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Introduction : Discovery of Higgs Boson

e A Higgs boson was found at the LHC !

Events / 15 GeV

e Within current errors, its properties are
consistent with the SM (J¢P, cross-sections,
branching ratio into WW,ZZ,YY,bb,TT,,,)
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e However, whole structure of the Higgs sector is still unknown.
We have to determine the Higgs sector by future experiments.

~ o Direct measurements find second Higgs at colliders;

clear evidence;
< — this talk,, need high energy to produce

_ @ Indirect measurements find deviations in Higgs couplings
from the SM; need precision;

— see talks by Kakizaki, Kanemura, distinguish models by fingerprinting



Two Higgs Doublet Model (2HDM):

In this talk, we consider the 2HDM with discrete symmetry (Z,)
as a typical benchmark model of extended Higgs sectors

- p=1is preserved at the tree-level. (p,,,=1.00040+0.00024)

 Tree-level FCNC can be avoided by Z, symmetry
» 5 Higgs bosons (h & H, A, H%)
 Additional CP phases provided, etc.

Glashow,Weinberg (‘77)

Higgs potential in the 2HDM with softly-broken Z; symmetry
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V(P1®2) = mil®1 + m|@of® — (m3o]ds+ he) + Tl |
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Parameters in the model

(m1-3,A\1-5) = (v,mp,a, B, M, my, m+, m3)



Two Higgs Doublet Model (2HDM):

Z,-parity of Fermions — Type of Yukawa interactions

Four kinds of Z,-parity assignment to fermions : V.Barger et.al. ("90),Y.Grossman ('94),

A.Akeroyd,W.Stirling ('95),,,
> Four types of Yukawa models ey 5 (95 )
Aoki,Kanemura,Tsumura,Yagyu ('09)

Type | Type Il Type X Type Y

Y u U U

d e d a d e d e
all fermion couples up v.s. down quark v.s. lepton  flipped
to one Higgs boson (MSSM)

= sin(f — «), m{f = cos(f — «)
= sin(f — a) + cos(8 — ) F}(B),
In the sin(B8 — «) — 1 limit, fﬁ?? = cos(fB — a) +sin(B — Oé)F}L[(B)

K

We consider the SM-like limit (alignment) ff%
/

e No deviation in the couplings of light Higgs(h) with SM particles,
e Mass scale of additional Higgs bosons can be still as low as TeV scale

— Indirect method is difficult, only the direct method is available



Direct searches at future colliders

LHC /s=13-14TeV |LC
L = 300fb-1  2015-2022 /s =250GeV, 2025(?)~

3000fb! (HL-LHC) 2025(?)~ (~350GeV), 500GeV, 1TeV

Because the energy reach is higher at LHC than at ILC, basically LHC is better
than ILC for the direct search.

However, there is still possibility that LHC cannot find/identify new Higgs bosons,
but ILC can help to clarify them, as long as the ILC energy is enough to produce them.

Direct search is another important program to be performed at the ILC.



Direct searches at the LHC

ILC Higgs White paper (13),
Discovery reaches of additional Higgs boson Kanemura, Tsumura,Yagyu,HY (14)

interpreted from the MSSM Higgs search in the ATLAS TDR.

Kanemura,HY,Zheng (14)

Useful processes: Contours for 95% C.L., Solid:300fb %, dashed:3000fbL
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Direct searches at the ILC

e At the ILC, there are pair and single production processes
which can have large cross-section.

Pair production
(/s>m,+m,or2m_+)
e+e_ — HA
e+e_ — H+H_

Single production
(/s<m,+m,or2m.+)

etTe  — ffH/A
eTe™ — ff'Hi

Kanemura,Moretti,Oda

giri(01), Kiyoura et al.(02)

Kanemura,HY,Zheng(14),,,
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Direct searches at the ILC

e Contour plotat0=0.1fb (as a typical order of
for various final-state signals detectable cross-section)

/s =500 GeV Type-ll & X  Kanemura,HY,Zheng (14)

;E_m"’ ——
e Because of the clean environment, <
signals can be detectable in various 10, : : : _
i _ r2b2g Type-ll ] o Type-X :
fmal states. M\J Vs=500 GeV ' —\—\\ {s=500 GeV |
E ; 3 1 3
e Type of Yukawa models can be - 4
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e Single production process can be
useful in very large or small tan[3
regions.
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Multi-Top events at the ILC

LHC . ILC 1TeV

T el

HA—47

10}
Neutral Higgs ~

cannot be
discovered

ILC can find it !

1F
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We focus on the parameter regions of My 4 > 350 GeV & small tan g
where H/A decay into tt.

e Atthe LHC, PP — H/A — it difficult to find tt resonance

e At the ILC, e+€_ — HA — tttt  detectable at /s = 1 TeV stage

— We study the collider signature of the 4 top events at the ILC1TeV
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Four-top signal structure

eTe™ — HA — titf — bWOWOWOW — bffoffoffoff

Decay modes Final states R (with 7’s) R (without 7’s)
e~ all-hadron 4y + 8] 2)' =02 (2) =02
single lepton + jets [(= 4+ 4j, + 6] + v (%)3%4 =0.40 {%Jj 2.4=026
$.8. dilepton + jets |6 + 4, + 4+ |(2)*- (1)*-2=010/(3)°- (2)°-2=0.04
0.S. dilepton + jets| 0¥ + 4 + 4+ |(2)°- (1)*-4=020|(3)"- (2)*- 4=009
e’ trilepton + jets (1T + 4j, 4+ 2 +vww| 2 (%}3 4=010 |3 {%J3 -4=0.03
tetralepton + jets |[(T0T(7( +4jy + vvvw (%)4 =0.01 {%J4 =24 x 1072
Event characteristics: SM BG:

* Jets(4 b-jets + light jets) + leptons + missing energy t1 1E00. ttbb reducibi
] . reaucipbie

® 2N, + N, = 12 (at the parton-level) <

lep

— — irreducible,
e Small thrust events, due to heavy particle decays AR AN negligible XS
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Simulation Analysis

Details of simulation analysis:

e Event generation by MadGraph5 + Pythiab6

e Event analysis framework :

Acceptance cuts; 7] < 1.5 & p$'9 > 0.3 GeV
Momentum smearing according to the detector resolution;
Lepton isolation requirement; Jet clustering by Durham algorithm

with Y_,= 5%10%; (pseudo-)b-tag with loose criteria (ILC TDR);
tau-tagging,,

Nigp = N + N/I,LSO + NTjr Njet = NBj + NLj

e Selections Cuts:

We do not separate events by N,__, N

epr Njerr €1C., but just collect events with

@ Thrust: T<0.77, @ Ng; = 3, @ 2N, + N,, = 10

jet =



Simulation results

Event distributions in cut variables:

1|}5 ||||||||||||||||||||||||_
[JHA— tTf (m =400GeV) 3 r
MEG: (7h 1 1200 | .
.1[',4 ESG:ITI"I' — :
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Thrust

Sighal selection/BG rejection efficiencies

e Signal efficiency: 40~50%
e BG rejection: 0.7% [ttbb], 1.4% [ttll], <10 [tt]

= Only ~40 BG events for 1ab™

12

_I TT TTT TTT TTT TTT TTT TTT TTT TTT TT I_
RO —
400 —
300 —
200 —
100 —
2 4 B 8 10 12 414 16 18 20
2N1&P+I'~IJ
Processes Cross-sections Accumulated efficiencies
Trot (D] T <0.77 | Ny, > 3 (tight/loose)|2N; + N; > 10
ete” = HA — titt|
mga =360 GeV |~ 4.2 x BIBA 79% 44%[TT% 25% /44%
400 GeV | ~27x BEBA | 92% 50%/74% 30%/43%
140 GeV |~ 1A x BIB;: | 96% 52%/93% 30%,/53%
480 GeV |~ 0.28 x BEBA|  08% 51%/93% 30%/53%
500 GeV 95% 52%/77% 31%/42%
520 GeV 95% 52%/77% 31%/45%
560 GeV 93% 51%76% 31%/44%
ete” =t 166. 36x103 15/56x107%* |1.0/2.0x 1076
ete — tibh 5.0 19% 8.8%/14% 0.44%/0.66%
ete™ — thl+E- 0.76 23% 1.0%/3.8% 0.36%/1.4%
ete — tiHL (SM) 2.2 x 1073




Discovery Reach at the ILC

Contours of log,,[0,,]

—
(08

Discovery potential o
contours in the (m,,, tanf) plane g "/
S y
) —= 0.5~
4-top cross-sections of about | |
o il
0.08 (0.03) [fb] can be probed = 0.0
at the 50(20) CL. { |
—0.5¢
Mass determination T
e Kinematically, it is difficult o
to reconstruct the invariant-mass. O
e Fitting of Thrust dist. may be performed.** "
o 0.0
e Energy scan of 4-top cross-section can
-0.5
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Summary

e For the direct searches of additonal Higgs bosons, difficult parameter

regions may be... M > 350 GeV and low tanB — H/A > tt.
e At the ILC, the signal is
ete™ = HA — Tl (eTe™ — HtL/ALT — tTtl)
e We studies event structure of 4-top events at the ILC with MC simulation.

e Cuts on Thrust<0.77, Ng;=3 and 2N, +N,,= 10 work well to reduce SM BG.

lep jet=
e 04 0f 0.08 (0.03)[fb] can be probed with 1ab™ data.

e Mass and parameter determination can be possible by using distributions
and energy scan.

e (Discrimination of the type of Yukawa, H/A mass difference are underway.)






Flavour constraints
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Mahmoudi, Stal (10)
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Golden channels: a la SUSY Higgs searches

pp — H/A(D) —>T+T_(b) pp — bH/A; H/A — bb
type-ll type-Il, Y

g
- Kgoxtang inlargetanf
by bottom-loop

8 Kp =~ tan 15}

. b CMS Preliminary, ys =7+8 TeV, L = 17 fb! 100 CMS 2011 L 2 7-4 8fb’ Is= 7 TeV
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Charged Higgs search in the top quark decay :

t s bHT S brtw
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Direct searches at the ILC

[s=1TeV
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tt, tb decay modes are dominant — tttt, tbtb signatures.
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Kanemura,HY,Zheng (14)
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Decay Branching ratios  m,=m,=m,,,=500 GeV, sin(B-a)=1
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Searches for H/A — tt
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e For My>350GeV, neutral Higgs bosons detection is difficult

at the LHC, because they decay dominantly into top-quark-pair.

e At the LHC, pp — H/A — tt detection is limited,

because of huge SM tt production cross-section.

| | =1 T | T I T T T T
'8_ - ATLAS Obs. 95% CL upper limit .
: 1 03 e Exp. 95% CL upper limit _
= S I[_d{ 471" Exp. 16 uncertainty 3
T - Exp. 2 o uncertainty 7
N 102EVs=7 Tev — aaaa- Leptophobic Z' (LO x 1.3) |
c - 3
o ]
X E
N -
b —
=
E
3

Limits on the cross-section ~ O(pb)

Z’ mass [TeV]
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Expected signatures at the LHC and ILC (benchmark points with M=220 GeV)

(M, tan j3) Type-1 Type-I1 Type-X Type-Y
H A H*| HA H* H. A H* H. A H*
LHC300 - - | 77, bb th 4T - bb th
(220 GeV, 20) || LHC3000 - - | 77, bb th 4T - bb th
4b, 2b27, thth, thrv, thru,
ILC500 |4b,2b27 tbth| 4t TUTV 4T TUTV 4b  thtb, theb
LHC300 - - TT th 4T - - th
(220 GeV, T) (|[LHC3000 - th TT th 71,47 - - th
40,2627, tbtb, thrv, thth, thru,
ILC500 |4b,2b21 thth| 471 vty | 202141 TrTER 4b  thth, theb
LHC300 - th TT th 7T, 47 th - th
(220 GeV, 2) (|[LHC3000| 77 th TT th 7T, 47 th - th
4b,2b2T,  tbtb, |4b,2b27,  tbth, |4b,2b2T,
ILC500 |4b, 2b27 tbtb| 47,2029  thrv 4T thrv 2b2¢g thth
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Expected signatures at the LHC and ILC (benchmark points with M=400 GeV)

(M, tan j3) Type-1 Type-I1 Type-X Tvpe-Y

H,AH*| HA H* HA H*f| HA H*

LHC300 - - TT th 4T - - th
(400 GeV, 20)||LHC3000| - - TT th 71,41 - - th
4b, 2027, tbth, thro, thrv,
ILC1TeV | 4¢ tbth| 2t2b TrTr |47, 2027 TrTr| 4b,2i2b  thth
LHC300 - - - - - - - -
(400 GeV, 7) ||LHC3000| - - TT th T, 41 - - th
4b, 2b2T, tbth,
ILC1TeV | 4t tbth| 2t2b, 4t tbth,thry |4, 2t21 tbrv |4b, 2t2b, 4t thtb
LHC300 - th - th - th - th
(400 GeV, 2) ||LHC3000| - tb - th - th - th

ILC1TeV | 4t tbth| 4t,2t2b thtb 4t thth | 4t 2t2b  tbth







