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“Young” staffs in the TPD
• There are 11 staffs born after 1978.


• 4 of them are professor, 7 of them are associate professor.


• Research area:


-  Neutrino physics: 1+1


-  Lattice QCD: 1+1


-  Perturbative QFT: 2+1


-  TeV Physics: 0+2 

-  Gravitational wave physics and cosmology: 0+2
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“Young” staffs in the TPD
• Professors

Bin Gong Zhao Li Zhaofeng Liu Shun Zhou
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“Young” staffs in the TPD
• Associate professors

Ming Gong Hao Zhang Cen Zhang Jing Ren

Sai Wang Tao Liu Xun-Jie Xu Bin Yan
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Perturbative QFT group
• Accurate calculation of the Higgs strahlung process

Zhao Li

 < 0.5% 
with millions of 
Higgs bosons

δσHZ

NLO-EW corr. 
err. ~ 6%

 ~ 
 3%
δκZ

Go beyond 
NLO!
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Perturbative QFT group
• Accurate calculation of the Higgs strahlung process

Zhao Li

 > 1%δσmixed
HZ
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Perturbative QFT group
• Accurate calculation of the Higgs strahlung process

Zhao Li

Complete analysis on theoretical uncertainty is upcoming!
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Perturbative QFT group
• Numerical approaches, e.g. AMFlow, will be the practical 

key to the calculation of higher order effects.

• EW corrections at higher orders involves more loops, 

more scales, more amplitudes, more integrals etc. 


• NNLO EW for  and   could be 
critical. 


• More technique improvements will be needed. (automatic 
tools, parallel computation, AI?)

e+e− → Z e+e− → W+W−
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Phys.Rev.D 95 (2017) 9, 093003;

Phys.Rev.D 98 (2018) 7, 076010;

Phys.Rev.D 100 (2019) 11, 116013;

Chin.Phys.C 45 (2021) 5, 053102;

JHEP 08 (2022) 211;

Phys.Rev.D 106 (2022) 9, 096029.



Bin Gong

Perturbative QFT group
• Accurate calculation in New Physics models


•• NP corrections to the Higgs strahlung 
process in IDM and 2HDM

NP e↵ects in Higgs-strahlung
⇥
� =

�
�
IDM
Zh0 � �

SM
Zh0

�
/�

SM
Zh0

⇤

NP e↵ects in e+e� ! Zh0
(in IDM) when Higgs invisible decay is closed (upper) or open (lower).

1
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Bin Gong

Perturbative QFT group
• Accurate calculation in New Physics models


•• NP corrections to heavy scalar boson pair 
production processes in IDM and 2HDMScalar pair production in IDM

Relative weak corrections in scalar pair production

1&2: Neutral scalar pair production with Higgs invisible decay closed (open)

3: Charged scalar pair production no matter Higgs invisible decay is open or closed

2

10



Perturbative QFT group
• Model-independent calculation


• Radiative corrections in SM


• Radiative corrections in SMEFT
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JHEP 05 (2021) 100;

arXiv: 2204.05237 [hep-ph].

https://arxiv.org/abs/2204.05237


Bin Yan

TeV Physics group
• Probing the light quark Yukawa coupling constant
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Bin Yan

TeV Physics group
• Probing the Higgs-gluon coupling

Xiaorui Wong and Bin Yan, arxiv:2302.02084 

QJ =
1

(pjT )


X

i2jet

Qi(p
i
T )

,  > 0

<latexit sha1_base64="v8AwVVmzpDO/dxocyPeWqiziY8o="></latexit><latexit sha1_base64="v8AwVVmzpDO/dxocyPeWqiziY8o="></latexit><latexit sha1_base64="v8AwVVmzpDO/dxocyPeWqiziY8o="></latexit><latexit sha1_base64="v8AwVVmzpDO/dxocyPeWqiziY8o="></latexit>

13



Bin Yan

TeV Physics group
• Zbb anomalous coupling
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Bin Yan

TeV Physics group
• Transverse spin asymmetry
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TeV Physics group
• Precisely testing the Higgs couplings with new methods


• Probing the new physics effects via the electroweak 
correction


• Utilizing the polarization of the particles to probe the new 
physics effects

16

Nucl.Phys.B 909 (2016) 197-217;

Phys.Rev.Lett. 127 (2021) 5, 051801;

Phys.Lett.B 822 (2021) 136709;

Phys.Lett.B 829 (2022) 137076;

arXiv:2302.02084 [hep-ph];

to be published.

https://arxiv.org/abs/2302.02084


Hao Zhang

TeV Physics group
• Exotic decays of the 125 GeV Higgs boson

Chinese Physics C Vol. 41, No. 6 (2017) 063102

Fig. 12. (color online) The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC,
CEPC, ILC and FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical
lines in this figure to divide different types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h→ZZ∗ → νν̄νν̄ [56]. For the Higgs exotic decays
into hadronic particle plus missing energy, (bb̄) + /ET,
(jj)+ /ET and (τ+τ−) + /ET, the future lepton colliders
improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (γγ)(γγ) channel. Being able to
reconstruct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-
ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very

good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e− → ZH with
Z → l+l− and h →exotics up to four-body final state,
but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a pair
of intermediate particles with un-even masses [25], Higgs
CP property measurements from its decay differential
distributions [57–60], flavor violating decays, decays to
light quarks [61], decays into meta-stable particles, and
complementary Higgs exotic productions [62]. Our work
is a first systematic study evaluating the physics poten-
tial of future lepton colliders to probe Higgs exotic de-
cays. More work will be needed to obtain a complete
picture.

LTW would like to thank Matt Strassler for useful
discussions, and the Institute of High Energy Physics in
Beijing for hospitality. ZL and LTW would like to thank
the Kavli Institute for Theoretical Physics for hospital-
ity.
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In Section 2, we present an overview of exotic de-
cay searches at lepton colliders and some general discus-
sions of the Higgs exotic decays at different future lep-
ton colliders. In Section 3, we describe our simulation
framework and present our phenomenological analysis
for various Higgs exotic decay modes. We summarize
the physics potential from the Higgs exotic decays at
the (HL-)LHC and the future lepton collider programs
in Section 4. In our summary table, we include compre-
hensive projections and show the complementarity be-
tween future lepton collider programs and the HL-LHC.
We also discuss many important future directions for the
Higgs exotic decay programs.

2 Theoretical framework

2.1 Higgs exotic decay modes considered in this
work

The Higgs boson BSM decays have a rich variety of
possibilities. To organize this study on Higgs boson BSM
decays, we selectively choose a set of phenomenologically
driven processes. We focus on two-body Higgs decays
into BSM particles, which are allowed to subsequently
decay further, up to four-body final states. We only
consider the Higgs boson as an CP -even particle. CP -

violation effects would affect various differential distribu-
tions, and this demands future study. These processes
are well-motivated by SM+singlet extensions, two-Higgs-
doublet-models, SUSY models, Higgs portals, gauge ex-
tensions of the SM, etc. These assumptions have also
been emphasized in the recent overview of Higgs exotic
decays [25] and the CERN yellow report [26].

We consider in general that the exotic Higgs decays
into BSM particles dubbed as Xi, h → X1X2. The cas-
cade decay modes are classified into four cases, schemat-
ically shown in Fig. 1. We discuss their major physics
motivation and features at lepton colliders in order.

h→ 2: The Xis in this case are detector-stable and
charge-neutral.1) They could be dark matter candidates.
The Higgs portal [27] to dark matter models, includ-
ing various SUSY light dark matter models [28–38], mo-
tivates this BSM search channel. The lepton collider
background for this channel are mainly from the process
e+e− → ZZ → Z + νν̄ and e+e− → W+W− → l+l−νν̄.
This channel, due to its simplicity and importance, has
been studied by most of the future lepton collider pro-
grams [16–18] and we will quote these results in our sum-
mary table. We include this channel here for complete-
ness. In addition, many of the models that motivate this
channel also induce other Higgs exotic decays we consider
in this study.

Fig. 1. The topologies of the SM-like Higgs exotic decays.

h→ 2→ 3→ 4: This is the topology in which X1 is
detector-stable and X2 decays to two particles, with
one of these decay products further decaying into two
particles. A typical BSM model for such decay modes
is the Higgs decaying into the lightest supersymmetric
particle (LSP) plus a heavier neutralino, which subse-
quently decays into the LSP plus a resonant BSM par-
ticle. This resonant BSM particle could be a singlet-
like scalar in the Next-to-Minimal-Supersymmetric-

Standard-Model (NMSSM). Many SUSY models which
motivate Higgs invisible decays also induce this decay
channel, e.g. [38, 39]. It also commonly exists in the
so-called “stealth SUSY” models [40]. This singlet-like
scalar decays into SM fermion pairs, giving rise to the fi-
nal state of a pair of resonant SM particles plus missing
energy, dubbed h→ (ff)+ /ET. 2) In this study, we only
consider the channels which are very challenging at the
LHC, h→ (jj)+ /ET, h→ (bb̄)+ /ET and h→ (τ+τ−)+ /ET.

1) The possibility of a detector-stable electrical charged particle Xi is usually more contrived and excluded from direct Drell-Yan
production by both LEP and the LHC. Hence, we ignore this possibility here.

2) At lepton colliders we could use the quantity missing momentum instead of Missing Transverse Energy (MET) /ET. The former
carries more information while the latter is more widely used in the hadron collider analyses. For the decay channel considered in our
analyses, the reach can be improved only marginally by the inclusion of the z-direction missing momentum information because of the
already great limit achieved and additional uncertainties from the beamstrahlung effect [41] and the initial state radiation (ISR) effect [42].
Consequently, we use only the more widely adopted missing transverse energy throughout this study.

063102-2
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Hao Zhang

TeV Physics group
• The CP property of the bottom Yukawa interaction

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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b
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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.

Qi Bi, Kangyu Chai, Jun Gao et al. Chin. Phys. C 45, 023105 (2021)
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factory  shown  previously.  The  combined  results  are
shown in Fig. 7, Fig. 8, and Fig. 9.

IV.  CONCLUSION AND DISCUSSION

δ(cosαb) ∼ ±0.23
cosαb

δ(cosαb) ∼ ±0.17
hgg

σ

In this work, we investigate the possibility of measur-
ing the phase angle in the bottom-quark Yukawa interac-
tion  for  a  future  Higgs  factory.  We  find  that,  for  a
240 GeV Higgs factory with 5.6 ab−1 integrated luminos-
ity,  the  accuracy  of  the  measurement  could  reach

, which changes a little for different val-
ues of (see Fig. 6). If the Higgs factory runs at 365
GeV and accumulates 1.5 ab−1 integrated luminosity,  the
accuracy could increase to  (see Fig. 9).
This  result,  combined  with  the  interaction measure-
ment result from the LHC, can help us fix the phase angle
in  the  bottom-quark  Yukawa  interaction  with  the  125
GeV SM-like Higgs boson discovered at  the LHC. With
such  an  accuracy  of  the  measurements,  NP  models  with
anomalous bottom-quark Yukawa interaction, such as the
wrong-sign limit  of  the  type-II  2HDM,  will  be  dis-
covered (or excluded) with a C.L. of at least 3 .

h→bb̄

h→gg

b

In  our  simulation,  we  generated  the  Monte  Carlo
events with tree level amplitude. The infra-red (IR) diver-
gence in the cross section is avoided by adding kinematic
cuts.  There have been a number of studies on the higher
order  correction  to  the  decay  channel  since  the
1980s  (for  example,  see  [53-66]).  Some of  these  studies
include  the  interference  effect  with  the  channel.
Because the phase space region that makes the dominant
contribution to the measurement is the nearly collinear re-
gion of  the two -jets, a  calculation including resumma-
tion effects in that region would probably result in a sig-
nificant  improvement  in  the  accuracy  of  the  theoretical
prediction.

b
b

b
b

b

b
c

Z

Z

The -tagging efficiency used in this work is high. It
is  probable  that  the -tagging  efficiency  at  future  Higgs
factories  will  not  reach  the  assumed  value.  There  are
some potential causes for a decrease in the -tagging effi-
ciency.  For  example,  because  the  two -jets  are  nearly
collinear, it may be difficult to tag both of them with high
efficiency.  Second,  the -jet in  this  process  is  not  ener-
getic  enough;  therefore,  the  mis-tagging  rate  of  the
charm-quark jet could be higher than that of our assump-
tion.  However,  these  will  not  be  severe  problems.  One
may require only one -tagged jet in the signal events and
accept  a  higher -mis-tagging rate,  because  the  simula-
tion  shows  that  these  SM  backgrounds  are  still  small
enough.  When researchers  try to analyze the data with a
hadronic  decay  boson,  these  problems  will  be  more
subtle.  A  more  realistic  simulation  is  necessary  in  this
case.  Because  the  hadronic  decay  branching  ratio  is
much larger,  these data  may improve the results.  Never-
theless, this topic is beyond the scope of our work.

 

Yb

Z

Fig. 7.    (color online) The constraint of  for the 240 GeV
Higgs  factory  with  5.6  ab−1 integrated  luminosity  combined
with 365 GeV lepton collider with 1.5ab−1 integrated luminos-
ity  after  combining  the  leptonic  and  hadronic  decaying 
channels.

 

αb

Z αb(in)
αb(out)

Fig. 8.    (color online) The  measurement accuracy for the
240  GeV  Higgs  factory  with  5.6  ab−1 integrated  luminosity
combined with the 365 GeV lepton collider having 1.5 ab−1 in-
tegrated luminosity after combining the leptonic and hadronic
decaying  channels;  is  the  real  input  of  the  phase
angle, while  is the measured value with uncertainty.

 

cosαb

Z cosαb(in)
cosαb(out)

Fig.  9.    (color  online)  The  measurement accuracy for
the 240 GeV Higgs factory with 5.6 ab−1 integrated luminos-
ity combined with the 365 GeV lepton collider having 1.5 ab−1

integrated luminosity  after  combining  the  leptonic  and  had-
ronic  decaying  channels;  is  the  real  input  of  the
phase angle, and  is the measured value with uncer-
tainty.
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factory  shown  previously.  The  combined  results  are
shown in Fig. 7, Fig. 8, and Fig. 9.

IV.  CONCLUSION AND DISCUSSION

δ(cosαb) ∼ ±0.23
cosαb

δ(cosαb) ∼ ±0.17
hgg

σ

In this work, we investigate the possibility of measur-
ing the phase angle in the bottom-quark Yukawa interac-
tion  for  a  future  Higgs  factory.  We  find  that,  for  a
240 GeV Higgs factory with 5.6 ab−1 integrated luminos-
ity,  the  accuracy  of  the  measurement  could  reach

, which changes a little for different val-
ues of (see Fig. 6). If the Higgs factory runs at 365
GeV and accumulates 1.5 ab−1 integrated luminosity,  the
accuracy could increase to  (see Fig. 9).
This  result,  combined  with  the  interaction measure-
ment result from the LHC, can help us fix the phase angle
in  the  bottom-quark  Yukawa  interaction  with  the  125
GeV SM-like Higgs boson discovered at  the LHC. With
such  an  accuracy  of  the  measurements,  NP  models  with
anomalous bottom-quark Yukawa interaction, such as the
wrong-sign limit  of  the  type-II  2HDM,  will  be  dis-
covered (or excluded) with a C.L. of at least 3 .
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events with tree level amplitude. The infra-red (IR) diver-
gence in the cross section is avoided by adding kinematic
cuts.  There have been a number of studies on the higher
order  correction  to  the  decay  channel  since  the
1980s  (for  example,  see  [53-66]).  Some of  these  studies
include  the  interference  effect  with  the  channel.
Because the phase space region that makes the dominant
contribution to the measurement is the nearly collinear re-
gion of  the two -jets, a  calculation including resumma-
tion effects in that region would probably result in a sig-
nificant  improvement  in  the  accuracy  of  the  theoretical
prediction.
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some potential causes for a decrease in the -tagging effi-
ciency.  For  example,  because  the  two -jets  are  nearly
collinear, it may be difficult to tag both of them with high
efficiency.  Second,  the -jet in  this  process  is  not  ener-
getic  enough;  therefore,  the  mis-tagging  rate  of  the
charm-quark jet could be higher than that of our assump-
tion.  However,  these  will  not  be  severe  problems.  One
may require only one -tagged jet in the signal events and
accept  a  higher -mis-tagging rate,  because  the  simula-
tion  shows  that  these  SM  backgrounds  are  still  small
enough.  When researchers  try to analyze the data with a
hadronic  decay  boson,  these  problems  will  be  more
subtle.  A  more  realistic  simulation  is  necessary  in  this
case.  Because  the  hadronic  decay  branching  ratio  is
much larger,  these data  may improve the results.  Never-
theless, this topic is beyond the scope of our work.
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Fig. 7.    (color online) The constraint of  for the 240 GeV
Higgs  factory  with  5.6  ab−1 integrated  luminosity  combined
with 365 GeV lepton collider with 1.5ab−1 integrated luminos-
ity  after  combining  the  leptonic  and  hadronic  decaying 
channels.
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Fig. 8.    (color online) The  measurement accuracy for the
240  GeV  Higgs  factory  with  5.6  ab−1 integrated  luminosity
combined with the 365 GeV lepton collider having 1.5 ab−1 in-
tegrated luminosity after combining the leptonic and hadronic
decaying  channels;  is  the  real  input  of  the  phase
angle, while  is the measured value with uncertainty.
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Fig.  9.    (color  online)  The  measurement accuracy for
the 240 GeV Higgs factory with 5.6 ab−1 integrated luminos-
ity combined with the 365 GeV lepton collider having 1.5 ab−1

integrated luminosity  after  combining  the  leptonic  and  had-
ronic  decaying  channels;  is  the  real  input  of  the
phase angle, and  is the measured value with uncer-
tainty.
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• Resolving a degenerate CP-odd 125GeV scalar in 2HDM
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• Verifying the quantum entanglement effect in WW 

production
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TeV Physics group
• Studying the CP properties of the 125GeV Higgs boson 

via different channels and methods


• Studying the possibility of investigating the basic 
properties of QFT at CEPC

Thank you!
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