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Introduction

* After the discovery of the Higgs boson at the LHC, its properties have been
measured in detalil.

— Current data shows that discovered Higgs behaves SM-like.

— Much parameter space is constrained for extended Higgs sectors.

e Still we do not know much about the structure of the Higgs sector.

- Numbers of Higgs fields, symmetries
- Hierarchy problem

- Relation with BSM phenomena

- efc.

— We pursue a relation between Higgs sector and dark matter.
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Dark matter searches

* Direct searches of dark matter (XENON1T, LUX, Panda X, DARWIN, etc.)

- Scalar DM is searched by the spin independent cross section of DM-nuclei scattering.

- Sensitive DM massrange: (O(10)GeV ~ O(1)TeV

HL-LHG, ILC, FCC, etc.)  This work

- In the SM, H—> inv. happens through H—>ZZ*, but the BR is very small.

- H—> DM DM contributes to this process, thus DM can be tested.

- Sensitive DM mass range: < mh/2
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Higgs boson invisible decay

Recent results

Combined results of Run | and Run |l at 95% CL.

CMS: BRiyv. < 0.19 ATLAS: BRji,v. < 0.11

491" (7 TeV) +19.7 o™ (8 TeV) +38.2fb™ (13 TeV)
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Future sensitivity

HL-LHC: BRj,v. < 0.019 ILC: BRjnv. < 0.0026 FCC: BRj,y. < 0.00024
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Next-to two Higgs doublet model (N2HDM)

The Higgs potential is composed of scalar doublets ®;, ®, and singlet P gas

A 2 )
V= mi @0+ m3,ef@; + Tk (<I>’f<1>1) + 22 (@chz)

2
A
+ A3q>’{<1>1<1>;q>2+)\4<1>}<1>2<1>’f<1>1+75 [(qf{@z) +h.c.]
1, Mot Mate 52, Mgl
—m20% + 220 + Lol 9,0% + 22 ol o,
Mt 2 T ®e®2

where Zo symmetries Zél) X Z§2) are imposed:

ZV BBy, Dy —By, Bg— By,
78 @ 5By, Dy Dy, Dg— —Dg.

There are four different minima that triggers SU(2); x U(1)y = U(1)gm .

broken phase (BP)‘ <(I>1> # 0 <(I>2> # 0 (CI)S> # (0, 2HDM+HS HS: Higgs singlet
dark doublet phase (DDP): (&4  #0,(®g) =0,(Pg) #0, DM+ HS DS: Dark singlet

dark 1glet phase (DSP) (P )740 ( “ 0( ./ 'O 2HDM+ DS
full dark phase (FDP): (®1) #0,(®2) =0,(®g) =0. IDM+DS
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Dark doublet phase (DDP)

In DDP, component fields can be defined by

( Y ) ( 5

o, = 1 0 = 1 . g = vs + ps
—= (v+p1+iGY) | — (Hp+iAp) |’ !
\/§(v prot ) \/5( p+i4p)

There are 6 physical states:
4 . H, _ Ca Sa P1
Dark scalars: Hp, Ap ,H;, CP-even Higgs bosons : ( i, ) = ( s o ) ( P )

— Hp (or Ap) can be DM candidate.

The following 11 parameters are chosen as input parameters:

U, Vs, mX(X:HDaADvH:gaHlaHQ)a v, m327 >\27 )\8

V 3 may|®a]? + Xao|®a|* + Ag|Po|* D%
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BRinv. Vs Higgs signal strength

BR-°(H,—HpHp)

mHD < mAD, mH1=12509 GeV
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 The constraint from the Higgs signal strength =& BR;,, < 0.09

e This is stronger than the current bound of BRin. by ATLAS.

Radiative corrections change the picture ?

Kodai Sakurai
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Calculations of NLO corrections to H12 —> Hp Hp

* Decay rate at NLO

2
M™MO(Hy 5 — HpHp) =T [1 + 3 Re(M™ + MET)
H12HpHp
Hp Q
\ \ '
1p1 . e ’ R CT o’ )
M = + == M>¥" 0 e @ > 0m2, + d)s
N §~ §~
Hp .

e Renormalization

- Masses, mixing angles : OS scheme

- Om3y, O . We use three different schemes.

OS process-dependent scheme : T2, = TN 4, (i=1,2)

1-loop

ZEM process-dependent scheme :  (M;7°7)

( ZEM: Zero External Momentum)

MS scheme
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Extra Higgs loop contributions

* Approximate formula (IVI_S scheme) "

H HE OE E = = = ‘.'
We take cosa = 1, Ag o, <1 ! S Hp,GE

¢ A g
Hp
LO 4 1 2 2 2 2
'y, vy H, =T 1— 162 [)\HQHDHDBO(mHD,mHQ,mHD) + 2)\HDH$G_B0(mHD,mHg,mgi)}
-
a—0 2
=" (—Asvs)
My, HH,/(2v)=0.008, ¢,=1.0, vg=500 GeV, mp -2=my =60 GeV
SRR LR I L B R LR B
° Many terms Suppressed by )\HlHDHD _ 10";—' AN W — e
107 oo | !
* The H2loop can enhance the corrections. D 102f
T 0
I 10-3;[m_;
* For OS proc. scheme, the corrections %- ol | i
can be reasonable. P S G
0, (MS) —— | =
A cancellation between My.% ;. i, and Mg, 4,4, 1001 o e |
occurs. 107 L= TH oy (Proc- Approx) L

8 7 -6 5 -4 3 -2 -1 0
Ag
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Correlation between BRLC and BRNLO
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 We generates parameter points with ScannerS.
- Theoretical constraints: perturbative unitarity, Higgs potential bounded from below

- Experimental constraints: DM constraints, extra Higgs searches, Higgs presicion, electroweak precision

e Furthermore, we picked up points with the NLO corrections below 100%.

— For ZEM scheme, some parameter space would be excluded by BRin.(ATLAS).

— At HL-LHC era, effect of the NLO corrections become more important.
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Summary

e We calculated NLO corrections to Hi2 —> Hp Hp, in dark doublet phase (DDP)
iIn N2HDM. This process contributes to the Higgs boson invisible decay.

e At LO analysis, constraints from Higgs signal strength severe than those from
Higgs invisible decay.

e When we include the NLO corrections to the Higgs invisible decay, the situation
can be changed.

— |n some parameter regions, BR(H1 —> HpHp)NL© for ZEM scheme
can reach sensitivity of the recent result by ATLAS.

e As a future work, we also study this process in other phases of the N2HDM.
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Buck up




Parameter range for scan analysis

We scan input parameters in the following range:

1 GeV <mpg, <62GeV, 1GeV <my, <1500 GeV (ma, > mu,)
65 GeV < my+ < 1500 GeV, 107° GeV* <mj, < 5-10° GeV?,

1 GeV <vg <5000 GeV, —7m/2<a<m/2,
0< A <4m, —4Amw < Ag<d4r.

In scenario 1 we take the remaining parameters as

mp, = 125.09 GeV, 130 GeV < mpg, < 1500 GeV
In scenario 2, we set as

1 GeV <mpyg, <120 GeV, mpg, = 125.09 GeV.
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Allowed parameter regions
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Size of NLO

corrections for the BR
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Approximate formula for OS proc. scheme

We take cosa — 1, Ag gy, <1,

—4
NLO LO - 2 2
2R‘e (MHl—)HDHD) MH1—>HDHD S TAHIHDHD (ZHDHD (mHD) o zJADAD(,rn’AD))
2
2 2 2 2 2
BT ANH, HpHp A HyHp Hp, CO(mHD7 My, My, MHp, TN H;, M)
2
_I_
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