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* What is Structure of Higgs sector ?
Various extended Higgs sectors

Multi Doublets Doublet + Singlet  Doublet + Triplet
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« Higgs sector is related to new physics scenarios.

Each new physics model requires a characteristic Higgs sector.

It is important to explore Higgs sector
by bottom-up approach.

« We here focus on "Doublet + an additional scalar”.

Higgs singlet model (HSM), Two Higgs doublet model (THDM), Inert doublet (IDM), ..



Two Higgs double models (THDMs) °

« Some hew physics models contain fwo Higgs doublefts.
( MSSM, Inert DM, loop induced m, , CPV, ...)

We focus on THDM with softly broken Z2.

: Type I Type II Type X Type Y
. . u u u o
4 types of Yukawa interactions d I diI d | d |
1
MSSM e.g. Radiative seesaw

« We focus on CP-conserving case

* Mass eigenstates

Higgs basis h (1256GeV Higgs), H, A, H*
. Gt . Ht (h’l) _ (cos(ﬁ—a) sin(ﬁ—a))(H)
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* Parameters in potential m.2 _v,
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Deviations from SM predictions

* h-couplings can change via field mixing (a, p)

NP
_ Ynxx

Ky =
8 Inxx
sin(p—a) = k, — 1--+(Higgs) alignment limit
[Couplings of h are aligned to those of SM. ]

LHC Run2 results of h;,5 measurement
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https://www.nature.com/articles/s41586-022-04893-w

Additional Higgs bosons’ decay in nearly-alignment

In nearly alignment case, additional Higgs bosons’ decays are very interesting !!

 Additional Higgs couplmgs with SM particles 4 jignment imit

. Br'anching ratio of H

HWW, HZZ g
ki = Hvv = cos(f — )
ghVV
Hhh 3 _cos(fF—a)
Hhh — 21 sin 23

{ )*’”h + %y — 3M?)sin 20 + M? sin ZJ} — ()

................... H—hh
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H—=/7
cos(B—a)>0
........... COS(B_O()<O
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But, in nearly alignment
~ they play important roles

Hff Type-I THDM K;{ = cos(f — a) — cotfSsin(f — a)

H-decays are very sensitive to

sin(p —a).



Searchable regions in nearly-alignment
Expected excluded region by direct searches @HL-LHC(3000fb-!) (95%CL)
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Aiko, Kanemura, MK, Mawatari, Sakurai,
Yagyu [NPB966(2021)115375]

« Wide parameter region is expected to be surveyed by "Higgs to Higgs decays".
« Additional Higgs decays are very sensitive to sin(p—a).

Precise calculation is necessary for not only

They are results at tree level. h-decays but also additional Higgs decays.



H-COUP project !

Numerical program for Full set of BRs of Higgs bosons with radiative cor'r'echons.

w [e1tj'-ku* Aiko, Kanemura, MK, Sakurai, Yagyu

Various observables SM : ) -

- HSM (O+S uture
Couplings, .
B THDMs (®,+0,) orecision data

et (Type-I, II, X, Y) )(

h—=VV, h=ff, h—=yy, - IDM  (®+n) HL-LHC,

ILC, CEPC, FCC,

Including radiative corr. . .
ucing v Model Variations

[ » EW and scalar-NLO by on-shell scheme )

Kanemura, MK, Yagyu, NPB 896 (2015) 80, Kanemura, MK, Yagyu NPB 917 (2017) 154, Explore nggs sector
Kanemura, MK, Mawatari, Sakurai, Yagyu, NPB 949 (2019) 114791,

Kanemura, MK, Sakurai, PRD 94 (2016) , Kanemura, MK, Sakurai, Yagyu, PRD 96 (2017)

» NNLO QCD corrections by MS-bar scheme
A. Djouadi, Phys. Rept., 457, 1 (2008), M. Spira, Prog. Part. Nucl. Phys., 95, 98 (2017),
\_ K G. Chetyrkin, A. Kwiatkowski, Nucl. Phys., B461, 3 (1996)...

Ver.1 (2017) : Renormalized vertices of h(125). «anemura, MK, Sakurai, Yagyu, CPC.235(2018)134

Ver.2 (2019) : DeCGY BRs Of h(I 25) Kanemura, MK, Mawatari, Sakurai, Yagyu, CPC 257(2020) 107512
Ver.3(Coming soon) : Decay BRs of additional Higgs bosons

[Other public tools]
% 2HDECAY : [M. Krause, M. Miihlleitner, M. Spira], %Prophecy4f : [A. Denner, S. Dittmaier, A. Miick]
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CP-even CP-odd Charged
H-VV A-ff H* > ff’
H- ff A— Zh,ZH HE - AW
H - hh A > HXW HE* - HW,hW
H - AAHYH™ A->ZZ,WW,yy,vZ H* > Wy, WZ
H - AZ,H*W
H-vyy,vZ, 99

HSM IDM
CP-even CP-odd Charged
H-VV H - AZ A— ZH H* > AW
H- ff H - H*W A - HX*W H* > HW
H — hh
H-vyy,vZ g9

We show results for decays of H=>hh, A=>Zh, h=>VV*, h=>ff in THDM:s.



Loop corrections to [[H—hh]

« NLO contributions works constructively or destructively
cos(p-a) > O - -+ constructively, cos(p-a)<O--- destructively

cos(p—a) 2 cos(p~a)
MaolH=2hh] = < + ZRe[ *C:( 8 < ]
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2 2 (02 o pf2 -
M= > Apv*® (Mg = M=) --- Decoupling m2 = Apv? + M2
M? ~ 2'v? --+ Non-decoupling
h
cos(f — a) < 1 case o ®=HAH
/1Hc:[>c1>"’1 (mf — M?) ‘\ 1
v ) \
\‘Q 1 @ Ahcbcb"’;(mczb - M?)
H Y
o
h

(m, y+ —my # 0) case

Even if mj =~ M?, corrections of H*, A loop diagrams are hot suppressed.



Correlation between H=>hh and A= WW*

Type-| My =500GeV, tanB 5 mA mH+ NPB 983(2022)115906
1 Kanemura, MK, Yagyu
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Correlation between BR(H — hh) and BR(h = WW * ) is changed from LO by O(10)%.

It is important to evaluate both h-decays and H-decays
with loop corrections simultaneously.



Correlation between A=22h and h=2222*

my=my, =300GeV, tanp=2, cos(f-a)>0
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BR[A=>Zh ] also receives O(10)% correction if tanp=2.

Correlation between BR(A — Zh ) and AR (h —ZZ *) is significantly

changed from LO.



12
Summary

« LHC results of h;,5 measurements indicate "nearly alignment”, where additional
Higgs bosons’ decays are very interesting |

« Study of radiative corrections to decays of both additional Higgs bosons and
h;,5 are essentially important.

« We show results of BR[Higgs to Higgs decays] and BR[h;,5] including radiative
corrections.

« BR[H—=hh] with NLO correction can change LO prediction by O(10)%.
BR[A=>Zh] also receives O(10)% correction if tanp=2.

« Correlations between A>Zh / H->hh and h-=>VV* are significantly changed
from LO.

« We will release H-COUP ver.3.

H-COUP
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Counter terms

Parameter shift ;
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On-shell renormalization conditions
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h=2bb, h=21T "

my = myx = 800 GeV, cos(f —a) <0

l—-THDM h XX THDM
AR[h - XX] = —=> h=> XX Au[heXX]—BRl\ISI;V([) h=>xv]
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If |JAR[h — bb/t7]| > several %, prediction of each Type does not overlap



Constraint from direct searches (Run?2) 0

Production cross section
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H production

gluon-fusion process (pp—H),
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bottom associated process(pp—H(bb))
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H production . ..

gluon-fusion process (pp—H), bottom associated process(pp—H(bb))
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H* decays
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Correlation between A=22h and h=222*
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AR(h—>bb) [%]
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