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Current status of Higgs measurements
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e Discovered Higgs boson is consistent with the prediction of the SM.

— This does not mean that Higgs sector of the SM is confirmed.
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Extended Higgs sector

e Many models can take SM-like limit.

M? > v
1
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e Mystery of extended Higgs sector

Number of Higgs, its representation

Decoupling feature (Nondecoupling/decoupling) m?p ~ M? + \v?

Symmetries Shape of the Higgs potential

Decoupling limit

- elc.
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e Relation between Higgs sector and BSM.

BSM phenomena

Extended Higgs sector DM (WIMP, mediator, axion)
Baryogenesis (strong 1st OPT, CPV)
d+ 5+ ... —
;IU A HE D L masses (Type-ll seesaw, radiative seesaw)

Anomalies (muon g-2, B-physics, W mass, ...)

- Relating with structure of Higgs sectors, decoupling features

Probe of Higgs sector is a key to purse NP beyond the SM
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In this talk, | will discuss how the model of the extension of the inert doublet
model (IDM) can be probed.

IDM: a simple extended Higgs sector with DM candidate.
IDM+a: characteristic mono Higgs signal appears.

( )

+
Inert scalars H—, H, A, a

\_ J

DM searches

Collider search EWPT, GWs
(mono h, h-coup)

- Collider search surveys low mass region.

- heavy mass regions can be surveyed by GWs etc.
- These searches are compatible.
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e EW phase transition
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Inert doublet model + pseudo scalar (IDM+a)

e Global symmetry: Z> (unbroken)

e The inert doublet field and inert singlet field are added.

G+
b, = (L(h+v+z’GO)> . Z> even, trigger EWSB

V2
H+
P, = (%(Hirim)) . Z> odd, SU(2) doublet, new field
12 . Z> odd, SU(2) singlet, new field

e The lightest Z> odd scalar can be the candidate of DM.
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e Scalar potential
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e Physical fields
h, H H*, A, a

Inert scalars

e Mass spectrum (!4
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We assume that m, < my- 4 4.

a is DM candidate.
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Mz " M
e |nput parameters (10)
{“%’ Ma, Ma, My , My =+, !, "2, "! : Il!1, "!2}
We can take IDM limit by @ — Oand 4,; — 0.
e Relevant scalar couplings for collider and DM analysis
2(rm2 1 112
| oy = | si(ma! K) ! %vc?! T Annihilation process of a
v |
l haa = ! > (! 2u5+ m5+ m5 ! v?l 1) hproduction from A decay

v
Maximized at 0 = 7/4
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DM constraints

e Basically, there are two parameter regions

():m, ~my /2, (1):vSm,

Higgs resonance region Heavy mass region

e \We focus on the Higgs resonance region.
- A — ahis possible —> mono h signal
- the invariant mass is fixed as u, ~ m, /2 .

- Inert scalars can not be decoupled.

Perturbativity
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e Annihilation process of DM

3 X a W!(Z!) a W (Z)
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- o6(aa — XX) is governed by 4, and 0 .

- The s-ch process is dominant process.

- Main annihilate ch. depends on size of 4,

Ahaa/v ~O(107% —1): o(aa — bb) > (aa - WW¥)
lhaa/V! O(10 %) : "(aa! WW )>"(aa! bbh

- Ap,, is limited by the constraint of the relic abundance.
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e Spin independent cross sections
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- It is controlled by only 4, ..

- It gives upper bonds for 4, .
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e Numerical results Y& : our benchmark
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- Qh? grows by decreasing 4, .1, /v ~ 107°,d observed relic density is obtained.

- There is a slight influence of 6. 4, . should be larger than the case of & = 0.

- 0 = /4 is chosen for collider search. The BP is explored by LZ.
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Electroweak phase transition

We aim to realize the electroweak baryogenesis.

Sakharov’s conditions 2#&*?(;&%*H|J*K*$
e B violation &= "HE%E& () (+&,,
® C and CP violation &= (* /01 2#&*"(,,34%&*&56&),3(HTT*K . LIKSMHIJ*KLIKS$

e Out of equilibrium &= | 16'()8*9 & &™*"#$,&*2'$),363()*<F*:/2=
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Effective potential [1/2]

Vip, T) =V%p) + V@) + Vip,T) + V™, T)

Tree level CW potential Thermal corrections Resummed thermal
to the potential corrections to masses
Z i ial VO, VEW
e Zero temperature effective potential V-,
2 2
vO =1 Mhy2, M4

4 8v2

VCW — 4 ] ’ﬁ’LQ(QO)

647T 'im’l, (w) Og Qz C'i
Counter terms renormalization scale

- CT appears from the shift of VY. = There are two unknown parameters.

- They are determined by reno. conditions. We follow [J. M. Cline, P.-A. Lemieux, 1996]
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Renormalization conditions

A and Q? are determined in the way that the definitions of v and m,, at tree-level are maintained.

8VCW
. ' n = ) P "i 3' gijge Lk ’ .
8(p o= logQ“ = | | !mf(")% b7
82 VCW L

1 Tv),
9 322y #oor_ Q2 2
op* | _,

- log Q2 contains IR divergence, which comes from NG boson contributions.

o o () = TE(L _1) b ko ge(v) =0
GO.G+ (;0) = 9 (’02 ) GO,G*

The origin of IR div. : In the effective potential method, the correction is evaluated at p, = 0.

R ! dxlog(mZ,. " x(1" X)p?) == Mzo- ! dx(mZ. " x(1" x)m}))

IR div. converges by external mom.
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Effective potential[2/2]

Vip,T) = V(@) V(o) Vip,T) Vi(¢p, T)

e Finite temperature effective potential: V!, V"8
- In high-temperature expansion, V! (@, T) is given by

274 m( )T me ) T) me)t T m()?
Al = | + ' H | | +
s (MW =1 55 24 { 12 | eaz ) "1z 0 °
71274 @m(")2T2 m(")? . m(")?
Ve (n) = | + + | | +
Ve () 720 48 eaz 09 T2 “

- The third term of the boson loop contributes to the coefficient E. Inert scalars can enhance E.

V(I ,T)M!! T D(T2n TOZ)!ZH ET!3+ _T| * T = -

_ We include V"€ by Parwani method
vinett D = p v m) !t VI, Tm)+ VOV M)+ V(T M)

M=m(!)+ ! (T) [1(T') : thermal mass
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Results
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- Non-decoupling effects of inert scalars are required. Our BP naturally realizes it.

- The hhh coupling also deviates when ¢_./T, > 1. The deviation may be detected if mq, 2 400GeV.

[c.f., HL-LHC 50%, 1905.03764]
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Deviation in i1 — yy
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- Due to the LEPII bound m= 2 90 GeV, H= contributions do not vanish. also non-decoupling.

- Inthe case of m, ~ 63 GeV, the model predicts always -1 ~ -5% deviation.
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Can GW probe the model ?
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Collider analysis: mono Higgs search

P#3$'5).("8," pp — aAjj — aahjj
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2HDM-+pseudoscalar Model:
Signal : gg — h(— bb) + a(— xx) [bb+ E7]
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— No current search for mono-h in the VBF search.

Kodai Sakurai Collider and cosmological probe of an extended inert doublet Higgs model 21 /24



P QE"./$)&,(5

ma =[200,1000] GeV.my = my: = mp +100GeV ,m, = 62.6GeV,
|l =" /4 o = 100.727GeV ,# = #1 = #, = #,=0.1

S| Gl
Vv

P O,5..".$/-(5).">'5)5<1L"+&(,"+,5*6/-(5).?

BRAI na =1, 'haa (! [ 2u5+ mz+ mg ! vel]) ("&%('(S$*8

— pp->HA :

o [VS=13Tev] iy
1_ — pp—->HA ~
0.500;
£ 0.100.
5 0.050
0.010.
0.005/
200 400 600 800 1000 200 400 600 800 1000
M4 (GeV) M, (GeV)

#$"11S/MS*"-1&-"-1(.".&-(.3($."-1$"
I (gg! aA) <! (pp! aAj ) 56)*"'5)"$7%$/,50$&M()5".$&,/1

Kodai Sakurai Collider and cosmological probe of an extended inert doublet Higgs model 22 [24



P O577(*$,".('67&(5)"(."+$,35,'$*";4"B&*=,&+1L"E4-1(&L"N$7+1$.

<"A(=)&7"+,5/$.." Thp — aAjj — aahjjLh — bb
<"UO)&T7".&-$."T"V":<W$-.R"V"35,0&,*'7(=1-"W$4"R"G

<"Q&/M=,56)*."T'HL""XON2b + 2j + 2uLVh + jetsLITX + jet.L".()=7$'t
(V=W,Z) (X=h/IW/Z)
<"Y()$'&-(/&7"/6-
08"V;<W$-M, = 22"0(-1p; > 30 GeV'&*' 157! < 4.0
Q8'Z"7$+-5)."0(-1p; > 20 GeV"&)*" 5! < 4.0
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b-tag efficiency : 77% ¢ mistag : 20.4% light jet mistag : 0.9%
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Collider analysis: distribution

We examined distributions for kinetic variables.
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To optimize event selections
we will apply BDT algorithm
and perform collider simulation
to study the explored region at
LHC Run 3 and HL-LHC.
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Summary
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Back up




DM constraint for IDM

IDM JCAP06(2014)030.]

As the direct search experiments of dark matter, a scattering
of a dark matter with a nucleon have been investigated.
A. Arhrib, Y. L. S. Tsai, Q. Yuan,T. C. Yuan, JCAP06(2014)030.

6
10 .=+ XENON100 (2012)
— LUX (2013)
= = XENONIT (projected)

10" F Profile Likelihood

®

IHDM,§§? (RC +1D) <5.99 ‘/\Q“ .

"
..
.-

-8
10

B The mass of the dark matter is limited:
(1): 50CeV S mpy S 80GeV, (I1): 500GeV S mp

Higgs resonance region Heavy mass region
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Field dependent mass

2 2
mi(e) = Tt (5 - 2),
m2 2
mo(p) = Mk = 2 (55 — 1),
2
My (p) = (my — 1 f—z + 3,
Q02
My () = (M= — 12) 5 + pia,
2
mh(p) = (mh — M*) 5 + M?,

1
_ 2 2
mg(p) = ( mm T Min, + \/ mm — Mib,)* + 4M1[711n2)

mA("O) (M"?lﬂl = M32772 \/(M'glnl e Mf?zm) + 4M;711772) )

My, X (20%) = —p?cop(mg — m3) + 9% (=245 +m +m3) + 2u50°

nin

1
M,fm = 5()‘111902 + c29(m§ — mfl) + mﬁ + mfl — )\1,,71)2),

2 Gy 2 2
M771772 Xv= SOSGcg(ma - mA)a

m; (‘P) s (mt‘p)2 3

My (p) = (mzch)2 ;
my(e) = (TZ£)".
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Feynman diagrams for pair production

h* = H*, h2=H, h3= A, aa= a
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Feynman diagrams for mono-h

h* = H*, h2=H, h3=A, aa= a
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Taggging efficiencies from CERN-EP-2019-132,

1907.0512C
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Figure 2: The (a) light-flavour jet and (b) c-jet rejections versus the b-jet tagging efficiency for the IP3D, SV1,
JerFirTER, MV2 and DL1 b-tagging algorithms evaluated on the baseline 7 events.

Table 4: Selection and c-jet, 7-jet and light-flavour jet rejections corresponding to the different b-jet tagging efficiency
single-cut operating points for the MV?2 and the DL1 b-tagging algorithms, evaluated on the baseline ¢f events.

MV2 DL1
b Selecti Rejection Selecti Rejection
election c-jet | T-jet | Light-flavour jet election c-jet | T-jet | Light-flavour jet
60% | > 0.94 23 | 140 1200 | > 2.74 27 | 220 1300
70% | > 0.83 8.9 36 300 | > 2.02 9.4 43 390
77% | > 0.64 4.9 15 110 | > 1.45 4.9 14 130
85% | > 0.11 2.7 6.1 25 | >0.46 26 | 39 29

MV2: b-tag=77%, c-mistag=1/4.9 = 20.4%, j-mistag=1/110 = 0.9%
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