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Introduction



An Era of Precisely Higgs Physics
• From 2011 to 2019

At the end of 2011, 
there was no evidence 
of the new scalar 
boson. Did you guess 
the correct mass of the 
SM-like Higgs boson 
from the information 
shown in this figure?

ATLAS and CMS Collaboration, 
ATLAS-CONF-2011-157, CMS 
PAS HIG-11-023.
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An Era of Precisely Higgs Physics
• From 2011 to 2019

With 80 fb-1 

integrated 
luminosity, the 𝜅 
parameters are 
measured with 
~20% accuracy.

ATLAS Collaboration, arXiv:1909.02845[hep-ex]; 
CMS Collaboration, CMS-PAS-HIG-17-031.
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An Era of Precisely Higgs Physics
• More information: go beyond the 𝜅-scheme!

ATLAS Collaboration, ATLAS-CONF-2019-032; 
CMS Collaboration, CMS-PAS-HIG-19-001.

!6

Appendix

4−10

3−10

2−10

1−10

1

10

 [
p
b
/G

e
V

]
T

,H
p

d/
σ

d

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

Combined data

γγ→H

4l→ZZ*→H

 = 1.1, + XHKNNLOPS 

0 10 20 30 45 60 80 120 200 350 1000
 [GeV]

T,H
p

0.6
0.8

1
1.2
1.4T

,H
p

D
a
ta

/T
h
e
o
ry

Figure 3: Di�erential pp ! H + X cross section as a function of Higgs boson transverse momentum pT,H in the
full phase space, compared to Standard Model predictions. The H ! �� (red triangles), H ! Z Z⇤ ! 4` (green
squares) and combined (black dots) measurements are shown. The blue dashed line shows the central value of the
sum of the NNLOPS ggF prediction, scaled to the N3LO prediction with a K-factor of 1.1, and the contribution
of the other Higgs boson production modes XH. The SM prediction is overlaid with uncertainty bands including
PDF and ↵S uncertainties as well as those due to missing higher-order corrections. For better visibility, all bins are
shown as having the same size, independent of their numerical width. The panel on the bottom shows the ratio of the
combined measurement to the prediction.
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Figure 17: The measured inclusive fiducial cross section in different final states (top left). The
measured fiducial cross section as a function of

p
s (top right). The acceptance is calculated

using POWHEG at
p

s=13 TeV and HRES [63, 65] at
p

s=7 and 8 TeV and the total gluon fusion
cross section and uncertainty are taken from Ref. [32]. The fiducial volume for

p
s=6–9 TeV uses

the lepton isolation definition from Ref. [21], while for
p

s=12–14 TeV the definition described
in the text is used. The results of the differential cross section measurement for pT(H) (middle
left), |y(H)| (middle right) and N(jets) (bottom left), pT of the leading jet (bottom right). The ac-
ceptance and theoretical uncertainties in the differential bins are are calculated using POWHEG.
The sub-dominant component of the the signal (VBF + VH + tt̄H) is denoted as XH.



• More precisely result in near future.
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ATLAS Collaboration, ATLAS-PHYS-PUB-2018-054;  
CMS Collaboration, CMS PAS FTR-18-011.
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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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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.
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F. An, et al, Chin. Phys. C43 (2019) 043002

κγ

κ
BRBSM

inv ΓH
κ

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  .

LHC300/3000fb−1

CEPC 240 GeV at 5.6 ab−1 wi/woHL-LHC

κb κt|κc κg κW κτ κZ κγ
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Precision of Higgs coupling measurement (7-parameter Fit)

 

5.6 ab−1

fb−1

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].

Chinese Physics C    Vol. 43, No. 4 (2019) 043002
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shown in light (dark) bars.

Λ/
√|ci|

Λ
ci

300 fb−1

3000 fb−1

In  Fig.  22,  the  results  are  presented  in  terms  of  the
sensitivity  to    at  95%  CL  for  each  operator  as
defined in Eq. (14),  where    is the scale of new physics
and    is  the  corresponding  Wilson  coefficient.  Four
columns  are  shown  separately  for  the  LHC  ,  the
HL-LHC  , the CEPC alone and the CEPC com-
bined with the HL-LHC. The results of the global fits, i.e.
simultaneous  fits  to  the  12  parameters,  are  shown  with
dark  colored  bars.  The  results  from  individual  fits  are
shown  with  light  colored  bars,  which  are  obtained  by
switching on one operator at a time with the rest fixed to
zero.

c̄γγ c̄Zγ δyµ

H→ γγ/Zγ/µµ

δyt

c̄eff
gg

tt̄H

δyt

tt̄H

It is transparent from Fig. 21 that the CEPC can meas-
ure the Higgs boson couplings with precision that is one
order of magnitude better than the LHC [10, 11]. For the
parameters  ,    and  ,  the  clean  signal  and  small
branching  ratios  of  the  corresponding  channels
( ) makes  the  HL-LHC  precision   compar-
able to the CEPC. The combination with the LHC meas-
urements thus provides non-negligible improvements, es-
pecially  for  those  parameters.  It  should  be  noted  that,
while   modifies the Hgg vertex via the top-quark loop
contribution, the CEPC alone cannot discriminate it from
the Hgg contact interaction obtained from integrating out
a  heavy  new particle  in  the  loop.  The  parameter    ab-
sorbs both contributions and reflects the overall precision
of the Hgg coupling. The combination with the LHC 
measurements  can  resolve  this  flat  direction.  The  CEPC
measurements, in turn, can improve the constraint on 
set  by  the  LHC by providing much better  constraints  on
the other parameters that contribute to the   process. It
should  also  be  noted  that  the  measurement  of  the  charm
Yukawa  coupling  is  not  reported  in  Ref.  [10],  while  the
projection  of  its  constraint  has  a  large  variation  among

δyc
δyc

δyc

different  studies  and  can  be  much  larger  than  one  [113-
118]. Therefore,   is fixed to be zero for the LHC-only
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Fig. 22.    (color online) The 95%, CL sensitivity to   for the operators in the basis defined in Table 14. The first two columns
show the results from the LHC Higgs boson measurements with   and   combined with the LEP diboson ( )
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• Go beyond the “signal strength”.


1. Effective Field Theory (theories?) method


• Advantages: model-independent, self-consistent, …


• Need helps from traditional method: too many 
parameters …

!10

An Era of Precisely Higgs Physics



• Go beyond the “signal strength”.


1. Effective Field Theory (theories?) method


2. Traditional method: from signal strength to Lorentz 
structures. 

!11
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12 10. Electroweak model and constraints on new physics
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Figure 10.1: Allowed contours in gνe
A vs. gνe

V from neutrino-electron scattering and
the SM prediction as a function of ŝ 2

Z . (The SM best fit value ŝ 2
Z = 0.23122 is

also indicated.) The νee [80] and ν̄ee [81] constraints are at 1 σ, while each of the
four equivalent νµ(ν̄µ)e [78–79] solutions (gV,A → −gV,A and gV,A → gA,V ) are at
the 90% C.L. The global best fit region (shaded) almost exactly coincides with the
corresponding νµ(ν̄µ)e region. The solution near gA = 0, gV = −0.5 is eliminated by
e+e− → ℓ+ℓ− data under the weak additional assumption that the neutral current
is dominated by the exchange of a single Z boson.

(The experimental uncertainty is also ±0.003.) This uncertainty largely cancels, however,
in the Paschos-Wolfenstein ratio [88],

R− =
σNC

νN − σNC
ν̄N

σCC
νN − σCC

ν̄N

. (10.21)

It was measured by Fermilab’s NuTeV collaboration [89] for the first time, and required a
high-intensity and high-energy anti-neutrino beam.

A simple zeroth-order approximation is

Rν = g2
L + g2

Rr , Rν̄ = g2
L +

g2
R

r
, R− = g2

L − g2
R , (10.22)

where

g2
L ≡ (g

νµu
LL )2 + (g

νµd
LL )2 ≈

1

2
− sin2 θW +

5

9
sin4 θW , (10.23a)

g2
R ≡ (g

νµu
LR )2 + (g

νµd
LR )2 ≈

5

9
sin4 θW , (10.23b)
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σhad, the fermionic two-loop EW corrections are known [134]. Non-factorizable O(ααs)
corrections to the Z → qq̄ vertex are also available [132]. They add coherently, resulting
in a sizable effect and shift αs(MZ) when extracted from Z lineshape observables by

≈ +0.0007. As an example of the precision of the Z-pole observables, the values of ḡf
A

and ḡf
V , f = e, µ, τ, ℓ, extracted from the LEP and SLC lineshape and asymmetry data,

are shown in Fig. 10.3, which should be compared with Fig. 10.1. (The two sets of
parameters coincide in the SM at tree-level.)
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Figure 10.3: 1 σ (39.35% C.L.) contours for the Z-pole observables ḡf
A and ḡf

V ,
f = e, µ, τ obtained at LEP and SLC [10], compared to the SM expectation as a
function of ŝ 2

Z . (The SM best fit value ŝ 2
Z = 0.23122 is also indicated.) Also shown

is the 90% CL allowed region in ḡℓ
A,V obtained assuming lepton universality.

As for hadron colliders, the forward-backward asymmetry, AFB, for e+e− and µ+µ−

final states (with invariant masses restricted to or dominated by values around MZ) in
pp̄ collisions has been measured by the CDF [145] and DØ [146] collaborations, and the
values s2

ℓ = 0.23221 ± 0.00046 and s2
ℓ = 0.23095 ± 0.00040 were extracted, respectively.

The combination of these measurements yields [147]

s2
ℓ = 0.23148 ± 0.00033 (Tevatron). (10.43)

By varying the invariant mass and the scattering angle (and assuming the electron

couplings), information on the effective Z couplings to light quarks, gu,d
V,A, could also

be obtained [148,149], but with large uncertainties and mutual correlations and not
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• Example: generic form of the SFF interaction


• The non-zero phases in the Yukawa interactions are 
evidence of new sources of EWSB and might be 
important for us to understand the matter-antimatter 
asymmetry in our universe.


• Can we measure the     ?

!12

ℒ = yf hf̄(cos αf + iγ5 sin αf )f

yf ∈ ℝ+, αf ∈ (−π, π]

αf
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Phase in bottom-quark 
Yukawa interaction



Phase in bottom-quark Yukawa Interactions

• Very interesting parameter.

• Exp: 2HDMs

!14

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).

!15
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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 d
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and ˜d
q

. �ey are
traditionally de�ned via the e�ective Lagrangian valid at hadronic energies µ ' 2GeV [14]:
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] = �ab/2 and n
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= 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 d
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and ˜d
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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
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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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Phase in bottom-quark Yukawa Interactions

• Indirect measurement (e.g. EDM).


• Hadronic EDMs (90% C.L.):


• Electron EDM (90% C.L.):

!16

J. Brod and E. Stamou, arXiv:1810.12303[hep-ph].
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Phase in bottom-quark Yukawa Interactions

• Indirect measurement (e.g. EDM).


• Hadronic EDMs (90% C.L.):


• Electron EDM (90% C.L.):


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

!17

J. Brod and E. Stamou, arXiv:1810.12303[hep-ph].
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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.

!18

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 Hgg.

!19

N. Deutschmann, F. Maltoni, M. Wiesemann and Marco Zaro, JHEP 1907 (2019) 054.
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Figure 7. Distributions in the transverse momentum of the Higgs boson in three categories: inclusive
(7a), � 1b-jet (7b), and � 1b-jet | 0 bb-jets (7c). See the text for details.

section, in the � 1b�jet category, the relative y2t and y2b contributions are respectively 81%

and 19%. In the � 1b�jet and no bb-jet category their relative contributions become ⇠ 77%

and ⇠ 23%, respectively. All in all, the gain coming from vetoing bb jets is moderate. Another

strategy, which can be combined with the bb-jet veto, consists in discarding events with the

Higgs transverse momentum larger than a given value. For example, with an upper cut on

pTH at 50 (100) GeV, in the category with at least one b jet and no bb jet, we can increase the

relative contribution of y2b terms to about 36% (27%), while keeping about 50% (90%) of its

rate. Hence, restricting the phase space to small pTH values allows us to increase the relative

size of y2b terms, while the impact on the rate is moderate due to the quite strong suppression

at large pTH .

We continue in figure 8 with the transverse-momentum distribution of hardest b jet. The

general features of the pTb1 spectrum are similar to the ones of pTH . However, as this observable

clearly does not help very much in distinguishing between y2b and y2t contributions, we do not

suggest any additional cut on pTb1 . It becomes clear from these plots, though, that a lower

pTb threshold used in the definition of b jets would increase the relative size of the y2b terms.

In the present study jets are defined with a pTj threshold of 30GeV. A value of 25 GeV or

even 20 GeV could be feasible at the LHC, and would further increase the sensitivity to the

bottom-quark Yukawa coupling in bb̄H production. We note that additional modifications of

the b-jet definition, for example the usage of a di↵erent jet radius (as shown in appendix A),

or of jet-substructure techniques, can provide further handles to improve the discrimination

of the y2b contribution.

Finally, we consider figure 9, where we show the invariant-mass distributions of the two

b jets, figure 9a, and their distance R, figure 9b, and the corresponding distributions for B
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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.

!20
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Phase in bottom-quark Yukawa Interactions

• 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.

!21

hGa
μνGa,μν

VS hGa
μνG̃a,μν



Phase in bottom-quark Yukawa Interactions

• Interference in Higgs decay:


• Chirality analysis.


• Symmetry

!22

dΓ ∼ y2
bαsdΓ11 + ybα2

s
mb

mh
dΓ12 + α3

s dΓ22

ψf → e−iαf γ5/2ψf

ψ̄f eiαf γ5ψf → ψ†
f eiαf γ5/2γ0eiαf γ5e−iαf γ5/2ψf

= ψ†
f γ0e−iαf γ5/2eiαf γ5e−iαf γ5/2ψf = ψ̄f ψf

mf ψ̄f ψf → mf ψ†
f eiαf γ5/2γ0e−iαf γ5/2ψf = mf ψ̄f e−iαf γ5ψf



Phase in bottom-quark Yukawa Interactions

• Interference in Higgs decay:


• To enhance the interference effect:

!23

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

�
E

2

i ,E
2

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

p

T,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�, /E

T

< 10GeV,

124.5GeV<m

recoil

< 130GeV, for µ+

µ

� channel,

118 GeV<m

recoil

< 140GeV, for e+e� channel,

where the recoil mass is defined as

m

recoil

⌘
q
s�2

p
sE`+`� +m

2

`+`� . (15)

The dominant SM background processes for Z !
`

+

`

� channel is

e

+

e

� ! `

+

`

�
bb̄j

e
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e

� ! `
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�
cc̄j

e
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e
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jjj
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�
h(! cc̄j)
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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 ⌘ 2Eb1Eb2p
E

2

b1
+E

2

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
• 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.

!24
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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%.

!25
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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

�
E

2

i ,E
2

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±,�)
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=
0.16p
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�0.01, (13)
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= 2⇥10�5 GeV�1� 0.001

pµ± sin3/2
✓µ±
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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�, /E

T

< 10GeV,

124.5GeV<m

recoil

< 130GeV, for µ+

µ

� channel,

118 GeV<m

recoil

< 140GeV, for e+e� channel,

where the recoil mass is defined as

m

recoil

⌘
q
s�2

p
sE`+`� +m

2

`+`� . (15)

The dominant SM background processes for Z !
`

+

`

� channel is

e

+

e
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+
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bb̄j

e
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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 ⌘ 2Eb1Eb2p
E

2

b1
+E

2

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

�
E

2

i ,E
2

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]
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�0.01,
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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�, /E

T

< 10GeV,

124.5GeV<m

recoil

< 130GeV, for µ+

µ

� channel,

118 GeV<m
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< 140GeV, for e+e� channel,

where the recoil mass is defined as
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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 ⌘ 2Eb1Eb2p
E

2

b1
+E

2

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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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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E

2

i ,E
2
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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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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�, /E

T

< 10GeV,

124.5GeV<m
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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 ⌘ 2Eb1Eb2p
E

2

b1
+E

2

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.

1− 0.5− 0 0.5 1

H
ζ

1

10

100

1000

Ev
en

ts
/b

in

SM backgrounds

SM bottom Yukawa

CP-odd bottom Yukawa

Wrong-sign bottom Yukawa

-1 L dt=5.6 ab∫ = 240 GeV, s

 channel-e+e

(a)

‡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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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,/E

T

< 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
)
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)�70B(i
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+100B(i
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), (24)

where i

1

, · · · , i
5

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 i

1

, · · · , i
5

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
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• Interference in Higgs decay:
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Collider Simulation



Collider Simulation
• Hadronic decaying Z: likelihood method.


• We reconstruct Z and H with minimizing the discriminator
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• 240GeV Higgs factory with 5.6ab-1 integrated luminosity.

Results
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• 240GeV Higgs factory with 5.6ab-1 integrated luminosity.

Results
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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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• 240GeV Higgs factory with 5.6ab-1 integrated luminosity+ 
365GeV Higgs factory with 1.5ab-1 integrated luminosity.

Results
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Summary



Conclusion

!35

• The non-SM Yukawa interactions between the Higgs 
boson and SM fermions are definitely new physics 
beyond the SM.


• The phases in the Yukawa interactions are evidence of 
new sources of EWSB and might be important for us to 
understand the matter-antimatter asymmetry in our 
universe.


• We propose a method for measuring the phases for the 
bottom-quark Yukawa interaction directly at Higgs 
factory.



Thank you!


