
Footprints of vector-like quark models

2025.3.30

Shi-Ping He （和世平）

太原理工大学（Taiyuan University of Technology）

2025粒子物理标准模型及新物理精细计算研讨会，保定，2025年3月28日-4月1日



Contents

lIntroduction to vector-like quark

lOur studies in vector-like quark models

ØHiggs physics: ℎ → 𝛾𝑍, 𝑔𝑔 → ℎℎ
Ø STU parameters
Ø (𝑔 − 2)! contributions

lOutlook

Ø UV completion
Ø Higgs physics

Shi-Ping He 1



2

1.	Introduction of vector-like quark
What is vector-like quark (VLQ)?

Higgs	constraints

J.	M.	Alves	et	al (2023)

standard	model	(SM) gauge group 𝑆𝑈!(3)⨂𝑆𝑈"(2)⨂𝑈#(1)

fermion	representation	under 𝑆𝑈"(2)⨂𝑈#(1)

mix with	SM	fermion	via	renormalizable interactions	

quantum	anomaly	free

mass	term
chiral	fermion vector-like	fermion

representation	under	𝑆𝑈!(3)

vector-like	lepton VLQ

F.	del.	Aguilar	et	al (2008)
Shi-Ping He



l Phenomenological aspect
ØCP violation

ØCKM unitarity

ØB physics anomalies

ØMuon g-2 anomaly

Ø…
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l Theoretical aspect
Ø grand unified theory

𝐸!: 27 = 3,2 "/! + (3, 1 $%/& + (3, 1 "/& + 1,2 $"/% + 1,1 "

+ 3,1 $"/& + (3, 1 "/& + 1,2 "/% + 1,2 $"/% + 1,1 ' + 1,1 '

Ø composite Higgs model

simplest little Higgs model 𝑆𝑈((3)⨂𝑆𝑈)(3)⨂𝑈*(1)
𝑄& = 𝑡), 𝑏), 𝑖𝑇) , 𝑡+, 𝑏+, 𝑇+

Ø extra dimension

Ø …

Why we need VLQ?

Shi-Ping He

G. C. Branco, L. Lavoura, and J. P. Silva, CP Violation, Int. Ser. Monogr. Phys. 103, 1-536 (1999). Chap 24 "MODELS WITH VECTOR-LIKE QUARKS"

E. Ponton (2012)

M. Schmaltz (2004)

label 𝑋 𝑇
(also 𝑈) 

𝐵
(also 𝐷)

𝑌

electric	charge 5
3

2
3 −

1
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Status of new physics and VLQ

Shi-Ping He

l Theoretical status
Ø VLQ models: minimal and non-minimal

Ø vacuum stability

VLQ

HSM+VLQ 

2HDM+VLQ

Ø effective field theory

matching dim-6 SMEFT and VLQ models

matching dim-8 ZZZ operators and VLQ models

VLQ representations from dim-5 operators 

K. Y. Cingiloglu and M. Frank (2024)

M. L. Xiao and J. H. Yu (2014)

A. Arsenault, K. Y. Cingiloglu and M. Frank (2023)

C. Y. Chen, S. Dawson and E. Furlan (2017)

J. C. Criado and M. Perez-Victoria (2020)

J. Ellis, H. J. He, R. Q. Xiao, S. P. Zeng and J. Zheng (2025)



l Phenomenological and experimental status
Ødirect search

pair: 𝑇,𝑇 𝐵 ,𝐵

𝑇𝑇

single: 𝑇
𝐵

𝑋

𝑌
exotic: 𝑇 → 𝑏𝑊Y → 𝑏ℓYℓY𝑞𝑞′ 𝑇 → 𝑡𝑎(𝑎 → 𝛾𝛾)

𝑇 → 𝑏𝐻Y, 𝑡𝐴, 𝑡𝐻 leptoquark → 𝑇𝜇

̅𝑡𝜎!Z𝐺!Z𝑇

Y. J. Zhang, Y. T. Zhu, L. Han, Y. P. Bi, and T. G. Liu (2024). FCC-eh
Y. J. Zhang, J. L. Chang, and T. G. Liu (2024). CLIC
Y. B. Liu, B. Hu, and C. Z. Li (2024). LHC
J. Z. Han, S. Xu, W. J. Mao, and H. Q. Song (2023). HL-LHC
L. Shang and K. Sun (2023). pp

A. Belyaev, R. S. Chivukula, B. Fuks, E. H. Simmons and X. Wang (2021)

ATLAS, CMS 𝑇 → 𝑏𝑊, 𝑡𝑍, 𝑡ℎ
R. Benbrik, M. Boukidi, M. Ech-chaouy, S. Moretti, K. Salime, and Q. S. Yan (2024)
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J. Z. Han, Y. B. Liu, and S. Y. Xu (2024). CLIC

X. M. Cui, Y. Q. Li, and Y. B. Liu (2022). HL-LHC
B. Yang, Z. Li, X. Jia, S. Moretti, and L. Shang (2024). LHC 
Q. G. Zeng, Y. S. Pan, and J. Zhang (2023). LHeC
J. Z. Han, S. Xu, H. Q. Song and Y. J. Wang (2022). CLIC
L. Shang, C. Chen, S. Wang and B. Yang (2022). ep
J. Z. Han, Y. B. Liu, L. Xing and S. Xu (2022). LHC
L. Han, J. F. Shen and Y. B. Liu (2022). CLIC 
J. Z. Han, J. Yang, S. Xu and H. K. Wang (2022). HL-LHC
J. Z. Han, J. Yang, S. Xu and H. K. Wang (2022). CLIC
X. Gong, C. X. Yue, H. M. Yu, and D. Li (2020). LHeC
L. Han and J. F. Shen (2021). CLIC
X. Qin and J. F. Shen (2021). CLIC

L. Shang, Y. Yan, S. Moretti, and B. Yang (2024). pp
V. Cetinkaya, A. Ozansoy, V. Ari, O. M. Ozsimsek and O. Cakir (2021). HL-LHC

H. Zhou and N. Liu (2020). D. Wang, L. Wu, and M. Zhang (2021).

A. Arhrib, R. Benbrik, M. Boukidi, B. Manaut, and S. Moretti (2025). S. P. He (2022).

1.5TeV (minimal VLQ models)

H. Li, J. Chao, and G. Zhang (2023)
B. Yang, S. Wang, X. Sima, and L. Shang (2023). CLIC
L. Han, L. F. Du and Y. B. Liu (2022). CLIC
B. Yang, X. Sima, S. Wang and L. Shang (2022). pp
X. Qin, L. F. Du and J. F. Shen (2022). CLIC
X. Y. Tian, L. F. Du and Y. B. Liu (2021). pp
B. Yang, M. Wang, H. Bi and L. Shang (2021). pp

X. Qin and C. Wang (2023). CLIC
G. S. Lv, X. M. Cui, Y. Q. Li and Y. B. Liu (2022). muon collider

J.	J.	Aguilar-Saavedra,	R.	Benbrik,	S.	Heinemeyer,	and	M.	P.	Victoria	(2013)
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ØHiggs physics

Øelectroweak precision observables 

Ø top physics

Ø flavour physics

ØCP violation

H. Abouabid, A. Arhrib, R. Benbrik, M. Boukidi and J. E. Falaki (2024)
F. Albergaria, L. Lavoura and J. C. Romao (2023)
S. P. He (2023)
H. Cai and G. Cacciapaglia (2022)
J. Cao, L. Meng, L. Shang, S. Wang, and B. Yang (2022)

F. Nortier, G. Rigo and P. Sesma (2025)
S. P. He (2021)
S. P. He (2020)
K. Kumar, R. Vega-Morales and F. Yu (2012)

F. Albergaria, G. C. Branco, J. F. Bastos and J. I. Silva-Marcos (2023)
A. L. Cherchiglia and C. C. Nishi (2020)

J. M. Alves, G. C. Branco, A. L. Cherchiglia, C. C. Nishi, J. T. Penedo, P. M. F. Pereira, M. N. Rebelo, and J. I. Silva-Marcos (2024)

𝑍𝑡 ̅𝑡,𝑊𝑡𝑏, ℎ𝑡 ̅𝑡
𝑠" = 1 − 𝑉$%& ≤ 0.4CMS	(2014)		𝑉$% ≥ 0.92



Shi-Ping	He,	Leptoquark and vector-like quark extended model for simultaneous explanation of W boson mass and 
muon g-2 anomalies, Chin.	Phys.	C 47	(2023), 043102,	arXiv:2205.02088.

Shi-Ping He, Di-Higgs production as a probe of flavor changing neutral Yukawa couplings, Chin. Phys. C 
45, 073108 (2021), arXiv:2011.11949.

Shi-Ping He, Higgs boson to 𝛾𝑍 decay as a probe of flavor-changing neutral Yukawa couplings, Phys. 
Rev. D 102, 075035 (2020), arXiv:2004.12155.

Ø Higgs physics

Ø STU parameters

Ø muon g-2

7

2.	Our studies in vector-like quark models

Shi-Ping He

Shi-Ping He, Complete one-loop analytic and expansion formulae for the muon magnetic dipole moment, 
arXiv:2308.07133.

Shi-Ping He, Scalar leptoquark and vector-like quark extended models as the explanation of the muon g-2 
anomaly: bottom partner chiral enhancement case, Chin. Phys. C 47, 073101 (2023), arXiv:2211.08062.

Shi-Ping	He,	Leptoquark and vectorlike quark extended models as the explanation of the muon g-2 anomaly, 
Phys.	Rev.	D 105	(2022),	035017,	[Phys.	Rev.	D 106 (2022), 039901 (erratum)],	arXiv:2112.13490.	



minimal VLQ model with a pair of singlet 𝑇l,m

2.1 Higgs physics

ℒ = ℒ'( + ℒ)#*+,-, + ℒ)
.,*./

ℒ)
.,*./ = p𝑇"𝑖 𝐷0𝛾0𝑇" + p𝑇1𝑖 𝐷0𝛾0𝑇1 , 𝐷0 ≡ 𝜕0 − 𝑖𝑔′𝑌)𝐵0

ℒ)#*+,-, = −Γ)2 p𝑄"2 yΦ𝑇1 −𝑀) p𝑇"𝑇1 + ℎ. 𝑐.

Φ =
𝜑3

𝑣 + ℎ + 𝑖𝜒
2

, yΦ = 𝑖𝜎&Φ∗

gauge eigenstates

mass eigenstates

𝑡"
𝑇"

→ cos𝜃" sin𝜃"
−sin𝜃" cos𝜃"

𝑡"
𝑇"

,
𝑡1
𝑇1

→ cos𝜃1 sin𝜃1
−sin𝜃1 cos𝜃1

𝑡1
𝑇1

ℒ5,66 → ̅𝑡" p𝑇"
Γ$77/ 2𝑣 Γ)7/ 2

0 𝑀)

𝑡1
𝑇1

+ ℎ. 𝑐.

ℒ#*+,-, ⊇ −𝑚$ ̅𝑡𝑡 − 𝑚) p𝑇𝑇 −
𝑚$

𝑣 𝑐"&ℎ ̅𝑡𝑡 −
𝑚)

𝑣 𝑠"&ℎp𝑇𝑇

−
𝑚$

𝑣 𝑠"𝑐"ℎ(p𝑇"𝑡1 + ̅𝑡1𝑇") −
𝑚)

𝑣 𝑠"𝑐"ℎ( ̅𝑡"𝑇1 + p𝑇1𝑡")

tan𝜃1 =
𝑚$

𝑚)
tan𝜃" , 𝑀)

& = 𝑚)
&𝑐"& +𝑚$

&𝑠"&

8

𝜃"~
Γ)7𝑣
2𝑀)

Shi-Ping He, Higgs boson to 𝛾𝑍 decay as a probe of flavor-changing neutral Yukawa couplings, Phys. Rev. D 102, 075035 (2020), arXiv:2004.12155.

Shi-Ping He

free parameters
𝑚�, 𝜃l



the simplified model based on singlet 𝑇!,#
ℒ ⊇ −𝑒𝐴! )

"#$,&

𝑄" ̅𝑓𝛾!𝑓 + 𝑒𝑍![ ̅𝑡𝛾! 𝑔'$𝜔( + 𝑔)$𝜔* 𝑡

+4𝑇𝛾! 𝑔'&𝜔( + 𝑔)&𝜔* 𝑇 + ̅𝑡𝛾! 𝑔'$&𝜔( + 𝑔)$&𝜔* 𝑇 + 4𝑇𝛾! 𝑔'$&𝜔( + 𝑔)$&𝜔* 𝑡]

+
𝑔𝑐'
2

𝑊!* ̅𝑡'𝛾!𝑏' +𝑊!(4𝑏'𝛾!𝑡' +
𝑔𝑠'
2

𝑊!* 4𝑇'𝛾!𝑏' +𝑊!(4𝑏'𝛾!𝑇'

−𝑚$ ̅𝑡𝑡 − 𝑚& 4𝑇𝑇 −
𝑚$
𝑣
ℎ ̅𝑡 𝜅$ + 𝑖𝛾+ A𝜅$ 𝑡 + ℎ4𝑇 𝑦& + 𝑖𝛾+ A𝑦& 𝑇

+ℎ ̅𝑡 𝑦'$&𝜔( + 𝑦)$&𝜔* 𝑇 + ℎ4𝑇 (𝑦)$&)∗𝜔( + (𝑦'$&)∗𝜔* 𝑡

𝑔'$ =
1

𝑠-𝑐-
1
2
𝑐'. −

2
3
𝑠-. ,

𝑔'& =
1

𝑠-𝑐-
1
2
𝑠'. −

2
3
𝑠-. ,

𝑔)$ = − ./,
01,

, 𝑔)& = − ./,
01,

,

𝑔'$& =
/-1-

./,1,
, 𝑔)$& = 0

free parameters
real parameters

𝑚) , 𝜃"
𝜅$ , 𝑦)
𝜅̃$ , �𝑦)

complex parameters 𝑦"$) , 𝑦1$)

𝜅$ = 𝑐"&, 𝑦) = −
𝑚)

𝑣 𝑠"&

𝜅̃$ = 0, �𝑦) = 0

9

flavor-changing neutral Yukawa (FCNY)



constraints from Higgs signal strength in 𝑔𝑔 → ℎ → 𝛾𝛾

loose 𝑚) & 𝑠"

𝜇88 ≡
𝜎(𝑔𝑔 → ℎ)Γ(ℎ → 𝛾𝛾)

𝜎'((𝑔𝑔 → ℎ)Γ'( (ℎ → 𝛾𝛾)

10

suppression by mixing angle 
and heavy quark mass

𝜇88 − 1 ~ − 𝜃"& �
𝑚9
&

4𝑚$
&

Shi-Ping He



SM

BSM
FCNY interaction htT

constraints from ℎ → 𝛾𝑍 decay

11Shi-Ping He



BSM SM

the amplitude
𝑖ℳ = 𝑖𝜀0 𝑝: 𝜀; 𝑝& 𝑝&

0𝑝:; − 𝑝: � 𝑝&𝑔0; 𝒜 + 𝜀0;<!<"ℬ (𝜀0;<!<" ≡ 𝜀0;=>𝑝:=𝑝&>)

𝒜 ≡
𝑒&

8𝜋&𝑣 𝒜? +𝒜$ +𝒜) +𝒜$) , ℬ ≡
𝑒&

8𝜋&𝑣 ℬ$)

Γ(ℎ → 𝛾𝑍) =
𝐺@𝛼&𝑚9

7

64 2𝜋7
(1 −

𝑚A
&

𝑚9
&)
7 𝒜? +𝒜$ +𝒜) +𝒜$)

& + ℬ$) &

HL-LHC uncertainty: 19.1% at 1𝜎 CL

Γ(ℎ → 𝛾𝑍)
Γ'((ℎ → 𝛾𝑍) − 1 ≤ 19.1%

𝒜 & + ℬ &

𝒜'( & − 1 ≤ 19.1%

the partial decay width

𝜅$ = 1, 𝜅̃$ = 0, 𝑦) = �𝑦) = 0, 𝑦",1$) = 0, 𝑠" = 0

M. Cepeda et al, CERN Yellow Rep. Monogr. 7 (2019) 221-584

12Shi-Ping He



constraints combined with top EDM

𝑑$CD(~ 𝑦1$) 𝑦"$) ∗ − 𝑦"$) 𝑦1$) ∗

= 2𝑖[Re 𝑦"$) Im 𝑦1$) − Re 𝑦1$) Im 𝑦"$) ]

13

𝑚) = 400GeV, 𝑠" = 0.2 fixed

Shi-Ping He

𝒜$) ~ 𝑚)Re(𝑦1$) − (3 + 2 ln 𝑟$)& )𝑚$Re(𝑦"$))]

ℬ$) ~ (1 + ln 𝑟$)& )𝑚$Im(𝑦"$)) + 𝑚)Im(𝑦1$) ]

𝑟$) ≡
𝑚$

𝑚)



constraints from di-Higgs production

SM

BSM

𝜆999
𝜆999'( ≡ 1 + 𝛿999

Shi-Ping He, Di-Higgs production as a probe of flavor changing neutral Yukawa couplings, Chin. Phys. C 45, 073108 (2021), arXiv:2011.11949.
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the amplitude of 𝑔𝑔 → ℎℎ

𝑖ℳ = −𝑖
𝑔6&𝑠̂

16𝜋&𝑣& 𝜀0
,,E: 𝑘: 𝜀;

,,E& 𝑘& 𝒜0;𝑓F + ℬ0;𝑓G + 𝒞0;𝑓!

𝑓F$ = 𝜅$𝑓F
$,△ + 𝜅$&𝑓F

$,⊡:, 𝑓F) = −
𝑣𝑦)
𝑚)

𝑓F
),△ +

𝑣𝑦)
𝑚)

&
𝑓F
),⊡:,

𝑓F$) = 𝑦"$)
& + 𝑦1$)

& 𝑓F
$),⊡: + [𝑦"$)(𝑦1$))∗ + 𝑦1$)(𝑦"$))∗]𝑓F

$),⊡&

𝒜0; ≡ 𝑔0; −
𝑘&
0𝑘:;

𝑘: � 𝑘&
, 𝒞0; ≡

𝜀0;=>𝑘:=𝑘&>
𝑘: � 𝑘&

,

ℬ0; ≡ 𝑔0; +
𝑚9
&𝑘&

0𝑘:;

𝑝)& 𝑘: � 𝑘&
−
2 𝑘: � 𝑝: 𝑘&

0𝑝:;

𝑝)& 𝑘: � 𝑘&
−
2 𝑘& � 𝑝: 𝑝:

0𝑘:;

𝑝)& 𝑘: � 𝑘&
+
2𝑝:

0𝑝:;

𝑝)&
, 𝑝)& ≡

𝑡̂ ¦𝑢 − 𝑚9
J

𝑠̂

𝑓F,G,! ≡ 𝑓F,G,!$ + 𝑓F,G,!) + 𝑓F,G,!$)

𝑓G$ = 𝜅$&𝑓G
$,⊡:, 𝑓G) =

𝑣𝑦)
𝑚)

&
𝑓G
),⊡:,

𝑓G$) = 𝑦"$)
& + 𝑦1$)

& 𝑓G
$),⊡: + [𝑦"$)(𝑦1$))∗ + 𝑦1$)(𝑦"$))∗]𝑓G

$),⊡&

𝑓!$ = 0, 𝑓!) = 0, 𝑓!$) = −𝑖[𝑦"$)(𝑦1$))∗ − 𝑦1$)(𝑦"$))∗]𝑓!
$),⊡

𝜅̃$ = 0, �𝑦) = 0

𝑓F

𝑓G

𝑓!

15Shi-Ping He



estimation and analysis

16

𝐴:, 𝐴&, 𝐴7, 𝐴J, 𝐴K, 𝐴L, 𝐴M, 𝐴N999 , 𝐴:999 , 𝐴&999 , 𝐴7999

𝜇99 can be parametrized as

parameters need to be fixed
11 cross section values from MadGraph

Shi-Ping He
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triplet	scalar	leptoquark	+	triplet	VLQ

𝑆7: (p3, 3,1/3) (𝑋, 𝑇, 𝐵)",1: (3,3,2/3)

Shi-Ping He

2.2 STU parameters

VLQ gauge 
interactions

charged current interactions:

neutral current interactions:

Shi-Ping	He,	Leptoquark and vector-like quark extended model for simultaneous explanation of W boson mass and muon g-2 anomalies, 
Chin.	Phys.	C 47	(2023), 043102,	arXiv:2205.02088.
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̅𝑓2𝛾0 𝑔O!
2P + 𝑔F!

2P 𝛾K 𝑓P𝑉:
0 + ̅𝑓2𝛾0(𝑔O"

2P + 𝑔F"
2P 𝛾K)𝑓P𝑉&

0

Shi-Ping He

contributions of self energy L. Lavoura and J. P. Silva (1993)

𝑉Q: W boson coupling matrix
𝑈Q: Z boson coupling matrix with up quark
𝐷Q: Z boson coupling matrix with down quark

assumptions
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imply the heavy quark approximationΠOO 𝑚O
& − ΠOO(0)
𝑚O
& ≈ ΠOOR (0)

only valid for the singlet and doublet
not for the triplet

for (𝑋, 𝑇, 𝐵) triplet(𝑈"/1T )&= 𝑈"/1T + 2, (𝑈"/1$ )&= 𝑈"/1$ , (𝑈"/1% )&= 𝑈"/1% + 2
𝑠𝑖𝑛&𝜃"/1% −𝑠𝑖𝑛𝜃"/1% 𝑐𝑜𝑠𝜃"/1%

−𝑠𝑖𝑛𝜃"/1% 𝑐𝑜𝑠𝜃"/1% 𝑐𝑜𝑠&𝜃"/1%

assumption 1:

assumption 2:

Shi-Ping He

𝑇3𝑇U = 𝑇& − 𝑇7& + 𝑇7 𝑇7
𝑉Q(𝑉Q)V 𝑈Q

[𝑇2 , 𝑇P] = 𝑖𝜀2P+𝑇+
𝑇± = 𝑇: ± 𝑖𝑇&

𝑊03 p𝜓𝑇3𝛾0𝜓 𝑍0 p𝜓𝑇7𝛾0𝜓

⇒
?

assumptio



Paper Earliest 
time Representation Results Comments

L. Lavoura and J. P. Silva
Phys. Rev. D 47 (1993), 2046

1993 𝑇, 𝐵,
𝑇
𝐵

𝑆 ~ 𝜓3, 𝜓U, 𝜒3, 𝜒U
𝑇 ~ 𝜃3, 𝜃U
𝑈 ~ 𝜒3, 𝜒U

Haiying Cai
arXiv:1210.5200 (JHEP) 2012 𝑇,

𝑋
𝑇
,
𝑇
𝐵

,
𝑋
𝑇
𝐵

𝑇 ~ 𝜃3, 𝜃U
based on Lavoura’s results

valid

Chen, Dawson, and Furlan
arXiv:1703.06134 (PRD) 2017 𝑇, 𝐵,

𝑋
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2.3 (𝑔 − 2)! contributions

new	physics contributions at	one-loop	(four basic diagrams) effective operators

−
𝑒𝑎0
4𝑚 0

𝜇𝜎0;𝜇 𝐹0;
𝑂/G = 𝐿"2 𝜎0;𝑒1

P 𝐻 𝐵0;
𝑂/? = 𝐿"2 𝜎0;𝜎,𝑒1

P 𝐻 𝑊0;
,

𝑆𝑈"(2) ⊗ 𝑈#(1) invariant

scalar leptoquark + VLQ

𝑆𝑆𝛾 vertex𝑓𝑓𝛾 vertex

scalar mediator

vector mediator or

𝑉𝑉𝛾 vertex𝑓𝑓𝛾 vertex

or
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scalar leptoquark VLQ

J.	J.	Aguilar-Saavedra,	R.	Benbrik,	S.	Heinemeyer and	M.	P.	Victoria	(2013)I.	Dorsner,	S.	Fajfer,	A.	Greljo,	J.	F.	Kamenik and	N.	Kosnik (2016)

(3𝐵 + 𝐿)

Shi-Ping He

6×7 = 42 combinations

𝑓𝑓𝛾 vertex mediated ∝ 𝑄" 𝑆𝑆𝛾 vertex mediated ∝ 𝑄2

𝑄X + 𝑄' = −1

chiral enhancement from VLQ mass✕

✕



Shi-Ping	He,	Phys.	Rev.	D 105	(2022),	035017,	[Phys.	Rev.	D 106 (2022), 039901 (erratum)],	arXiv:2112.13490
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up-type quark chiral 
enhancements

minimal scalar LQ models

down-type quark 
chiral enhancements

Shi-Ping	He,	Chin.	Phys.	C 47	(2023), 073101,	arXiv:2211.08062

(up-type	LQ	+	VLQ)

(down-type	LQ	+	VLQ)

Shi-Ping He

17 leptoquark and VLQ extended models
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VLQ	phenomenology

new production and decay channels of VLQ in two example models



l Phenomenological aspect
ØCP violation

ØHiggs physics 𝑔𝑔 → 𝑍 ℎ

analytic amplitude and expansion

Ø…

26

3.	Outlook

l Theoretical aspect
Ø UV completion

gauge group and representations

mixing with SM quark 

Ø …

Next steps

Shi-Ping He



l Introduction to VLQ

l Our studies in vector-like quark models

ØHiggs physics ℎ ̅𝑡𝑇/ℎ,𝑇𝑡
ℎ → 𝛾𝑍/𝑔𝑔 → ℎℎ in singlet 𝑇l,m extended models

Ø STU parameters
triplet scalar leptoquark and triplet (𝑋, 𝑇, 𝐵)l,m model

Ø (𝑔 − 2)! contributions
scalar leptoquark and VLQ models (17 out of 42)

l Outlook
Ø UV completion: representations

Ø Higgs physics: 𝑔𝑔 → 𝑍 ℎ
27Shi-Ping He

Summary	and	conclusions



28Shi-Ping He



Shi-Ping He 29

Modifications to SM couplings
J.	J.	Aguilar-Saavedra,	R.	Benbrik,	S.	Heinemeyer,	and	M.	P.	Victoria	(2013)

Backups
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𝜙: (1,2,1/2)
𝑄": (3,2,1/6)
𝑢1: (3,1,2/3)
𝑑1: (3,1, −1/3)

Higgs Yukawa interactions for the triplet (𝑋, 𝑇, 𝐵)l,m

third generation quark and heavy quark mixing

tan𝜃1$ =
𝑚$

𝑚)
tan𝜃"$ , tan𝜃1% =

𝑚%

𝑚G
tan𝜃"% , sin2𝜃"% =

2(𝑚)
& −𝑚$

&)
𝑚G
& −𝑚%

& sin2𝜃"$

𝑀)
& = 𝑚)

&(𝑐"$)&+𝑚$
&(𝑠"$)&= 𝑚G

&(𝑐"%)&+𝑚%
&(𝑠"%)&

(𝑋, 𝑇, 𝐵)",1: (3,3,2/3)

Shi-Ping He
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𝑆𝑇𝑈 parameters

relation with 𝑊 mass

assumption: oblique corrections are dominated in the muon decay

large 𝑇 correction
Shi-Ping He

Electroweak precision measurement constraints



∆𝑆 ≡ 𝑆 − 𝑆'(

= −
𝑁$!𝑠"&

18𝜋 [−2ln𝑟$) + 𝑐"&
5 − 22𝑟$)& + 5𝑟$)J

1 − 𝑟$)& & + 𝑐"&
6 1 + 𝑟$)& 1 − 4𝑟$)& + 𝑟$)J

1 − 𝑟$)& 7 ln𝑟$)]

∆𝑇 ≡ 𝑇 − 𝑇'( =
𝑁$!𝑚$

&𝑠"&

16𝜋𝑠?& 𝑚?
& −1 − 𝑐"& +

𝑠"&

𝑟$)&
−

4𝑐"&

1 − 𝑟$)&
ln𝑟$) (𝑟$) =

𝑚$

𝑚)
)

∆𝜒& ≡ ¼
2,PY:,&

𝑂2 − 𝑂2
/Z< 𝜎& 2P

U: 𝑂P − 𝑂P
/Z< , 𝑂2 ∈ ∆𝑆, ∆𝑇 , 𝜎& 2P= 𝜎2𝜌2P𝜎P

∆𝑆/Z<= 0.02, 𝜎∆' = 0.07, ∆𝑇/Z<= 0.06, 𝜎∆) = 0.06,

𝜌 = 1 0.92
0.92 1 , 𝜎& = 𝜎∆' 0

0 𝜎∆)
𝜌 𝜎∆' 0

0 𝜎∆)
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singlet 𝑇l,m

Shi-Ping He
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T参数的贡献

Shi-Ping He

triplet (𝑋, 𝑇, 𝐵)l,m

S参数的贡献
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T参数的验证
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U参数的贡献

Shi-Ping He
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𝜇88 ≡
𝜎(𝑔𝑔 → ℎ)Γ(ℎ → 𝛾𝛾)

𝜎'((𝑔𝑔 → ℎ)Γ'( (ℎ → 𝛾𝛾)

=
Γ(ℎ → 𝑔𝑔)Γ(ℎ → 𝛾𝛾)

Γ'( (ℎ → 𝑔𝑔)Γ'( (ℎ → 𝛾𝛾)

= 𝑐"& + 𝑠"&
𝐹X (𝜏))
𝐹X (𝜏$)

& 𝑄$!𝑄$&[𝑐"&𝐹X (𝜏$) + 𝑠"&𝐹X (𝜏))] + 𝐹? (𝜏?)
&

𝑄$!𝑄$&𝐹X (𝜏$) + 𝐹? (𝜏?)
&

di-photon signal strength constraints

𝐹X 𝜏X ≡ −2𝜏X 1 + 1 − 𝜏X 𝑓 𝜏X , 𝐹? 𝜏? ≡ 2 + 3𝜏? + 3𝜏? 2 − 𝜏? 𝑓(𝜏?)

𝑓(𝜏) ≡
arcsin&

1
𝜏
, for 𝜏 ≥ 1

−
1
4 ln

1 + 1 − 𝜏
1 − 1 − 𝜏

− 𝑖𝜋
&

, for 𝜏 < 1
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Higgs to di-photon and 𝛾𝑍 analysis

Shi-Ping He



amplitude estimation and analysis

always enhance Γ(ℎ → 𝛾𝑍)

SM Top W W/Top

ℎ → 𝛾𝛾 -1.84 8.32 -4.5

ℎ → 𝛾𝑍 -0.65 12.03 -18.5

𝒜$) ~ 𝑚)Re(𝑦1$) − (3 + 2 ln 𝑟$)& )𝑚$Re(𝑦"$))]

ℬ$) ~ (1 + ln 𝑟$)& )𝑚$Im(𝑦"$)) + 𝑚)Im(𝑦1$) ]

𝒜$) > 0, enhance Γ(ℎ → 𝛾𝑍)

𝒜$) < 0, suppress Γ(ℎ → 𝛾𝑍)

38Shi-Ping He



Âσ"\ 𝑔𝑔 → ℎℎ; 𝑠̂ =
𝛼'&𝐺@& 𝑠̂ 𝑠̂ − 4𝑚9

&

128 4𝜋 7 Å
U:

:
𝑑cos𝜃 𝑓F & + 𝑓G & + 𝑓! &

=
𝛼'&𝐺@&

64 4𝜋 7Å]$#$%

]$#&'
𝑑𝑡̂ 𝑓F & + 𝑓G & + 𝑓! &

𝑡̂^_` = −
1
4 𝑠̂ + 𝑠̂ − 4𝑚9

&
&

, 𝑡̂^ab = −
1
4 𝑠̂ − 𝑠̂ − 4𝑚9

&
&

HL-LHC uncertainty: 𝜇99 = 1.00UN.7d3N.J: at 1𝜎 CL

the partonic cross section

M. Cepeda et al, CERN Yellow Rep. Monogr. 7 (2019) 221-584

the hadron level cross section

σ"\ 𝑝𝑝 → ℎℎ = Å
J5(

"/6

:
𝑑τÅ

e

:𝑑𝑥
𝑥
𝑓 𝑥, 𝜇@& 𝑓

τ
𝑥
, 𝜇@& Âσ"\ 𝑔𝑔 → ℎℎ; 𝑠̂ = τ 𝑠

Current limit: 𝜇99 < 6.9 at 95% CL

𝜇99 ≡
𝜎"\(𝑝𝑝 → ℎℎ)
𝜎"\'((𝑝𝑝 → ℎℎ) G. Aad et al (ATLAS), Phys. Lett. B. 800 (2020), 135103

A. M. Sirunyan et al (CMS), Phys. Rev. Lett 122 (2019) 12, 121803
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Di-Higgs analysis
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𝑚) = 800GeV, 𝑠" = 0.1 & 𝛿999= 0
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𝑚) = 800GeV, 𝑠" = 0.1 & 𝛿999= 0.5
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𝑎0(BNL) = 116592080(63)×10U::

𝑎0(FNAL) = 116592040(54)×10U::

𝑎0(Exp) = 116592061(41)×10U::

𝑎0(Exp) − 𝑎0(SM) = (251 ± 59)×10U::

FNAL	(2021)
42

FNAL	muon	g-2	experiment	Run-1	data	
(collected	in	2018)

muon g-2 or (𝑔 − 2)0 anomaly

Shi-Ping He

Muon g-2 anomaly
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FNAL	(2023)

𝑎0(FNAL) = 116592057(25)×10U::

𝑎0(Exp) = 116592059(22)×10U::

5.1𝜎?

FNAL	muon	g-2	experiment	Run-2/3	data	
(collected	in	2019/2020)
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