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@ Motivation

© Light charged Higgs in 3HDM (Three-Higgs-Doublet-Model)
© Mixing matrix and Yukawa couplings

e Charged Higgs decay to cb quark

© LEP search for HY — cb with b-tagging strategy

© Summary
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Motivation of charged Higgs and

MHDM(Multi-Higgs-Doublets-Model)

o Existence of Charged Higgs boson?

SPIN 0 SPIN 1/2 SPIN 1
Charge 0 H Ve, Vyy, Vr v.Z,g
Charge +1 H*7? | et pu* 7% u,d,c, s, t,b w+

Reason for MHDM:
@ Supersymmetry, Dark Matter...

@ Extra sources of CP-violation (Matter-antimatter asymmetry)...
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Light charged Higgs in 3HDM (Weinberg)

@ Three active isospin fields ®;(i = 1,2, 3) are introduced, and each
contain a vacuum expectation value with sum rule

Z v,~2 = vs2m = (246GeV)2

i

o — ( ¢ )
i (Vi+¢?,rea/+i¢?,/mag)/\ﬁ )

@ A unitary 3 x 3 matrix U is introduced in order to specify charged
Higgs mass eigenstates from charged fields rotation:
[C. Albright,J. Smith and S.-H.H.Tye] [Y. Grossman]

G*t o
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Hy 3
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Yukawa Couplings of lighter charged Higgs in 3HDM

o We take H3Jr to be much heavier than H2+, the Yukawa interactions of

Hy is:
Ly = —H;{ﬁs\:”d G(mgX Pg 4+ myY PL)d+
@ Yukawa couplings for Hy™ can be written as:
X = U—‘Sz Y =— Ui,
U§1’ Ul

V2m,

sm

Zﬁ[_/R} + H.c.

@ Five independent versions of Yukawa interactions of 3HDM with NFC based
on charged assignment of two softly-broken discrete Z, symmetries.

ul|dij¥?

3HDM(Type I) 21212
3HDM(Type 1) 211
3HDM(Lepton-specific) || 2 | 2 | 1
3HDM(Flipped) 21112
3HDM(Democratic) 21113
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Mixing matrix U in 3HDM

@ The matrix U can be written explicitly as a function of four
parameters tan 3, tan~y, 6, and 9, where

tan 5 = vp /vy, tany = \/vZ +vZ/v3.

@ vi, v, and vz are the vacuum expectation values of the three Higgs
doublets.

@ 0 is the mixing angle between H2+ and H37L

@ 0 is the CP-violating phase.

@ The explicit form of U given as :
[C. Albright,J. Smith and S.-H.H.Tye]

SAI/CIQ .‘_.7755 Cy
= —c@55e__’5 — 59CyC3 c@c,ge_"? —59CyS8  S9Sy
sgsge”'® — cpcycg —spcge” '’ — CcpcySg  CpSy

Here s, ¢ denote the sine or cosine of the respective parameter.
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Experiment constraints on X,Y

@ b — s constrains the real part of (XY*). For my+ = 100 GeV case
within 20 interval: [Michael Trott, Mark B. Wise,arXiv:1009.2813v3]

~1.1 < Re(XY*) < 0.7.

@ The Electric Dipole Moment (EDM) of the neutron (CP-violation can
manifest from Yukawa couplings) gives the following constraint for
my+ = 100 GeV :

[Im(XY™)| <0.1.
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Study dominant tree-level fermionic decay modes of light

H:I:

o Take My+ < M; limit and study leading decays.

@ Only focus on fermions by considering additional neutral scalars to be
much heavier than H.

o |X|>|Y|,|Z|, BR(H* — cb) could be dominant (~ 80%).

Study BR(H* — cb) for different types of 3HDM as function of
mixing matrix parameters (tan (3, tan~y, 6, 0).

e 2 types (Flipped and Democratic) can have large BR(H* — cb).
u d £
3HDM(Type I) 2 2 2
3HDM(Type I1) 2 1 1
3HDM(Lepton-specific) 2 2 1
3HDM(Flipped) 2|12
3HDM(Democratic) 2 1 3
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Dominant cb decay from light H* in 3HDM

Benefit of cb:

e H* — cb can be large in Flipped 2HDM for My+ < M;, but
My+ < M; scenario is ruled out by b — s constraint.

o In 3HDM, large H* — cb and My+ < M; is allowed by b — sv.
@ Search gap at LHC within region 80 GeV — 90 GeV (My+ ~ M,,).

e Background to H* — cb from W* — cb is small due to small CKM
matrix element (V,p ~ 0.04).

@ Use b-tagging to select signal events and to suppress the background.
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Search for light charged Higgs from LHC and LEP2

LHC [arXiv:1808.06575] LEP [arXiv:1301.6065]
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Prospects for searches for H* at LEP2 within mass

region 80 GeV — 90 GeV

@ LHC search covered (cb/cs and 7v), while LEP search only covered
(cs and 7v). But LHC did not cover mass between 80 and 90 GeV.

@ LEP search did not cover b-tagging strategy.

@ We took 4-jet decay searches (cs/cb + cb/cs) and 2-jet decay
searches (cs/cb + Tv) from o(ete™ — HTH™)

@ Requiring exactly two and exactly one b-jet in 4-jet search / exactly
one b-jet in 2-jet search to evaluate event signals.

o Take b-tagging efficiency (ep) and fake-b tagging efficiencies (e, es)
to calculate significances (%) based on the background event
numbers from OPAL result. [Eur. Phys. J.C (2012) 72:2076]
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Statistical Significances of H* tests through mass variety

My+ || 80 GeV | 85 GeV | 89 GeV | 80 GeV | 85 GeV | 89 GeV

S S S % LB LB B
4j0b 69.50 46.01 29.07 2.08 1.38 0.87 1117.8
4j1lb 31.74 21.01 13.27 3.32 2.20 1.39 91.44
4j2b 22.43 14.85 9.38 7.12 4.71 3.00 9.94
2j0b 26.89 17.80 11.24 151 1.00 0.63 316.9
2j1b 15.28 10.11 6.39 4.08 2.70 1.71 14.04

Table: Number of signal events (S), number of background events (B), and
corresponding significances (%) in single experiment at LEP2.

4-jet channels with BR(H* — cb) = 0.8 and BR(H* — ¢s) = 0.2.
2-jet channels with BR(H* — 7v) = 0.5, BR(H* — ¢b) = 0.4 and
BR(H* — ¢s) = 0.1.
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@ We have studied the scenario of the lighter charged Higgs in 3HDM
with my+ < my.
e Two types of 3HDM (Flipped and Democratic) can have large

BR(H* — cb). b-tagging could be a good strategy to search for
charged Higgs signals.

o LHC searched for H* — cb, cs, 7v but did not cover mass region
between 80 to 90 GeV for hadronic decays. LEP only searched for
H* — ¢s and Tv in that mass region.

o Our analysis showed the significances of H* with large BR(H* — cb)
can be increased after b-tagging in both 4-jets and 2-jets channels .

@ We suggest an updated LEP2 search that includes b-tagging in the
mass region 80 — 90 GeV.
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3HDM Scalar potential under Z, x Z, symmetry

ii=12,13,23

3
V=3 mi@len—( Y mi(e]e)+He)
i=1

3 j=12,13,23
Z A(@f0)2+ YT Aj(o]d)(0ld;)
=1
j=12,13,23 j=12,13,23

D URIGICIIEE D SRV INENE

@ 18 free parameters which two are fixed by W boson mass and SM
neutral Higgs mass.
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Fermionic decay modes of lighter H* from LEP collider

Production cross-section of H* pair:

2 4 M?
Oren = (| 1= =5 F(s. Mz, T2, 0,)

Decay channel of H*:

o
GFmHi m%|Z|2

47r\@ ’

3GE Viugmy=(m3| X2 + m3| Y ?)
477\@ .

M(H* — (*v) =

M(H* — ud) =
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Results for BR(H* — cb) in Flipped 3HDM in

[tan~y, tanf] plane

BR{H*=— cb)My-= 100.0 GeV . ag!EAL{X‘f"*‘] in tany,tang plane, My+ = 100.0 GeV .
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Figure: Branching ratio of H¥ — cb with § = —7/3,5 = 0, My+ = 100 GeV in
[tany, tanf] plane. Left Panel: Contours of BR(H* — cb). Right Panel
:Contours of Re(XY*) (b — sy constraint).
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Results for BR(H* — cb) in Democratic 3HDM in [4, 6]

ENE

BRIH* — cb)My:=100.0 GeV REAL(XY "%} in 6,6 plane,My+= 100.0 GeV' IM(XY ~*} in 8,6 plane My+= 100.0 GeV
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Figure: Branching ratio of H* decay through cb channel with

tanf = 40, tany = 10, My+ = 100 GeV in [4, 0] plane. Left Panel: Contours of
BR(H* — cb). Central Panel : Contours of Re(XY*) in [6, 6] plane(b — sy
constraint). Right Panel : Contours of Im(XY*) in [0, 6] plane (Neutron EDM
constraint).
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Results of Democratic 3HDM approach with

BR(t — H*b) x BR(H* — cb) in [0, 0] plane for LHC

BRIt— H=b) X BRIH=— cb), BR(t— H=b) X BRIH=— cb),
My== 85.0 GeV My:=130.0 GeV
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Figure: BR(t — H*b) x BR(H* — cb) in [0, 0] plane with
tanf = 40, tany = 10, M+ = 85,130 GeV. Left Panel: My+ = 85GeV plane.
Right Panel : My+ = 130 GeV plane.
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Left Panel : Statistical Significance from background expectation. Right Panel :
excluded regions in the Br(H* — 7v) vs My= plane. The shaded area is
excluded at 95 % C.L or higher. Solid line is expected exclusion limit at 95 %.
The dotted line is observed limit at 99.7 % C.L.
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LHC collider search approach

° sy GEmy 2
re—w b)78\@7r[ t+2/\/7 [l — /mt]
Mt — Hb) = ST (2 Y P 4 m2 X PI[L — e /2]

8v2m

o BR(t — HTb) depends on magnitudes of |X|,|Y|. It affects
production rate of charged Higgs even LHC has sensitivity for mass
region 80 to 90 GeV.

@ LEP search involves only gauge couplings and unknown charged Higgs
mass parameter.
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LEP2 and CEPC/FCC-ee Input parameters

Vs L(fo~T) €p €c €; M+
LEP2 189 GeV — 209 GeV 0.6 0.7 0.06 0.01 80 GeV — 90 GeV
CEPC/FCC-ee 240 GeV 1000 0.7 0.01 < ec < 0.06 0.01 80 GeV — 120 GeV

Table: Input parameters used in the numerical analysis at LEP2 and at

CEPC/FCC-ee.
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Numerical analysis in statistical Significances of H*

against BR(H* — cb)

SHEB of H in 4jet2b with BR(H*— cb} SA'B of H* in 2jetlb with BR(H*=Tv,) = 0.5
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Figure: Values of Sv/B in the plane [My+, BR(H* — cb)] at a single LEP2
experiment.Left Panel: In 4-jet channel with two b-tags, with

BR(H* — cb) + BR(H* — cs)= 1. Right Panel: In 2-jet channel with one
b-tag, with BR(H* — 7v) = 0.5, and BR(H* — ¢b) + BR(H* — cs) = 0.5.
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