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Introduction

Our work in searching for CP violation :

• CP properties of the 𝐻𝑉𝑉 couplings using the 4𝑙 final state:  HIG-19-009(Phys. Rev. D 104 (2021) 05200

• gives a stronger constraint for 𝐻𝑉𝑉 in 𝐻𝜏𝜏 channel which could be combined with 4𝑙:  HIG-20-007(arXiv:2205.05120)

Why CP violation matters?

• Baryon asymmetry of the universe requires CP violation

• CP violation in SM can’t explain the baryon asymmetry

• Additional CP violation needed to explain baryon asymmetry

• CP violation might exist in Higgs sector in some new physics models: 2HDM, SUSY
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General discussion

The interactions concerned with Higgs are 𝐻𝑓𝑓 and 𝐻𝑉!𝑉", where 𝑉!𝑉" represents 𝑍𝑍, 𝛾𝛾, 𝑍𝛾, 𝑊𝑊or 𝑔𝑔, 𝑓 represents 
fermions. The general formation can be written as:

• 𝒜 𝐻𝑓𝑓 = −#!
$
𝜓% 𝜅% + i.𝜅%𝛾& 𝜓%

• 𝒜 𝐻𝑉!𝑉" = !
$
𝑎!'' +

("##)#"
$ *($##)#$

$

+"##
$ + (%## )#"*)#$ $

+"##
$ 𝑚'!

" 𝜖'!∗ 𝜖'"∗ + !
$
𝑎"''𝑓-.

∗ ! 𝑓∗ " -. + !
$
𝑎/''𝑓-.

∗ ! 2𝑓∗ " -.

where 𝑓 0 -. = 𝜖'0
- 𝑞0. − 𝜖'0. 𝑞0

-, 2𝑓-.
0 = !

"
𝜖-.12𝑓 0 12
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Considerations of symmetry and gauge invariance require:

𝜅!"" = 𝜅#"" ,	𝜅!$$ = 𝜅#$$, 𝑎!
"% = 𝑎!

%% = 𝑎!
&& = 𝜅!

%% = 𝜅#
%% = 𝜅!

&& = 𝜅#
&& = 𝜅!

"% = 𝜅'(( = 0

So we only have 13 parameters describing couplings of the H boson to EW gauge bosons: 

𝑎!"", 𝑎!##, 𝑎$"", 𝑎$##, 𝑎%"", 𝑎%##, 𝜅!"", 𝜅!##, 𝜅$
"&, 𝑎$

"&/&&, 𝑎%
"&/&&

and 2 parameters describing coupling 𝐻𝑔𝑔: 𝑎$
((, 𝑎%

((

Each anomalous coupling 
corresponds to an EFT 
operator in Higgs basis.



Couplings of the H boson to EW gauge bosons
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Since the H production in WW fusion and in ZZ fusion are very similar, we couldn’t distinguish 𝑎033 , 𝑎044 in 𝑉𝐵𝐹. 
We adopt 2 kinds of approaches.

1) Set 𝑎)"" = 𝑎)
$$ , 𝜅)"" = 𝜅)

$$

2) Consider SU 2 ×U(1) symmetry, we get:
𝑎!$$ = 𝑎!""

𝑎#$$ = 𝑐*# 𝑎#"" + 𝑠*#𝑎#
++ + 2𝑠*𝑐*𝑎#

"+

𝑎'$$ = 𝑐*# 𝑎'"" + 𝑠*#𝑎'
++ + 2𝑠*𝑐*𝑎'

"+

κ!$$

Λ!$$ # 𝑐*# − 𝑠*# =
κ!""

Λ!"" # + 2𝑠*
# 𝑎#

++ − 𝑎#""

𝑚"
# + 2

𝑠*
𝑐*

𝑐*# − 𝑠*#
𝑎#
"+

𝑚"
#

κ#
"+

Λ!
"+ # 𝑐*# − 𝑠*# = 2𝑠*𝑐*

κ!""

Λ!"" # +
𝑎#
++ − 𝑎#""

𝑚"
# + 2 𝑐*# − 𝑠*#

𝑎#
"+

𝑚"
#

In addition, we set 𝑎$
"&/&& = 𝑎%

"&/&& = 0 for their negligible effects in our measurement.

Thus, in Approach 1), we have 5 independent parameters left: 𝑎!"", 𝑎$"", 𝑎%"", κ!"", κ$
") ,

while only 𝑎!"", 𝑎$"", 𝑎%"", κ!"" are independent in Approach 2).

There is a 1-1 correspondence between EFT 
operators and these couplings:

δ𝑐, =
!
#
𝑎! − 1,  𝑐,□ =

.!
"/#

"

012
3$
4$ "

𝑐,, = − /#
" 5#

"

#67
𝑎#, 1𝑐,, = − /#

" 5#
"

#67
𝑎'



Couplings of the H boson to EW gauge bosons
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We can use the signal strength 𝜇5 =
2&
2&
'( and the fractional contributions 𝑓60 of a given process 𝑗 and a given 

parameter 𝑎𝑖 for parameterization.

For these 5 parameters, we have 4 𝑓60 :

𝑓8' =
𝑎' #σ'

𝑎! #σ! + 𝑎# #σ# + 𝑎' #σ' + κ! #σ9! + κ#
"+ #

σ9!
"%
𝑠𝑔𝑛

𝑎'
𝑎!

𝑓8# =
𝑎# #σ#

𝑎! #σ! + 𝑎# #σ# + 𝑎' #σ' + κ! #σ9! + κ#
"+ #

σ9!
"+
𝑠𝑔𝑛

𝑎#
𝑎!

𝑓9! =
κ! #σ9!

𝑎! #σ! + 𝑎# #σ# + 𝑎' #σ' + κ! #σ9! + κ#
"+ #

σ9!
"+
𝑠𝑔𝑛

−κ!
𝑎!

𝑓9!
"+ =

κ#
"+ #

σ9!
"+

𝑎! #σ! + 𝑎# #σ# + 𝑎' #σ' + κ! #σ9! + κ#
"+ #

σ9!
"+
𝑠𝑔𝑛

−κ#
"+

𝑎!

Where 𝜎60 represents the cross section of 𝑎𝑖 = 1 and other parameters are 0.



𝐻𝑔𝑔

For 𝐻𝑔𝑔, considering the gluon fusion, we may give a simultaneous constraint of the four coefficients: 𝑎"
77/𝑎/

77 and κ8/ ?κ8

There are 2 kinds of hypothesis:

1) 𝐻𝑔𝑔 as an effective coupling, with parameters 𝑎$
(( and 𝑎%

(( absorbing all SM and 

BSM loop contributions: we just measure 𝑎$
((/𝑎%

(( in 𝑔𝑔𝐻 and κ*/ 5κ* in 𝑡𝑡𝐻/𝑡𝐻 respectively.

2) Top quark dominants in the gluon fusion loop, so we can parameterize 𝐻𝑔𝑔 with κ*/

5κ*(contribution of top and bottom quarks) and 𝑎$
((/𝑎%

(((BSM), and measure them in 𝑔𝑔𝐻

combined with in 𝑡𝑡𝐻/𝑡𝐻 .

𝑎#
&&/𝑎'

&& can be parameterized as:

𝑐&& = − !
#67&

𝑎#
&& , 1𝑐&& = − !

#67&
𝑎'
&& in EFT Or 𝑓8'

&&: = 8'
(( "

8"
(( "

; 8'
(( " 𝑠𝑖𝑔𝑛

8'
((

8"
(( , 𝜇&&: =

< &&:
<)*

For 𝜅=/ 9𝜅= :

𝑓>?:== =
@A+ "

A+ "; @A+ "
𝑠𝑖𝑔𝑛 @A+

A+
, 𝜇:== =

< :==
<)*
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CP-odd CP-even
𝐻𝑔𝑔 𝑎/

77 𝑎"
77

𝐻𝑡𝑡 ?κ8 κ8



Observables
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𝒟+,- = 𝒫BC /
𝒫BC / 0𝒫DBC /

,  𝒟12* =
𝒫BCEDBC
FGH /

𝒫BC / 0𝒫DBC /

𝐵𝑆𝑀: the process with anomalous couplings
𝑖𝑛𝑡:    the interference part
𝒫:      the probability density (square of matrix element) of a certain process and 
a given final state 𝛺 (information about the 4-momentum of outgoing particles)

Generic definition of  Discriminant:

With different process and couplings, we get several discriminants.
For example:

Using the definition of 𝒟IJK:

𝒟!"
##$ =

𝒫%&'('
##$

𝒫%&
##$ + 𝒫('

##$

Using the definition of 𝒟)L=:

𝒟!")*+ =
𝒫%&'(')*+

𝒫%&)*+ + 𝒫(')*+

𝒟('
##$ =

𝒫%&
##$

𝒫%&
##$ + 𝒫('

##$

𝒟(' =
𝒫%&)*+

𝒫%&)*+ + 𝒫(')*+

0M means the CP-odd contribution to 𝒫 of 𝑎'
&&(𝑎'"")

𝒟NM∗ are sensitive to CP-odd term
𝒟>?∗ are sensitive to the interference of CP-odd and CP-even terms

Use these Discriminant as our observables, and 
by fitting their distributions in MC samples to 
Data, we can give constraints on parameters. 



Yuekai Song(ZJU)

Results for 𝐻𝑔𝑔 in 𝟒𝒍

Hypothesis 1):

Phys. Rev. D 104 (2021) 052004
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Measuring in 𝑔𝑔𝐻 and 𝑡𝑡𝐻 production, we get:

http://dx.doi.org/10.1103/PhysRevD.104.052004
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Results for 𝐻𝑔𝑔 in 𝟒𝒍

Hypothesis 2):

𝑔𝑔𝐻 can be combined with 𝑡 ̅𝑡𝐻 and 𝑡𝐻.

P @A+Q!
P A+Q!

is 2.38 for 𝑔𝑔𝐻 and is 0.391 for 𝑡 ̅𝑡𝐻: gives a stronger constraint. 

Phys. Rev. D 104 (2021) 052004 9
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Results for 𝐻𝑍𝑍/𝐻𝑊𝑊 in 𝟒𝒍

Approach 1):

Phys. Rev. D 104 (2021) 052004
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Measuring in 𝑉𝐵𝐹 and V𝐻 production, we get:
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Results for 𝐻𝑍𝑍/𝐻𝑊𝑊 in 𝟒𝒍
Approach 2):

Phys. Rev. D 104 (2021) 052004
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Results for 𝐻𝑍𝑍/𝐻𝑊𝑊 in 𝟒𝒍
Approach 2):

Phys. Rev. D 104 (2021) 052004
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Results for 𝐻𝑔𝑔 in 𝝉𝝉
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We used MELA method and 𝛿𝜙55 method respectively in 𝑔𝑔𝐻 and 𝑡𝑡𝐻 production:
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We defined 𝛼:RR = tanM!(
@A,
A,
)

arXiv:2205.05120

𝛿𝜙SS = 𝜙 𝑗! − 𝜙 𝑗# , 𝜂 𝑗! > 𝜂(𝑗#)

𝑗! and 𝑗# are the leading two jets and  
𝛿𝜙SS is sensitive to CP violation.
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Approach 1):
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Approach 2):

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
3−10×

a3f
0
2

4

6

8

10

12

14

16

18

20

 ln
 L

Δ
 2

 
−

ττApproach 2, 
Observed
Expected

68% CL

95% CL

CMS  (13 TeV)-1138 fb

arXiv:2205.05120

We applied additional considerations of custodial and 
SU(2) × U(1) symmetries, so only have a simple 
relation:𝑎'$$ = cos# 𝜃* 𝑎'""
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Combination

Combining 4l and 𝝉𝝉:

arXiv:2205.05120
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Combination

arXiv:2205.05120
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Yuekai Song(ZJU)

Summary

• CP violation exists in 𝐻𝑉𝑉 and 𝐻𝑓𝑓 couplings 

• Reduce the number of independent parameters due to Symmetries and other considerations

• 𝐻𝑔𝑔 and 𝐻𝑡𝑡 couplings can be measured simultaneously

• Measure these CP related parameters in 4𝑙 and 𝜏𝜏 channels and combine to give stronger results

Yuekai Song(ZJU)
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