrounds are described in Section 3.
In Section 4, the results of the sensitivity estimation are presented. Finally, Section 5 concludes
the paper.

2 Theoretical formalism

The anomalous FCNC couplings of a top quark with a photon and Z boson can be written in a
model independent way using an effective Lagrangian approach. The lowest order terms describing
tqγ and tqZ couplings has the following form [17,33–36]:

Leff =
!

q=u,c

"

eλtq t̄(λ
v − λaγ5)

iσµνqν

mt
qAµ

+
gW
2cW

κtq t̄(κ
v − κaγ5)

iσµνqν

mt
q Zµ

+
gW
2cW

Xtq t̄γµ(x
LPL + xRPR)q Zµ

#

+ h.c. ,

(2)

where the λtq, κtq and Xtq are dimensionless real parameters that denote the strength of the
anomalous FCNC couplings. In the effective Lagrangian, the complex chirality parameters are
normalized to |λa|2 + |λv|2 = |xL|2 + |xR|2 = |κv|2 + |κa|2 = 1 and PL,R are the left- and right-
handed projection operators, PL,R = 1

2
(1 ∓ γ5). It is notable that the term which contains γµ is

dimension four and the terms with σµν are dimension five. The anomalous FCNC interactions
tqγ and tqZ lead to production of a top quark in association with a light quark in electron-
positron collisions. The Feynman diagram for this process is shown in Figure 1 including the
subsequent leptonic decay of the W boson in top quark decay. In Table 1, the cross sections of
e− + e+ → tū + tc̄ + t̄u + t̄c including the branching ratio of top quark decays into a W boson
and a b-quark with W boson decays into a charged lepton (muon and electron) and neutrino are
presented. The cross sections are shown at three different center-of-mass energies of 240, 350 and
500 GeV. It should be pointed out that the cross sections due to photon and Z boson exchange
are different and depends on the type of coupling. The contribution of photon exchange and Z
boson with σµν coupling increases with the energy of the center-of-mass. This is because of the
presence of an additional momentum factor qν in the effective Lagrangian.

According to the three independent terms of the Lagrangian, there are three separate ways to
produce single top quark plus a light quark. In this analysis, all three terms of the Lagrangian
are investigated independently with the following sets of the parameters: λv = 1,λa = 0 for
tqγ, for vector like coupling of tqZ: xL = xR = 1 while for tensor FCNC coupling of tqZ:
κv = 1,κa = 0. In case of observing an excess indicating FCNC signal, the angular distribution of
the outgoing particles can be used to determine the chirality of the FCNC couplings. In Figure
2, the distributions of the cosine of the angle between the outgoing charged lepton with respect
to the z−axis (beam axis) are depicted for the tqγ signal scenario with three independent types
of couplings: (λv = 1,λa = 0), (λv = 1,λa = 1) and (λv = 1,λa = −1). As it can be seen, for the
type of coupling with no γ5, the angular distribution is quite flat while for the type of coupling
with projection operator 1 ± γ5 the distribution has a behaviour like a parabola with opposite
shapes depending on the sign of γ5.
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3 Analysis strategy

As we have mentioned before, this study is dedicated to probe the tqγ and tqZ FCNC couplings
via single top quark production at FCC-ee. The results will be presented at different center-of-
mass energies of the colliding electron-positron. In this section, the details of the event generation
and Monte Carlo simulation for signal and background, event selection, and multivariate analysis
to separate signal from SM background will be presented.

3.1 Event generation and simulation

Now, we present the signal and the corresponding backgrounds generation in the e−e+ collisions.
The signal is defined as e−e+ → Z/γ → tq̄ (t̄q), where q is an up or a charm quark. The top
quark decays through SM, t → W+b → ℓ+νℓb and t̄ → W−b̄ → ℓ−νℓb̄. Therefore, the final state
consists of a charged lepton, missing energy, a b-jet and a light jet.

In order to simulate and generate the signal events, the effective Lagrangian describing the
FCNC couplings is implemented with the FeynRules package [37–41], then the model has been
imported to a UFO module [42] and inserted in MadGraph 5 [43,44].

Based on the expected signature of the signal events, the main background contribution is
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√
s 240 GeV 350 GeV 500 GeV

FCNC σ(fb) σ(fb) σ(fb) σ(fb) σ(fb) σ(fb)
couplings Signal Bkg. Signal Bkg. Signal Bkg.

tqγ 1027.7(λtq)2 54.1 1866.1(λtq)2 6.1 2091.4(λtq)2 0.74
tqZ (σµν) 688.7(κtq)2 69.7 1057.4(κtq)2 6.3 1106.5(κtq)2 0.59
tqZ (γµ) 436.5(Xtq)2 56.1 383.6(Xtq)2 6.7 223.8(Xtq)2 1.31

Table 3: Cross-sections (in fb) for three signal scenarios, tqγ, tqZ (vector and tensor) after per-
forming the multivariate analysis to separate signal from background events.

4 Sensitivity estimation

For estimation of the FCNC sensitivity, the expected 3σ significance and the upper limits on
the anomalous couplings and the branching ratios at 95% C.L are presented. The 3σ discovery
ranges are obtained using the significance S/

√
B where S and B are the number of signal and

background events after all selections, respectively. The number of signal and background events
can be obtained by: S = σsignal×L and B = σbkg×L. The cross sections of signal and backgrounds
are taken from Table 3 which are the obtained after all selection cuts. Without including any
systematic effects, the 3σ discovery regions of the branching ratios are presented in Table 4 for
three signal scenarios at three center-of-mass energies of the electron-positron collision. The 3σ
discovery regions in terms of the integrated luminosity are also depicted in Figure 5. We observe
that at 3σ significance level branching ratios at the order of 10−3 is achievable at the center-of-mass
energy of 240 GeV while going to larger energies of 350 and 500 GeV leads to an improvement
of one order of magnitude for tqγ and tqZ(σµν) with an integrated luminosity of 100 fb−1. The
FCNC transition of t → qZ with γµ-type couplings would not be measured better than the order
of 10−4. This is because of the lack of a momentum factor qν in the effective Lagrangian with
respect to the other signal scenarios that causes to lower signal cross section. According to Figure
5, going to high luminosity regime at the center-of-mass energies of 240 and 350 leads to a reach
sensitivity at the order of 10−5. To achieve a better sensitivity of the order of 10−6, we need to
increase the center-of-mass energy of 500 GeV.

√
s (GeV) 240 350 500

Br(t → qγ) 1.0 × 10−3 1.9× 10−4 5.8× 10−5

Br(t → qZ) (σµν) 1.7 × 10−3 3.3× 10−4 9.7× 10−5

Br(t → qZ) (γµ) 2.4 × 10−3 9.5× 10−4 7.2× 10−4

Table 4: The sensitivity for a significance level of 3σ at the center-of-mass energies of 240, 350,
500 GeV and with 100 fb−1 of integrated luminosity of data.

In order to set 95% C.L upper limits on the anomalous FCNC couplings and consequently
on the branching ratios, the CLs procedure is used [62]. The CLs technique is currently used
by the big experiments such as ATLAS and CMS experiments to provide upper limits on the
new physics cross sections and constraining the theory parameters. For the limits calculations
the RooStats [63] package has been used. The 95% C.L upper limits on the branching ratios of
t → qγ and t → qZ at the center-of-mass energies of 240, 350 and 500 GeV are shown in Table
5 based on an integrated luminosity of 100 fb−1. As we expected, at each center-of-mass energy,
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Figure 6: The current observed upper limits on the Br(t → qZ) versus Br(t → qγ) at 95% C.L
from the recent analyses of the ATLAS and CMS experiments. The expected sensitivity from
the ATLAS experiment with 300 fb−1 is also shown by the dashed lines. The sensitivity of the
FCC-ee with 100 fb−1 at the center-of-mass energy of 350 GeV is presented as well.

we only consider the leptonic (electron and muon) decay of the W boson in the top quark decay.
In the analysis, parton shower, hadronization and decay of unstable particles are performed using
Pythia and jets are reconstructed using the anti−kt algorithm available in the FastJet pack-
age. The main background arises from the WW events, with one W boson decays leptonically.
A set of kinematic variables has been proposed as the input variables to a multivariate analy-
sis for discrimination between signal from background events. We find the 3σ discovery ranges
and the 95% C.L sensitivity for three signal scenarios versus the integrated luminosity at the
center-of-mass energies of 240, 350 and 500 GeV. We find that with increasing the center-of-mass
energy stronger bounds would be reachable. With an integrated luminosity of 100 fb−1 at the
center-of-mass energy of 350 GeV, upper limits of 2.3 × 10−5, 6.7 × 10−5 would be obtained on
Br(t → qγ) and Br(t → qZ) (σµν−type), respectively. A looser upper limit of 1.9 × 10−4 on
Br(t → qZ) with γµ−type interaction is obtained. It is found that a sensitivity of the order of
10−6 at large integrated luminosities would be attainable. The results are compared with the
expected LHC results at the center-of-mass energy of 14 TeV with 300 fb−1. FCC-ee will be able
to reach a considerable sensitivity to the anomalous FCNC couplings of tqγ and tqZ. Finally,
it is remarkable that in all signal scenarios and even with large amount of data ∼ 3 ab−1, the
branching ratios would not be measured better than 10−6.
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Fig. 14: The tt̄ cross section at the production threshold, for a top quark mass of 174 GeV, as a function of
the centre-of-mass energy, taken from Ref. [48]. (Note: the measured top quark mass from Tevatron and LHC
is approximately 1 GeV smaller. The 1s peak is therefore around 346 GeV instead of 348 GeV as shown in
the Figure.) The black curve is the next-to-next-to-leading-order QCD-corrected cross section. The green curve
shows the effect of photon emission by the sole initial state radiation (ISR), as is expected in TLEP collisions. For
illustration, the red curve includes the effects of ILC beamstrahlung at

p
s = 350 GeV, in addition to those from

ISR.

is therefore a precision better than 0.0002. When combined with the measurement at Z pole, a preci-
sion of 0.0001 is within reach for ↵s(m2

Z ).

4.3 Measurements with MegaTop
With an integrated luminosity of the order of 130 fb�1 per year and per experiment, TLEP will be a top
factory as well, with over one million tt̄ pairs produced in five years (hence the “MegaTop” appellation)
at

p
s ⇠ 345 GeV. The precise measurement of the cross section at the tt̄ production threshold is sensitive

to the top-quark pole mass, mtop, the total top-quark decay width, �top, as well as to the Yukawa coupling
of the top quark to the Higgs boson, �top, through the virtual exchange of a Higgs boson between the
two top quarks.

The production cross section at threshold [47], corrected for QCD effects up to the next-to-next-
to-leading order, is displayed in Fig. 14 for mtop = 174 GeV/c2, with and without the effects of initial-
state radiation (present at all e+e� colliders) and of beamstrahlung (only affecting linear colliders). As
mentioned in Section 2, the absence of beamstrahlung at TLEP slightly increases the steepness (hence
the sensitivity to the top-quark mass) and absolute value (hence to overall number of events) of the cross-
section profile at the tt̄ threshold. The corresponding numbers of events expected at TLEP are given in
Table 10.

The most thorough study of the tt̄ threshold measurements was done in the context of the TESLA
project in Ref. [49], the parameters of which are very close to those of the ILC. The study makes use of a
multi-parameter fit of mtop, �top, �top and ↵s to the top cross section, the top momentum distributions,
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mt = 174 GeV

Peak ⇠ 348 GeV

Peak ⇠ 346 GeV

mt = 173 GeV

Table 10: Integrated luminosity and total number of tt̄ pairs produced with TLEP at
p

s ⇠ 345 GeV (where the
sensitivity to the top quark mass is maximal). For illustration, the corresponding numbers are also indicated for
the baseline ILC programme at

p
s ⇠ 350 GeV.

Collider TLEP 350 ILC 350
Total Integrated Luminosity (ab�1) 2.6 0.35

Number of tt̄ pairs 1,000,000 100,000

Table 11: Expected statistical uncertainties for mtop, �top and �top for TLEP, obtained from a five-years scan
of tt̄ threshold at

p
s ⇠ 350 GeV. The dominant experimental systematic uncertainties on the top quark mass are

expected to be of the order of or smaller than the statistical uncertainties for TLEP. Also indicated is the baseline
ILC potential for these measurements.

Parameter mtop �top �top

TLEP 10 MeV/c2 11 MeV ±13%
ILC 31 MeV/c2 34 MeV ±40%

and the forward-backward asymmetry. When constraining the value of ↵s(mZ) to its currently measured
value, the study obtained statistical uncertainties of �mtop = 31 MeV, ��top = 34 MeV, and a relative
uncertainty on the Yukawa coupling �top of the order of ±40%. The dominant experimental systematic
uncertainties on the mass stem from the knowledge of ↵s(mZ) (±30 MeV/c2 per unit of ±0.0007, the
current uncertainty on this quantity), and from the knowledge of the luminosity spectrum: a ±20%
uncertainty of the RMS width of the main luminosity peak would result in top mass uncertainties of
approximately ±75 MeV/c2, far in excess of the statistical uncertainty [48].

The expected TLEP statistical uncertainties are summarized in Table 11. In addition to the ten-
fold increase in the number of tt̄ events at TLEP, which reduces the statistical uncertainties by a factor
of three, the much better knowledge of the beam-energy spectrum, and the precise measurement of the
strong coupling constant with TeraZ and OkuW are bound to reduce the main experimental systematic
uncertainties by one order of magnitude, hence below the statistical uncertainties. The starting design
study plans to demonstrate fully the TLEP potential in the respect. A specific effort to reduce the theo-
retical Electroweak uncertainties on the cross section by one order of magnitude will also be needed.
An overall experimental uncertainty of 10 to 20 MeV/c2 is therefore considered to be a reasonable
target for the top-quark mass measurement at TLEP.

4.4 Global fit of the EWSB parameters
Once the Higgs boson mass is measured and the top quark mass determined with a precision of a few
tens of MeV, the Standard Model prediction of a number of observables sensitive to electroweak ra-
diative corrections will become absolute with no remaining additional parameters. Any deviation will
be demonstration of the existence of new, weakly interacting particle(s). As was seen in the previous
chapters, TLEP will offer the opportunity of measurements of such quantities with precisions between
one and two orders of magnitude better than the present status of these measurements. The theoretical
prediction of these quantities with a matching precision will be a real challenge – as discussed in the
next section –, but the ability of these tests of the completeness of the standard model to discover the
existence of new weakly-interacting particles beyond those already known is real.

As an illustration, the result of the fit of the Standard Model to all the Electroweak measurements
foreseen with TLEP-Z, as obtained with the GFitter program [50] under the assumptions that all relevant
theory uncertainties can be reduced to match the experimental uncertainties and if the error on ↵em(mZ)
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Fig. 15: The 68% C.L. contour from the fit of all Electroweak precision measurements from TLEP-Z (red curve)
in the (mtop, mW) plane, should the relevant theory uncertainties be reduced to match the TLEP experimental
uncertainties, compared to the direct W and top mass precisions (blue curve) expected at TLEP-W and TLEP-t. As
an illustration, the LHC (black curve) and ILC (green curve) projections for the direct mW and mtop precisions
are indicated, as well as the current precision of the Tevatron measurements (dashed curve). The purple line shows
the prediction from the Standard Model for mH = 125 GeV/c2. The value of the Tevatron W mass was modified
in this figure as to match this prediction for mtop = 173.2 GeV/c2.

can be reduced by a factor 5, is displayed in Fig. 15 as 68% C.L. contours in the (mtop, mW) plane. This
fit is compared to the direct mW and mtop measurements from TLEP-W and TLEP-t on the one hand,
and from the current Tevatron data, as well as the LHC and ILC projections, on the other. Figure 16
shows the ��2 of the Higgs boson mass fit, obtained from GFitter under the same assumptions, to the
TLEP Electroweak precision measurements. A precision of ±1.4 GeV/c2 on mH is predicted if all related
theory uncertainties can be reduced to match the experimental uncertainties. If the theory uncertainties
were kept as they are today [50], the precision on mH would be limited to about ±10 GeV/c2, as shown
also in Fig. 16.

4.5 Reducing the theory uncertainties
The unprecedented precision in Higgs, W, Z and top measurements at TLEP will require significant
theoretical effort in a new generation of theoretical calculations in order to reap the full benefits from their
interpretation, as illustrated in Fig. 16. In their absence, a few considerations are given here, based on
calculations made in the context of GigaZ and MegaW studies at the ILC [51]. The current measurements
of mH, mZ, ↵em, mtop and ↵s may be used to estimate mW and sin2 ✓e↵

W , as follows:

mW = 80.361 ± 0.006 ± 0.004 GeV/c2, (10)
sin2 ✓e↵

W = 0.23152 ± 0.00005 ± 0.00005, (11)

where in each case the first error is the parametric uncertainty and the second is the estimated uncertainty
due to higher-order Electroweak corrections.
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Mass Precision
Top-quark, W-boson and Higgs boson

1.2 Electroweak precision physics 23

LHC LHC ILC/GigaZ ILC ILC ILC TLEP SM prediction
p
s [TeV] 14 14 0.091 0.161 0.161 0.250 0.161 -

L[ fb�1] 300 3000 100 480 500 3000⇥4 -

�MW [MeV] 8 5 - 4.1-4.5 2.3-2.9 2.8 < 1.2 4.2(3.0)

� sin2 ✓`e↵ [10�5] 36 21 1.3 - - - 0.3 3.0(2.6)

Table 1-12. Target accuracies for the measurement of MW and sin2

✓

`
eff at the LHC, ILC and TLEP,

also including estimated future theoretical uncertainties due to missing higher-order corrections, and theory
uncertainties of their SM predictions. The uncertainties on the SM predictions are provided for �mt =
0.5(0.1) GeV (see Table 1-3 for details). At present the measured values for MW and sin2

✓

`
e↵ are: MW =

80.385 ± 0.015 GeV [112] and sin2

✓

`
e↵

= (23153 ± 16) ⇥ 10�5 [3] compared to their current SM predictions
of Section 1.2.1: MW = 80.360± 0.008 GeV and sin2

✓

`
e↵

= (23127± 7.3)⇥ 10�5.

The vertex correction to the Z ! bb̄ partial width is also of interest, which is sensitively probed by Rb =
�Z!bb̄/�had. A precision of 2� 5⇥ 10�5 is stated as a reasonable goal for the measurement of Rb at TLEP,
a factor of ⇡ 10 improvement over LEP and SLC.

A discussion of present and future anticipated theory errors of predictions for Rb and �Z can be found in
Section 1.2.1.

1.2.6 Prospects for determinations of SM parameters from global fits with
GFITTER

Measurements at future colliders will increase the experimental precision of key observables sensitive to
electroweak loop e↵ects. Among these are the W boson mass, the top quark mass, and the e↵ective
weak mixing angle. Alongside the construction of these machines, progress in the calculation of multi-
loop corrections to these observables, and also in the determination of �↵had(M2

Z), is expected. Taken
together in the global electroweak fit, these improvements will provide tests of the consistency of the SM
with unprecedented power.

This section presents a short summary of preliminary studies foreseen to be published soon. To date results
of the global electroweak fit are compared with expectations for the Large Hadron Collider (LHC) with
R

Ldt = 300 fb�1 at
p
s = 14TeV and the International Linear Collider (ILC) with GigaZ option [197].

The left columns of Table 1-13 summarize the current and the projected experimental precisions for the
observables used in the fit. For the studies of fit prospects at the LHC and ILC presented here, the central
values of the assumed future measurements have been adjusted to obtain a common fit value of MH '
126GeV. We assume that the theoretical uncertainties in the SM predictions of MW and sin2✓`e↵reduce from
the current �theoMW = 4 MeV and �theo sin

2✓`e↵ = 4.7 · 10�5 to 1 MeV and 10�5, respectively. We refer to
our past publications [115, 116, 117] for details about the theoretical calculations and the statistical methods
used.

Indirect determinations of the SM parameters and observables are obtained by scanning the ��2 profile in
fits where the corresponding input constraint is ignored. Examples for such profiles of the Higgs boson mass
are shown in the left panel of Fig. 1-6. The resulting one-sigma uncertainties are listed in Table 1-13.

The assumed improvements in the experimental precision of MW and mt from the LHC lead to a reduction
of the uncertainty in the indirect determination of MH (present: +44

�34 GeV, LHC: +23
�20 GeV). Substantial gain
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Figure 1-6. Fit results for the present and assumed future scenarios compared to the direct measurements.
For the future scenarios the central values of the input measurements are adjusted to reproduce the SM with
MH ' 126 GeV. Left: ��

2 profiles versus MH ; in blue the present result, and in light blue, green and
orange the present, LHC and ILC/GigaZ scenarios are shown, respectively, all using the future fit setup
with corresponding uncertainties. Right: MW versus mt; the horizontal and vertical bands indicate in blue
today’s precision of the direct measurements, and in light green and orange the extrapolated precisions for
LHC and ILC/GigaZ, respectively.

given in Table 1-13. The sensitivity to new physics is improved over a factor of three compared with that of
today.

1.2.7 EWPOs in the MSSM

Precision measurements of SM observables have proven to be a powerful probe of BSM physics via virtual
e↵ects of the additional BSM particles. In general, precision observables (such as particle masses, mixing
angles, asymmetries etc.) constitute a test of the model at the quantum-loop level, since they can be
calculated within a certain model beyond leading order in perturbation theory, depending sensitively on
the other model parameters, and can be measured with equally high precision. Various models predict
di↵erent values of the same observable due to their di↵erent particle content and interactions. This permits
to distinguish between, e.g., the SM and a BSM model, via precision observables. Naturally, this requires
a very high precision of both the experimental results and the theoretical predictions. (It should be kept
in mind that the extraction of precision data often assumes the SM.) Important EWPOs are the W boson
mass, MW , and the e↵ective leptonic weak mixing angle, sin2 ✓`e↵ , where the top quark mass plays a crucial
role as input parameter. As an example for BSM physics the Minimal Supersymmetric Standard Model
(MSSM) is a prominent showcase and will be used here for illustration.

The first analysis concerns the W boson mass. The prediction of MW in the MSSM depends on the masses,
mixing angles and couplings of all MSSM particles. Sfermions, charginos, neutralinos and the MSSM Higgs
bosons enter already at one-loop level and can give substantial contributions to MW . The evaluation used
here consists of the complete available SM calculation, a full MSSM one-loop calculations and all available
MSSM two-loop corrections [119, 120]. Due to the strong MSSM parameter dependencies, it is expected
to obtain restrictions on the MSSM parameter space in the comparison of the MW prediction and the
experimental value.
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All MSSM points included in the results have the neutralino as LSP and the sparticle masses pass the
lower mass limits from direct searches at LEP. The Higgs and SUSY masses are calculated using FeynHiggs
(version 2.9.4) [121, 122, 123, 124, 125]. For every point, it was tested whether it is allowed by direct Higgs
searches using the code HiggsBounds (version 3.8.0) [126, 127]. This code tests the MSSM points against
the limits from LEP, Tevatron and the LHC.

The results for MW are shown in Fig. 1-8 as a function of mt, assuming the light CP -even Higgs h in the
region 125.6± 0.7(3.1) GeV in the SM (MSSM) case. The red band indicates the overlap region of the SM
and the MSSM. The leading one-loop SUSY contributions arise from the stop sbottom doublet. However
requiring Mh in the region 125.6± 3.1 GeV restricts the parameters in the stop sector [128] and with it the
possible MW contribution. Large MW contributions from the other MSSM sectors are possible, if either
charginos, neutralinos or sleptons are light.

The gray ellipse indicates the current experimental uncertainty, whereas the blue and red ellipses shows the
anticipated future LHC and ILC/GigaZ precisions, respectively (for each collider experiment separately) of
Table 1-12, along with mt = 172.3± 0.9 (0.5, 0.1) GeV for the current (LHC, ILC) measurement of the top
quark mass. While, at the current level of precision, SUSY might be considered as slightly favored over the
SM by the MW -mt measurement, no clear conclusion can be drawn. The smaller blue and red ellipses, on
the other hand, indicate the discrimination power of the future LHC and ILC/GigaZ measurements. With
the improved precision a small part of the MSSM parameter space could be singled out.
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Figure 1-8. Predictions for MW as a function of mt in the SM and MSSM (see text). The gray, blue and
red ellipses denote the current, and the target LHC and ILC/GigaZ precision, respectively, as provided in
Table 1-12.

In a second step we apply the precise ILC measurement of MW to investigate its potential to determine
unknown model parameters. Within the MSSM we assume the hypothetical future situation that a light
scalar top has been discovered with mt̃1

= 400 ± 40 GeV at the LHC, but that no other new particle has
been observed. We set lower limits of 100 GeV on sleptons, 300 GeV on charginos, 500 GeV on squarks of
the third generation and 1200 GeV on the remaining colored particles. The neutralino mass is constrained
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3. Interpretations 
 
It is fair to say that there is some flexibility in above prediction and that, e.g. one can compensate a 
variation of the Z’ coupling by a change of the KK mass without consequences for LEP1 observables. This 
flexibility precludes a precise prediction of Mkk. Note however that a lower value of Mkk is usually 
discarded on the basis of electroweak precision measurements (S parameter).  Mkk  cannot be 
increased since our choice for the ratio gz’/gz is already close to the unitary limit. This therefore allows 
to speculate that the first KK resonance might be within future reach of LHC. The RS production 
mechanism for top pairs is discussed in [5]where one assumes that the AFBt anomaly observed at 
Tevatron calls for gluon KK excitation with mass ~2-3 TeV. This prediction is not yet eliminated by LHC 
searches given the large width predicted for such a resonance and also given the experimental 
limitations for reconstructing energetic tops, the so-called ‘boosted top’ problem.   
Another promising channel discussed in [6] would be the observation of a Z’/Zkk decaying into WW or a 
Wkk decaying into ZW. So far the WW channel is cleanly identified in the leptonic channel which does 
not allow precise mass reconstruction. The ZW channel, with Z into lepton pairs, gives a precise mass 
reconstruction.   

 

 

Figure 2 : Variation of tL and tR couplings to Z within models referenced in the text. In this paper our 
solution can be far off in the negative direction of the gRt axis as the arrow indicates next to the  
‘Djouadi et al’ solution (which corresponds to ctR=0.35). 
In our prediction one takes 3

tR
RI =1/2 and 3

bR
RI =1/2 but one cannot exclude other values. In [1] one had 

explored the solution with 3
bR
RI =-1/2 which requires dgRb/gRb=2.2. Such a solution works taking 

cbR=0.35 and is still acceptable from the LEP1 data.  
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500GeV ILC, 250 fb-1
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Figure 6: In case of a t
R

decay, the jets from the W dominate the reconstruction of the
polar angle of the t quark. In case of a t

L

the W is practically at rest and jets from the
b quark dominate the and reconstruction of the polar angle of the t quark.

The described scenarios are encountered as shown in Figure 7. First, the recon-
structed spectrum of polar angles of the t quark in the case of right handed electron
beams is in reasonable agreement with the generated one. On the other hand the
reconstruction of cos ✓t in case of left-handed t quarks su↵ers from considerable mi-
grations. As discussed, the migrations are caused by a wrong association of jets
stemming from b quarks to jets stemming from W decays. This implies that the
reconstruction of observables will get deteriorated. This implication motivates to re-
strict the determination of At

FB

in case of P ,P 0 = �1,+1 to cleanly reconstructed
events as already studied previously in [25,26].
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Figure 7: Reconstructed forward backward asymmetry compared with the prediction by
the event generator WHIZARD for two configurations of the beam polarisations.

The quality of the reconstructed events is estimated by the following quantity
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Figure 10: Polar angle of the decay lepton in the rest frame of the t quark.

gitudinally polarised, soft W bosons from the decay of left handed t quarks. The
W

L

boson decay proportional to sin2✓. Therefore any boost into the rest frame of the
top leads predominantly to leptons with cos✓

hel

< 0.

The parameter �
t

can be derived from the slope of the helicity angle distribution
that is obtained by a fit to the linear part of the angular distribution in the range
cos✓

hel

= [�0.6, 0.9] for P ,P 0 = �1,+1 and cos✓
hel

= [�0.9, 0.9] for P ,P 0 = +1,�1
The results are summarised in Table 3 for the two initial beam polarisations P = ±1
and P 0 = ⌥1 and the statistical error is given for P ,P 0 = ⌥0.8,±0.3. The results
are compared with the values of �

t

as obtained for the generated sample. A quarter
of the shift between the generated and the reconstructed value is taken into account
for the systematic error of the measurement. The result changes by about 1% when
changing the fit range to cos✓

hel

= [(�0.4, 0.5), 0.9] for P ,P 0 = �1,+1. The errors
on the slope from the variation of the fit range and that from the di↵erence between
generated and reconstructed slope are added in quadrature.

P ,P 0 (�
t

)
gen.

(�
t

)
rec.

(��
t

)
stat.

(��
t

)
syst.

for P ,P 0 = ⌥0.8,±0.3
�1,+1 -0.484 -0.437 0.011 0.013
+1,�1 0.547 0.534 0.013 0.006

Table 3: Results on �
t

derived from the slope of the helicity angle distribution with errors
for di↵erent beam polarisations at the ILC.
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Summary
CEPC can accomplish the key mission:


1) The mass, the lifetime (width) and the spin/CP quantum numbers 

    must be measured as general characteristics of the particle.


2) The couplings of the Higgs particle to electroweak gauge bosons 

    and to leptons/quarks must be proven to rise (linearly) with their masses. 


3) The self-coupling of the Higgs particle, responsible for the potential 

     which generates the non-zero vacuum value of the Higgs field, 

     must be established. 




Summary
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The faked-no-new-physics 
scenario, which cannot be 
tested at the LHC or HL-LHC, 
could be fully excluded at a 
high energy e+e- collider.
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The         production can be 
used to probe the NP hidden 
in the Higgs boson rare decay.  
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