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Higgs Precision Measurements
-

LHC: 7+8 TeV
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Higgs Precision Measurements
-

LHC: 14 TeV, 300 fb-1, 3000 fb-1

µ/µ∆
0 0.2 0.4

(ttH-like)
(incl.)

(comb.)
(VBF-like)

(ZH-like)
(WH-like)

(comb.)
(incl.)

(VBF-like)
(1j)
(0j)

(comb.)
(ggF-like)
(VBF-like)

(ttH-like)
(VH-like)
(comb.)

(ttH-like)
(ZH-like)

(WH-like)
(VBF-like)

(1j)
(0j)

(comb.)

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

γγ→H

ZZ→H

WW→H

γZ→H
b b→H

ττ→H
µµ→H

γγ→H

ZZ→H

WW→H

γZ→H
b b→H

ττ→H
µµ→H

0.7→

0.9→

ATL-PHYS-PUB-2014-016

�µ/µ 300 fb�1

All unc. No theory unc.
H ! �� (comb.) 0.13 0.09

(0j) 0.19 0.12
(1j) 0.27 0.14

(VBF-like) 0.47 0.43
(WH-like) 0.48 0.48
(ZH-like) 0.85 0.85
(ttH-like) 0.38 0.36

H ! ZZ (comb.) 0.11 0.07
(VH-like) 0.35 0.34
(ttH-like) 0.49 0.48

(VBF-like) 0.36 0.33
(ggF-like) 0.12 0.07

H ! WW (comb.) 0.13 0.08
(0j) 0.18 0.09
(1j) 0.30 0.18

(VBF-like) 0.21 0.20
H ! Z� (incl.) 0.46 0.44

H ! bb̄ (comb.) 0.26 0.26
(WH-like) 0.57 0.56
(ZH-like) 0.29 0.29

H ! ⌧⌧ (VBF-like) 0.21 0.18
H ! µµ (comb.) 0.39 0.38

(incl.) 0.47 0.45
(ttH-like) 0.74 0.72

3000 fb�1

All unc. No theory unc.
0.09 0.04
0.16 0.05
0.23 0.05
0.22 0.15
0.19 0.17
0.28 0.27
0.17 0.12
0.09 0.04
0.13 0.12
0.20 0.16
0.21 0.16
0.11 0.04
0.11 0.05
0.16 0.05
0.26 0.10
0.15 0.09
0.30 0.27
0.14 0.12
0.37 0.36
0.14 0.13
0.19 0.15
0.16 0.12
0.18 0.14
0.27 0.23

Table 1: Relative uncertainty on the signal strength µ for the combination of Higgs analyses at 14 TeV,
with 300 fb�1 (left) and 3000 fb�1 (right), assuming a SM Higgs boson with a mass of 125 GeV and
assuming production cross sections as in the SM. For both 300 and 3000 fb�1 the first column shows
the results including current theory systematic uncertainties, while the second column shows the uncer-
tainties obtained using only the statistical and experimental systematic uncertainties. The abbreviation
“(comb.)” indicates that the precision on µ is obtained from the combination of the measurements from
the di↵erent experimental sub-categories for the same final state, while “(incl.)” indicates that the mea-
surement from the inclusive analysis was used.
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Higgs Precision Measurements
-

CEPC, 250 GeV, 5 ab-1

CEPC-preCDR

3/1/16HEP Seminar at UW-Madison                       Zhen Liu 17

A result of many efforts from different groups in universities and research 
institutes in China.
Some channels are full-detector simulation, some are fast simulation; some 
are with Z decaying to N or Q only, some are also with hadronic Z decays. 

3/1/16HEP Seminar at UW-Madison                       Zhen Liu 17

A result of many efforts from different groups in universities and research 
institutes in China.
Some channels are full-detector simulation, some are fast simulation; some 
are with Z decaying to N or Q only, some are also with hadronic Z decays. 
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Common Strategies
-

๏ kappa-scheme

74 HIGGS PHYSICS AT CEPC

2.4 Coupling Extractions and Combinations1983

2.4.1 Coupling Fits1984

In order to extract the implications of the predicted measurement precision shown in Table 2.9 on pos-1985

sible new physics models, constraints on additional contributions to Higgs couplings are derived. The1986

Standard Model makes specific predictions for the Higgs couplings to the SM fermions, g(hff ; SM) ,1987

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

1 . The deviation from the Standard Model couplings will be1988

parameterized using:1989

f =

g(hff)

g(hff ; SM)

, V =

g(hV V )

g(hff ; SM)

(2.9)

In addition to couplings which are present at tree level, the Standard Model also predicts effective1990

couplings h�� and hgg, in terms of other SM parameters. Change can be induced by the possible shifts1991

in the Higgs couplings described above. In addition, they can also be altered by loop contributions from1992

new physics states. Hence, they will be introduced as two independent couplings, with their ratios to1993

the SM predictions denoted as � and g .1994

Furthermore, it is possible that the Higgs can decay directly into new physics particles. In this case,1995

two type of new decay channels will be distinguished:1996

1. Invisible decay. This is a specific channel in which Higgs decay into invisible particles. This can1997

be searched for and, if detected, measured.1998

2. Exotic decay. This includes all the other new physics channels. Whether they can be observed, and,1999

if so, to what precision, depends sensitively on the particular final states. In one extreme, they can2000

be very distinct and can be measured very well. In another extreme, they can be in a form which2001

is completely swamped by the background. Whether postulating a precision for the measurement2002

of the exotic decay or treating it as an independent parameter (essentially assuming it can not be2003

measured directly) is an assumption one has to make. Results in both cases will be presented. In2004

the later case, it is common to use the total width �h as an equivalent free parameter.2005

In general, possible deviations of all Standard Model Higgs couplings should be considered. How-2006

ever, in the absence of obvious light new physics states with large couplings to the Higgs boson and2007

other SM particles, a very large deviation (> O(1)) is unlikely. In the case of smaller deviations, the2008

Higgs boson phenomenology will not be sensitive to the deviations e, u, d and s. Therefore, they2009

will not be considered here.2010

CEPC will not be able to directly measure the Higgs coupling to top quarks. A deviation of this2011

coupling from its SM value does enter h�� and hgg amplitudes. However, this can be viewed as2012

parameterized by � and g already. Therefore, there will be no attempt to include t as an independent2013

parameter. In summary of the previous discussions, the following set of 10 independent parameters is2014

considered:2015

b, c, ⌧ , µ, Z , W , � , g, BR

inv

, �h. (2.10)

In this 10 parameter list, the relation ⌃i�i = �h is used to replace the exotic decay branching ratio with2016

the total width.2017

Several assumptions can be made that can lead to a reduced number of parameters (see also [38, 39]).2018

For instance a 9 parameter fit can be defined assuming lepton universality:2019

b, c, ⌧ = µ, Z , W , � , g, BR

inv

, �h. (2.11)

1For the discussion of coupling fits and their implications, 00h00 is used to denoted the 125 GeV Higgs boson.
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Figure 2.18 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. Bottom: Comparison between LHC and several luminosity options of CEPC.

dependent assumptions. One of such comparison is within the framework of a 7-parameter fit, shown2064

in Fig. 2.18. The details of combination with HL-LHC with several benchmark CEPC luminosities2065

is shown in Table 2.10. Even with this set of restrictive assumptions, the advantage of the CEPC is2066

still significant. The measurement of Z is more than a factor 10 better. The CEPC can also improve2067

significantly on a set of channels which suffers from large background at the LHC, such as b, c, and2068

g . We emphasize that this is comparing with the HL-LHC projection with aggressive assumptions2069

about systematics. Such uncertainties are typically under much better control at lepton colliders. Within2070

this 7 parameter set, the only coupling which HL-LHC can give a competitive measurement is � , for2071

which the CEPC’s accuracy is limited by statistics. This is also the most valuable input that the HL-2072

LHC can give to the Higgs coupling measurement at the CEPC, which underlines the importance of2073

combining the results of these two facilities.2074

We also remark on the couplings which are left out in this fit. The most obvious omission is the2075

BR
inv

. The CEPC with 5 ab�1 can measure this to a high accuracy of 0.25%, as shown in Table 2.11.2076

At the same time, the HL-LHC can only manage a much lower accuracy 6 � 17% [4].2077

As we have discussed above, one of the greatest advantages of lepton collider Higgs factory is the2078

capability of determining the Higgs coupling model independently. The projection of such a deter-2079

mination at the CEPC is shown in Fig. 2.19. The details of combination with HL-LHC for several2080

benchmark luminosities of CEPC is shown in Table 2.11. In the top panel of Fig. 2.19, the comparison2081

with the LHC (7 parameter fit) is shown. For comparison, we have also put in the projection from the2082

combination ILC 250 GeV and 500 GeV runs in the bottom panel of Fig. 2.19, based on the baseline2083

designed luminosities. The advantage of the higher integrated luminosity at a circular lepton collider is2084

apparent. The CEPC has a clear advantage in the measure of Z . It is also much stronger in µ and2085

BR
inv

measurements. A more complete comparison including several ILC upgrade options is shown in2086

Table 2.122087
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Figure 2.19 Top: Comparison between LHC, HL-LHC and several benchmark luminosities of the CEPC. Bottom:
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.

The sensitivity of measuring �Zh and Z at CEPC have been analyzed in the previous section. The2095

result from such a constraint on the SM �hhh is summarized in Fig. 2.20.2096

2.5 Implications2097

In this section, we briefly discuss the most important physics implications of the Higgs property mea-2098

surements at the CEPC. These topics have already been mentioned in our overview section. We reca-2099

pitulate them here briefly so that readers only reading this section may have a self-contained account of2100

the important theoretical implications Higgs couplings measurements at the CEPC.2101

Many theories for physics beyond the Standard Model (BSM) have been proposed over the past four2102

decades. A central theme motivating the construction of these models has been to address the question2103

of electroweak symmetry breaking. In most of these models, the Higgs couplings to the SM particles2104

are typically modified, either by new particles propagating in loops, or by mixture of the SM-like Higgs2105

Be aware of assumptions and constraints.
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in the Higgs couplings described above. In addition, they can also be altered by loop contributions from1992
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if so, to what precision, depends sensitively on the particular final states. In one extreme, they can2000
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of the exotic decay or treating it as an independent parameter (essentially assuming it can not be2003

measured directly) is an assumption one has to make. Results in both cases will be presented. In2004

the later case, it is common to use the total width �h as an equivalent free parameter.2005

In general, possible deviations of all Standard Model Higgs couplings should be considered. How-2006

ever, in the absence of obvious light new physics states with large couplings to the Higgs boson and2007

other SM particles, a very large deviation (> O(1)) is unlikely. In the case of smaller deviations, the2008

Higgs boson phenomenology will not be sensitive to the deviations e, u, d and s. Therefore, they2009

will not be considered here.2010

CEPC will not be able to directly measure the Higgs coupling to top quarks. A deviation of this2011

coupling from its SM value does enter h�� and hgg amplitudes. However, this can be viewed as2012

parameterized by � and g already. Therefore, there will be no attempt to include t as an independent2013

parameter. In summary of the previous discussions, the following set of 10 independent parameters is2014

considered:2015

b, c, ⌧ , µ, Z , W , � , g, BR

inv

, �h. (2.10)

In this 10 parameter list, the relation ⌃i�i = �h is used to replace the exotic decay branching ratio with2016

the total width.2017

Several assumptions can be made that can lead to a reduced number of parameters (see also [38, 39]).2018

For instance a 9 parameter fit can be defined assuming lepton universality:2019

b, c, ⌧ = µ, Z , W , � , g, BR

inv

, �h. (2.11)

1For the discussion of coupling fits and their implications, 00h00 is used to denoted the 125 GeV Higgs boson.
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Figure 2.18 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. Bottom: Comparison between LHC and several luminosity options of CEPC.

dependent assumptions. One of such comparison is within the framework of a 7-parameter fit, shown2064

in Fig. 2.18. The details of combination with HL-LHC with several benchmark CEPC luminosities2065

is shown in Table 2.10. Even with this set of restrictive assumptions, the advantage of the CEPC is2066

still significant. The measurement of Z is more than a factor 10 better. The CEPC can also improve2067

significantly on a set of channels which suffers from large background at the LHC, such as b, c, and2068

g . We emphasize that this is comparing with the HL-LHC projection with aggressive assumptions2069

about systematics. Such uncertainties are typically under much better control at lepton colliders. Within2070

this 7 parameter set, the only coupling which HL-LHC can give a competitive measurement is � , for2071

which the CEPC’s accuracy is limited by statistics. This is also the most valuable input that the HL-2072

LHC can give to the Higgs coupling measurement at the CEPC, which underlines the importance of2073

combining the results of these two facilities.2074

We also remark on the couplings which are left out in this fit. The most obvious omission is the2075

BR
inv

. The CEPC with 5 ab�1 can measure this to a high accuracy of 0.25%, as shown in Table 2.11.2076

At the same time, the HL-LHC can only manage a much lower accuracy 6 � 17% [4].2077

As we have discussed above, one of the greatest advantages of lepton collider Higgs factory is the2078

capability of determining the Higgs coupling model independently. The projection of such a deter-2079

mination at the CEPC is shown in Fig. 2.19. The details of combination with HL-LHC for several2080

benchmark luminosities of CEPC is shown in Table 2.11. In the top panel of Fig. 2.19, the comparison2081

with the LHC (7 parameter fit) is shown. For comparison, we have also put in the projection from the2082

combination ILC 250 GeV and 500 GeV runs in the bottom panel of Fig. 2.19, based on the baseline2083

designed luminosities. The advantage of the higher integrated luminosity at a circular lepton collider is2084

apparent. The CEPC has a clear advantage in the measure of Z . It is also much stronger in µ and2085

BR
inv

measurements. A more complete comparison including several ILC upgrade options is shown in2086

Table 2.122087
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Figure 2.19 Top: Comparison between LHC, HL-LHC and several benchmark luminosities of the CEPC. Bottom:
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.

The sensitivity of measuring �Zh and Z at CEPC have been analyzed in the previous section. The2095

result from such a constraint on the SM �hhh is summarized in Fig. 2.20.2096

2.5 Implications2097

In this section, we briefly discuss the most important physics implications of the Higgs property mea-2098

surements at the CEPC. These topics have already been mentioned in our overview section. We reca-2099

pitulate them here briefly so that readers only reading this section may have a self-contained account of2100

the important theoretical implications Higgs couplings measurements at the CEPC.2101

Many theories for physics beyond the Standard Model (BSM) have been proposed over the past four2102

decades. A central theme motivating the construction of these models has been to address the question2103

of electroweak symmetry breaking. In most of these models, the Higgs couplings to the SM particles2104

are typically modified, either by new particles propagating in loops, or by mixture of the SM-like Higgs2105

Be aware of assumptions and constraints.
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ever, in the absence of obvious light new physics states with large couplings to the Higgs boson and2007

other SM particles, a very large deviation (> O(1)) is unlikely. In the case of smaller deviations, the2008

Higgs boson phenomenology will not be sensitive to the deviations e, u, d and s. Therefore, they2009

will not be considered here.2010

CEPC will not be able to directly measure the Higgs coupling to top quarks. A deviation of this2011

coupling from its SM value does enter h�� and hgg amplitudes. However, this can be viewed as2012

parameterized by � and g already. Therefore, there will be no attempt to include t as an independent2013
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considered:2015
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In this 10 parameter list, the relation ⌃i�i = �h is used to replace the exotic decay branching ratio with2016

the total width.2017

Several assumptions can be made that can lead to a reduced number of parameters (see also [38, 39]).2018

For instance a 9 parameter fit can be defined assuming lepton universality:2019

b, c, ⌧ = µ, Z , W , � , g, BR

inv
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Figure 2.18 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. Bottom: Comparison between LHC and several luminosity options of CEPC.

dependent assumptions. One of such comparison is within the framework of a 7-parameter fit, shown2064

in Fig. 2.18. The details of combination with HL-LHC with several benchmark CEPC luminosities2065

is shown in Table 2.10. Even with this set of restrictive assumptions, the advantage of the CEPC is2066

still significant. The measurement of Z is more than a factor 10 better. The CEPC can also improve2067

significantly on a set of channels which suffers from large background at the LHC, such as b, c, and2068

g . We emphasize that this is comparing with the HL-LHC projection with aggressive assumptions2069

about systematics. Such uncertainties are typically under much better control at lepton colliders. Within2070

this 7 parameter set, the only coupling which HL-LHC can give a competitive measurement is � , for2071

which the CEPC’s accuracy is limited by statistics. This is also the most valuable input that the HL-2072

LHC can give to the Higgs coupling measurement at the CEPC, which underlines the importance of2073

combining the results of these two facilities.2074

We also remark on the couplings which are left out in this fit. The most obvious omission is the2075

BR
inv

. The CEPC with 5 ab�1 can measure this to a high accuracy of 0.25%, as shown in Table 2.11.2076

At the same time, the HL-LHC can only manage a much lower accuracy 6 � 17% [4].2077

As we have discussed above, one of the greatest advantages of lepton collider Higgs factory is the2078

capability of determining the Higgs coupling model independently. The projection of such a deter-2079

mination at the CEPC is shown in Fig. 2.19. The details of combination with HL-LHC for several2080

benchmark luminosities of CEPC is shown in Table 2.11. In the top panel of Fig. 2.19, the comparison2081

with the LHC (7 parameter fit) is shown. For comparison, we have also put in the projection from the2082

combination ILC 250 GeV and 500 GeV runs in the bottom panel of Fig. 2.19, based on the baseline2083

designed luminosities. The advantage of the higher integrated luminosity at a circular lepton collider is2084

apparent. The CEPC has a clear advantage in the measure of Z . It is also much stronger in µ and2085

BR
inv

measurements. A more complete comparison including several ILC upgrade options is shown in2086

Table 2.122087

78 HIGGS PHYSICS AT CEPC

ILC 250+500 GeV at 250+500 fb-1 wi/wo HL-LHC

CEPC 250 GeV at 5 ab-1 wi/wo HL-LHC
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Figure 2.19 Top: Comparison between LHC, HL-LHC and several benchmark luminosities of the CEPC. Bottom:
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.

The sensitivity of measuring �Zh and Z at CEPC have been analyzed in the previous section. The2095

result from such a constraint on the SM �hhh is summarized in Fig. 2.20.2096

2.5 Implications2097

In this section, we briefly discuss the most important physics implications of the Higgs property mea-2098

surements at the CEPC. These topics have already been mentioned in our overview section. We reca-2099

pitulate them here briefly so that readers only reading this section may have a self-contained account of2100

the important theoretical implications Higgs couplings measurements at the CEPC.2101

Many theories for physics beyond the Standard Model (BSM) have been proposed over the past four2102

decades. A central theme motivating the construction of these models has been to address the question2103

of electroweak symmetry breaking. In most of these models, the Higgs couplings to the SM particles2104

are typically modified, either by new particles propagating in loops, or by mixture of the SM-like Higgs2105

Be aware of assumptions and constraints.
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๏ EFT: Warsaw basis, SILH basis, Higgs basis

For certain new physics models, only need subset.
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3rd generation quarks while �yc is for charm.) For the blue and orange shades, we marginalize over �yc
and �yd. For the red contours on the left panel, further assumptions are made, which are �yc = �yu
and �yd ⇡ 3�cZ (corresponding to rc = rt and rb = F1). For the green contours we assume �yd ⇡ �cZ
(rb = F2) instead. Gauge invariance fixes rV = F2. The magenta and cyan lines correspond to rt = F1

and F2, respectively, while rt = F3,4,5 are covered by the gray region. On the right panel, we also
consider a scenario that the results are not SM-like, in which case some of the models may be preferred
by data.
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๏ Two Higgs Doublet Model (CP-conserving) 

The paper is organized as follows. In Sec. 2, we present a brief overview of models and
parameter regions where the channels under consideration can be significant. In Sec. 3, we
summarize the current experimental search limits on heavy Higgses. In Sec. 4.1, we present
the details of the analysis of the HZ/AZ with the bb`` final states. We also show model-
independent results of 95% C.L. exclusion as well as 5� discovery limits for � ⇥BR(gg !
A/H ! HZ/AZ ! bb``) at the 14 TeV LHC with 100, 300 and 1000 fb

�1 integrated
luminosity. In Secs. 4.2 and 4.3, we present the analysis for the ⌧⌧`` and ZZZ final
states, respectively. In Sec. 5, we study the implications of the collider search limits on the
parameter regions of the Type II 2HDM. We conclude in Sec. 6.

2 Scenarios with large H ! AZ or A ! HZ

In the 2HDM, we introduce two SU(2) doublets �i, i = 1, 2:
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i + iGi)/
p
2

!
, (2.1)

where v
1

and v
2

are the vacuum expectation values of the neutral components which satisfy
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p
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between the two CP-even Higgses, and the ratio of the two vacuum expectation values,
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.
The mass eigenstates contain a pair of CP-even Higgses: h0, H0, one CP-odd Higgs, A

and a pair of charged Higgses H±2:
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Two types of couplings that are of particular interest are ZAH0/h0 couplings and
H0/h0V V couplings, with V being the SM gauge bosons W± and Z. Both are determined
by the gauge coupling structure and the mixing angles. The couplings for ZAH0 and ZAh0

are [22]:

gZAH0 = �g sin(� � ↵)

2 cos ✓w
(pH0 � pA)µ, gZAh0 =

g cos(� � ↵)

2 cos ✓w
(ph0 � pA)µ, (2.3)

with g being the SU(2) coupling, ✓w being the Weinberg angle and pµ being the incoming
momentum of the corresponding particle.

The H0V V and h0V V couplings are:

gH0V V =

m2

V

v
cos(� � ↵), gh0V V =

m2

V

v
sin(� � ↵). (2.4)

2For more details about the model, see Ref. [11].
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after EWSB, 5 physical Higgses
CP-even Higgses: h0, H0 , CP-odd Higgs: A0, Charged Higgses: H±

๏ h0/H0 VV coupling

boson. In Sec. VII, we conclude.

II. TYPE II 2HDM

In the 2HDM1, we introduce two SU(2) doublets �i, i = 1, 2:
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where v1 and v2 are the vacuum expectation values of the neutral components which satisfy the

relation: v =

p
v21 + v22 = 246 GeV after electroweak symmetry breaking. Assuming a discrete

Z2 symmetry imposed on the Lagrangian, we are left with six free parameters, which can be

chosen as four Higgs masses (mh, mH0 , mA, mH±), the mixing angle ↵ between the two CP-even

Higgses, and the ratio of the two vacuum expectation values, tan � = v2/v1. In the case in which

a soft breaking of the Z2 symmetry is allowed, there is an additional parameter m2
12.
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Two types of couplings that are of particular interest are the couplings of a Higgs to two gauge

bosons, as well as the couplings of a SM gauge boson to a pair of Higgses. Both are determined

by the gauge coupling structure and the mixing angles. The H0V V and h0V V couplings are [34]:

gH0V V =

m2
V

v
cos(� � ↵), gh0V V =

m2
V

v
sin(� � ↵). (3)

The couplings for a SM gauge boson with a pair of Higgses are [34]:

gAH0Z = �g sin(� � ↵)

2 cos ✓w
(pH0 � pA)

µ, gAh0Z =

g cos(� � ↵)

2 cos ✓w
(ph0 � pA)

µ, (4)

gH±H0W⌥
=

g sin(� � ↵)

2

(pH0 � pH±
)

µ, gH±h0W⌥
=

g cos(� � ↵)

2

(ph0 � pH±
)

µ, (5)

gH±AW⌥
=

g

2

(pA � pH±
)

µ, (6)

with g being the SU(2) coupling, ✓w being the Weinberg angle and pµ being the incoming momen-

tum of the corresponding particle. Note that A and H± always couple to the non-SM-like Higgs

more strongly, while the H±AW⌥ coupling is independent of the mixing parameters.

1 For more details about the 2HDM, see Ref. [10].

4

alignment limit: cos(β-α)=0, h0 is the SM Higgs with SM couplings.
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2HDM parameters
-

ɸ1 ɸ2

Type I u,d,l

Type II u d,l

lepton-specific u,d l

flipped u,l d

๏ parameters (CP-conserving, flavor limit, Z2 symmetry)

I. INTRODUCTION

WNMSSM = YuHuQu+ YdHdQd+ YeHdLe+ ⌅SHuHd +
1
3⇤S

3

test (1)

m2
11, m

2
22, ⌅1, ⌅2, ⌅3, ⌅4, ⌅5

v, tan ⇥,�,mh,mH ,mA,mH±

Hu =

�

⇤ H+
u

H0
u

⇥

⌅ , Hd =

�

⇤ H0
d

H�
d

⇥

⌅ (2)

S ⇤ vs/
⌅
2

v2u + v2d = v2 = (246GeV)2 tan ⇥ = vu/vd vu/
⌅
2 vd/

⌅
2 (3)

�

⇤ ⇧�
1

⇧�
2

⇥

⌅ =

�

⇤ 1

1

⇥

⌅

�

⇤ W̃�

H̃�
d

⇥

⌅

(m⇤⇤)cuto� = m⇥0
2

 ��⌥1�
m2

⇤̃

m2
⇥0
2

 ��⌥1�
m2

⇥0
1

m2
⇤̃

�

⇧⇧⇧⇧⇧⇧⇧⇤

�0
1

�0
2

�0
3

�0
4

⇥

⌃⌃⌃⌃⌃⌃⌃⌅

=

�

⇧⇧⇧⇧⇧⇧⇧⇤

1 O(mZ
µ )(mZ

M2
)(s2� + M1

µ ) O(mZ
µ )(s� + c�

M1
µ ) O(mZ

µ )(c� + s�
M1
µ )

O(mZ
µ )(mZ

M2
)(s2� + M2

µ ) 1 O(mZ
µ )(s� + c�

M2
µ ) O(mZ

µ )(c� + s�
M2
µ )

O(mZ
µ )(c� � s�) O(mZ

µ )(c� � s�)
1⇥
2

� 1⇥
2

O(mZ
µ )(c� + s�) O(mZ

µ )(c� + s�)
1⇥
2

1⇥
2

⇥

⌃⌃⌃⌃⌃⌃⌃⌅

�

⇧⇧⇧⇧⇧⇧⇧⇤

B̃

W̃ 0

H̃0
d

H̃0
u

⇥

⌃⌃⌃⌃⌃⌃⌃⌅

�0
1 ⇥ B̃ +O(

mZ

µ
)(
mZ

M2
) W̃ 0 +O(

mZ

µ
) H̃0

d +O(
mZ

µ
) H̃0

u (4)

�0
2 ⇥ O(

mZ

µ
)(
mZ

M2
) B̃ + W̃ 0 +O(

mZ

µ
) H̃0

d +O(
mZ

µ
) H̃0

u

�+
1 ⇥ W̃+ +O(

mZ

µ
) H̃+

u

��
1 ⇥ W̃� +O(

mZ

µ
) H̃�

d

�0
1 ⇥ B̃ +O(mZ

µ )(mZ
M2

) W̃ 0 +O(mZ
µ ) H̃0

d +O(mZ
µ ) H̃0

u

�0
2 ⇥ O(mZ

µ )(mZ
M2

) B̃ +W̃ 0 +O(mZ
µ ) H̃0

d +O(mZ
µ ) H̃0

u

2

I. INTRODUCTION

WNMSSM = YuHuQu+ YdHdQd+ YeHdLe+ ⌅SHuHd +
1
3⇤S

3

test (1)

m2
11, m

2
22, ⌅1, ⌅2, ⌅3, ⌅4, ⌅5

v, tan ⇥,�,mh,mH ,mA,mH±

Hu =

�

⇤ H+
u

H0
u

⇥

⌅ , Hd =

�

⇤ H0
d

H�
d

⇥

⌅ (2)

S ⇤ vs/
⌅
2

v2u + v2d = v2 = (246GeV)2 tan ⇥ = vu/vd vu/
⌅
2 vd/

⌅
2 (3)

�

⇤ ⇧�
1

⇧�
2

⇥

⌅ =

�

⇤ 1

1

⇥

⌅

�

⇤ W̃�

H̃�
d

⇥

⌅

(m⇤⇤)cuto� = m⇥0
2

 ��⌥1�
m2

⇤̃

m2
⇥0
2

 ��⌥1�
m2

⇥0
1

m2
⇤̃

�

⇧⇧⇧⇧⇧⇧⇧⇤

�0
1

�0
2

�0
3

�0
4

⇥

⌃⌃⌃⌃⌃⌃⌃⌅

=

�

⇧⇧⇧⇧⇧⇧⇧⇤

1 O(mZ
µ )(mZ

M2
)(s2� + M1

µ ) O(mZ
µ )(s� + c�

M1
µ ) O(mZ

µ )(c� + s�
M1
µ )

O(mZ
µ )(mZ

M2
)(s2� + M2

µ ) 1 O(mZ
µ )(s� + c�

M2
µ ) O(mZ

µ )(c� + s�
M2
µ )

O(mZ
µ )(c� � s�) O(mZ

µ )(c� � s�)
1⇥
2

� 1⇥
2

O(mZ
µ )(c� + s�) O(mZ

µ )(c� + s�)
1⇥
2

1⇥
2

⇥

⌃⌃⌃⌃⌃⌃⌃⌅

�

⇧⇧⇧⇧⇧⇧⇧⇤

B̃

W̃ 0

H̃0
d

H̃0
u

⇥

⌃⌃⌃⌃⌃⌃⌃⌅

�0
1 ⇥ B̃ +O(

mZ

µ
)(
mZ

M2
) W̃ 0 +O(

mZ

µ
) H̃0

d +O(
mZ

µ
) H̃0

u (4)

�0
2 ⇥ O(

mZ

µ
)(
mZ

M2
) B̃ + W̃ 0 +O(

mZ

µ
) H̃0

d +O(
mZ

µ
) H̃0

u

�+
1 ⇥ W̃+ +O(

mZ

µ
) H̃+

u

��
1 ⇥ W̃� +O(

mZ

µ
) H̃�

d

�0
1 ⇥ B̃ +O(mZ

µ )(mZ
M2

) W̃ 0 +O(mZ
µ ) H̃0

d +O(mZ
µ ) H̃0

u

�0
2 ⇥ O(mZ

µ )(mZ
M2

) B̃ +W̃ 0 +O(mZ
µ ) H̃0

d +O(mZ
µ ) H̃0

u

2

soft Z2 breaking: m122

246 GeV

tanβ, cos(β-α),
control tree level h0 couplings 

125 GeV
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Tree-level 2HDM fit
-

2HDM, LHC/CEPC fit

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
0.1

0.2

0.5

1

2

5

10

20

30

50

cos (β - α)

ta
nβ

2HDM TYPE-I

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

0.1

0.2

0.5

1

2

5

10

20

30

50

cos (β - α)

ta
nβ

2HDM TYPE-II

LHC Run I
LHC300
LHC3000
CEPC5ab-1



S. Su 12

Tree-level 2HDM fit
-

2HDM, LHC/CEPC fit
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Model Distinction
-
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2HDM: Loop
-

h
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Han, Wu, SS, Zhang, work in progress
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Composite Higgs in one slide
-

๏ Higgs is the PNGB of the spontaneous breaking of G⇒H 

๏ EWSB is induced by vacuum misalignment, parametrized by ξ=v2/f2

๏ mass of SM fermion generated by mixing with composite states  
๏ light top partners can be searched at the LHC
๏ minimal coset (with custodial symmetry breaking) SO(5)/SO(4)

- hVV
- hff: depends on the fermion representation 

!
G → H H

! ξ ≡ 2/ 2

!

!

!
(5)/ (4)

! ≡
CH

SM =
√
1− ξ

!

1 ≡ 1−2ξ2√
1−ξ2

2 ≡
√
1− ξ

!
G → H H

! ξ ≡ 2/ 2

!

!

!
(5)/ (4)

! ≡
CH

SM =
√
1− ξ

!

1 ≡ 1−2ξ2√
1−ξ2

2 ≡
√
1− ξ

!
G → H H

! ξ ≡ 2/ 2

!

!

!
(5)/ (4)

! ≡
CH

SM =
√
1− ξ

!

1 ≡ 1−2ξ√
1−ξ

2 ≡
√
1− ξ
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Composite Higgs
-

CEPC fit
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Conclusion
-

CEPC could measure Higgs properties to a high precision

Kappa-scheme and EFT scheme

New physics sensitivity

๏ tree level: constrain model parameters

2HDM, composite Higgs, ...

๏ loop level: constrain new particle masses 

2HDM, SUSY, ...


