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Higgs sector — A bridge to NP
• Hierarchy “problem”


• New Physics: to be or not to be?

ΛEW

ΛNP



Higgs sector — A bridge to NP
• Hierarchy “problem”


• New Physics: to be or not to be?


• Standard Model: a precisely designed model!



An Era of Precisely Higgs Physics
• From 2011 to 2021 (2019)

ATLAS and CMS Collaboration, ATLAS-CONF-2011-157, CMS PAS HIG-11-023.



An Era of Precisely Higgs Physics
• More information: go beyond the 𝜅-scheme!

From Andrea Gabrielli’s slides.

H→4ℓ: differential cross sections

5

- high pT region is sensitive to heavy additional particles in the ggF loop  
- low pT region is sensitive to the Yukawa coupling of the b and charm quark 

- pT shape only κc ∈ (-12,11) @95% CL 
- pT shape and prediction κc ∈ (-7.5,9.3) @95% CL

ATLAS limit on κc (κb free) 
@139 fb-1 {



• More precisely result in near future.

An Era of Precisely Higgs Physics

ATLAS Collaboration, ATLAS-PHYS-PUB-2018-054; 

CMS Collaboration, CMS PAS FTR-18-011.
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(a) Scenario S1
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(b) Scenario S2

Figure 31: Expected result for the measurement of each Higgs boson coupling modifier per particle type with e�ective
photon, gluon and Z� couplings, including BSM contribution to the Higgs boson total width. All parameters except
t are assumed to be positive. The conditions W ,Z  1 are applied. The SM corresponds to BBSM = 0 and all 
parameters equal to unity. Plot (a) corresponds to scenario S1 and (b) to scenario S2.
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Figure 32: Expected uncertainty on the measurement of each Higgs boson coupling modifier per particle type
with e�ective photon, gluon and Z� couplings, and without BSM contribution in the Higgs boson total width for
scenarios S1 (red) and S2 (black). The SM corresponds to all  parameters equal to unity. All parameters except t
are assumed to be positive.
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on GH/GSM
H is 0.05 in S1 and 0.04 in S2, equivalent to 0.16 and 0.21 MeV respectively, assuming

the SM width of 4.1 MeV. The main contribution is the statistical uncertainty, followed by the
experimental one.
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Figure 5: Summary plot showing the total expected ±1s uncertainties in S1 (with Run 2 sys-
tematic uncertainties [30]) and S2 (with YR18 systematic uncertainties) on the coupling mod-
ifier parameters for 300 fb�1 (left) and 3000 fb�1 (right). The statistical-only component of the
uncertainty is also shown.

Figure 6 gives the correlation coefficients for the coupling modifiers for S2 at 300 fb�1 and
3000 fb�1. In contrast to the per-decay signal strength correlations in Fig. 2 the correlations
here are larger, up to +0.74. One reason for this is that the normalisation of any signal process
depends on the total width of the Higgs boson, which in turn depends on the values of the other
coupling modifiers. The largest correlations involve kb, as this gives the largest contribution to
the total width in the SM. Therefore improving the measurement of the H ! bb process will
improve the sensitivity of many of the other coupling modifiers at the HL-LHC.

Projections have also been determined for an alternative parametrisation, based on ratios of
the coupling modifiers (lij = ki/kj). A reference combined coupling modifier is defined which
scales the yield of a specific production and decay process. This is chosen to be kgZ = kgkZ/kH,
where kH = Âj Bj

SMk2
j
. The results of this projection are given in Appendix B.

3.2 ttH production with H ! bb

This section focuses on the analysis targeting ttH production with the H ! bb decay channel
and the single- and dilepton decay channels of the tt system using 35.9 fb�1 of data collected atp

s = 13 TeV [27]. In order to identify the signal against the background of tt+jets production,
the analysis relies on dedicated multivariate techniques, including boosted decision trees and
deep neural networks, that combine the information of several discriminating variables. The
output of a matrix element method is also utilised. An excess of events above the background-
only hypothesis with an observed (expected) significance of 1.6 (2.2) standard deviations is



• More results with Higgs factory.

An Era of Precisely Higgs Physics

F. An, et al, Chin. Phys. C43 (2019) 043002
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also  connected  with    and  anomalous  trilinear  gauge
couplings. The current EFT analysis does not include any
new light degrees of freedom, in contrast to the  -frame-
work with independent parameters   and  . Over-
all,  -framework  does  capture  the  big  picture  of  the
CEPC capability in precision Higgs boson measurements.
It is useful as long as its limitations are understood.

tt̄H

κ

H→ γγ

pp→ H→ γγ pp→ H→ ZZ∗

κγ

The  LHC  and  especially  the  HL-LHC  will  provide
valuable and complementary information about the Higgs
boson properties. For example, the LHC is capable of dir-
ectly measuring the   process [80, 81].  It  can also use
differential  cross  sections  to  differentiate  contributions
between  the  top-quark  and  other  heavy  particle  states  in
the loop of the Hgg vertex [82-85]. Moreover, it can sep-
arate contributions  from  different  operators  in  the   coup-
lings between the Higgs and vector  bosons [86].  For the
purpose of the coupling fit in the  -framework, the LHC,
with  its  large  statistics,  improves  the  precision  of  rare
processes such as  . Note that a large portion of the
systematic uncertainties intrinsic to a hadron collider can
be  canceled  by  taking  ratios  of  measured  cross  sections.
For  example,  combining  the  ratio  of  the  rates  of

  and    at  the  LHC  and  the
measurement of the HZZ coupling at the CEPC can signi-
ficantly improve the   precision. These are the most use-
ful inputs from the LHC to combine with the CEPC. Sim-
ilar studies of combination with the LHC for the ILC can
be found in Refs. [49, 50, 72, 87, 88].

5.6 ab−1

√
s = 14

fb−1

The  results  of  the  10-parameter  and  the  7-parameter
fits  for  the  CEPC  with  an  integrated  luminosity  of

 are shown in Table 121). The combined precision
with the HL-LHC estimates (using fit result number 15 of
Ref.  [10])  are  also  shown.  The  HL-LHC  estimates  used
assume no theoretical uncertainties and thus represent the
aggressive  HL-LHC  projection2).  It  is  assumed  that  the
HL-LHC will operate at   TeV and accumulate an
integrated  luminosity  of  3000  .  For  the  7-parameter
fit, the Higgs boson width is a derived quantity, not an in-
dependent parameter. Its precision, derived from the pre-
cision  of  the  fitted  parameters,  is  2.4%  for  the  CEPC
alone and  1.8%  when  combined  with  the  HL-LHC  pro-
jection.

The CEPC Higgs boson property measurements mark
a giant step beyond the HL-LHC. First of all, in contrast
to the LHC, a lepton collider Higgs factory is capable of
measuring the Higgs boson width and the absolute coup-
ling  strengths  to  other  particles.  A  comparison  with  the
HL-LHC is only possible with model dependent assump-
tions.  One of  such comparisons  is  within  the  framework
of  the  7-parameter  fit,  shown  in Fig.  19.  Even  with  this
set of restrictive assumptions, the advantage of the CEPC

κZ

κ
κb κc

κg

κγ

is still significant. The measurement of   is more than a
factor of 10 better. The CEPC can also improve signific-
antly  the  precision  on  a  set  of    parameters that  are   af-
fected  by  large  backgrounds  at  the  LHC,  such  as  ,  ,
and  . Note that this is in comparison with the HL-LHC
projection with  large  systematic  uncertainties.  Such   un-
certainties  are  typically  under  much  better  control  at
lepton  colliders.  Within  this  7-parameter  set,  the  only
coupling that the HL-LHC can give a competitive meas-
urement is  , for which the CEPC sensitivity is statistic-
ally limited. This is also the most valuable input that the
HL-LHC can give to the Higgs boson coupling measure-
ments  at  the  CEPC,  which  underlines  the  importance  of
combining the results from these two facilities.

5.6 ab−1

The direct search for the Higgs boson decay to invis-
ible  particles  from  BSM  physics  is  well  motivated  and
closely connected to the dark sectors. The CEPC with an
integrated  luminosity  of    has  a  sensitivity  of
0.30% expressed in terms of the 95% CL upper limit on
the decay branching ratio, as shown in Table 12. The HL-
LHC, on the other hand, has a much lower sensitivity of
6%–17% [47]  while  optimistically  may reach  2%–3.5%
[94].

κZ
BRBSM

inv

As discussed above, one of the greatest advantages of
a lepton  collider  Higgs  factory  is  its  capability  to  meas-
ure the Higgs boson width and couplings in a model-inde-
pendent  way.  The  projection  of  such  a  determination  at
the CEPC is shown in Fig. 20. For most of the measure-
ments, an order of magnitude improvements over the HL-
LHC  are  expected.  The  CEPC  has  a  clear  advantage  in
the  measurement  of  .  It  can  also  set  a  much  stronger
constraint on  .
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Fig. 19.    (color online) The results of the 7-parameter fit and
comparison with the HL-LHC [10]. The projections for the
CEPC at 240 GeV with an integrated luminosity of 
are shown. The CEPC results without combination with the
HL-LHC input  are  shown as  light  red bars.  The LHC pro-
jections for an integrated luminosity of 300   are shown
in light gray bars.

 
1) Theoretical uncertainties associated with the cross section and Higgs boson property calculations are ignored in these fits as both will be improved and are expec-

ted to be smaller than the statistical uncertainties [89-91] by the time of the CEPC experiment.
     2) Note that the LHC and the CEPC have different sources of theoretical uncertainties, for detailed discussion, see Refs. [33, 47, 91-93].
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WHAT?



• Gauge interaction: unitarity and gauge boson mass.

Higgs interactions in the SM



• Gauge interaction: unitarity and gauge boson mass.


• Yukawa interaction: fermion mass, CP violation.

Higgs interactions in the SM

From Rajdeep Chatterjee’s slides

Results: CP properties of the Higgs boson from H-t couplings

5/26/2020 LHCP 2020 13

Æ The Higgs boson coupling modifiers kγ and kg are 
constrained to the combination result .

Æ κt is left free to float in the fit.

• |α| > 43o (63o) obs. (exp) exclusion at 95% CL
• Obs. (Exp.) pure CP-odd coupling excluded at 

3.9 σ (2.5 σ )

Æ The Higgs boson couplings to other particles 
constrained to SM.

Æ μttH and |fHtt
CP| are free to float in the fit. 

• fHtt
CP = 0.00 ± 0.33 at 68% CL

• Limit at 95% CL : |fHtt
CP| < 0.67

• Obs. (Exp.) pure CP-odd coupling excluded at  
3.2 σ (2.6 σ )

ATLAS

CMS

**NEW**
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Second Order Phase Transition

I Smooth transition.

Thermal equilibrium

preserved at any point.

I Discontinuity in the

derivative of the order

parameter.

I No remnants expected.
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Doru Sticlet Phase Transitions in the Early Universe

Continuous phase transition

• Gauge interaction: unitarity and gauge boson mass.


• Yukawa interaction: fermion mass, CP violation.


• Higgs self-coupling: origin of the EWSB and EWPT.

Higgs interactions in the SM

1st order phase transition

Introduction
Electroweak Phase Transition

QCD Phase Transitions
Summary

Timeline
Motivation
Toy Models

First Order Phase Transition

I Evolution between minima

through bubble nucleation.

I Coexistence of phases.

I Violent in nature; can

present large deviations from

thermal equilibrium.
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Doru Sticlet Phase Transitions in the Early Universe



• Model building: extended Higgs sector, Higgs portal, …


• EFT: neutrino mass, bridge to dark sector, …

Higgs interactions beyond the SM

2

Name Operator Coe�cient
S �̄�f̄f mf/⇤3

PS �̄�5�f̄f imf/⇤3

SP �̄�f̄�5f imf/⇤3

P �̄�5�f̄�5f mf/⇤3

TABLE I: Operators coupling dark matter particles to SM
particles. Dark matter particle � is a Dirac fermion and f is
the Standard Model fermion, namely quark or lepton.

general attention. To explain the signal consistently with
DM relic density and other experimental constraints, var-
ious mechanisms are proposed to conquer the naive ratio
h�vi

f̄f,WW
/h�vi�� ⇠ (⇡/↵)2 ⇡ 105 [45–47].

In this paper we are dedicated to study the ratio dark
matter annihilation to gamma ray lines to its direct an-
nihilation to charged particle for a DM particle which
does not couples to the third generation quarks [We’d

better to give a benchmark model to realize this.

For example, a model in which the coupling con-

stants are inversely proportional to the quark

mass would realize it. ]. As we concern the ratio
for DM annihilation with very low velocity, the result is
almost independent of DM spin and we select a fermion
DM [Dirac or Majorana fermion? The physics will

be di↵erent. ] as a benchmark.

To specify the ratio simply, we assume only DM and
SM particles are active in the electroweak scale, then we
utilize the high dimensional operators to character DM
interaction with quarks. The high dimensional operators
have the formula of O�Of/⇤n�4, here Of = f̄�f , O� =
�̄�� and n is the sum of dimension of O� and Of . �
represent Lorentz structure of the interaction between
DM and the SM fermions which could be 1, �5, �µ, �µ�5,
�µ⌫ and �µ⌫�5. The contribution from the case � = �µ

equals to zero due to Landau-Yang theorem [48][There

is not any spin-1 particle in this operator. Why

should it be su↵ered by Landau-Yang theorem?

The two �’s could be di↵erent. Also cite Landau].
Meanwhile the contribution from �µ�5 term is suppressed
in terms of anomaly cancellation [49]. While the Lorentz
structure �µ⌫ can only be induced by loop corrections,
that means the contribution to two photon lines is higher
order e↵ects. Then in the work we dedicate to the scalar
and pseudoscalar interaction, e.g., � = 1 and �5 shown in
Tab. I. In this formulas, the EFT operators break

the SM electroweak gauge symmetry explicitly.

So we need to discuss it a little. It is certainly

possible. For example, the DM in the MSSM

or NMSSM models carries the gauge quantum

number, and the EFT operators will break the

EW symmetry.

The S and PS operators listed in TABLE I will induced
the �̄�h and �̄�5�h interactions via loop diagrams, re-
spectively (see FIG. 1). If we choose the e↵ective La-

�

�̄ f̄
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h

FIG. 1: The Feynman diagram which induces the �̄�h
(�̄�5�h) interaction.

grangians as following:

LS =
X
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mf
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X
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a straightforward calculation shows the amplitudes are
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where v = 174 GeV is the vacuum expectation value of
the SM Higgs field. The UV divergency term in this re-
sult means that when we write down the S or SP e↵ective
operator, there must be e↵ective operator

LSh =
chm4

f

⇤3v
�̄�h +

ch2m2

f

⇤3v
�̄�@2h, (7)

LSPh =
c̃hm4

f

⇤3v
�̄�5�h +

c̃h2m2

f

⇤3v
�̄�5�@2h, (8)

respectively.

II. EXAMPLE OF THE UV COMPLETION
MODEL

We may realize the e↵ective interaction between the
DM and the SM fermions by adding a heavy scalar S
which is a SM gauge singlet. The renormalizable La-
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The S and PS operators listed in TABLE I will induced
the �̄�h and �̄�5�h interactions via loop diagrams, re-
spectively (see FIG. 1). If we choose the e↵ective La-
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FIG. 1: The Feynman diagram which induces the �̄�h
(�̄�5�h) interaction.

grangians as following:
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where v = 174 GeV is the vacuum expectation value of
the SM Higgs field. The UV divergency term in this re-
sult means that when we write down the S or SP e↵ective
operator, there must be e↵ective operator

LSh =
chm4

f

⇤3v
�̄�h +

ch2m2

f

⇤3v
�̄�@2h, (7)

LSPh =
c̃hm4

f

⇤3v
�̄�5�h +

c̃h2m2

f

⇤3v
�̄�5�@2h, (8)

respectively.

II. EXAMPLE OF THE UV COMPLETION
MODEL

We may realize the e↵ective interaction between the
DM and the SM fermions by adding a heavy scalar S
which is a SM gauge singlet. The renormalizable La-



WHERE?



• Example: generic form of the SFF interaction


• Can we measure the     ?


• Is there any new CP (P) violation effect in the Yukawa 
interactions?

ℒ = yf hf̄(cos αf + iγ5 sin αf )f

yf ∈ ℝ+, αf ∈ (−π, π]

αf

An example



Phase in bottom-quark Yukawa Interactions

• Very interesting parameter.

• Exp: 2HDMs

Wei Su, arXiv:1910.06269[hep-ph].

4.1 Indirect search at LHC and future colliders

With the global fit methods in Section 3, here we will utilize the SM-like Higgs precision

measurement from LHC Run-II [30], HL-LHC [31] and CPEC [32]. In details, for LHC Run-

II we work with the ATLAS results ATLAS at 13 TeV up to 80 fb
�1, and for HL-LHC, we

work with combined results from future ATLAS and CMS, up to 6 ab
�1. For CPEC, the

latest designed luminosity is 5.6 ab
�1 at

p
S = 240GeV.

Figure 1. The allowed region in the plane of tan� - cos(� � ↵) at 95% C.L. for the four types of
2HDM, given LHC Run-II (green), HL-LHC (blue) and CEPC (red) Higgs precision measurements.
For future measurements, we assume that the measurements agree with SM predictions. The special
“arm” regions for the Type-II, L and F are the wrong-sign Yukawa regions as discussed in Section 2.2

We give our global fit results in Fig. 1, the allowed region in the plane of tan� - cos(��↵)
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Phase in bottom-quark Yukawa Interactions

• Indirect measurement (e.g. EDM).
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Figure 1: Photonic and gluonic “Barr–Zee” diagrams withmodi�ed bo�om-Yukawa coupling that induce
an EDM of the light quark q. See text for details.

CP violation and the sign of the Yukawa. �e SM corresponds to b = 1 and �b = 0. Modi�cations
of the charm-quark Yukawa can be parameterized in an analogous way.
�e basic idea underlying this work is to calculate the e�ect of CP-odd phases in the Higgs Yukawa

couplings of the bo�om and charm quark on hadronic EDMs. EDMs receive contributions from par-
tonic CP-violating electric and chromoelectric dipole operators, with coe�cients dq and d̃q . �ey are
traditionally de�ned via the e�ective Lagrangian valid at hadronic energies µ ' 2GeV [14]:

Le↵ = �dq
i

2
q̄�µ⌫�5q Fµ⌫ � d̃q

igs
2

q̄�µ⌫T a�5q G
a
µ⌫ , (2)

with T a the fundamental generators of SU(nc) with Tr[T a, T b] = �ab/2 and nc = 3 the number of
colors. In principle, this Lagrangian should also include the purely gluonic Weinberg operator [15].
We neglect the contributions of the Weinberg operator, Eq. (10) because of its small nuclear matrix el-
ements [14, 16]. �eWeinberg operator can be important in the case of vanishing light-quark Yukawa
couplings, see Ref. [3].
CP-violating Yukawa couplings contribute to dq and d̃q via Barr–Zee-type diagrams [17] with

heavy-quark loops. In the case of a CP-violating bo�om Yukawa, expanding the Barr–Zee loop func-
tions for small bo�om mass and matching directly onto the Lagrangian of Eq. (2), we �nd

dq ' �12eQqQ
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up to higher orders in xb ⌘ m2
b/M

2
h .

However, as already noted in Ref. [3], such a naive evaluation of the gluonic diagram leads to an
uncertainty of a factor of order �ve. �e uncertainty is related to the ambiguity in choosing the
proper value of the strong coupling ↵s(µ); namely, at which dynamical scale should it be evaluated
– the weak scale, the bo�om-quark mass, or the hadronic scale? �is scale dependence is related
to logarithms of the large scale ratios and can be reduced by resummation of the large logarithms,
which is easiest performed in an e�ective theory (EFT) framework. �e LL series then reproduces the
quadratic logarithm in Eq. (3), while also resumming all higher-order terms. �e uncertainties a�er
the LL resummation are still large, at the order of two at the Wilson coe�cient level. Hence, in this
work we extend the LL analysis of Ref. [3] to NLL and discuss the remaining theory uncertainty via
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J. Brod and E. Stamou, arXiv:1810.12303[hep-ph].
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• Indirect measurement 
(e.g. EDM).


• Hadronic EDMs (90% 
C.L.):


• Electron EDM (90% 
C.L.):

J. Brod and E. Stamou, arXiv:1810.12303[hep-ph].
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Figure 8: EDM constraints on anomalous CP violating bo�om-quark Yukawas. Coloured are the allowed
68.26% CL regions for the two-parameter space (le�: b sin �b and b cos �b, right: b and �b). In green,
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Here, the fX,i with i = 1, . . . , n are the hadronic input parameters entering the prediction of the given
dX . We denote their uncertainties by �fX,i. �e Ci are the Wilson coe�cients that contribute to dX .
Since in this work we turn on either the bo�om or the quark Yukawa we parameterize the Wilson
coe�cients as

Ci = (ai ± �ai)q sin �q + (bi ± �bi)
2
q sin �q cos �q , (44)

with q = b, c. �e numerical values of the ai and bi coe�cients and their uncertainties can be inferred
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Phase in bottom-quark Yukawa Interactions

• But indirectly measurements are suffered by the NP 
contributions to the loop…



Phase in bottom-quark Yukawa Interactions

• Indirect measurement (e.g. EDM).


• But difficult at the LHC!


• Indirect: small contribution to gluon fusion process due to 
tiny coupling constant.

σ(gg → H) ∼ 1.04κ2
t + 0.002κ2

b − 0.04κtκb

ATLAS Collaboration, arXiv:1909.02845[hep-ex].



Phase in bottom-quark Yukawa Interactions

• Very difficult at the LHC!


• Direct: large background, large contribution from other 
interactions.

D. Pagani, H.-S Shao, M. Zaro, JHEP 2011 (2020) 036.
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Figure 1. Representative Feynman diagrams appearing in the complete-NLO calculation for Hbb̄
production. The thick, medium-thick and thin solid lines represent the top, bottom and light (anti-
)quarks, respectively. The dashed lines stand for the Higgs boson, the curly lines are gluons, and
the wiggly lines are the weak bosons (W and Z). The red/violet/green/yellow bullets represent
Hbb̄/Htt̄/HZZ/HWW interactions.

and NLO2 can be viewed as the NLO QCD and NLO EW corrections to the “genuine” Hbb̄

production, respectively. On the other hand, NLO3 and NLO4 can be viewed mainly as the
NLO QCD and NLO EW corrections to the Z(→bb̄)H production, respectively. However
also new topologies enter the calculation, inducing a sensitivity to new interactions.

NLO1 receives a contribution from an additional topology: gluon fusion with an emis-
sion of a gluon splitting into a bb̄ pair, ggF+bb̄, giving rise to terms of order ybyt. Similar
contributions are also present in the NLO2, where the bb̄ pair instead emerges from a pho-
ton or Z-boson emission from the loop. At the same order, terms proportional to ybyt can
be induced also by diagrams such as the one in figure 1(d), which has a similar topology
to the one shown in figure 1(a), but does not depend on yb. Similarly, diagrams like the
one in figure 1(e) can induce a sensitivity on the HWW interaction without depending
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C. Grojean, A. Paul, Z. Qian, JHEP 2104 (2021) 139.
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Channel LO σ (fb) NLO-k-fact 6 ab−1 [#evt] 2b-jets[%]
y2b 0.0648 1.5 583 7.7%
ybyt -0.00829 1.9 -95 4.0%
y2t 0.123 2.5 1,840 12%
Zh 0.0827 1.3 645 21%

∑
bb̄h 0.262 - 2,970 -

bb̄γγ 12.9 1.5 116,000 14%

Table 2. SM cross-section for the main signal and background processes at 14TeV with 6 ab−1

data, and number of events after the basic cuts as defined in eq. (2.4). For the bb̄h production, the
Higgs is decayed to a pair of photons.

a further SM decay of the Higgs to di-photon and parton shower does not significantly
affect this simplification. The branching ratio for the decay of Higgs to di-photon is further
normalized as the Higgs cross-section working group recommended value [27]. For the bb̄γγ

background, the k-factor is taken from the ratio between NLO and LO total cross-sections
as given in ref. [28]. New topologies of VBF-like contribution that are not included in this
work arise as NLO-EW effects.

At the generator level, we apply the following cuts to avoid divergences arising from
the bb̄γγ background.

XpbT > 20GeV, pγ
T > 20GeV.

generator level cuts: ηγ < 3, ∆Rbγ > 0.2.
100 < mγγ (GeV) < 150.

(2.3)

Here XpT implies a minimum pT cut for at least one b-jet. For the PDF we
use lhaid=320500 from the LHAPDF6 package [29] (NNPDF31_nlo_as_0118_nf_4 [30]).3
Parton-showering is then performed on the generated LO event sample, with Pythia8 [31],
without multi-parton interaction simulated. Detector simulation is applied next using
Delphes [32]. The parameters are set according to the HL-LHC card, where the b-tagging
rate for a central b-jet is about 75%. The jets are then reconstructed with the anti-kT
algorithm with R = 0.4. We further require two photon jets4 and at least one b-tagged jet
which should satisfy:

basic cuts: pbjetT > 30GeV, pγjet
T > 20GeV,

ηbjet,γjet < 2.5, 110 < mγγ (GeV) < 140. (2.4)

3We use the default current version of the PDF set which is called DataVersion=2, an update from an
earlier version. This causes a discrepancy of about 10% in our total cross section from the study [20], while
we otherwise use the same calculation setup and input parameters. We, however, check the ratios between
different jet selection and pT cut requirements that these two papers provide and find good agreement with
their fixed order calculation results.

4We use the standard isolated photons definition from Delphes, and call them photon jets in the sense
of reconstructed objects.
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• Very difficult at the LHC!


• Direct: large background, large contribution from other 
interactions.



Phase in bottom-quark Yukawa Interactions

• But possible at Higgs factory.


• Small bottom mass, 0.25% modulation of the partial 
width.


• Sensitivity of the partial width: ~0.3%.


• We need other method.

F. An, et al, Chin. Phys. C43 (2019) 043002; 

αb ≈ π yb
y f αb

Higgs-doublet model  (2HDM).  Without  any  other  devi-
ation from the predictions of the SM,  (because 
is  the  largest  in  the  down-type  fermions,  is prob-
ably  the  easiest  one  to  be  measured)  is  a  strong  hint  for
these types of NP models.

αbMuch effort has been made to measure . Although
the  direct  measurement  is  very  challenging  at  the  LHC
[22,23],  it  can  be  measured  indirectly  in  electric  dipole
moment (EDM) experiments [24-26] or at the LHC with
additional  model-dependent  assumptions  (e.g.,  in  the
frame of 2HDM [27-36]). The constraints on the indirect
measurement are strong but suffer from the potential con-
tributions of exotic degrees of freedom in the NP. For this
reason,  a  direct,  model-independent  measurement  is  still
necessary.

αb

In this work, we investigate the possibility of measur-
ing  directly  and  model-independently  at  a  future
Higgs factory.

II.  THE PHENOMENOLOGY OF THE BOTTOM-
QUARK YUKAWA INTERACTION

h→bb̄
To the leading order,  the effective Lagrangian in Eq.

(1) modifies the  decay width to

Γ(h→bb̄) = Γ(h→bb̄)SM


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)
, (3)
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√
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2
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the decay branching ratio can only constrain the combina-
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b


+



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
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+0.0058sin2αb (4)

yb αb αb
yb = ySM

b
Γ(h→bb̄)SM

αb

of  and , in which the contribution from  is numer-
ically  small.  Even if  we keep ,  the  partial  width
will be in the region of (1.0029±0.29%). This
small  discrepancy  is  just  below  the  sensitivity  at  Higgs
factories  [37-39]. Thus,  we  have  to  look  for  other  kin-
ematic variables that are sensitive to .

αb
h→b̄bg
To measure , we consider the interference effect in

the  process, whose Feynman diagrams are shown
in Fig. 1.

The transition amplitude can be written as

M = e±iαbM1+M2, (5)

M1
M2

αb
αb

bb̄

where  represents the contribution from Feynman dia-
grams  (a)  and  (b),  represents  the  contribution  from
Feynman diagram (c), both of which are -independent.
In Eq. (5), the sign before the phase angle  depends on
the chirality configuration of the  in the final state.

hbb̄
gbb̄ b

b
M1 M2

αb
αb

αb mb

Because the  vertex flips the chirality of the fermi-
on  line,  while  the  does  not,  if  the -quark is  mass-
less, the interference term will vanish. It can only appear
when the -quark is massive,  in which case the chirality
is  not  a  good  quantum  number.  The  terms  and 
can be non-zero at  the  same time due to  the  mass  inser-
tion effect.  The  technical  analysis  of  this  can  be  under-
stood easily.  Since  in  the  massless  limit  the  chiral  sym-
metry is  restored,  and one can remove  with the sym-
metry transformation of Eq.  (2),  should not have any
observable effect  in  this  limit.  Thus,  any  observable  ef-
fect of  is expected to be proportional to .

Our next aim is to find the phase space region where
the  interference  effect  is  large.  This  will  guide  us  to
design a suitable observable and cuts. The relative size of
the interference effect can be described by the ratio between
the interference term and the non-interference terms

e±iαbM1M∗2+ e∓iαbM∗1M2

|M1|2+ |M2|2
= 2cos(±αb+φ)

|M1| · |M2|
|M1|2+ |M2|2

,

(6)

φ M1M∗2
αb+φ

hgg

where  is phase angle of . As a matter of fact, we
can only measure  with this process.  However,  the
effective  vertex

(
αs

12
√

2πv
+

chgg

Λ

)
hGa
µνG

a,µν+
c̃hgg

Λ
hGa
µνG̃

a,µν (7)

chgg = c̃hgg = 0

|M1|·

can be independently and precisely measured at the LHC
[40-44],  so  that  the  model  dependence  from  this  part  is
low,  which  is  another  advantage  of  this  process.  In  our
work, we choose the SM value,  in the low
energy  limit.  To  obtain  a  significant  modulation  effect,
we  need  to  find  the  phase  space  region  where 

 

Fig. 1.    The Feynman diagrams that are used to measure the
relative sign between the bottom-quark Yukawa coupling con-
stant and the weak interaction gauge coupling constant.
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• Interference in Higgs decay:


• Advantage: the Hgg interaction can be well measured at 
both the LHC and the Higgs factory, with the information 
of the Lorentz structure.
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• Interference in Higgs decay:


• Advantage: the Hgg interaction can be well measured at 
both the LHC and the Higgs factory, with the information 
of the Lorentz structure.

ÃX ¼
PN=2

i¼1 jσiðΔϕXÞ − σN−iþ1ðΔϕXÞj
σ

; ð20Þ

where X ¼ jj;ll, σiðΔϕXÞ is the ith bin in the ΔϕX
distribution and N the number of bins. This definition
assumes that ΔϕX < 0 for all bins 1 ≤ i ≤ N=2 and
ΔϕX > 0 for all bins N=2þ 1 ≤ i ≤ N and that the binning
is symmetric with respect toΔϕX ¼ 0. We show constraints

on c̃g and c̃t obtained from ÃX in Fig. 6, where we obtain
constraints which are very similar to the ones obtained
using the full ΔϕX distributions. This means we can
reliably construct observables that are unaffected by CP-
even contributions but retain the best possible sensitivity to
the CP-odd contributions.
A direct comparison between linear and quadratic con-

tributions should be performed using the same analysis
strategy for these two contributions. Since asymmetries are
not suitable to study the quadratic contributions, we use the
full binned Δϕjj and Δϕll distributions in our analysis for
linear and quadratic contributions. Including the quadratic
dimension-six contributions results in constraints shown in
Fig. 7.4 These constraints are much tighter than those
obtained from the analysis in the linear case. Figure 8
directly compares the limits obtained from the linear
approximation and from the analysis which includes the
quadratic contributions. This supports the previous point,
highlighting that the quadratic contributions are significant
which results from the fact that they contribute to the total
cross section in contrast to the linear contributions. This is
also illustrated in Fig. 8 by comparing to bounds that
are obtained from only the shape of the distributions
discarding the information on the total cross section.
The large effect of the quadratic contributions signals a
violation of the perturbative constraint in Eq. (12). In other
words, the stronger constraints in Fig. 8 rely on contribu-
tions that are perturbatively not under control and therefore
should be treated with caution. In addition, including
quadratic effects (which are CP even) amounts to specific
assumptions about the CP-even operators in the Higgs
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FIG. 6. Constraints for 95% confidence level on c̃g and c̃t from
different datasets at 13 TeV using binned asymmetries [Eq. (20)].
Orange: only low-pT;h in hjj, blue: combination of low-pT;h and
high-pT;h events in hjj, green: constraint from the tt̄h sample
only, red: combination of all samples. In this plot only the
contributions from the SM and interference are taken into
account.
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FIG. 7. Same as Fig. 4 but here the quadratic contributions are
included as well.
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FIG. 5. Constraints for 95% confidence level on c̃g and c̃t from
different datasets at 13 TeV using simple asymmetries [Eq. (19)].
Orange: only low-pT;h in hjj, blue: combination of low-pT;h and
high-pT;h events in hjj, green: constraint from the tt̄h sample
only, red: combination of all samples. In this plot only the
contributions from the SM and interference are taken into
account.

4The stronger dependence of the tt̄h sample on c̃g with respect
to the linear case is a result of the c̃g and c̃t dependent branching
ratio (see the Appendix) for h → bb̄. In the linear case, the
branching ratio retains the SM value since the linear CP-odd
contributions vanish for this CP-even quantity.
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linearized approximation, such observables are the only
phenomenologically viable ones because the interference
terms cancel identically for any CP-even observable, such
as total cross sections, decay widths, as well as momentum
transfer-dependent observables such as transverse momenta
and invariant masses.
Issues arise, however, when multiple operators affect the

same observable. In this case, large CP-violating effects in
two or more operators can completely cancel, yielding a
result that resembles the SM prediction. Higgs-plus-two-jet
production via gluon fusion receives corrections from
heavy strongly interacting fermions, including the top
quark and possible as-yet-undiscovered heavy fermions
that lie far above the electroweak scale. In the effective field
theory approach, we can express this as corrections from
two operators

Õg ¼
αs
8πv

Ga
μνG̃aμνh; and

Õt ¼ it̄γ5th; ð1Þ

where t denotes the top quark, Ga
μν is the gluon field

strength with dual G̃aμν ¼ ϵμνρδGa
ρδ=2, h represents the

physical Higgs boson with mass mh ¼ 125 GeV, and
v ¼ 246 GeV is the Higgs’ vacuum expectation value.1

In the following we will denote c̃g, c̃t as the corresponding
Wilson coefficients of Eq. (1). While Õg and Õt in Eq. (1)
are nominally of mass dimension five and four, respec-
tively, they are derived from corresponding dimension-six
operators by appropriately replacing the Higgs field with its
vacuum expectation value v and setting the energy scale
Λ ¼ v. Additional contributions from the chromoelectric
dipole moment can be constrained in, e.g., top production
[32] and are not considered here.
It is well known that the mt-associated threshold effects

allow us to differentiate between these parameters in
their CP-even manifestation using momentum transfer-
dependent observables [33–40]. Together with the infor-
mation from top quark-associated Higgs production, this
is enough to sufficiently disentangle the gluon-Higgs
interactions from the top-Higgs contributions [41–43]. In
the case of the CP-odd operators of Eq. (1), momentum
transfer-dependent differential distributions used for the
CP-even operators are identically zero for the new physics
contribution. This makes the extraction of the CP-violating
effects in the fermion-Higgs interactions and their separa-
tion from competing modifications of the gauge sector-
Higgs interactions much more complicated to order ∼c̃t, c̃g.
The purpose of this work is to provide a detailed analysis

of this issue and point out possible improvements that are

straightforward to implement in existing experimental
analyses. This paves the way to obtaining a more detailed
picture of the Higgs CP properties at the LHC in the future.
Furthermore, we look at this analysis from the perspec-

tive of perturbative validity of the EFT approach. This is
done by comparing linearized results to results obtained
from including squared dimension-six effects. The latter
have been discussed in the past in detail (see, e.g.,
[19,20,44–47]). Yet, it is important to highlight that in
this case any CP-even observable also acts as a probe of the
CP-odd interactions. Hence, by including quadratic con-
tributions searches and interpretations of CP-violating
effects in the context of EFT become highly dependent
on (often implicit) EFT assumptions. Our aim is to find
experimental and phenomenological setups in which the
quadratic contributions are negligible such that constraints
on CP-violating interactions can be extracted perturba-
tively robust and with minimal assumptions on CP-even
contributions. In the context of these considerations we
extrapolate our analysis to experiments at future colliders.
Indirect constraints on c̃t have been derived, e.g., in

Ref. [48] from electric dipole moments. Under the
assumption that the Higgs couples to electrons with SM
strength the most stringent constraints are obtained from
measurements of the electron’s electric dipole moment
[49], c̃t ∼Oð10−3Þ. In this analysis we focus on limits that
can be obtained in direct measurements at the LHC and
future colliders while investigating the interplay between
Õg and Õt as well as the perturbative behavior of such
limits.
This work is organized as follows: In Sec. II we outline

our numerical setup and provide an overview of the relevant
observables. We also place our analysis into the context of
existing LHC analyses in the Higgs final states that we
consider. We present our results in Sec. III. In particular, we
will comment on the comparison of the dimension-six
linearized approach with CP-even effects from CP-odd
interactions as alluded to above and extrapolate our results
to obtain LHC and future hadron collider projections. We
conclude in Sec. IV.

II. SETUP: PROCESSES AND OBSERVABLES

A. Processes

To analyze the prospects of discriminating Õg from Õt
via the process pp → hjj, we use a modified version of
Vbfnlo [50,51]. Including dimension-six interactions, we
can write the full squared amplitude

jMj2 ¼ jMSMj2 þ 2ReðMSMM%
d6Þ þ jMd6j2: ð2Þ

Our modifications are such that the SM interference and
squared dimension-six amplitude parts can be extracted
individually, while keeping the full top mass dependence of

1The normalization of Õg corresponds to integrating out the
top quark with CP-odd couplings with Yukawa coupling sizeffiffiffi
2

p
mt=v in the limit mt → ∞ [29–31].
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Phase in bottom-quark Yukawa Interactions

• Interference in Higgs decay:


• Chirality analysis.


• Symmetry

dΓ ∼ y2
bαsdΓ11 + ybα2

s
mb

mh
dΓ12 + α3

s dΓ22

ψf → e−iαf γ5/2ψf

hψ̄f eiαf γ5ψf → hψ†
f eiαf γ5/2γ0eiαf γ5e−iαf γ5/2ψf

= hψ†
f γ0e−iαf γ5/2eiαf γ5e−iαf γ5/2ψf = hψ̄f ψf
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Phase in bottom-quark Yukawa Interactions

• Interference in Higgs decay:


• To enhance the interference effect:

dΓ ∼ y2
bαsdΓ11 + ybα2

s
mb

mh
dΓ12 + α3

s dΓ22
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3.1 The 240GeV Higgs Factory

We generate parton level signal and back-
ground events at 240GeV e+e� collider using
MadGraph aMC@NLO [57] with the initial state radia-
tion (ISR) e↵ects [58]. To include the NNLO corrections
to the cross section, the total cross section of e+e� !Zh
is rescaled to the suggested value in [59–61]. We analyze
both leptonic and hadronic decay modes of the Z boson.
The interference e↵ect between the Higgs strahlung pro-
cess and the Z-boson fusion process in the e+e� decay
case of Z boson is considered in our analysis. The jet
algorithm is the ee kt (Durham) algorithm in which the
distance between the object i and j is defined as [62]

dij ⌘ 2(1�cos✓ij)
min

�
E2

i
,E2

j

�

s
, (12)

where s is the square of the center-of-mass frame energy,
Ei is the energy of the ith jet, ✓ij is the angle opened by
the ith and jth jet.

We add pre-selection cuts when we generate the par-
ton level event

|⌘j,`± |< 2.3, �Rij > 0.1,�Ri` > 0.2,

Ej > 10GeV, E`± > 5GeV.

The parameters of the smearing e↵ects for di↵erent par-
ticles are chosen to be [5]

�(Ej)

Ej

=
0.60p
Ej/GeV

�0.01,

�(Ee±,�)

Ee±,�

=
0.16p

Ee±,�/GeV
�0.01, (13)

�

✓
1

pT,µ±

◆
= 2⇥10�5 GeV�1� 0.001

pµ± sin3/2 ✓µ±
,

(14)

3.1.1 Leptonic Decaying Z

After adding the smearing e↵ects, we require the ob-
jects satisfy‡

|cos✓j,`± |< 0.98, dij > 0.002,Ej > 15GeV,

�Ri` > 0.2, E`± > 10GeV.

The b-tagging e�ciency is chosen to be 80%, while the
mis-tagging rate from charm jet (light jet) is 10% (1%).
After the preselection cuts, we require the signal events
contain 2 b-tagged jets, a pair of opposite sign same fla-
vor charged leptons, and

|mµ+µ� �mZ |< 10GeV, |me+e� �mZ |< 15GeV,

✓`+`� > 80�, /ET < 10GeV,

124.5GeV<mrecoil < 130GeV, for µ+µ� channel,

118 GeV<mrecoil < 140GeV, for e+e� channel,

where the recoil mass is defined as

mrecoil ⌘
q
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sE`+`� +m2

`+`� . (15)

The dominant SM background processes for Z !
`+`� channel is

e+e� ! `+`�bb̄j

e+e� ! `+`�cc̄j

e+e� ! `+`�jjj

e+e� ! `+`�h(! cc̄j)

e+e� ! `+`�h(! jjj)

The kinematic cut on the recoil mass of `+`� can remove
most of the background events from the first three SM
processes, while the last two can pass this cut. How-
ever, the last two background will be suppressed by the
charm-jet and light jet mistagging rate.

We define an observable as

⇣H ⌘ 2Eb1
Eb2p

E2
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+E2

b1

cos✓b1b2 , (16)

where Ebi
is the energy of the ith b-jet in the Higgs rest-

frame, ✓b1b2 is the crossing angle between the 2 b-jets in
the Higgs-rest frame. In our analysis, the 4-momentum
of the Higgs boson is reconstruct by summing the 4-
momentum of the three jets from the Higgs boson de-
cay, but not the recoil momentum of the dilepton sys-
tem. When the two b-jets from the Higgs boson decay
are nearly collinear and the bb̄-system and the gluon jet
from the Higgs boson decay is nearly back-to-back, ⇣H
goes to its maximum value, +1. In FIG. 4, we show the
⇣H distributions for the residue SM backgrounds and the
signal with di↵erent values of ↵b.
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Fig. 6. The constraint to Yb ⌘ yb cos↵b+iyb sin↵b at
240 GeV Higgs factory with 5.6 ab�1 integrated
luminosity. We have combined the Z ! e+e�

channel and the Z!µ+µ� channel.

3.1.2 Hadronic Decaying Z

After adding the smearing e↵ects, we require the ob-
jects satisfy

|cos✓i|< 0.98, dij > 0.002,Ej > 15GeV,/ET < 10GeV.

To avoid a too aggressive estimation in the jet-rich en-
vironment, for this mode, we assume that the b-tagging
e�ciency is 60%, while the mis-tagging rate from charm
jet (light jet) is 10% (1%). After the preselection cuts,
we require the signal events contain at least 2 b-tagged
jets, 5 jets in total. To reconstruct the Higgs boson and
the Z boson, we use the likelihood method. The distri-
bution of the truth reconstructed Z-boson mass, Higgs
boson mass, Z-boson recoil mass and Higgs boson recoil
mass are

LZ(m) = P (m;91.0GeV,6.19GeV), (19)

Lh(m) = P (m;125.3GeV,6.54GeV), (20)

LrZ(m) = P (m;126.7GeV,8.43GeV), (21)

Lrh(m) = P (m;93.0GeV,10.56GeV), (22)

respectively, where

P (x;µ,�)=
1p
2⇡�

exp


� (x�µ)2

2�2

�
(23)

is the standard probability distribution function of the
normal distribution. We minimize

� = �2lnLZ(mi1i2
)�2lnLh(mi3i4i5
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i1i2

)

�2lnLrh(m
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)�70B(i3)�70B(i4)

+100B(i5), (24)

where i1, · · · , i5 is a permutation of 1, · · · ,5, mi···j is the
invariant mass of the ith, · · · , and jth jets, mrecoil

i···j is the
recoil mass of the ith, · · · , and jth jets, B(i) is 1 (0) if
the ith jet is tagged to be (not) a b-jet. If i1, · · · , i5 gives
the minimum �, we treat ji1 , ji2 as jets from Z decay,
ji3 , ji4 as the b-jets from the Higgs boson decay, and ji5
as the gluon from the Higgs boson decay. For the sig-
nal events, the reconstruction e�ciency is ⇠ 80%. We
require there is at least 2 b-jets in ji3 , ji4 and ji5 , �< 45
and 120� < ✓i1i2 < 150�.

The dominant SM background processes for Z ! jj
channel is

e+e� ! jjjjj

e+e� ! jjh(! cc̄j)

e+e� ! jjh(! jjj)

After the reconstruction, we can get the ⇣H distribution
which is shown in FIG. 7, we show the ⇣H distributions
for the residue SM backgrounds and the signal with dif-
ferent values of ↵b.
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Fig. 7. The ⇣H distributions for the SM back-
ground, the SM bottom-quark Yukawa interaction
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CP-odd scalar (↵b = ⇡/2), and the wrong-sign
bottom-quark Yukawa interaction (↵b =⇡) at 240
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• 240GeV Higgs factory with 5.6ab-1 integrated luminosity.

Results

δαb ∼ ± 40∘
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• 240GeV Higgs factory with 5.6ab-1 integrated luminosity+ 
365GeV Higgs factory with 1.5ab-1 integrated luminosity.

Results

δαb ∼ ± 34∘
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• 240GeV Higgs factory with 5.6ab-1 integrated luminosity+ 
365GeV Higgs factory with 1.5ab-1 integrated luminosity.

Results
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Summary
• LHC and future colliders will bring us to an era of 

precisely Higgs physics.


• Experimentalists have already measured a lot of 
important properties of the SM-like Higgs boson.


• We need to understand the details of the Higgs boson as 
we did for the Z boson at LEP.


• We show an example of studying the CP property of the 
Higgs-bottom-quark Yukawa interaction.
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POD
ON DEMAND

We hunted the Higgs Boson for more than 50 

years. What should we do after getting it? 



Domesticating it!
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Collider Simulation
• We analyze the signal and backgrounds at 240GeV Higgs 

factory and 365GeV electron-positron collider.


• Results from different decay modes of the Z-boson are 
combined.


• Both signal and background events are produced with 
MadGraph5. ISR effect and NNLO k-factor are included.


• The detector effect is simulated with Gaussian smearing 
effect.
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Collider Simulation
• The detector effect is simulated with Gaussian smearing 

effect.


• The b-tagging efficiency is set to be 80% for channels 
with leptonic decaying Z boson, and 60% for channels 
with hadronic decaying Z boson. 


• Charm quark jet mis-tagging rate is set to be 10%, light 
jets mis-tagging rates is set to be 1%.
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3.1 The 240GeV Higgs Factory

We generate parton level signal and back-
ground events at 240GeV e+e� collider using
MadGraph aMC@NLO [57] with the initial state radia-
tion (ISR) e↵ects [58]. To include the NNLO corrections
to the cross section, the total cross section of e+e� !Zh
is rescaled to the suggested value in [59–61]. We analyze
both leptonic and hadronic decay modes of the Z boson.
The interference e↵ect between the Higgs strahlung pro-
cess and the Z-boson fusion process in the e+e� decay
case of Z boson is considered in our analysis. The jet
algorithm is the ee kt (Durham) algorithm in which the
distance between the object i and j is defined as [62]

dij ⌘ 2(1�cos✓ij)
min

�
E2

i
,E2

j

�

s
, (12)

where s is the square of the center-of-mass frame energy,
Ei is the energy of the ith jet, ✓ij is the angle opened by
the ith and jth jet.

We add pre-selection cuts when we generate the par-
ton level event

|⌘j,`± |< 2.3, �Rij > 0.1,�Ri` > 0.2,

Ej > 10GeV, E`± > 5GeV.

The parameters of the smearing e↵ects for di↵erent par-
ticles are chosen to be [5]

�(Ej)

Ej

=
0.60p
Ej/GeV

�0.01,

�(Ee±,�)

Ee±,�

=
0.16p

Ee±,�/GeV
�0.01, (13)

�

✓
1

pT,µ±

◆
= 2⇥10�5 GeV�1� 0.001

pµ± sin3/2 ✓µ±
,

(14)

3.1.1 Leptonic Decaying Z

After adding the smearing e↵ects, we require the ob-
jects satisfy‡

|cos✓j,`± |< 0.98, dij > 0.002,Ej > 15GeV,

�Ri` > 0.2, E`± > 10GeV.

The b-tagging e�ciency is chosen to be 80%, while the
mis-tagging rate from charm jet (light jet) is 10% (1%).
After the preselection cuts, we require the signal events
contain 2 b-tagged jets, a pair of opposite sign same fla-
vor charged leptons, and

|mµ+µ� �mZ |< 10GeV, |me+e� �mZ |< 15GeV,

✓`+`� > 80�, /ET < 10GeV,

124.5GeV<mrecoil < 130GeV, for µ+µ� channel,

118 GeV<mrecoil < 140GeV, for e+e� channel,

where the recoil mass is defined as

mrecoil ⌘
q
s�2

p
sE`+`� +m2

`+`� . (15)

The dominant SM background processes for Z !
`+`� channel is

e+e� ! `+`�bb̄j

e+e� ! `+`�cc̄j

e+e� ! `+`�jjj

e+e� ! `+`�h(! cc̄j)

e+e� ! `+`�h(! jjj)

The kinematic cut on the recoil mass of `+`� can remove
most of the background events from the first three SM
processes, while the last two can pass this cut. How-
ever, the last two background will be suppressed by the
charm-jet and light jet mistagging rate.

We define an observable as

⇣H ⌘ 2Eb1
Eb2p

E2
b1
+E2

b1

cos✓b1b2 , (16)

where Ebi
is the energy of the ith b-jet in the Higgs rest-

frame, ✓b1b2 is the crossing angle between the 2 b-jets in
the Higgs-rest frame. In our analysis, the 4-momentum
of the Higgs boson is reconstruct by summing the 4-
momentum of the three jets from the Higgs boson de-
cay, but not the recoil momentum of the dilepton sys-
tem. When the two b-jets from the Higgs boson decay
are nearly collinear and the bb̄-system and the gluon jet
from the Higgs boson decay is nearly back-to-back, ⇣H
goes to its maximum value, +1. In FIG. 4, we show the
⇣H distributions for the residue SM backgrounds and the
signal with di↵erent values of ↵b.
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‡The value of the dij cut is based on the assumption that the future lepton collider has a resolution at least as good as the LEP
[63, 64].
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Collider Simulation
• Pre-selection cuts


• 240GeV leptonic decaying Z


• 240GeV hadronic decaying Z
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3.1 The 240GeV Higgs Factory

We generate parton level signal and back-
ground events at 240GeV e+e� collider using
MadGraph aMC@NLO [57] with the initial state radia-
tion (ISR) e↵ects [58]. To include the NNLO corrections
to the cross section, the total cross section of e+e� !Zh
is rescaled to the suggested value in [59–61]. We analyze
both leptonic and hadronic decay modes of the Z boson.
The interference e↵ect between the Higgs strahlung pro-
cess and the Z-boson fusion process in the e+e� decay
case of Z boson is considered in our analysis. The jet
algorithm is the ee kt (Durham) algorithm in which the
distance between the object i and j is defined as [62]

dij ⌘ 2(1�cos✓ij)
min
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E2

i
,E2

j
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s
, (12)

where s is the square of the center-of-mass frame energy,
Ei is the energy of the ith jet, ✓ij is the angle opened by
the ith and jth jet.

We add pre-selection cuts when we generate the par-
ton level event

|⌘j,`± |< 2.3, �Rij > 0.1,�Ri` > 0.2,

Ej > 10GeV, E`± > 5GeV.

The parameters of the smearing e↵ects for di↵erent par-
ticles are chosen to be [5]
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=
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(14)

3.1.1 Leptonic Decaying Z

After adding the smearing e↵ects, we require the ob-
jects satisfy‡

|cos✓j,`± |< 0.98, dij > 0.002,Ej > 15GeV,

�Ri` > 0.2, E`± > 10GeV.

The b-tagging e�ciency is chosen to be 80%, while the
mis-tagging rate from charm jet (light jet) is 10% (1%).
After the preselection cuts, we require the signal events
contain 2 b-tagged jets, a pair of opposite sign same fla-
vor charged leptons, and

|mµ+µ� �mZ |< 10GeV, |me+e� �mZ |< 15GeV,

✓`+`� > 80�, /ET < 10GeV,

124.5GeV<mrecoil < 130GeV, for µ+µ� channel,

118 GeV<mrecoil < 140GeV, for e+e� channel,

where the recoil mass is defined as

mrecoil ⌘
q
s�2

p
sE`+`� +m2

`+`� . (15)

The dominant SM background processes for Z !
`+`� channel is

e+e� ! `+`�bb̄j

e+e� ! `+`�cc̄j

e+e� ! `+`�jjj

e+e� ! `+`�h(! cc̄j)

e+e� ! `+`�h(! jjj)

The kinematic cut on the recoil mass of `+`� can remove
most of the background events from the first three SM
processes, while the last two can pass this cut. How-
ever, the last two background will be suppressed by the
charm-jet and light jet mistagging rate.

We define an observable as

⇣H ⌘ 2Eb1
Eb2p

E2
b1
+E2

b1

cos✓b1b2 , (16)

where Ebi
is the energy of the ith b-jet in the Higgs rest-

frame, ✓b1b2 is the crossing angle between the 2 b-jets in
the Higgs-rest frame. In our analysis, the 4-momentum
of the Higgs boson is reconstruct by summing the 4-
momentum of the three jets from the Higgs boson de-
cay, but not the recoil momentum of the dilepton sys-
tem. When the two b-jets from the Higgs boson decay
are nearly collinear and the bb̄-system and the gluon jet
from the Higgs boson decay is nearly back-to-back, ⇣H
goes to its maximum value, +1. In FIG. 4, we show the
⇣H distributions for the residue SM backgrounds and the
signal with di↵erent values of ↵b.
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‡The value of the dij cut is based on the assumption that the future lepton collider has a resolution at least as good as the LEP
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3.1 The 240GeV Higgs Factory

We generate parton level signal and back-
ground events at 240GeV e+e� collider using
MadGraph aMC@NLO [57] with the initial state radia-
tion (ISR) e↵ects [58]. To include the NNLO corrections
to the cross section, the total cross section of e+e� !Zh
is rescaled to the suggested value in [59–61]. We analyze
both leptonic and hadronic decay modes of the Z boson.
The interference e↵ect between the Higgs strahlung pro-
cess and the Z-boson fusion process in the e+e� decay
case of Z boson is considered in our analysis. The jet
algorithm is the ee kt (Durham) algorithm in which the
distance between the object i and j is defined as [62]
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min
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where s is the square of the center-of-mass frame energy,
Ei is the energy of the ith jet, ✓ij is the angle opened by
the ith and jth jet.

We add pre-selection cuts when we generate the par-
ton level event

|⌘j,`± |< 2.3, �Rij > 0.1,�Ri` > 0.2,

Ej > 10GeV, E`± > 5GeV.

The parameters of the smearing e↵ects for di↵erent par-
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3.1.1 Leptonic Decaying Z

After adding the smearing e↵ects, we require the ob-
jects satisfy‡

|cos✓j,`± |< 0.98, dij > 0.002,Ej > 15GeV,

�Ri` > 0.2, E`± > 10GeV.

The b-tagging e�ciency is chosen to be 80%, while the
mis-tagging rate from charm jet (light jet) is 10% (1%).
After the preselection cuts, we require the signal events
contain 2 b-tagged jets, a pair of opposite sign same fla-
vor charged leptons, and

|mµ+µ� �mZ |< 10GeV, |me+e� �mZ |< 15GeV,

✓`+`� > 80�, /ET < 10GeV,

124.5GeV<mrecoil < 130GeV, for µ+µ� channel,

118 GeV<mrecoil < 140GeV, for e+e� channel,

where the recoil mass is defined as
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The dominant SM background processes for Z !
`+`� channel is
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e+e� ! `+`�jjj

e+e� ! `+`�h(! cc̄j)
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The kinematic cut on the recoil mass of `+`� can remove
most of the background events from the first three SM
processes, while the last two can pass this cut. How-
ever, the last two background will be suppressed by the
charm-jet and light jet mistagging rate.

We define an observable as

⇣H ⌘ 2Eb1
Eb2p

E2
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cos✓b1b2 , (16)

where Ebi
is the energy of the ith b-jet in the Higgs rest-

frame, ✓b1b2 is the crossing angle between the 2 b-jets in
the Higgs-rest frame. In our analysis, the 4-momentum
of the Higgs boson is reconstruct by summing the 4-
momentum of the three jets from the Higgs boson de-
cay, but not the recoil momentum of the dilepton sys-
tem. When the two b-jets from the Higgs boson decay
are nearly collinear and the bb̄-system and the gluon jet
from the Higgs boson decay is nearly back-to-back, ⇣H
goes to its maximum value, +1. In FIG. 4, we show the
⇣H distributions for the residue SM backgrounds and the
signal with di↵erent values of ↵b.
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Fig. 6. The constraint to Yb ⌘ yb cos↵b+iyb sin↵b at
240 GeV Higgs factory with 5.6 ab�1 integrated
luminosity. We have combined the Z ! e+e�

channel and the Z!µ+µ� channel.

3.1.2 Hadronic Decaying Z

After adding the smearing e↵ects, we require the ob-
jects satisfy

|cos✓i|< 0.98, dij > 0.002,Ej > 15GeV,/ET < 10GeV.

To avoid a too aggressive estimation in the jet-rich en-
vironment, for this mode, we assume that the b-tagging
e�ciency is 60%, while the mis-tagging rate from charm
jet (light jet) is 10% (1%). After the preselection cuts,
we require the signal events contain at least 2 b-tagged
jets, 5 jets in total. To reconstruct the Higgs boson and
the Z boson, we use the likelihood method. The distri-
bution of the truth reconstructed Z-boson mass, Higgs
boson mass, Z-boson recoil mass and Higgs boson recoil
mass are

LZ(m) = P (m;91.0GeV,6.19GeV), (19)

Lh(m) = P (m;125.3GeV,6.54GeV), (20)

LrZ(m) = P (m;126.7GeV,8.43GeV), (21)

Lrh(m) = P (m;93.0GeV,10.56GeV), (22)

respectively, where

P (x;µ,�)=
1p
2⇡�

exp


� (x�µ)2

2�2

�
(23)

is the standard probability distribution function of the
normal distribution. We minimize

� = �2lnLZ(mi1i2
)�2lnLh(mi3i4i5

)�2lnLrZ(m
recoil
i1i2

)

�2lnLrh(m
recoil
i3i4i5

)�70B(i3)�70B(i4)

+100B(i5), (24)

where i1, · · · , i5 is a permutation of 1, · · · ,5, mi···j is the
invariant mass of the ith, · · · , and jth jets, mrecoil

i···j is the
recoil mass of the ith, · · · , and jth jets, B(i) is 1 (0) if
the ith jet is tagged to be (not) a b-jet. If i1, · · · , i5 gives
the minimum �, we treat ji1 , ji2 as jets from Z decay,
ji3 , ji4 as the b-jets from the Higgs boson decay, and ji5
as the gluon from the Higgs boson decay. For the sig-
nal events, the reconstruction e�ciency is ⇠ 80%. We
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• Hadronic decaying Z: likelihood method.
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