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The Higgs boson turns ten in 2012

Why is the electroweak interaction
so much stronger than gravity?

¢ Are there new particles close to
the mass of the Higgs boson?

Higgs * |s the Higgs boson elementary
>  laa”
boson ‘\ or made of other particles”

¢ Are there anomalies in the interactions of
the Higgs boson with the W and Z bosons?

Why is there more matter than
antimatter in the Universe?

¢ Are there charge-parity
violating Higgs decays?

J\_> ¢ Are there anomalies in the Higgs self-coupling
that would imply a strong first-order

early-Universe electroweak phase transition?

¢ Are there multiple Higgs sectors?

>

What is dark matter?

e Can the Higgs boson provide a portal
to dark matter or a dark sector?

¢ |s the Higgs lifetime consistent
with the Standard Model?

¢ Are there new decay modes
of the Higgs boson?

What is the origin of the vast range of quark
and lepton masses in the Standard Model?

¢ Are there modified interactions to the
Higgs boson and known particles?

¢ Does the Higgs boson decay into pairs of
quarks or leptons with distinct flavours
(for example, H - u*17)?

What is the origin of the early
Universe inflation?

e Any imprint in cosmological observations?

 Higgs could be the key of the particle physics open questions

Jia Liu (PKU)



boson N\

The Higgs boson turns ten in 2012

Why is the electroweak interaction
so much stronger than gravity?

¢ Are there new patrticles close to
the mass of the Higgs boson?

¢ |s the Higgs boson elementary
or made of other particles?

* Are there anomalies in the interactions of
the Higgs boson with the W and Z bosons?

Why is there more matter than
antimatter in the Universe?

¢ Are there charge-parity
violating Higgs decays?

¢ Are there anomalies in the Higgs self-coupling
that would imply a strong first-order
early-Universe electroweak phase transition?

¢ Are there multiple Higgs sectors?

What is dark matter?

¢ Can the Higgs boson provide a portal
to dark matter or a dark sector?

¢ |s the Higgs lifetime consistent
with the Standard Model?

¢ Are there new decay modes
of the Higgs boson?

What is the origin of the vast range of quark
and lepton masses in the Standard Model?

¢ Are there modified interactions to the
Higgs boson and known particles?

* Does the Higgs boson decay into pairs of
quarks or leptons with distinct flavours
(for example, H > u*1)?

What is the origin of the early
Universe inflation?

e Any imprint in cosmological observations?

 Higgs could be the key of major particle
physics open problems

e Use the Higgs boson as a new tool for
discovery
(Particle Physics Project Prioritization
Panel (P5) Strategic Planning 2019)

* Higgs factory is the way to go!

G.P. Salam, L.T. Wang, G. Zanderighi, Nature Perspectives 2022



CEPC and its precision approach to new territories

* A Higgs factory
running at 240 GeV

with e e~ collision

e | ater it has added

Z, WW, tf runs to

broadening the N
physics scope ‘ e

e |t Is a multi-
puUrpose precision
machine

Jia Liu (PKU) .



CEPC physics goal

Operation mode ZH V4 W*W- tt
Vs [GeV] 240 91 160 360
Run time [years] 7 2 1
L /1P [x103%4 cm2s] 3 32 10
CDR y
(30 MW) [ L dt [ab™, 2 IPs] 5.6 16 2.6
Event yields [2 IPs] 1x10° 7x101 2x107
Run Time [years] 10 2 1 5
L /IP [x1034 cm=2s1] 5.0 115 16 0.5
| ow | SLdtiapt,2iPs] | 13 60 42 | 065
Q :
® Event yields [2 IPs] | 2.6x108 | 2.5x10'2 | 1.3x108 | 4x10°
-
E L /IP [x1034 cm=2s1] 8.3 192 26.7 0.8
Q 50 -1
| mw | JLdelab?,21Ps] | 216 | 100 | 69 | 10
Event yields [2 IPs] | 4.3x108 | 4.1x1012 | 2.1x108 | 6x10°

Jia Liu (PKU)

e Precision measurement of Higgs
boson (width, couplings, mass,
decay channels...)

e Precision test on SM for
electroweak, flavor, and QCD
physics

e Exotics from H (4M), Z 4T), W
(200M) and top (~1M) measurements

e Searching for BSM physics



The progress of electroweak studies at CEPC

e Precision Higgs coupling measurement
e Reaching 0.1%-1% of precision

e Muon coupling, invisible BR and total width measurements

Precision of Higgs coupling measurement (kappao fit) Precision of Higgs coupling measurement (kappaa fit)

1 E 1 0—1 i,
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Jia Liu (PKU) Physics potential of CEPC, 2205.08553 (snowmass 2021)



The progress of electroweak studies at CEPC

e Precision Higgs coupling measurement
e Reaching 0.1%-1% of precision

* Muon coupling, BRs and total width
measurements

Precision of Higgs coupling measurement (kappa3 fit)

240 GeV, 20 ab™!

360 GeV, 1 ab~ !

1 0—1 .
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m + CEPC360GeV@1/a@d
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Kr

BR ZH vvH ZH | vvH | eeH
inclusive 0.26% 1.40%| \ \
H—bb 0.14%| 1.59% (0.90%1.10% |4.30%
H—cc 2.02% 8.80%| 16% | 20%
H—gg 0.81% 3.40% 4.50%| 12%
H—-WW 0.53% 2.80%(4.40%|6.50%
H—77 4.17% 20% | 21%
H— 11 0.42% 2.10%(4.20%|7.50%
H — ~y 3.02% 11% | 16%
H — up 6.36% 41% | 57%
H—Zvy  |8.50% 35%
Brypper (H — inv.)|0.07%
'y 1.65% 1.10%

Physics potential of CEPC, 2205.08553 (snowmass 2021)




CEPC BSM Physics Program

N 4 BSM @ flavor )

4 .
Indirect searches from  Flavor violation
SM precision measurements * Flavor anomalies
e - ( not included here ) ) c ...
i Today’s topic |-

More at Flavor white paper
g BSM Higgs \ (Not included here) -/

SUSY

- . 7
Light EWKinos 8% 0, 3G, Global fit of SUSY

Light sleptons Y SMEFT global fit
Heavy selectrons

AXInos

------ Higgs factory

\s=240,365GeV

106 HZ events .
Dark Matter & Dark Sector 105 WW-SH events More exotics

Lepton portal DM Heavy neutrinos
Asymmetric DM Axion-like particles
Dark Sector from exotic Z decay Electroweak phase
Dark Sector-photon interactions transition
Millicharged DM, Vector portal Identify CP-odd
DM, DM with EFT interactions Long-lived particles component in Higgs

Mono-gamma * At both CEPC and it’s [ ° -
Dark Fermion 1in light of FAR detector

Electron Target Absorption

Jia Liu (PKU) Courtesy of Xuai Zhuang



BSM inputs and status

BBSM Higgs

BSUSY Searches
eDirect SUSY Searches

Indirect search of SUSY
B Dark Matter and Dark Sector searches
*Lepton portal DM
*Asymmetric DM
*Dark Sector from exotic Z decay
*DM (Millicharged DM, Vector portal DM, DM with EFT interactions):
*Mono-gamma Dark Sector-photon interactions
*Dark Fermion 1n light of Electron Target Absorption (2306.00657)
B[ ong-lived particles
BMore exotics:
*Heavy neutrinos ;
*Axion-like particles J. Phys. G
*Electroweak phase transition
*Identify CP-odd component in Higgs study ( )

BGlobal fits:
*Global fit of SUSY
*SMEFT global fit ( )

Jia Liu (PKU) Courtesy of Xuai Zhuang 10


https://indico.ihep.ac.cn/event/16065/contributions/114785/attachments/62134/71683/Prospects%20for%20detecting%20axion-like%20particles%20at%20future%20electron-positron%20colliders.pdf
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BSM Higgs studies |: Higgs Exotic Decay

Physics potential of CEPC, 2205.08553 (snowmass 2021)
e The Higgs bremsstrahlung production: ete™ — hZ,Z — £7¢~

e CEPC advantage over LHC: initial state is known

e Enabling “recoil mass” technique: the four-momentum for / is known

e The partial missing energy final state can be tested at CEPC

107 :_ /s =240 GeV, e'e"— Z+jj +E-

]

do/bin (fb)

1072 = =

107 ﬁﬁrml E
10—4|lll|111 | I I L1

Ll L C 1 Cl :
80 90 100 110 120 130 140
. . mrecoil (GGV) 12
Jia Liu (PKU)




BSM Higgs studies I: Higgs Exotic Decay

Physics potential of CEPC, 2205.08553 (snowmass 2021)

e The decay representative topologies: h = X; + X
/<< <
h _< h S T
N AN

h—2-—3—4 h—2—(1+3) L5 9 s 4

» The particles X, , maybe detector stable, cascade decay to 2 particles or 3 particles.
 These final state particles can be visible or invisible
e E.g. from NMSSM: h — )?(1) +)?8,)’Z(2) — )’5(1) + jj; h — jj + MissingE
o E.g. from Singlet Scalar ark sector mediator: 1 — s + 5 — (jj) + (xy) — (jj) + MissingE

e E.g. from Sterile Neutrino:h = v+ N,N = v + jj/{ T~

Jia Liu (PKU) 13



BSM Higgs studies I: Higgs Exotic Decay

e CEPC can provide precision test on Higgs exotic decay with
prOdUCtiOn Of 4 m|”|0n H|ggS Physics potential of CEPC, 2205.08553 (snowmass 2021)

95% C.L. upper limit on sele

|m CEPC (20 ab™") |
- * -\ |
o C?EPC (20 ab™")

V&, O0)smg, Dimg, Damg, orme, IiMe, T, Cojy) Coey D) Obry ey Dty iy,
Jia Liu (PKU) 14
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BSM Higgs studies ll: Exotic Light Higgs Search

e Before SM Higgs discovery, LEP searched light Higgs for SM
e CEPC should continue this task at higher luminosity and precision:
e CEPC Advantage: LHC is not good due to large QCD BKG at lower E regions

e Extra light singlet or Doublet (neutral) Higgs models are common in BSM

e The scalar potential for 2HDM + Singlet Scalar ~ V(Hy, H,, S) =m?2, Hl H, + m2, H} H,

model 1

— w? (H{Hy + HJHy ) + Sm3S°

* Possible light elements: M ot N2 At )
CP-even: H,, s, 2 (HlHl) 2 (H2H2)
CP-odd : Ay, 5, + X3 H Hy HyH, + \y H{ Hy H} H,

2 (HTH )2 + (HTH )2

* The extension of Higgs potential can lead to 2 |\ ’ 2+ ]

Strong First Order Phase Transition (SFOPT), A6

1
St + 3 A7 H!Hy + \sH! H,]S?

see Michael Ramsey-Musolf’s talk 8
Jia Liu (PKU)
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BSM Higgs studies ll: Exotic Light Higgs Search

. . . . \I\ I | | I | | | | ".‘_ | | | I | | |
e The vanilla targets for light Higgs (Higgs Portal) S 1 TN
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BSM Higgs studies ll: Exotic Light Higgs Search

* More Baroque setup is possible e Type-X 2HDM + Singlet
e Different mixing angles to different fermions Lome = ~MOByup — \OQ®ydn — A\ L®reg + hec.
€, ~ €y
o2 v2Re [®Y cosa —sina sin by H
m . My - m _ A

Legr O Z €q7q¢qq T ; GETQME T €w ,UW GW TWH™. V2Re[®)] | = | sina  cosa sinfy | - | A
q ¢O —sin91¢ —sin92¢ 1 ¢

Sin 92¢ Sin 01¢

€qg X — , €p :

17 sinpf “~ cos B

ey ~ (sin 614 cos B + sin Oz sin )

~ €ycos’ 8 + €,8in* B =~ €,

JL, N. McGinnis, C.E.M. Wagner, X.P. Wang, 2001.06522 (JHEP) 15
Jia Liu (PKU)



BSM Higgs studies ll:

* The Fermion portal to Dark Sector

e The Interaction: Lfcy,

e Dark Scalars in the Dark Sector
 Fermion portal — quark/lepton portal

e f can be quark/lepton, L/R-handed

..........................................................................................
..........................................................................................

..........................................................................................

Exotic Light Higgs Search

e Coupling to specific flavor

LD —g,Suu — g,SXX,
UV completed by Vector-like Fermions

1 1 _ .
Lyvrq = Lsv + 50,508 — 5777%52 +Ui"D,U —MUU’

—  Higher Dimensional EFT

Batell et al, 2107.08059

fSM No Yes 1 JL, S. Brian, N. Weiner, I. Yavin, 1303.4404 (JHEP)
Y. Bai, J. Berger, 1308.0612 (JHEP)

Jia Liu (PKU)



BSM Higgs studies ll: Exotic Light Higgs Search

* An interesting interlude from LHC low mass Higgs studies (96 GeV)

New ATLAS result on the low-mass Higgs search in pp — ¢ — vy

= higest

Jia Liu (PKU)

| e |
i®)
[
e
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oy X B(H— vy
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BSM Higgs studies ll: Exotic Light Higgs Search
* An interesting interlude from LHC low mass Higgs studies (96 GeV)

CMS: pp > ¢ > 777~ (2.40) ~
LEP: ete™ — Zd — Zbb (20)

10° CMSI Prelimilnary' - I138 fb™’ (13 Telvz
—e— QObserved . — ‘ | ]
A Expected . hnoq -
: - 68% expected ’ (a) LEP
95% expected | Vs = 91-209 GeV

SM branching ratios

—— Observed
------- Expected for background

95% CL limit on o(ggo)-BR(¢0—17) (pb)

10 =
10°¢F
10‘3;— |
- Low-mass High-mass
1074 —- ' P —— | | 10-2 L ' | T
70 100 200 300 1000 2000 20 40 60 S0 100 120

m, (GeV) m, 1(GeV/cz)

e Agreement between ATLAS/CMS (S. Heinemeyer 23°), stay tuned

e See also the talk from Karabo Mosala
Jia Liu (PKU)
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BSM Higgs studies lll: DS Scalars at the Z-factory

e Kinetic Mixing Portal: A’ should kinetic mixing with Hypercharge field
1

/ 174% 1 DAH A 1 / 1 21% /
g:—zFﬂDF +5mA/A Aﬂ_EGFﬂ +g //t]D

e / gauge boson is involved (K denotes A’)

1 0 etw Zuy, SM

—1
£ 4 (Zgll\//l Agn KW) 01 —e Ay, sM

etww —e 1 K,
mz sm 0 0 Z, SM
1
+§<Z§‘M Al Ku) 0 0 0 A, sm
0 0 m K,

JL, Xiao-Ping Wang, Felix Yu, 1704.00730 (JHEP)
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https://arxiv.org/abs/1704.00730

BSM Higgs studies lll: DS Scalars at the Z-factory

e Kinetic Mixing Portal: A’ should kinetic mixing with Hypercharge field

1 / 1% 1 YAMAY 1 / Uv /
sz—ZFWF +5 4 2A A,M—EGF/J + g ﬂjD

e After normalizing kinetic terms and diagonalizing 3x3 mass matrix

2 2 2 \42 2
mZ, SM (mZ, SM 2"’n’f()t‘/V 2]“ B mZ, SMtW 2Ju
2(m2 o m2 )2 € Jgz 6m2 - m2 em
K Z, SM Z, SM K

2 2

4 2
(mz SMew — 2meZ sM T mK)CW .2 J“)
2

2("”22 SM — m¥)?

Vanish in the m, < m, limit

JL, Xiao-Ping Wang, Felix Yu, 1704.00730 (JHEP)
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BSM Higgs studies lll: DS Scalars at the Z-factory

e Kinetic Mixing Portal: A’ should kinetic mixing with Hypercharge field

1 / 1% 1 YAMAY 1 / Uv /
sz—ZFWF +5 4 2A A,M—EGF/J + g ﬂjD

e After normalizing kinetic terms and diagonalizing 3x3 mass matrix

Exist but usually overlooked
Could be tested at future Z-factory (e.g. CEPC)

2
mz SM(mZ, SM ~ _
2(mj —my

(mz, S]

\
et . S

E.g. if dark scalar is contained in the current j,
JL, Xiao-Ping Wang, Felix Yu, 1704.00730 (JHEP)
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BSM Higgs studies lll: DS Pseudo-Scalars at the Z-factory
 The general Axion/ALPs Lagrangian

1 ms OMa ~
Lo = 5 (Opa)(0"a) 2’0 ? 4 A Vr CF Y, VF
F
+9: Caa % G G + " Cuw % W, W+ g% Cpp % B, B*

* Motivates searches at colliders and beam dump searches

103 L

/A [TeV™]

ff
YY

IC;
—_
S
&

10~}

IcT|/A [TeV™']

1 1 1

lllllll

lllllll

Babar




BSM Higgs studies lll: DS Pseudo-Scalars at the Z-factory

* A pseudo-scalar connection to muon g-2

2
£§f§5: %(8“60(8“&) m2a,0 2 | 8;;&2 ’(ZF CF’)/NQ/}F
F
_I_gg CGG%G;?V éﬂV,A_l_gz CWW%W:}/ WHV’A+9,2CBB%B,U,V B'UV
e Couplings to muon, Hypercharge field B, and SU(2) W
y Y Y
Z
7 wow Ay p g M=y
\~ 'la

W.Y. Keung et al, hep-ph/0009292
W.J. Marciano et al. 1607.01022
M. Bauer, M. Neubert, A. Thamm, 1708.00443
M. A. Buen-Abad, J. Fan, M. Reece, C. Sun 2104.03267
JL, X. Ma, L.T. Wang, W.P. Wang 2210.09335 (PRD)
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BSM Higgs studies lll: DS Pseudo-Scalars at the Z-factory

e A pseudo-scalar connection to muon g-2 and future Z-factory

1 mZ O*a _
L.’ = = (9,a)(0"a) ©a? A Yr Cry,Yr
2 2 A =
a ~ a ~ , Qa ~
=+ gg CGG K Gﬁy G“V’A =+ gZ C'VVVV K W/ﬁ/ W'UV’A + g ? CBB K B,w/ B*
e / exotic decays

-

”+

-

S
~a
pu my=1GeV, Cyw=0

102 103 10

JL, X. Ma, L.T. Wang, W.P. Wang 2210.09335 (PRD) —C o [(TeVY 1]



BSM Higgs studies lll: DS Pseudo-Scalars at CEPC

* The general Lagrangian (usually people consider flavor diagonal)

* However, If starting from high energy, it will end up with flavor ofi-
diagonal interactions at low energy: C. — C,

d; d; r* — actr, T .
t %4 ”
a a
-------- %4 t
10°
- T — va(pp)
t d] W d] E 10?2 'fQ&% S B+ oty
- 3
.- L = N
e Providing ALP motivations to Flavor Searches at E 10 oo e
low energy, e.g. BES-III, Belle-Il, STCF o 2oy r ..
1 Kt -5 atyy
_— B — Ka(up)
e For CEPC, new opportunities on Charged Lepton
Flavor Violation 107 5 - =5 : -

m, [GeV]
M. Bauer, M. Neubert, S. Renner, M. Schnubel, A. Thamm, 2110.10698
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BSM Higgs studies IV: Invisible Higgs Decay

e Precision measurement for BSM Higgs

* |nvisible Higgs test to 0.07%@CEPC

Jia Liu (PKU)

240 GeV, 20 ab™!| 360GeV, 1 ab~!
ZH vvH ZH | vvH | eeH
inclusive 0.26% 1.40%| \ \
H—bb 0.14%| 1.59% (0.90%1.10% |4.30%
H—cc 2.02% 8.80%| 16% | 20%
H—gg 0.81% 3.40% |4.50%| 12%
H—-WW 0.53% 2.80%1(4.40% |6.50%
H—77 4.17% 20% | 21%
H— 7Tt 0.42% 2.10%1(4.20% |7.50%
H — vy 3.02% 11% | 16%.+
H — up 6.36% 41% 57%
H—Zv  |8.50% 35%
Brypper (H — inv.) ’0.07%
' 'y 1.65% 1.10%
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Higgs portal models

= formion DM

= Scalar DM
—ee \V@CtOr EFT DM

= vector DM, = 100 Gev
= vector DM, =10 Gev

-=== vector DM m, = 1 GeV

UV-comp
UV-comp

UV-comp

a®
sunt®
apust®
sunt®
gnnt®
spun®
snnt®
pnnt®
un®
sv®

direct detection

== CRESST-III

DarkSide-50

-== PandaX-4T
= LUX-ZEPLIN

10

Mpy [GeV]
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Summary

e Future ee collider (CEPC/FCC-ee etc) provides valuable opportunities to test Standard
Model and Beyond the SM physics

e BSM Higgs searches benefits from the high precision and unique environment of CEPC
e Exotic Higgs decay at CEPC can benefit from “recoil mass” technique
e Exotic Light Higgs Searches should be carried out at CEPC

e Dark Sector scalars or pseudo-scalars related with Z boson can be tested at Z-
Factory

e Higgs invisible decay is a crucial test for Higgs Portaled Dark Matter

e CEPC offers a diverse and extensive research program covering various aspects for
BSM Higgs

Thank you!

Jia Liu (PKU)
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