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Introduction

= The Standard Model (SM) | Well-established at the scale A < O(1) TeV

= Phenomenological Problems |
Phenomena beyond the SM exist.
E.g., Baryon Asymmetry of the Universe, Existence of Dark Matter, etc.

= Theoretical Problems |
The structure of the Higgs sector is still unknown.

E.g., No guiding principle --- elementary or composite? multiple species?

The extended Higgs sector can explain phenomena beyond the SM.

How precisely can we distinguish the extended Higgs model through the shape of
the Higgs potential?
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Higgs Potential

V(o)

Vacuum Expectation Value (VEV) | 0 = % .
Observation | v = 246 GeV

Square of the mass of the Higgs boson | m? = 227‘2/ .
0 @Q/ Observation | m;, = 125.11 + 0.11 GeV
° my
— Trilinear Higgs Coupling | A, ,, = 83—‘3/
. hhh = 897 |,

V(¢): Higgs potential Deviation from the SM prediction | k, := ;g{&{t
¢: classical field hhh

Apnn 1S important to determine the global shape of the Higgs potential. ]
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Shapes of the Higgs Potential

[P. Agrawal et al., 2020]

Type 1 | SMEFT Type 2 | Classical Scale Invariance Model
V = —#6% + #6" + #° V= #¢' + #'In (57)

Type 3 | Minimal Composite Higgs Model 5 Type 4 | Tadpole-induced Model
V = —#sin® (¢7/ %) + #sin’ (62/f2) V= #— #¢?
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Trilinear Higgs Coupling at Colliders

Current limit [ATLAS Collaboration, 2024; CMS Collaboration, 2024]

= ATLAS (/s =13 TeV, L =126—139 fb ') | —0.4 < K, < 6.3 at 95% C.L.
= CMS (s=13TeV, L=1381b ') | 1.2 < , < 7.5 at 95% C.L.
Example of Future experiments

= High Luminosity LHC (HL-LHC) [ATLAS Collaboration, 2022; CMS Collaboration, 2021]

» ATLAS (/s =14TeV, L = 3000 fb ') | 0.5 < 5, < 1.6 at 68% C.L.
» CMS (y/s=14TeV, L =3000fb ') | 0.35 < r, < 1.9 at 68% C.L.

= International Linear Collider (ILC) [ILC International Development Team, 2022]
« V5=1TeV, L=5ab ' | 0.9 <k, <1.1for x, =1at 68% C.L.
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The loop contribution to \,;,

tree __ 2
Ahih, = 3my, /v

T2

2 hhh 71'2 U3

2 4 4
1-loop 3mh 1 my __ \tree 3 iy
Auhh = 1 5 A

v v mh

The top quark contribution gives about a 10 % correction to A, in the SM.
—This contribution cannot be neglected at future collider experiments.

To scrutinize the shape of the Higgs potential in the extended model,
we need to consider 1-loop corrections.
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Standard Model Effective Field Theory (SMEFT)

Features [B. Grzadkowski, et al., 2010] A, B,C, D : model-dependent parameters
Q@ : renormalization scale
= The Higgs potential is introduced as the Landau-Ginzburg potential.
= New Physics effects are treated in the framework of the SM gauge group.
= The 5-dimensional operator is excluded because it assumes Z, symmetry of the Higgs
potential.
Higgs potential at the 1-loop level |

D
A2

2
V(8) = A8 + B + 08 In 53 + 36° = Ve (9) + 156°
Trilinear Higgs Coupling at the 1-loop level |

3 3DU2 -loo 48DU3
-t 20+ 222) ) s+ 22
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Classical Scale Invariance (CSI) Type

Features [E. Gildener, et al., 1976]
= Scale invariance is assumed at the classical level.
= Radiative corrections cause spontaneous symmetry breaking via such a log term.

= New scalar particles are introduced.

Higgs potential at the 1-loop level |

2
V(9) = A¢* + Bo'In o

Trilinear Higgs Coupling at the 1-loop level |
)\CSI — § . 3mi21 — § tree
hhh 3 3 hhh
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Minimal Composite Higgs Model (MCHMS5) Type

Features [R. Contino, et al., 2006] f @ broken scale G — H
E=v2/f? :sin2?

= Global symmetry G = SO(5) is explicitly broken to the partial symmetry H = SO(4).
= The pNGB boson is identified as the Higgs boson.

= Fermion representations belong to 5-rep. in SO(5).

Higgs potential at the 1-loop level via top quark and weak bosons loops |

V(¢) = —A f*sin’ (?) + B f*sin’ (?)

Trilinear Higgs Coupling at the 1-loop level |

AMCHM5 _ 3mp 1—2¢ — \tree 1—-2¢
hhh v 1 75 hhh m
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Minimal Composite Higgs Model (MCHM4) Type

Features [K. Agashe, et al., 2004]

= Global symmetry G = SO(5) is explicitly broken to the partial symmetry
H =S0(4).

= The pNGB boson is identified as the Higgs boson.

= Fermion representations belong to 4-rep. in SO(5).

Higgs potential at the 1-loop level via top quark and weak bosons loops |

V(p) = A f*cos (jﬁ) — Bsin? (?) +C f4 sin? (?)

Trilinear Higgs Coupling at the 1-loop level |

)\MCHM4 _ 3m%1 1— 1— 871]20 _ )\tree 1— 1 — 871]20
nhh T TV § m2 §) =NpnvV1—¢ 2 3
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Tadpole-induced (Tadpole) Type

Features [J. Galloway, et al., 2014] A and B : positive model-dependent parameters.

= An additional heavy scalar particle is introduced |
V =m%|H? + m&|Z|? — s2(ZTH + hc.) + Ag|Z4
= Linear terms for the Higgs boson and additional scalar particle cause symmetry breaking.

= The quartic coupling A of the Higgs doublet is negligible.

Higgs potential at the 1-loop level |

V() ~ A¢® — Bé + C¢*In ?j

Trilinear Higgs Coupling at the 1-loop level |

4
/\tadpole o 3 my

hhh T2 3
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Results | Ratios of Trilinear Higgs Couplings

i SM, tree
Tree level © Appn/Moni

. SM, one—loop
One-loop level © A, p./Aops

MCHM : ¢ = sin®*(v/f) = 0.1,

1o SMEFT : D/A2 =106
(o]
! . s = The tadpole-induced model can
~< T ofm
X e be verifiable at the HL-LHC.
0.5
[o Tree level
«|Oro-toop lovel = At the ILC 1 TeV, the CSI model
HL-LHC ATLAS (10) o can be verifiable when x, = 1.
ILC 1TeV for ky=1 (10)
Muon Collider (10)
100TeV pp Coliidar for k=1 (19) ® = The potential shape is a good
SM+dim6 csl MCHM4 MCHM4 MCHM5 Tadpole .
w/o 2-loop  with 2-loop proxy to classify models.
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Results | MCHM4 with the 2-loop correction

0107 T
miﬁﬁggm = The coefficient C' of sin*(¢/f) can
ILC (10) be constrainted from x, and .

0.08

= We assume that C' is the O(1)

0.06-

parameter.
un

0.04 = The expected constraint of C' at
HL-LHC for £ = 0.1 |

0.02 —0.15 < C < 0.2

0.00 = Large values of C cannot be taken in

-10 -5 0 5 10 ILC for the SM prediction.
C

— (' is an order-one parameter is

reasonable.
Contour plot of k)ICHM4 in ¢ and C 12/13



© : detectable at 20 or higher, o : detectable at 1o, X : non-detectable

= We have computed trilinear couplings, including the 1-loop contribution, in

representative extended Higgs models.

= We classified extended Higgs models by trilinear Higgs coupling and explored the
feasibility of this classification at future collider experiments.

Model

| HL-LHC | ILC | Muon Col. | pp Col.

SMEFT (D=0.1, A =1 TeV)
CSI model

MCHM4 (¢ =0.1, C =0.1)
MCHMS5 (¢ =0.1)
Tadpole-induced model

X

o

X
X

o

[e]

[e]

[e]

©

[e]
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Other Trilinear Higgs Coupling at Colliders

Other future experiments:
= Muon Collider [C. Accettura, et al., 2023]
» /5=3TeV, L=2ab ' |0.85<r, <1.16 at 68% C.L.
= 100 TeV pp Collider (FCC-hh and SppC) [B. Di Micco, et al., 2020]
= L=30ab ' |0.95 <k, < 1.05for k, =1 at 68% C.L.



SM + O(N) Singlet Scalar model

Features [S. Kanemura, et. al., 2021]

= Add N real gauge singlet scalar bosons S = (Sq,-..,Sy) to SM

Higgs potential at the 1-loop level:

2 D D
V(¢) = Ap® + Bo* + Co* hl@ T ® = Vom(o) + p¢6
where A, B, C', D are model-dependent parameters.
Trilinear Higgs Coupling at the 1-loop level:

3 16 3Dv? oo 48D13




Result: SMEFT Type

:nar Higgs Coupling kA as a function of Dimension-six Operator O6/
KA

14+

12} = The coefficient D/A? of
dimension-six operator can be
limited by the constraint of &, .

= The constraint at the HI-LHC:
-1.><‘10‘7 —5.x‘10_5 7 5_x1‘o‘3 1.x1‘0‘$6m'\: —1x1077 < DQ/A2 <1x1077

Preliminary Plot of x, dependence on the
coefficient D/A? of the dimension-six operator



Result: pNGB Type 2 at LHC and HI-LHC
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K), constraint
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Figure 1: Contour plot of the ratio of

trilinear Higgs coupling HENGB allowed

from LHC observations
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Figure 2: Contour plot of the ratio of

trilinear Higgs coupling RI;\NGB allowed

from HL-LHC observations



Result: Tadpole Type

Trilienar Higgs Coupling kA as a function of A
KA

S B M
-0.010 -0.005 0.005

= The coefficient A of ¢* can be
limited by the constraint of &, .

Tadpole o
= 1, % s only negative in the

region of A\, which is sufficiently
small compared to the tadpole

coupling B.

Preliminary Plot of x, dependence on the
coefficient A (<« 1) of ¢*
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