
Next-to-leading-order corrections to the  
process in extended Higgs models  

e+e− → hZ

mini-workshop on BSM at ILC（2022/02/28 Online）

Masashi Aiko (Osaka University → KEK） 
Collaborators: Shinya Kanemura (Osaka Univ.) Kentarou Mawatari (Iwate Univ.)

Based on EPJC 81 11 (2021) [arXiv:2109.02884]



This work 2

<latexit sha1_base64="/9/DVotllDpGpYIZju5EyFq/8cU="></latexit>

e�

e+ Z

h

Precision measurement 
at the ILC250 

This work

<latexit sha1_base64="k6mvnMV1aYFbd5B47WTxxYpq2ag="></latexit>

h

f

f̄

×
<latexit sha1_base64="I0zkLVchdn7yPa63B1vKfJePX1c="></latexit>

h

V

V ⇤

⋯

H-COUP ver.2
Discrimination of the extended 

Higgs models

We analyze the cross-section for  at the full next-to-leading order in various 
extended Higgs models.

e+e− → hZ



Introduction 3
Problems in the SM • Baryon asymmetry of the universe 

• Dark matter 
• Neutrino tiny mass   etc.

Extended Higgs model • One  doublet is an assumption in the SM. 

• The above problems can be solved.
SU(2)L

Determination of the Higgs sector is important.

The properties of SM-like Higgs boson are different from those in the SM. 
Such deviations can be measured with a few percent accuracies at future lepton 
colliders. → Precision calculations are essentially important.

SM must be extended to solve these problems.

How to determine



H-COUP: tool for precision calculation 4
http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/



H-COUP: tool for precision calculation 4

Extension • Production 
cross-section 

• Decays of 
additional Higgs 
bosons

I focus on 2HDM in this talk

http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/



Two Higgs doublet model (2HDM) 5
The model with two scalar doublet  and  with Φ1 Φ2 Y = 1/2

<latexit sha1_base64="im2pHDPIrgyy6wRYdbcWaVlBfB4="></latexit>

V (�1, �2) = m2
1|�1|2 +m2

2|�2|2 �m2
12(�

†
1�2 + h.c.)

+
1

2
�1|�1|4 +

1

2
�2|�2|4 + �3|�1|2|�2|2 + �4

����†
1�2

���
2
+

1

2
�5

h
(�†

1�2)
2 + h.c.

i
,

<latexit sha1_base64="sB/CeSvwnHriJOLks7HaGIxcnb4="></latexit>

�i =

✓
!i

1p
2
(vi + hi + izi)

◆

Softly-broken  symmetry suppresses flavor-changing neutral current.  
- 2HDM can be classified into Type-I, II, X and Y.

Z2 Glashow, Weinberg, PRD15 (1977) 
Paschos, PRD15 (1966)

Barger et al. PRD41 (1990) 
Aoki et al. PRD80 (2009)

G. Aad et al. PRD101 (2020)

Paricles  (SM-like Higgs boson), h H, A, H±

Parameters  (=246 GeV),  (=125 GeV), , , , v mh mH, mA, mH± M2 = m2
12/(sβcβ) tan β sβ−α

Higgs couplings ,      ( ) 

- Alignment limit：  （tree-level Higgs couplings take SM-values.） 

- LHC data are consistent with the SM prediction → 

ghVV = sβ−αgSM
hVV ghff = (sβ−α − cβ−αζf )gSM

hff ζf = − tan β or cot β

sβ−α → 1

sβ−α ≃ 1



Why higher-order calculations are needed? 6

T. Barklow et al. PRD97 (2018)

S. Kanemura, M. Kikuchi, K. Sakurai, K. Yagyu, PRD96 (2017)
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LO   → The deviation is  

-  LHC data indicate a SM-like scenario . 

Loop corrections → The deviation is  

Each size of correction is comparable.

σ2HDM
LO = s2

β−ασSM
LO 𝒪(1) %

sβ−α ≈ 1

𝒪(1) %

Experimental accuracy 

Δσ(e+e− → hZ) = 2 % (0.7%) at ILC 250fb−1 (2 ab−1)

Higher-order calculations are essentially important. 

We calculate one-loop corrections based on the renormalization scheme in H-COUP.

NLO



<latexit sha1_base64="9YoTW1cZ6tahTCt8yh6xsJKqSNw="></latexit>

(Pe, Pē) = (0, 0), �RhZ = �NP/�SM � 1

2HDM with sβ−α = 1 7

LO

Constants • Vacuum stability 
• Perturbative unitarity 
• S and T parameter

We find almost no difference among all Types.

Results

T. Appelquist, J. Carazzone PRD11 (1975) 

• A few percent deviations 
• Decoupling 

• The  vertex gives a 
dominant contribution

hZZ

• No deviation

M. Aiko, S. Kanemura, K. Mawatari, 2109.02884



2HDM with sβ−α = 1 7

LO

Constant • Vacuum stability 
• Perturbative unitarity 
• S and T parameter

We find almost no difference among all Types.

Results • A few percent deviations 
• Decoupling 

• The  vertex gives a 
dominant contribution

hZZ

T. Appelquist, J. Carazzone PRD11 (1975) 
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(Pe, Pē) = (0, 0), �
EW
X : Each NP effects • No deviation

M. Aiko, S. Kanemura, K. Mawatari, 2109.02884



2HDM with sβ−α ≠ 1 8
(Pe, Pē) = (0,0)
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(Pe, Pē) = (0, 0), �RhZ = �NP/�SM � 1
LO • 2% deviation

Constant • Vacuum stability 
• Perturbative unitarity 
• S and T parameter

Results • Loop effects are comparable  
• Non-decoupling 
- The larger effects the heavier 
masses. 

• The  vertex gives a 
dominant contribution

hZZ

M. Aiko, S. Kanemura, K. Mawatari, 2109.02884



2HDM with sβ−α ≠ 1 8
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(Pe, Pē) = (0, 0), �
EW
X : Each NP effects

LO • 2% deviation

Constant • Vacuum stability 
• Perturbative unitarity 
• S and T parameter

Results • Loop effects are comparable  
• Non-decoupling 
- The larger effects the heavier 
masses. 

• The  vertex gives a 
dominant contribution

hZZ
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Correlation：  vs. ΔRhZ
ττ ΔRhZ

bb 9
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�RhZ
XY =

�NP(e+e� ! hZ)BRNP(h ! XY )

�SM(e+e� ! hZ)BRSM(h ! XY )
� 1

M. Aiko, S. Kanemura, K. Mawatari, 2109.02884

(Pe, Pē) = (−0.8, + 0.3)
Deviation in σ × BR

Results

• Each type of 2HDMs shows a different 
correlation. 

• Type-I 2HDM, HSM and IDM show the almost 
same correlation.

Experimental accuracy 

 at ΔRhZ
bb = 1.3 % , ΔRhZ

ττ = 3.2 % 1 σ

T. Barklow et al. PRD97 (2018)

Sizable deviations to detect at the ILC250.



Correlation：  vs. ΔRhZ
ττ ΔRhZ

WW 10

Type-I 2HDM shows a different correlation 
from the HSM and the IDM.

M. Aiko, S. Kanemura, K. Mawatari, 2109.02884

T. Barklow et al. PRD97 (2018)

(Pe, Pē) = (−0.8, + 0.3)
Results

Experimental accuracy 

 at ΔRhZ
WW = 4.6 % 1 σ

If  GeV, deviations can be detected 
at the ILC.

mΦ ≤ 800

Further discrimination
 might be useful. But it is challenging 

only at the ILC.（  at ) 

→ Combined study with the HL-LHC

h → γγ

ΔRhZ
γγ = 34 % 1σ
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Discrimination of the extended 
Higgs models

We analyze the cross-section for  at the full next-to-leading order in various 
extended Higgs models.

e+e− → hZ

H-COUP ver.3



Back up
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 process（LO）e+e− → hZ

ILC, CEPC, FCC-ee：  GeV 

→  takes a maximal value. 

 boson energy：  

→  can be measured by using the recoil mass 
technique 

Helicity： 
In-state  

Out-state：  

Six helicity amplitude：   
At the ILC：

s = 240 − 250

σ(e+e− → hZ)

Z EZ = (s + m2
Z − m2

h)/(2 s)

σ(e+e− → hZ)

(σe, σē) : ( − , + ), ( + , − ), ( − , − ), ( + , + )

λ = ( + , − ,0)
<latexit sha1_base64="rzvCUmf4DrCSn0p7IEZG7rfMpbI="></latexit>

M��(s, t) (� = �e = ��ē)

(Pe, Pē) = (∓0.8, ± 0.3)

me/v → 0

J. Yan et al. PRD94 (2016) 
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From-factor decomposition 
　Helicity amplitude can be decomposed as 

 

Renormalized quantities 

　　　  
UV divergence: improved on-shell scheme 
Gauge dependencies are removed by utilizing the pinch technique 

IR divergence: regularized by finite photon mass, and photon mass dependence is 
removed by adding a real photon emission. 
We have performed the systematic calculation based on the scheme in H-COUP.
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Higher-order calculation

S. Kanemura, M. Kikuchi, K. Sakurai, K. Yagyu, PRD96 (2017)

B. Kniehl ZPC55 (1992); A. Denner et al. ZPC56 (1992)
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(Pe, Pē) = (0, 0), �RhZ = �NP/�SM � 1
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(Pe, Pē) = (0, 0), �
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 HSM with cα ≠ 1
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