o kAT 2K S

TAIYUAN UNIVERSITY OF TECHNOLOGY

Footprints of vector-like guark models

N
-

Shi-Ping He (FI1H

2025. 3. 30

RJFAEE T K% (Taiyuan University of Technology)

20255 FYE AR Ko BB At BT &, R, 20254E3H28H-4A1H



Contents

® Introduction to vector-like quark

® Our studies in vector-like quark models
» Higgs physics: h = yZ, gg — hh

» STU parameters
» (g — 2), contributions

® Outlook

» UV completion
» Higgs physics



1. Introduction of vector-like quark ‘

What is vector-like quark (VLQ)?

standard model (SM) gauge group  SU-(3)Q®SU;(2)Q®Uy (1)

|

fermion representation under SU; (2)®Uy (1)

A
: r _ \ quantum anomaly free
chira ion vector-like fermion
mass term
representation under SU.(3)
Higgs constraints ‘ mix with SM fermion via renormalizable interactions

VLQ

vector-like lepton

Leptons N E “\j_ b{:_ ( N+ ) ( }:'_ ) X U
| (&) (=) =) \e= )| Multiplet U D (U) (X) (D ) U D
Notation Ay A3 >o 31 D U Y _D Y

SU (‘2)L QU (1)) 1g i Y 2_ 1 2 2 30

e | . | . . | SU@), 1 1 2 2 2 3 3
SpINor Dirac or Dirac Dirac Dirac Dirac or Dirac
Majorana Majorana U(].)Y 2/3 _1/3 1/6 7/6 _5/6 2/3 _1/3

F. del. Aguilar et a/(2008)

Shi-Ping He J. M. Alves et al (2023) ’



Why we need VLQ?

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"

® Theoretical aspect ® Phenomenological aspect
» grand unified theory > CP violation
E6: 27 = (3'2)1/6 + (g, 1)_2/3 + (gl 1)1/3 + (1!2)—1/2 +(111)1

+(B, D13+ B, D1z + (1,2)12 + (1,2)—q/2 +(1,1)0 + (1,1)

» CKM unitarity

» composite Higgs model > B physics anomalies

: : : > M -2 |
simplest little Higgs model su.(3)®su,(3)®Uy (1) uon g-2 anomaly

Qs = (t;, by, iT.), tg, b, Tx M. Schmaltz (2004) > ...
» extra dimension
label X T B
— (alsoU)  (also D)
electric charge 5 2 1
E. Ponton (2012) 8 2 2 _ -
Figure 1: Torus compactification: the identification of opposite sides leads to a smooth manifold. 3 3

Fermions propagating on the torus lead to a vector-like spectrum at low energies.

> ...
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Status of new physics and VLQ

® Theoretical status

> VLQ models: minimal and non-minimal

» vacuum stability

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

HSM+VLQ M. L. Xiao and J. H. Yu (2014)

2HDM+VLQ K.Y. Cingiloglu and M. Frank (2024)

» effective field theory

matching dim-6 SMEFT and VLQ models C.Y. Chen, S. Dawson and E. Furlan (2017)
matching dim-8 ZZZ operators and VLQ models 1. Ellis, H. J. He, R. Q. Xiao, S. P. Zeng and J. Zheng (2025)

VLQ representations from dim-5 operators J. C. Criado and M. Perez-Victoria (2020)



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

® Phenomenological and experimental status

ATLAS, CMS T — bW, tZ, th 15T .
. mmm) 1.5TeV (minimal VLQ models
» direct search r. Benbrik, M. Boukidi, M. Ech-chaouy, S. Moretti, K. Salime, and Q. S. Yan (2024) ( Q )

X. Qin and C. Wang (2023). CLIC —

pair: TT '[ G.S.Lv, X. M. Cui, Y. Q. Li and Y. B. Liu (2022). muon collider BB J.Z.Han, Y. B. Liu, and 5. Y. Xu (2024). CLIC

TT X M.cCuiY.Q.LiandY.B. Liu (2022). HL-LHC
-B. Yang, Z. Li, X. Jia, S. Moretti, and L. Shang (2024). LHC

" H.Li, J. Chao, and G. Zhang (2023) Q. G. Zeng, Y. S. Pan, and J. Zhang (2023). LHeC
B. Yang, S. Wang, X. Sima, and L. Shang (2023). CLIC J.Z. Han, S. Xu, H. Q. Song and Y. J. Wang (2022). CLIC
Single: T | :; I\-:an, L. F. Pu and Y. B. Liu (2022). CLIC L. Shang, C. Chgn, S. Wang and B. Yang (2022). ep
- Yang, X. Sima, S. Wang and L. Shang (2022). pp J.Z. Han, Y. B. Liu, L. Xing and S. Xu (2022). LHC
X.Qin, L. F. Du and J. F. Shen (2022). CLIC B 4 L Han, ). F. Shen and Y. B. Liu (2022). CLIC
X. Y. Tian, L. F. Duand Y. B. Liu (2021). pp J.Z. Han, J. Yang, S. Xu and H. K. Wang (2022). HL-LHC
- B.Yang, M. Wang, H. Bi and L. Shang (2021). pp J.Z. Han, J. Yang, S. Xu and H. K. Wang (2022). CLIC
¥ [ Y.J. Zhang, Y. T. Zhu, L. Han, Y. P. Bi, and T. G. Liu (2024). FCC-eh X. Gong, C. X. Yue, H. M. Yu, and D. Li (2020). LHeC
Y. J. Zhang, J. L. Chang, and T. G. Liu (2024). CLIC L. Han and J. F. Shen (2021). CLIC
{ Y.B. Liu, B. Hu, and C. Z. Li (2024). LHC _X. Qin and J. F. Shen (2021). CLIC
JL'. ZS.hlgzg’aSﬁ;(uK’. \é\ﬁ;'(gﬂoazg)?:i H. Q. Song (2023). HL-LHC Y { L. Shang, V. Yan, S. Moretti, and B. Yang (2024). pp
B V. Cetinkaya, A. Ozansoy, V. Ari, O. M. Ozsimsek and O. Cakir (2021). HL-LHC

. + ot
exotic: T - bW™ — bf™¥¢ dqd  H.zhou and N. Liu (2020). T — ta(a — V)/) D. Wang, L. Wu, and M. Zhang (2021).

+
T - bH , tA,tH A. Arhrib, R. Benbrik, M. Boukidi, B. Manaut, and S. Moretti (2025). leptoquark - T‘Ll S. P. He (2022).

rn v
tO_“ G[J,VT A. Belyaey, R. S. Chivukula, B. Fuks, E. H. Simmons and X. Wang (2021)



» Higgs physics
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)

» electroweak precision observables

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)

» top physics  ztt Wtb, htt
CMS (2014) V,, > 0.92 mmmm) s, = [1-V3 <04

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

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



2. Our studies in vector-like quark models

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

» Higgs physics <

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

Shi-Ping He, Leptoquark and vector-like quark extended model for simultaneous explanation of W boson mass and
> STU parameters == ;1 622 anomalies, Chin. Phys. C 47 (2023), 043102, arXiv:2205.02088.

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

> muon g-2 — 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.




2.1 Higgs physics

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

minimal VLQ model with a pair of singlet T} ¢

(p+
L = Lgy + Lywkawa 4 pIande d=(v+h+ix| & =io,d*
L;ukawa == —F%Qia)TR - MTTLTR + h C. \/E
Lgauge = T,i Dy T, + Toi D,y"Tg,D, = 8, — ig'¥rB, gauge eigenstates
- =P /N2v T
Linass = &, Tp) < ‘ /\/_ T/\/_) (T ) th.c.
F3 T R
O . 0 g b ot . o free parameters
V2M L (cos . Sin L) L R (COS r SIn R) R
! (TL) ~ —sinf; cosf; (TL)’(TR) - —sinfp cosby (TR) mr, 0,
my 2 _ 2.2 2.2
tanfp = tanf;, M7 = mzcp + mgsg
mr
My 2,2 M1 5 = :
Lyukawa = mttt — mTTT — 7 ci htt — 7SL hTT mass eigenstates

mg — — mr e T
—7SLCLh(TLtR +trTL) — 7SLCLh(tLTR + TrtL)

Shi-Ping He 8



the simplified model based on singlet T},

LD —ed, ) Qpfy*f +eZ,[Er* (gl + gho )t
f=tT
+Ty* (gl w_ + ghw )T + ty*(gf w_ + gF 0 )T + Ty (g w_ + g w,)t]

c _ - S 7 b
+ g_zL(W;FtLy“bL + W byHt,) + L Wi Ty by + Wby Ty)

V2 V2

_ _ omy _
—mtt —myTT — 7t ht(x, + iy°R)t + hT (yr + iy>50)T

+hE(yTw_ + y w, )T + hT ((/E) o= + (/i) o, ) t

flavor-changing neutral Yukawa (FCNY)

mTr HL

real parameters ‘ K, VT

K&, Yr

complex parameters ‘ vi VR

free parameters

t 1 1 2 2 2
gL = 5CL —5Sw )
SWCW 2 3
T 1 1 2 2 2
gi = 55L — 55w )
SWCW 2 3
t — ZSW T _ . ZSW
gR 3CW, gR 3CW
tT SLCL tT _ 0
gL 250 Cur IR
m
) _ T 2
Kt = Cr, YT—__v SL,
th = O, }7'1" = 0




constraints from Higgs signal strength in gg — h — yy o(gg = WI'(h - yy)

Hrr = 6SM (gg - WTM (h > yy)

1.0f
0.8 Hyy=1 2
Hy =1~ —6F %
| -0.005 am;
ik 0.6: -0.010
(b
= -0.015 suppression by mixing angle
9 0 al -0.020 and heavy quark mass
g | -0.025
-0.030 | 2
: oose mr & s
0.2} -0.035
: -0.040
0.0k :

500 1000 1500 200
my (GeV)
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constraints from h — yZ decay

SM

BSM

Shi-Ping He
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the amplitude

iM = ig,(p)e, ) |[(PE DY — P1 - P2gHY)A + eFVP1P2B| (eFVP1P2 = gHVP7p) ) ;)
2 2

c/q = (CAW + c/qt + c/qT + dth)r B = BtT

8m2v 8mlv

the partial decay width

2

Gra’m; m
W(l _m_g Aw + Ay + Ar + Aerl® + |Ber 2]
h

ke =LK =0,yr =yr =0,y1p=0,5, =0
BSM SM

['(h—>yZ) =

HL-LHC uncertainty: 19.1% at 1o CL
M. Cepeda et al, CERN Yellow Rep. Monogr. 7 (2019) 221-584

I'(h - vZ 2 2
2 N A2 + B2
SM(h - yZ) | ASM|2

1| < 19.1%



Re(ytLT)=Im(y}?T)=0.

constraints combined with top EDM  my = 400GeV, s, = 0.2 fixed

Al Im(y;")=Re(yg )=0|

Aer ~ [mrRe(yg') — (3 + 2 Inri)meRe(y()]

Ber ~ [(1 + Inrg)mdm(y;") + melm(yg)]

me
Yeir = —
= 3
, L =(R)"
EDM at 90% CL and unitarity
- : —~ 1
2 4 K
(T |
Re (y; ) =, 0
=
E_
dfPM~[yr rf ) =y R )] |
"~ “| & h>yZ at 10 CL and unitarity
. EDM at 9 L and unitarity
= 2i[Re(y;)Im(yg") — Re(yg )Im(y;")] _3 .

Shi-Ping He T 13



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

A
hhh __
SM A—SM =1+ Shhh
hhh
/ 2 -
.‘Im ’ h (] > i) (] > ) //h (] i il
h £
| - -< A f A f Y >< f
\ / 0\
g m \ h ] < - = h g < \ h g - = h
e 2l ARAVAVAVAY s h
( N S
t \ 7/
A i /\
{ / \
- == SEAVATAVAY, Nk

- == h

14



the amplitude of agg — hh fagc = fapc + fapc + fisc

M = —i gs$ 1 2
M= i (ke k)l A fo + B fiy + CHVfcl #e =0, Jr=0
U
AWV = gtV — ky ki , CHV = euvpaklkaU’
kl ° kz k1 . kZ
BHY = gHv 4 mpky kY 2(ky - p)k; pt . 2(ky - p1)py kY + 2p; vy pZ = ta—my
iy -ky) PRl ko) p2(ky k) pz 0T §
vyT\?
t_ o fOB 4 2t _(_ﬂ) +(—) oty
oo S O T = () e ()

"= (" + E 1) £7E + v 0D + v D 14T

VYT\?
fi = kP = ()

mr
T= (" + E 1) 7P + v 0D + v D 1T

fe fE=0,f1 =0, = —ilyF &) — yE i1 H



estimation and analysis

Unn can be parametrized as

pnn =1+ Ay + A" Sppn + AT 65 + (A2 + A" Spnn) (JyE | + vk %)
+ (As + ABPRS L) [ tT( ) +yR (yiT ) ]+A4(|ytT 2+ 1P+ As [yl (v + yi (i) )2
+ As(JyE 1P + 195 D)y, (v )* + vl i) — Az[vs (R )* — v (i)™ |

11 cross section values from MadGraph

parameters need to be fixed /

hhh phhh jhhh ghhh
Ai,A,,A5,A4,45,46, 47,407, A7, A7, As

Vs (TeV) [(mr/GeV, sp)|  Ax Al Az Ay As | A | Ar
14 (400, 0.2) | —0.1919 [0.3717| 1.672 [0.07449 [1.1140.3166] 3.071
(800, 0.1) [—0.04939[0.1279| 1.087 [0.01943(0.378(0.0711]0.9907
Vs (TeV) | (mr/GeV, sp)| A§™™ | A" | AZME | AR
i (400, 0.2) | —0.6958 [0.2754| —0.1343 [ —0.9956
(800, 0.1) | —0.7814 | 0.281 |—0.04494|—0.5731
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2.2 STU parameters

Shi-Ping He, Leptoquark and vector-like quark extended model for simultaneous explanation of W boson mass and muon g-2 anomalies,
Chin. Phys. C47 (2023), 043102, arXiv:2205.02088.

triplet scalar leptoquark + triplet VLQ S3 /3 54/3 Trr V2XLr
3 b
S3:(3,3,1/3) (X,T,B)Lr:(3,3,2/3) Ba = ( \/‘5—2/3 _51/3 ) ( \/—BL rR —TILr )

— charged current interactions:

auge g y
L —W:{tq/“[(chL—F\fs s w_ + V25t 55w |b 4+ ty*[(ch sh — V25t b Yw_ —V2stc%w,]B

v
+ Ty*[(sh,cl, — V2L 8] )w— — V255w ]b + Ty*[(s ] + vV2cch )w- + \/ic’j%cl}%er]B}
VLQ gauge + gW Xy (sitr — ¢ Tr) + Xpy*(sktr — ckTr)] + hec.. (15)

interactions

_ ) neutral current interactions:
T‘r(\Ilzp\Il)/2 g 4 4 4 4

Lormsy Sen Zu{ffy“[((ctL)2 — gs%,v)w_ — gs%Vw+]t + Ty*[((s%)* — gs%,v)w_ — gS%VW+]T
t 3t (Fo U o AT 1 (D)2 g 2 . b2 g 2

+ 87.¢L Ly Tr + Tey )] + by [(— 1= (s3)* + 33W)w— +(—2(sg)* + 33W)w+]b
~ 2 2 = .

+ ByH[(—1 = (c3)* + 53%/)60— +(—2(ck)* + gS%v)er]B + s7.¢,(by* B + Bry*br)

_ 5 _ _
— + 25k (bry"Br + Bry"br) + 2(1 - 2 5%) (X7 X1 + Xpv" XR) |- (16)
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contributions of self energy  fy.(g9y, + g4 v>)V + fivu(gy, + 94 v f;Vy* L Lavouraand ). P. Silva (1993)
Nc

m2 2
Iy, v, (0) = 16,72 (gvlg‘fz + gAlgAz)[Z(mz2 + m?)A —2(m? log — +m; 21og 'u; ) + 04 (m? m?)]
o i .
+ (9319‘32 94,93, ) [—4mim; A + 2mym; log B 4 0_(mi,mj)]}. (C1)

dIly, v, (p?) 1 1. mimi 1
V1V2(O) |p =

1
1] 1] J 2 2
dp? { v, 9y, T A1gAz)[_§A€ Ex 6 as 6 log 4 - §X+(mi,mj)]

mz-—l—mj 1

Tomm, ~ 2~ (™™l l (C2)

+ (99 9 — g% 9[-

assumptions
- 7={ 57 5 (VAR + V) o)+ 2RelVEVE) b= 0et] T = o S {ZZ [(VEE + [VE) 01 (v ) + 2 Re(VEVE") 6 (3 )]
_ag, (UL + [UZ512) X+ (Yar ys) + 2Re(UL,URS) X - (Yas ys)] _[Z;, [(1U&s1% + [U&512) 64 (yar ys) + 2Re(UEURS) 60— (ya, yp)]
— 3" [(IDL + IDEI?) x4 (3, y;) + 2 Re(DEDE*) x_ (v, 35)] } —JZ; [(ID5? + IDE) 64+ (9, y5) + 2Re(DEDE) - (v, v5)] }
<

N, " . :
= _5?{ ZZ [(Vail® + IVail®) X+ (va ) + 2Re(Vai Vi) X (¥ )] V%: W boson coupling matrix

U%: Z boson coupling matrix with up quark
- (JUL,12 + |[UR ar¥s) + 2Re(UL U x - (va,
[kZa (Uasl" + Ueal’) s (s ) (Vg Uag) - (W ) D%:Z boson coupling matrix with down quark

= [(IDEP + IDEI?) x4 (w1, ¥;) + 2Re(DEDE") x— (31, ¥5))] } :
Jj<i

18



assumption 1:

(Ua)z —
Ue=veve) (D*)*=D*, only valid for the singlet and doublet
D% = (V*)ive D M;D® = (V) M, VE not for the triplet

ULl M, UR = VvIiMy (VR

Uir=Vi/a(Viye), Ut r=Vir(Viir)' — (ViyR) Via, Ur,r=(ViR) ViR

sin?6; —sinfy rcosOp g for (X, T, B) triplet

UX 2= UK, + 2, (Ut,)%= Ut ., (U?, )%= +2
( L/R) L/R ( L/R) L/R G /R) /R smHL/RCOSQL/R COSZGL/R

assumptio

[T, T;] = ig;ji Tk

D, =8, —i-=(WiTT + W, T™) —i—L—Z,(T® - sin0,,Q) — ie4,Q

\/§ 1 cos ., 1 T, =T, 1T,
W+ _T u / _T H
U l/) +V l/) /,tlp 3V w T+T_ — Tz — T32 + T3 ? T3
VO((VCZ)'I' : Ua

assumption 2:

Myy (my) — Ty (0) m,,c0y  imply the heavy quark approximation

2
my
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Earliest .

S~ l/)+r l/J_, X+ X-

L. Lavoura and J. P. Silva T
Phys. Rev. D 47 (1993), 2046 e g, (B) T'~0,,0-
U~XeX-
Haiying Cai 2012 T (X ) (T) ),1{ T ~0. 0 based on Lavoura’s results
arXiv:1210.5200 (JHEP) ‘\T/"\BJ"\ o L valid
t,b
Chen, Dawson, and Furlan 2017 T B (X ) (T) (B ) ),1{ g S N(QL,R)Z based on Lavoura’s results
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: : U~(6,
I discussions (Or'r)
. S ~Xx4+, x—,non
Shi-Ping He 24 July 2022 ),1{ ¥+~X9 0 A+ find the problems (arXiv v1)
arXiv:2205.02088 (CPC) (arXiv v2) B U Y= claim the reason (arXiv v2)
: . ~ X+, X—, NONY4
dlsacussmns |
Haiying Cai and G. Cacciapaglia 8 Aug 2022 . :

4 4) CHM I X, T, B) triplet

arXiv:2208.04290 (JHEP) @axXivyl) o JH/Sp(4) CHM bidoublet 5T.U (X, T, 5) triple
: X T
X\ (T\ (B S, T,U .
Alberggrla, Lavoura, and Romao 13 De.c 2022 T B, ( )’ ( )} ( ), ) (B JB) S o more general analysis
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results of STU parameters from triplet VLQ

C.Y. Chen, S. Dawson and E. Furlan, Vectorlike fermions and Higgs effective field theory revisited,

Phys. Rev. D 96, 015006 (2017), arXiv:1703.06134. original results

M?%,

L. Lavoura and J. P. Silva, The Oblique corrections from vector - like singlet and doublet quarks, Phys. = Tlf—
Rev. D 47, 2046-2057 (1993). :
AT 2 < \' . l
) , - N sl " AGKTB ., . .=2C.¢ 002 | e N e Fnd A
(XTB) triplet : ATXTB ~ 87‘?5%7*{[‘%7(52)_ [3 log(ry) — _\)] AS 187‘*(%) [ + 4log(ry) — 6 l()b(/T)] + O((-SL) : ,.T>
H. Cai and G. Cacciapaglia, Partial compositeness under precision scrutiny, JHEP 12, 104 (2022), arXiv:2208.04290.
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.
J. Cao, L. Meng, L. Shang, S. Wang and B. Yang, Interpreting the W-mass anomaly in vectorlike quark models, Phys.
Rev. D 106, 055042 (2022), arXiv:2204.09477.
Nc(s4)? mr m
N. 2(t \2 N. t\2
ATXTB o NeM LS g1 mr _ g £pxre o Nl g0, me gy
8T Sy My my 187 my

H. Abouabid, A. Arhrib, R. Benbrik, M. Boukidi, and J. El Falaki, The oblique parameters in the 2HDM with vector-like

quarks: confronting My, CDF-1l anomaly, J. Phys. G 51, 075001 (2024), arXiv:2302.07149.
more papers after

F. Albergaria, L. Lavoura and J. C. Romao, Oblique corrections from triplet quarks, JHEP 03, 031 (2023), arXiv:2212.06509.



2.3 (g — 2), contributions

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. C47, 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.

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

scalar mediator  f(ys +°yp)fS or A(yrw— +yrwy)fS

Ocp = LYo e} H By, ea,
H / . m vV

0 = [Lagll HWa 4m ‘uo./,t H Fuv
ffy vertex SSy vertex ew = L R i u

vector mediator " (gv +7°ga)fV, or Bv" (9rw- + grw+) fVy SUL(2) ® Uy(1) invariant

scalar leptoquark + VLQ

f [y vertex | V'Vy vertex | -



scalar leptoquark VLQ 6X7 = 42 combinations

SU(3)C X SU(Q)L. X U(l)y label F(3B n L) SU(3)C X SU(Z)L. X U(l)Y lsikbsel
representation representation
(3,3,1/3) Sz |—2 (3,1,2/3) Tr,r
(31 2’ 7/6) R» 0 (:(3’ 1’ _])/?) ( BL’)R
= 3,2,7/6 X,T)L,r
(3,2,1/6) 2 | 0 (3,2,1/6) (T,B)L.r
(3,1,4/3) S1 |2 (3,2,—5/6) (B,Y)L.r
(37 1, 1/3) S1 |2 (3a37 2/3) (X7 T, B)L,R
(3,1,—2/3) - (3,3,—-1/3) (T,B,Y)L,r

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

Sapqga

AMQAUJ_ Ju Yp

o )
Eiieg D ,u(yL w+)qASA + h.c.
sl S
Ep_—g D u(yLB“qu_ o yRB“qu+)ngB + h.c.
# M

Qr + Qs =-1

)
, £ f
/\/\/W\ chiral enhancement from VLQ mass
S

ffy vertex mediated o Qf SSy vertex mediated < Qg

— 23
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Model chiral enhancement

Rz mt/m“

]minimal scalar LQ models
S1 me/my,

17 leptoquark and VLQ extended models

|

Rs -|—BL,R/(B,Y)L,R mt/m“ —_
S1+ Br,r/(B,Y)L,r me/my, -
R2—|-TL,R/(X,T)L,R/(T, B)L,R/(T,B,Y)L,R mt/mu,mT/m,L >u_p—type qguark chiral
814+ Tom/ (X, T) 5,5 /(T,8)5.5/( X, T, B)p,r/ (LB, Y ),z m¢ /My, mr/my enhancements
Ry +(X7T7 B)L,R mt/mﬂamT/muamb/muamB/mN
Ss+ (X,T,B)L.r mt/mu, mr/mu, ms/mu, me/m, — (up-type LQ + VLQ)

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

R:+ (B,Y)Lr my/m,, ms/m, :I down-type quark
S1+ (B,Y)Lr My M, ms /M, chiral enhancements

Shi-Ping He, Chin. Phys. C 47 (2023), 073101, arXiv:2211.08062 (down-type LQ + VLQ)
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VLQ phenomenology

new production and decay channels of VLQ in two example models

Model Scenario LQ decay VLQ decay new signatures
S R2/% 5 utb,ut B B — bZ,bh R® = ujuZ, pjvh
L B ~
Ro+ (B,Y)Lr R‘1/3 —pt Y b Y — bW - Ry'% = W
2/3 + 52/3 ki
i < file R13—>,ub B — bZ,bh,|u~ ng B = umu g
BR3P svh Yo oW w RY Y — uBrjs
= - —— B — bZ,bh ~ : : :
B mrLq > mp|S1 — pTb\utB,v Y ’ - S1 = pivZ, pjvh, ErjsW
S1+4+(B,Y)L.r Y - bW
- _ +( Q. \* B T2
mLq < mB S1 — uth B - b2, bh’ﬂ. R B Db
Y—)bW_,I/L(Sl)* Y—),U,Eij
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3. Outlook

Next steps
® Theoretical aspect ® Phenomenological aspect
» UV completion » CP violation
gauge group and representations » Higgs physics gg—>Zh
mixing with SM quark analytic amplitude and expansion

> .. > ..
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Summary and conclusions

® Introduction to VLQ

® Our studies in vector-like quark models

> Higgs physics  htT/hTt
h - vyZ/gg — hh insinglet T} p extended models

» STU parameters
triplet scalar leptoquark and triplet (X, T, B); g model

» (g — 2),, contributions
scalar leptoquark and VLQ models (17 out of 42)

® QOutlook

» UV completion: representations

» Higgs physics: gg = Z h



Thank youl
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Backups

Modifications to SM couplings

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

Ve Vi
Ly = —it_’y" (Vis P + Vi Pr) bW, +H.c., (T) L 0
V2 (B) cr 0
Lz = -3 f‘ ~Py" (X{i Py + X[ Pr — 2Qusty) 12 (XT) & 0
U i(Pu—0 u od i(Pu—0o
20“ b’\/ ( Xb[;)PL B XzszR - QQbSi?a/') b7 Eg }Bi)) CL('L v 3 SLCi T ( d) SRSRPO( d)
B = = 291\721 Yy Bt H — ;ﬁi YibbH , (XTB) | el +/2stsd V2stsd,
(PBY) | el 4 y2stsd V25t st
Table 2: Light-light couplings to the W boson.
Xii X X X Ve ¥
(T) 2 0 1 0 (T) 2 1
(B) 1 0 cf 0 (B) 1 3
(XT) | ci—st —sg 1 0 R | & 1
(T B) 1 (s%)? 1 (s%)? TB) | (c%)? (c4)?
(BY) 1 0 2 —s7 —s7 BY) i &
(XTB) | (cf)? 0 1+(s7)” 2(s®)? (XTB) | (#)? ()
(TBY) [1+(s2)? 2(sk)? (1) 0 (TBY) | (¢%)? (c?)?

Table 3: Light-light couplings to the Z boson.

Table 4: Light-lieht couplings to the Higgs boson.

Shi-Ping He
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Higgs Yukawa interactions for the triplet (X,T,B),r ~ (x,T,B),x: (3,3,2/3) ¢:(1,2,1/2)

QL: (3,2,1/6)
ug: (3,1,2/3)
X WA 7T d At 45 —1 s dR(3,1,—1/3)
~Mr(X,T,B)L | T — Y, QL upd — yi; QL drd — yir(QL) Yro + h.c..
B
R
third generation quark and heavy quark mixing
m m V2(m% — m?
tanft = —tanf!,  tanf2 = —2tan?,  sin26? = (2 T t) sin26}
my mg mp —my,

M% = mZ(cf)?+m2(sf)?= mE(cP)*+mi(sP)?

LYukawa = —%(cz)2hft _ @(3%)2}1’1_71 — %(c%)%b'b — @(S%)2hBB —_ nﬂszczh(fLTR + TRtL)

m m m
— TtSLCLh(TLtR + tRTL) — TBSLCLh(bLBR + BRbL) — TSLCLh(BLbR + bRBL) (6)
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Electroweak precision measurement constraints
STU parameters

aS zﬂzz(m%)—HZZ(O)_C%/V_S%VH/ (0)_1_[,77(0): / (0)_C%V—S%VH’ (0) — 11 (0)

4s3,ch, m2 swew V2 z2z swew  Z 7y
o7 = Tww(0)  1z7(0)
- omyy m7,
alU wa(m2 ) —wa(O) sz(mz) —sz(O)
4 g2 = W,r/n2 o %’V Zm2 o 2SWCWH'yZ(O) o S%A/ny'y(o)
W W /
= My (0) — eIl £(0) — 2swewlll, £(0) — s3, 1L, (0)

, _ AmZ,  2Amy o) 1 5 chy — Sty

relation with W mass B = = 5——5 (—5AS + e AT + 57— AU)
miy myy iy — Sy 2 457,

assumption: oblique corrections are dominated in the muon decay

large T correction
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Singlet TL, R

AS =S —SM
Nfs? ,5=22ri + 517 L 6(L+r7)(1—4rg + 1)
= — [—ZlnTtT + Cr 22 Cr 2\3 nrtT]
18m (1 - rtT) (1 _ rtT)
NEm?s? s? 4c? m
AT=T-TM=_—""_"tC2 |12+ ——lnry| (g =—)
16msy,my, iy 1—n7g mr

at= ) (00=07P) @Dt (05— ), 0; € (85,87}, (62);= aipyjo;

i,j=1,2

AS®P = 0.02, 0,5 = 0.07, AT®*= 0.06, 5,5, = 0.06,

[ 1 0092 z_loAs 0] [UAS 0]
p‘lo_gz 1]’0_ 0 oaulPl0o  our

500

1000
mv (GeV)

1500

2000
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triplet (X,T,B), g ATX"P = No

TZHH DTk

stz (AGL) + (5510 mi) + 45} s (mc, i)

+2[(c1)? + (cR)?10+ (m’%, m7) 4 4cp cRb- (m%, m7)
+[(chel + V25157)% + 2(sksR)? — 104 (m7, mf) + 2V 2shsh (chcf, + V2ss1)0_(mF, m7)

+ [(ch sy — V2s5ch)? + 2(skcR)?104 (mf, m%) — 2v2s5ch (st — V2sh.ch)0_(mf, m%)

+ [(sh.ch — V2¢s1)? + 2(crs®)?10+ (M7, my) — 2V2cksh(sh.ch, — V2c) s1)0_(mF, m7)

+ [(st 8% + V2ch B )? + 2(chc%) 20, (M2, m%) + 2v2ckhch (st s +V2ch

) (mT’mB)
- (SLCL) X-i—(m?’mT) [(SLCL)2 + (SRCR) ]0+(mb’mB) 4(3LCL)(3RCR)

0 (mb’mB)}

S ALK BTk

N¢ N
ASXTE — §XTE.  + 5] = v (md,md) - (sh)x+ (m3, m3)

— (%) + Askck) I+ (mf, my) — (s ch) (shek)x— (m3, m¥) }

anLf,q,:BXi
4chW
N m> URUX + UFUR
cg” {UFUE + UFUK - 2Qx(UF + UF)](-A. +10g ") + L2 ZZRER _ pXyX
~ 967 ety W 2
M2 Tr tUt trrt
+ Tr[(UjU}, + URUE — 2Q¢(U}, + Ug)).(—Ac + log u; )] + 0 L; UrUrl _ Te[UL. M, UL M
M? Tr[USU? + URU?
+ Te[(URU} + URUL + 2Q4 (U} + UB)).(—Ac + log . d)) 4 U L; RUE] —ﬁ[Ug.Md.Ug.Mgl]}
_ Ngg® (2 1 . by (m2+m%)sin(260%)sin(20%) 16, ,.,, m%
- 3271'20%/(/{3 ~3 cos(207,) cos(20%) — — 9 [(s})" log — 2 + (ct ) log T]
5. 12 m2 - m2 1. mim7 7 cos(20% ) + 8 cos(20%) . 33
3[(8L) log mymp +(cL)" log mme] 91 & m2m% 18 log m? }



T2y, = vl (VU VY = UFUE + V(! - UF ORI (A~ tog ")

+ [V My (VDT — UEmxUE + V& M, (VI — UEmxUX|mx (A, + log ”;X) T S ik
+ Te[(VEO(VE)T + (VEOYTVE = ULUL + VE(VE)T + (VE)TVE* — URUE) . M2.(Ac — log Af )

+ Tr[(VE . Mg (VE)T + (Vi) Imx VT — UL M, Ul + VE.-Ma.(VEOT + (VEY I mx Vit — UL.M,.U}).
M,.(—A. + log Af )] + Te[(VEO)IVE — U U + (VE)TVE — URUR).MZ.(Ac — log Af )]

M2
+ T[(VEY . My VEE — UL Ma.US + (V) M.V — Ub. Mu.UL) . My.(—Ac + log u_zd)]}

2

Ngg2 m
= 0T LA~ log ") 2ma((54)? + (0)%) + Vel salmpcles}, — muclslp) — 4mxst st
W p?
2
m
+mr(Ac — log —F)[2mr ((cL)? + (ck)?) — V2shch(mpchsh — mych sh) — 4mxclch]
2
m
+ mp(Ac — log M—g)[mb(—(sli)2 (s ))"'\/_CLSR(mTCRS';: M, sR)]

m2

+mp(Ae ~log " D) mp( ~ (c)? + (¢h)?) ~ Vachs! (mrehst, — mech )]} = 0 (C9).,



US K TR AUXTB — AUXTB 4 yXT5

non—x+*

Nc
AUETP =~ [o[(s1)? + ()2l (m, m3) + s} slox—

2T
+2[(c})? + (cR)’Ix+(m%, m7) + 4ci chx— (Mm%, m7)

2

+ [(chsh — V2shch)? + 2(shck) P x+ (M2, m%) — 2v2sh ek (chsh —
+[(sheh — v2ch s8)? + 2(cks%) x4 (mF, m3) — 2v/2cks% (st el —
+ [(shsh + v2chch)? + 2(chck) x4 (Mm%, m%) + 2V 2ckhch (st sh + v2cheh)x

2 2
mXamt

)

+ [(chch + V25 %) + 2(shs%)? — Uxy (mZ,m?) + 2v 2885 (ch ch + v2sh s )x
\[SLCL)
\/_CLSL)

—(mi, mp)

mg, mp)

—(mz,my)

2 2

—(m7, m3p)

—(SLCL) X+(mt7mT)_[(chL) +4(5%C%)2]X+(m§am23) 4(3LCL)(SRCR)X—(ml2nm2B)}'
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CL’UXTB

non—x+
4s3,
Ncg? 2
= gonz (W VIO — UEUE + VE VI ~ URUE)(-A + log = )

M;
+ T (VL (VL) + (VENVE = ULUL + VR (VE)' + (VR ) 'Va * — UpUg).(—Ac + log 2 )

M? 1
+ Te[((VE) 'V — ULUL + (V&) 'VE — URUR).(~Ae + log M—zd)] +VEHVE)T - §U1),(U1)f
1 1 I 1 1
PV V! - SURUE + VR (V) — UL — SURUY + VR (VE)! — SURUS — LUSU
Xt.Mu. Xt\t Xt.Mu. Xt\t
mx mx

1
- 5Tr[VL‘“’.Md—l.(V}D;”)T.M,,,, — UL M7 UL M+ VE.M7L.(VIY .M, — U M;1.U2. My

1 ]
— §[V§t.MJl.(V}‘§t)me + _ UI)%(U;J(]

1
— §’I‘r[V£b.Md.( N MU ML UL M, + VR My (VY M — UE.M;l.U}f;.Mu]}

Ncg? (1 1 b b (m2 +m%)sin(20% ) sin(20%) 4 m?
= — 2295 — 5 cos(26}) cos (26) — o - 3l6L)" + (s log
— 2k + () og L + 2((sh)? + (sh)?log T + 2[(ch)? + (ch)llog 2 ). (c1)
3 ms: 3 m3 3 m5
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Higgs to di-photon and yZ analysis

di-photon signal strength constraints

_a(gg - hI'(h-yy)
My = 55M(gg — MM (A - yy)
__ Tth-g9)T(h>vy)
M (h - gg)T'*™ (h - yy)
Fr (or) |P|QE€ Q22 Fy (xy) + s2Fy (t0)] + Fy (ty)|°

" Fr (1) QCQ2F; (r) + Fy (tw)]]

=|cf +s

Fy (Tf) = —er[l + (1 _fo)f(Tf)]' Fy (tw) =2+ 3ty + 310 (2 — 1) f (T1)

1
arcsin? (—), fort>1
VT

1 1+\/1—T_.]
“lnl_m o

f@) =

2
fort <1

\ 4



At

amplitude estimation and analysis

I I A

h - vyy -1.84

h—-vyZ -0.65 12.03 -18.5

A > 0, enhance I'(h — yZ)
~[mrRe(y') — 3 + 2 Inr)mRe(y; )]
A < 0, suppress I'(h = yZ)

~[(1 + InrZ)m Im(y{T) + moIm(yg)] = always enhance I'(h - yZ)
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Di-Higgs analysis

the partonic cross section
aSZGFz\/§(§ —4m?)
128(4m)3

aSZGFZ tmax
N —f dt (Ifal® + Ifs1* + Ifc]?)

2
. 1 ) 1
tmin:—z(\/§+ /§—4m,21> ,tmaX:—Z<\/§— /§—4m,i>

the hadron level cross section
1 Ldx oo (T N\~ X
oo =k = | v | T Gom?f (5o uolog - hhis =)
4m,21/s T X X
_ 0,0(pp — hh)

T GSM(pp > hhk)
Lo \PP G. Aad et al (ATLAS), Phys. Lett. B. 800 (2020), 135103
A. M. Sirunyan et al (CMS), Phys. Rev. Lett 122 (2019) 12, 121803
Current limit: |y, | < 6.9 at 95% CL

1
610(gg — hh; §) = j deost (Ifa]2 + 1512 + 1fel?)
-1

2

HL-LHC uncertainty: up, = 1.007932 at 10 CL
M. Cepeda et al, CERN Yellow Rep. Monogr. 7 (2019) 221-584



my = 800GeV,s, = 0.1 & Sppp=0

e S : : : .
Im(y")=Im(yZ)=0 2 Re(y{ J=Im(y;z)=0 |

[ggemhat2oCL

-gg-orﬁl 1loCL
[l =om =t 90% CL

[ ]egwmnat2ocL
[ gg-hhat1oCL

[ggemhat20CL
-gg-oMtldCl.
[ JeoM = ooxcL
6402 00 02 04 505 00 05 T0 T SR o0 0T s
Re (V) Re (y'.-¥R) Re (v1Tx)
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my = 800GeV,s; = 0.1 & &y, = 0.5
Re(yf)-lm(y%’i-o _

imy im0 ]

[Jogemhat2o0CL

2 -gg-olhdidCL
T4l leomaooxcL

[[ggemhat2oCL
[l gg+th at 1o CL

m <y{.’.-y2)'

"

206-04-02 00 02 04 06 210 -05 00 05 10
Re (v ) Re (y{.-¥%)

[ Jegemat20CL

B gg-+hh at 1o CL
-Enuneoxa

-10 -05 00 05 10
Re (v{'r)
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Muon g-2 anomaly

BNL g-2 -
FNAL g-2 + @
< 4.20 >
@ @
Standard Model Experiment
Average
175 180 185 190 195 200 205 210 215

a,x10° - 1165900

FNAL (2021)

a,(BNL) = 116592080(63)x 10~

a, (FNAL) = 116592040(54)x10~11

a,(Exp) = 116592061(41)x1011

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

a, (Exp) — a,(SM) = (251  59)x10~*

l

muon g-2 or (g — 2), anomaly
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a, (FNAL) = 116592057(25)x10~11
A — BNL w( ) (25)
__________________________________________________________________________________________________________________________________________________________ a,(Exp) = 116592059(22)x10~11
T = FNAL Run-1
{1 : FNAL Run-2/3
FNAL muon g-2 experiment Run-2/3 data
> FNAL Run-1 + Run-2/3 (collected in 2019/2020)
o — Exp. Average 5.107?
20.0 20.5 21.0 21.5 22.0 22.5
a,x10° - 1165900
FNAL (2023)
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