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CP-odd scalar component: new physics beyond the SM

1. CP symmetry (C-charge conjugation & P-parity) is important and widely discussed in HEP:

Matter-antimatter imbalance: Sakharov conditions

1. B violation — CP phase in CKM: not enough
2. C & CP violation

3. Out of thermal equilibrium

Additional CPV source is needed: CP-odd component is a must.

2. Higgs boson in the Standard Model (SM) is CP-even:

In the SM: After EWSB:
d = ¢1+ig2 | _ ¢F ¢ =
®3 + 1y ¢’

3. Many new physics (NP) models predict a CP-odd scalar by extending the scalar sector:

(v + h +ia) Goldstone
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CP-even

Sl -

MSSM, 2HDM, Peccei—Quinn axion model, Georgi Machacek model ......

A sophisticated mechanism of electroweak symmetry breaking exists
if a CP-odd scalar or CP-odd component is discovered.



Searching for a CP-odd scalar

Energy To find CP-odd scalars Precision
Frontier ‘ (components) | Frontier
v

CP property of
the 125 GeV Higgs boson

Heavy
CP-odd resonance

A purely CP-odd scalar excluded
Null result (ATLAS, 2004.04545, 2002.05315)

v
M, > 377 GeV .
MSSM h125 = hcos o + Asinéd CP-even or CP-mixture
(PDG, 2022)
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New scalars — Where are they?

» CP property of the 125GeV Higgs boson
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New scalars — Where are they?

* CP property of the 125GeV Higgs boson
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Searching for a CP-odd scalar

Energy To find CP-odd scalars Precision
Frontier ‘ (components) | Frontier
v

CP property of
the 125 GeV Higgs boson

Heavy
CP-odd resonance

Null result (ATLAS, 2004.04545, 2002.05315) '
M, > 377 GeV
MSSM hiys = hcosd+Acosd
(PDG, 2022)
q W - None-zero
Heavy or o _< ! CP phase
feeble "

A purely CP-odd scalar excluded

W-
- - a Origin of the CP phases

Explicit CPV: Yukawa, CKM, Scalar potential .
Spontaneously CPV Example: 2HDM




Searching for a CP-odd scalar

Energy To find CP-odd components Precision

Frontier ‘ (scalars) | Frontier
v

Heavy One? One or Two d.o.f in
CP-odd resonance ‘ the 125GeV Higgs boson?

More than one?

Null result CP property of
the 125 GeV Higgs boson
M, > 377 GeV How to identify
MSSM the second d.o.f?
(PDG, 2022)

Di-Higgs production

CP-even or CP-mixture

1. CP-event+CP-even
None-zero CP phase 2. CP-even+CP-odd

3. CP-eventmixture

4. CP-mixture+mixture

5. CP-mixture+CP-odd

Origin of the CP phase




Searching for the hidden scalar

* The smoking gun of the shadow Higgs boson

~ #£0 H; #H,, CPy, # CPp,

- — 0 H1 — HQ or CPHl — CPH2
my = my = 125GeV
1 2



ZHH as a probe for CP-odd component

QHC, Cheng, Liu, Wen, Xu and Zhang, 2212.05390

é " F£0 H,#Hy, CPy #CPy, |
4 g g D) ngH1H2 (Hla'qu - Hza'qu) Z/’t =<

h \H2 My, = My, = 125GeV =0 H1 = H2 or CPH1 = CPH2

Di-Higgs production can be used to identify the CP-odd component in Higgs boson
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Collider stmulation at the HL-LHC

q
14 TeV z 7 < b
3000 fb~! . N ﬁi |

(ATLAS, ATL-PHYS-PUB-2014-019)

bByy
final state

Process

# of Events (L= 3000 fb~!)

b ¥ b Y
B?“HlBTH2 + B?“HQBTH1

Event Selection Criteria

> 2 isolated photons, with pr > 30 GeV, |n| < 1.37 or 1.52 < || < 2.37

> 2 jets identified as b-jets with leading/subleading py > 40/25 GeV, || < 2.5

No isolated leptons with pr > 25 GeV, || < 2.5

< 6 jets with py > 25 GeV, || < 2.5

0.4 < AR <2.0,04 < AR” <2.0, AR"’ > 0.4

100 < m,; < 150 GeV, 123 < m,, < 128 GeV

p}, py? > 110 GeV

Significance
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Search for the hidden Higgs at FCC-hh
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bbyy mode

Ql
/
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pp"t > 60GeV, p?>35GeV, |n,| <4.5.

100 GeV < mp,p, < 150 GeV,
123 GeV < m.y,~, < 127 GeV,

ARMY2 ARz < 3.5,

pf}le, pr ™ > 100 GeV
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Phenomenology at the CEPC/ILC/FCC-ee
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Search for the “shadow” Higgs at future colliders
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Degenerate 2 and 4 1n 2ZHDM

We focus on the CP-conserving scalar potential with a soft broken Z, symmetry to prevent FCNC.

A 2 A 2
V (1, @) = mi, &[0 + m3, @50y — mi, (B]By + @50y ) + 5 (B1)) + 22 (2),)

A
T3P, BI Dy + M\ DDy DI D, + ?5

Three neutral mass eigenstate are

h=—hysina+ hycosae H = hjcosa+ hosinae A= —aysinfB + aycos 8

ma = my =125GeV and  mpy g+ >> Mp A

ZhA couplings:

g
2 cos 0,

L5 (hd,A— Ad,h) Z"

cos(B —a) (cos(f — a) =~ 0 is the alignment limit)

The case of 4 and H degeneracy discussed by Chen, 1712.01299.

14



Allowed parameter space by single Higgs Measurement at the LHC
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Di-Higgs production at CEPC/ILC/FCC-ee

350 GeV, 1000fb-!
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Di-Higgs production at the Fcc-hh

100 TeV q 4 g .

L , --h/A g h/A —
30 ab-! >«W2M Z]>,_<, bbyy final state
e S g QVT=""" -~ /A g \h/A

vvvvvvvvvvvvvvvvvvv

14f
12}

10}

tanf
tanf
0

1 :(b) llllllllllllllllll ]
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

cos(fS—a) cos(f—a) 17




Conclusion

Energy To find CP-odd components Precision
Frontier l (scalars) Frontier

Heavy . One? One or Two d.o.f in
CP-odd resonance | the 125GeV Higgs boson?

Null result CP property of | More than one?
the 125 GeV Higgs boson
M, > 377 GeV How to identify
MSSM the second d.o.f?
(PDG, 2022) o _
Di-Higgs production
CP-even or CP-mixture
o H
1. CP-event+CP-even P
None-zero CP phase 2. CP-even+CP-odd ’
3. CP-eventmixture % ~AAAaal .
. 4. CP-mixture+mixture .
f the CP ph
Origin of the CP phase 5. CP-mixture+CP-odd S H,

It is very promising to discover the hidden scalar at CEPC.



Thank You!



