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Motivation

[T. Stefaniak et al. arxiv.1812.05864]

[CMS-PAS-HIG-17-013]

[Phys. Lett. B 565 (2003): 61-75] IATLAS-CONF-2018-025]
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Extend the 2HDM to the NMSSM-like Higgs structure

The 96 GeV "excess” at LEP and CMS can be both accommodated by the type-Il and type-IV
2HDM plus singlet simultaneously

Physics potential at future colliders to search for such a 96 GeV Higgs boson
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Framework of 2HDMS

Two Higgs doublets Additional complex singlet
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Framework of N2HDM

Two Higgs doublets
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Additional real singlet

S =vs+ps (3)
Symmetry
\ o D, S
Zo | +1 -1 +1
zh | +1 +1 -1
11 free parameters:
)\1, )\2, )\3, A4, A5, /\(;, /\T, /\x,
mi, vs, tanj
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Mixing angles in the 2HDM plus singlet

3 x 3 CP-even rotation matrix:

Calco@ 5a10a2 8(12
R = “Sa1Caz — CarSazSas CaiCag = SanSazSas CasSas (5)
Sa1Sas3 — CaySasxCas —Sa;SazCasz — CaiSa3  CasCas

3 x 3 CP-odd rotation matrix:

—88Cay  CBCay  Sau

RA = 58504, —CBSay Cay (6)
cg s3 0
Express the Potential parameters in terms of the masses and mixing angles
N2HDM Mhy 55, TA, Mpx, a1, G2, a3, M2, vs, tanp (7)
2HDMS Mhy 555 May oy Mpt, Q1, G2, O3, 4, vg, tanp (8)
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Couplings in the 2HDM plus singlet

Types of Yukawa couplings:

\ type | type Il lepton-specific  type IV (flipped)
et | Riz/sinB Ris/sin 3 Ri2/sinj Riz/sin 8
Ch;bb Rig/ sin ﬁ Ril/ cos 3 Rig/ sin ﬁ Rﬂ/ cos j3
chirr | Rig/sinf Ry /cosp R;i1/cos 3 Riz/sinj3

Second-lightest Higgs Couplings (in the limit of |R2,| — 1):

sin(a; + sgn(asg)as)
cos 3

cos(ay + sgn(az)as)

- sin
sin 8 |sin az,

|Sin a2|, Chybb ™~ —

Chott ™~

chyvy ~ Sin(B — ag — sgn(asg)as)| sin as|

Alignment limit:
sin(8 — a; —sgn(az)as) — 1

DESY. | Planck 2022 | S. Heinemeyer, C. Li, F. Lika, G. Moortgat-Pick, S. Paasch | Paris, June 2, 2022 Page 6


http://creativecommons.org/licenses/by/4.0/

96 GeV "excess"

LEP signal strengths:

olete™ — Zhy — Zbb) BR(h; — bb)

2
= = ——~= = (0.117 £ 0.057
HLEP = (ete— — ZHgm — Zbb) [emvv] BRsw( — bD)
JLEP X |ch1VV|2 o cos? s (9)
CMS signal strengths:
app = h1 = 7y) 2 BR(h1 = 77)
= = ———— =0.6£0.2
HOMS = 5 (pp — Hsm — 77) ehae BRsm(h — 77)
|Ch1tt|2 tan a1 2
10
Hows < 1005 >\ Tan g (10)
Fitting to the "excess”:
pep — 0.117Y° picms — 0.6\ 2
= - 2. 11
X ( 0.057 >+( 0.2 ><3 (1)
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Testing for constraints

Theoretical constraints

> Tree-level perturbative unitarity 1. Horejsi v kiadiva arxiv.0510154
> Boundedness from below [K.G. Klimenko Theor. Math. Phys. 62, 5665 (1985)]

> Vaccum stability — Evade . witbrodt arXiv:1812.04644)

Experimental constraints

> LEP, Tevatron & LHC Higgs searches —— HiggsBounds (7 stefaniak et . amiv:2006.06007]
> SM Higgs couplings — HiggsSignals (7.Stefaniak et al. arxiv:2012.09197]
> Electroweak precision observables — S, T, U parameters (v saaketal arxiv.1209.2716)

> Flavor physics B — Xy limit —— Lower bound for the my,+ (0. peschamps et al andiv.0s07 5135
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Scan setup

We focus on the Type Il Yukawa structure

Implement the model in the SARAH. Use SPheno to generate the spectra.

We keep the second lightest &, to be the SM-like Higgs

We focus on a light, singlet-like h; Higgs-boson ~ 96 GeV

Scan the parameter space

mp, € {95, 98} GeV, my, = 125.1 GeV, wg € {100, 2000} GeV

tan g
tan oy

€{0,1}, a9 € +{0.95, 1.3},

T

ma, € {200, 500} GeV, a4€{~, =

4’ 2}

tan g

Mpy ~ Mgy ~ M=

{1,10}
{10, 20}

{800, 1200} GeV
{1000, 1700} GeV
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Results for the 2HDMS

1.25 1.25
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> 2HDMS is able to fit the excess for both low tan 5 and high tan g ranges.
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Results for the N2HDM
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> N2HDM analysis for low tans was already carried out in [T. Biekétter et. al, arxiv:1903.11661],
and we reproduce the results by using SPheno

> N2HDM can fit the excess for high tan 5 region as well
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Predicted detection limits at ILC

Plot lines taken from [P. Drechsel et al. arXiv.1801.09662]

10°
—— LEP observed
—== LEP expected
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> The light 96 GeV Higgs can be detected at ILC (e*e™ collider, /s = 250 GeV L = 500 fb~!)

> The N2HDM result is very similar
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Direct searches at the ILC

ete~ - Zh; at ILC with 250 GeV ete~ - Zh; at ILC with 250 GeV
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> ILC with /s = 250 GeV and an integrated luminosity of 2 ab—!

> Similar number of events for both models with slightly different W1~ events in different
tan § regions
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Direct searches at the ILC

> New type of analysis for estimating the BSM Higgs couplings precision at the ILC

ete~ - Zh; at ILC with 250 GeV ete~ - Zh; at ILC with 250 GeV
0.7 ]
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> Couplings precision are below 12% at the ILC with similar values for couplings in both models
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Indirect searches at future colliders
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The hs couplings with the 96 GeV excess can be distinguished from SM Higgs at HL-LHC and ILC.
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2HDMS and N2HDM parameter space cover the same allowed region of hy couplings

Possible way to distinguish the two models:
Discovery of the second CP-odd Higgs

Analysis of the doublet/singlet character of the CP-odd Higgs
Study the differences in the triple Higgs couplings, €.9. An,hihy, Anihihe (WOrk in progress)
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CMS 777~ excess at 95 GeV

[CMS-PAS-HIG-21-001]

CMS Preliminary 138 fb™! (13 TeV)
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> The type-IV model can accommodate the 77~ excess better, but the type-ll cannot not do well
[2203.13180]
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Type-lV 2HDMS

2HDMS type-IV (tanf =1 —10)

2HDMS type-IV (tanf =1 —10)
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> The current CMS 777~ excess can be accommodated by 2HDMS with Type-IV
Yukawa coupling
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Type-IV 2HDMS

2HDMS Type-IV

2HDMS Type-IV
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> Including the independent LEP excess can make the c¢;,yy for 125 GeV Higgs lower

DESY. | Planck 2022 | S. Heinemeyer, C. Li, F. Lika, G. Moortgat-Pick, S. Paasch | Paris, June 2, 2022 Page 18


http://creativecommons.org/licenses/by/4.0/

Summary

Conclusions

> We analyzed the Z3 invariant Two-Higgs-doublet model with complex singlet

> We found that the 2HDMS and N2HDM both are equally able to fit the 96 GeV
excess fortang =1 — 20

> We estimate the experimental observables for direct h; searches and indirect
searches at ILC and HL-LHC

> One cannot distinguish the 2HDMS and N2HDM by only comparing the observables
of h1 and ho

> The current CMS 77~ excess can be accommodated by the type-IV 2HDMS model

Outlook

> Distinguish the 2HDMS and N2HDM

- Compare the CP-odd Higgs couplings by CP-odd Higgs searches
- Study the triple-Higgs couplings and di-Higgs production for both N2HDM and 2HDMS
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Thank you!

Contact
DESY. Deutsches S. Heinemeyer, C. Li, F. Lika, G. Moortgat-Pick, S. Paasch
Elektronen-Synchrotron

cheng.li@desy.de
www.desy.de
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Backup

Higgs mass matrices:

M12>11 = (m?2 - M12US) tan g8

M2, = 2)\10v°cos® B + (mis—p1ovs)tan 8
" - Mpgy = (mfz — p2vs) cot 3

Moy = 2X20° sin® B + (mIs—p12vs) coOt 8

2 2 gj 2 M12312 = —(mfz — [120s)
Mg = (A3 + Aa)v” sin 28 — (mis—p12vs) ’ .

2 ’ . Mpi3 = pizvsin 8 (1)
M55 = (2\1vs cos B + 12 sin f)v )

2 ! e Si Mpo3 = —p120 €08 3
M523 = (2X\3vs sin 8 + 112 COS [3) )

Mpas = —§Msws - mzv— sin2p

Mss = u; vs + N§vg—pi2 — 2 Sln 28 o3 2 2ug

Mé = 2(m§2 — p12vg) CSC2f3 — A2
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Backup

% = cos? aum?; + sin® aum?2,

2 2
N fi1s = el = M2 g ) cos ay
= % sin® v
1 2v2 0032 th il B X
)\2:7,2 Zm%R?Q—ﬂZCOS2ﬂ i
2v2sin® B |4 ‘ 1
A3 = — n Q.Ri R; 2, 52 i
37 02 |sin2B ;mh" iz s =
- Ay = sin2g — HSL
)\4:#2*mii 3 th 13+H122 B o5 Us
’U2
2 ~2 2 .2 2 2 2 v .
mis = Hi12vs + fi° sin g cos B Us1 = 300 [sm QaMgy + COS™ aamiyo + P0c Sin 2812
S S

®
DESY. | Planck 2022 | S. Heinemeyer, C. Li, F. Lika, G. Moortgat-Pick, S. Paasch | Paris, June 2, 2022 Page 22


http://creativecommons.org/licenses/by/4.0/

