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After the Discovery of the Higgs Boson

O A major theme in particle physics is to discover
new phenomena or principles which can explain
1). EWSB filling the Higgs field in the vacuum,
2). A dark matter candidate
3). matter-antimatter asymmetry
... neutrino mass ... fine tuning

Standard Model can not explain these facts.

This costs too much
energy! IthinkI'll |  \ I < et
e

hang out down ther

https://www.symmetrymagazine.org/article/december-2013/four-things-you-might-not-know-about-dark-matter

The Higgs boson is a window to new physics beyond the SM.



ILC-Technical Design Repor

Required Higgs Precision arXiv1306.6352 [hep-cx]

O Expected deviations for typical BSM scenarios.

o 1 TeV \ °
Super Symmetry: Jneb . _Jh ~ 14+ 1.7% ( )
Jhsnbb JhsmTT ma

ma : CP-odd Higgs A0

Composite Higgs: 2"V~ 1 _3%(1 TeV/f)?
IhsmVV
gnff 1 —-3%(1 TevV/f)* (MCHMA4)
Ghsuff | 1—9%(1 TeV/f)> (MCHMS)
f: a compositeness scale
Mixing with | v _ Ihff s~ 1 — 5_2
a singlet scalar ° IhsnVV  Ghsuff 2

h = hgncos 8 + Ssin 6

O Predicted deviations are small, a few % ~ 10 % level.

O(1%) precision (model independent)
1s needed to see the deviations.



Fingel‘printing BSM m()dels Phys. Rev. D 97,053003 (2018)

O Different BSM models predict different deviation patterns.

2HDM model (ma=600 GeV, tanf3=7) Composite Higgs (f=12TeV)
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The ILC250 has the capability
to tell the nature of the BSM
from its deviation patterns !



The ILC250 Higgs production e

P(e, e*)=(-0.8, 0.3), M _125 GeV
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O The Higgs-strahlung production
is maximum at vs = 250 GeV.

O Beam Polarization is available.
Pol(e-,e+)=(-80% ,+30%) & (+80% ,-30%)

O Accumulate data for 10 years, 2000 {b-!.

Zh .~ 500 K Higgs boson.
ww-f : ~ 15 K Higgs boson.



The ILC250 key measurement o;n Phys R D 94 13002 (2016

O Unique measurement at lepton colliders is absolute ozn.

— A key for determining
Higgs couplings model independently.

. L L L L
Recoil mass method ! e Data
400 _— EE— SignaI+Background—_
Signal
@ 300 | e Background ]
c " i
L%) B e'+e - uu + X @ 250 GeV ]
200 |
100 |

leptonic & hadronic

140

150

0 — e | L |
110 120

130

]Vfg( — (pcjw — (pu+ —|—pu_ ))2 Recoil Mass (GeV/c?)
- without looking at Higgs ILC250 with 2000fb-1
- detectable for invisible d Ao
etectable for invisible decay Amy = 14MeV | Zh — 0.7

OZh



Other direct Higgs Observables at the 1LC2350

GZHXBI(H_>bb ), G\;\;HXBI(H—>bb)

GZHXPr(H—>CC)

GZHXBr(H—>gg) :
ozuXBr(H—>WW™)
ozuxBr(H—>ZZ%)

ozuXBr(H—>tT)

ozuxBr(H—>yv)
ozuxBr(H—>pp)
O ZH{BI(H—>InViSible)J (H—>exotic)

D : Observation is difficult at LHC

+ Differential cross-section

*all the observables are estimated based on full detector simulation of ILD & Si1D



Higgs couplings in k-formalism at the 1LC250

O Total width necessary to extract Higgs couplings from BRs

Ih-BRh—=XX)=T(h— XX)xXgiyy

. . . _ I'zz B U'ww 77 and WW
O Determination of total width: 1';, = BR,, ( — BRWW> are independent
e Z €+ Ve
Z/y W~
H
W+
'\
et N g e- m
BR(h— ZZ)=0(1%) gives Small oyvh @ 250GeV gives
statistical limit for oBRzz statistical limit for ol'h
K-formalism c.g. hZZ:
— SM values are put o(ee” = Zh) _ I'(h— 227) _ 2
with a scaling factor “k”. SM SM z



K-formalism to EFT-formalism Phys. Rev. D 97, 053004 (2018)

O A problem of the k-formalism

Higher dimensional operators (gauge invariant) are possible

to induce new structures in hZZ.

SM structure

m2
5L = "2 (1+ ny)hZ,Z"
(Y

New structure

1
—(zhZt,,, ZHY
+ QUCZ H

Under the k-formalism| — Cz is assumed to be 0 — model dependent !



K-formalism to EFT-formalism Phys. Rev. D 97, 053004 (2018)

O A problem of the k-formalism

Higher dimensional operators (gauge invariant) are possible
to induce new structures in hZZ.

SM structure New structure

2
1
5C="2(14n,)hZ, 7" + CahZy 2"
(Y (Y

Under the k-formalism| — Cz is assumed to be 0 — model dependent !

Consider the 2nd term| — {7 term is composed field strength tensors:

e 7
Vs =250 GeV M ...........
e Z /

olete” — Zh) [ ] I'(h — ZZ%) ]
= 14 2nz 4+ 5. % I
S/ Nz |+ 5.7Cz SM =14 2nz+ 0.5z

— k-formalism does not satisfy

the model independence 10



K-formalism to EFT-formalism Phys. Rev. D 97, 053004 (2018)

O Dim-6 Effective Field Lagrangian at the ILC

<
General SU (2) xU (1) gauge invariant Lagrangian A dedicated talk on EFT
with dimension-6 operators in addition to the SM. by Sunghoon Jung on 6/July

| 10 EFT coefficients (h,W,Z,y): CH, CT, C6, CWww, CWB, CBB. C3W, CHL.C’HL, CHE

2 EFT coefficients for contact interaction with quarks
Lsn + L7

™ —

5 EFT coefficients for couplingsto b, ¢, 7, U, g

4 SM parameters: g, g’, v, A

| 2 parameters for h—1nvisible and exotic

O Retain model independence

O Make Z, W and ¥ relate — Improve precision of Higgs couplings

— The LHC situation has > 50 EFT coefficients,
it 1s not easy to determine them simultaneously.

11

O Treatable 23 parameters




Observables in EFT-formalism Phys. Rev. D 97,053004 (2018)

O ILC250 provides sufficient observables.

23 parameters can be determined simultaneously

1) Higgs-related observables -
[Higgs-leptons and its CP]
— o and oXBR ... by Daniel Jeans on 7/July

2) Observables from angular distributions

— Test new Lorentz structures...

. : -
+ - +\W\/- '
3) Triple Gauge Couplings from e'e-— W™W [EW couplings]
4) Electroweak precision observables by Sviatoslav Bilokin on 5/July
— Constrain SM parameters ...
-

5) Beam polarizations double the number of observables
[Positron Polarization]

6) HL-LHC Higgs observables, BR(h—yy, yZ) by Jiirgen Reuter on 5/July

12



Precision in EFT-formalism at the ILC  axiv171007621 tepeexi

Precision of Higgs Couplings [ % |
and Synergy with HL-LHC

1 2 | LHC 3000 fb'' ATL-PHYS-PUB-2014-016 (2014),
- Model Dependent k-fit
B LHC 3000 fb! + ILC 250 GeV 2000 fb"! EFT-fit
IL.C can improve 10 g LHC3000 ! + ILC250 2000 fb, ]

+ILC350 200 fb!, + ILC500 4000 fb'l, EFT-fit

significantly — __— LHC is necessary

77., WW, bb, tt, gg 8 tt
6 Synergy with LHC
Very challenging at LHC YYs YL,

ce 4 .
1% ------- L --B--B BB - R
0

9@3 /é@gf@/ Q“éé 9/532 0/?9 o, 9@//3 /é/lz //’7?)

ILC250 provides O(1% ) precisions
and that model-independently ! 13



Discrimination of BSM models

O Significance for benchmark points
in typical BSM models :

( escape HL-LHC direct search ) SM

pMSSM
SUSY, Two-Higgs Doublet,

Little Higgs, Composite Higgs,

2HDM-I
2HDM-X

2HDM-Y

Composite

With 2000 tb-! from 10 years
of ILC250 operation

LHT-6
LHT-7
Radion

Singlet

Phys. Rev. D 97,053003 (2018)

Model discrimination in ¢

20
ILC 250 GeV 2 ab™' | 18
16
Higgs and cTGCs
EFT interpretation 14
12
10
8
6
4
4.9
2
4.4 47
0

P C S
Sty MSs,[iHDMij‘/DMié‘/DM omp Olsl;g 54T R o 5ol

Most benchmark models are distinguishable
by more than 3 sigmas.

14



Discrimination of BSM models Phys. Rev. D 97,053003 (2018)

O Significance for benchmark points Model discrimination in o
in typical BSM models :

( escape HL-LHC direct search ) SM
pMSSM

ILC 250 GeV 2 ab™

1
SUSY, Two-Higgs Doublet, + 500 GeV 4 ab

. . . . 2HDM-II Higgs and cTGCs
Little Higgs, Composite Higgs, - EFT interpretation
2HDM-Y
. Composite
With 2000 tb-! from 10 years
of ILC250 operation e
LHT-7
+ With 4000 fb-! from |
Radion
additional 10 years running
Singlet

of ILCS500 operation

St PMssitions)

Almost all benchmark models are distinguishable
by more than 5 sigmas.

C iy
Hon, 0w, )Qmpésl;gailvr. > %adlo, ol

20
18
16
14
12
10

o N B~ O
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Summary

1) The Higgs boson is a window to new physics.
The precision study of the Higgs couplings is
the indispensable probe for BSM physics.

2) The ILC250 as a Higgs factory.
The ILC250 has capability to achieve
0(1%) Higgs precision model-independently,

and perform exploration and verification of BSMs.

3) The ILC for future collider experiments.
The ILC 1s upgradable to new physics scale

suggested by 1ts own physics outcomes.

16
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Abstract

ICHEP2018 SEOUL

Contribution ID : 755 Type : Parallel

Precision Higgs Measurements at the 250 GeV ILC

Saturday, 7 July 2018 17:00 (15)

The plan for the International Linear Collider is now being prepared as a staged design, with the first stage at
250 GeV and later stages achieving the full project specifications with 4 ab-1 at 500 GeV. This talk will present

the capabilities for precision Higgs boson measurements at 250 GeV and their relation to the full ILC program.

It will show that the 250 GeV stage of ILC will already provide many compelling results in Higgs physics, with
new measurements not available at LHC, model-independent determinations of key parameters, and tests for
and possible discrimination of a variety of scenarios for new physics.

19



Higgs Properties
at the 1LC250

O Dark matter: “Hidden sector with Higgs portal model”

Higgs full width I'h and BR invisible

O Origin of asymmetry on matter and antimatter:

“Baryongenesis & Leptogenesis”

Higgs CP-admixture in an extended Higgs sector

20



Precision on WIMP in a Hidden-sector

O DM theories constructed with a Hidden sector (particles are SM singlets).

Interactions through gravity ?
ATLAS & CMS, Eric Feng (Argonne)

— Several models as a portal _ - @.B.S.l\.d..}?ggs Workshop IFlelTnﬂabl Nov 32014|
Al .
£ 107 AW , : —
. . : ATLA imulation
Neutrino Portal H L1 : sterile neutrino = — SS qa.t on
. < 1041 Preliminary _|
: < 107°F .
Higgs Portal |H|*S” : Higgs invisible decay o0l e N _
s i ——1 — 7 7'/ ---------------------------- -_—_'-
S: a dark matter field 0 e -
2 2 2 . 2 L 47 __ 7’ “““““ __
|H|“¢= [H|]"xx [H[]TV, V! 107 e i | S
e s s=14TeV, (Ldt=3000fb"
. 49| s ’ |
scalar, Majonara, vector WIMP. 107F s h—>yy, h—ZZ* 4], h=>WW*—hlv, -
105" - ® h—2Zy, h—tt, h—>bb, h—up ]
: A : | [ DAMA/LIBRA(99.7% CL)  ATLAS (95% CL)in  _
Higgs invisible decay BR with 3000 fb"! o] I GRESST (95% O Higgs portal model:
. : < 10% ~ 140 B _:I GoGeNT (90% CL wun Scalar WIMP—— ]
ATLAS: BRiny 10% ~14% B XENON10 (90% C)L) 4444 \I\;Iajorar\;\all”\\/ﬂVFl)MP .
. . — =—— XENON100 (90% CL)  #==% ector —]
CMS: BRipy < 7% ~11% [ e SuperCDMS((QO% CIZ) ]
N S LUX (95% CL) .
ATLAS & CMS, EI’IC Feng (Argonne) 10 57 [T11 | ] ] L 11111 | ] ] L 1 1111 | ] ] L1 11 I—|_|' 3
@ BSM Higgs Workshop Fermilab Nov 3, 2014 1 10 10° 10
m, [GeV]

Direct exploration of singlet dark matter
1s possible up to 2/Mh GeV .

21



Precision on WIMP in a Hidden-sector

O DM theories constructed with a Hidden sector (particles are SM singlets).

Interactions through gravity ?

— Several models as a portal

Neutrino Portal H [/ : sterile neutrino
Higgs Portal |H|*S” : Higgs invisible decay

S: a dark matter field
HI%6? |HPxy, |HV,V*

scalar, Majonara, vector WIMP.

s
ILC250 2000 fb!
Iy, 2.5
BR(h — inv) 0.32 [%]
BR(h — other) 1.6 [%]

— ~ two orders of

arxiv:1710.07621 magnitude higher !

Keisuke Fujii et al.

ATLAS & CMS, Eric Feng (Argonne)

@ BSM Higgs Workshop Fermilab Nov 3, 2014

-39 I ST T TTTT |
10 __ A ATLAS Simulation
1041 Preliminary |
1 0_43 __ éii?i;ii‘iiiizzz ,,,,,,,,,,,,,,,,,,,, _—
10%° 6 o eaTgEe —
0 F e |
1 0-47 __ “““““ __
wof 8 e \s =14 TeV, [Ldt=3000fb"
10 —_ “““““ h_>Y'Y, h%ZZ*—>4I, h—>WW*QIV|\/, _—
107°" - h—Zy, h—tr, h—bb, h—uu ]
I — géll\z/lé\él-TlE(:RA (985% CL)  ATLAS (95%CL)in  _|
- [ 95% Hi | I —
1058 = C__J GDMS (95% CL) figgs portal model:
| I CoGeNT (90% CL) e Scalar WIMP - 7
55| —— XENONT10 (90% CL) —— Majorana WIMP -
107" —— XENON100 (90% CL) & Vector WIMP  —
| e SuperCDMS (90% CL) ]
57 [~ e LUX (950/0 CL) ]
10 —I_Ill | | IIIIII| | | IIIIII| | | IIIII—|_|'

1 10 10° 10°

m, [GeV]

Direct exploration of singlet dark matter

1s possible up to 2/Mh GeV .
with high sensitivity !
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Eibun Senaha et al,

nggS CP-admixture in htt Phys. Lett. B 762, 315 (2016)

modified parameters

O SUSY: Type3 - 2HDM Yp =ng/s . s is a 2HDM parameter
(fermion couples to both Higgs doublets Y9bs — 8.59 x 10~ :observation by Plank
with Higgs-mediated FC processes at tree level) 0 e ——————— T

several values on EDM
Current value |d,|< 8.7 x1072? e cm

O Higgs CP admixture
ALy~ = — RrYr hrt (cos @ + 1 sin gb’y5)7'_
V2

ATLAS : k1 ~10% , CMS: kTt ~4%

htt CP-pahse ¢ with 3000 fb"!
VS =13 TeV: 120 mrad arXiv:1708.02882
VS=14TeV: 90 mrad arXiv:1408.0798

- _1 0.8 085 0.9 095 1 1.05 1.1 1.15 1.2
IL.C250 2000 fb i}

CP-pahse ¢: 75Smrad !
precision on k; ~1.9%

Precise verification on Baryongenesis models
by measuring xt and CP-pahse mixture,

D. Jeans et al, and also future EDM measurement
Phys. Rev. D 13 June (2018) 23



Higgs CP-admixture in hVV

arXiv:1710.07621
Keisuke Fujii et al.

O CP-odd Higgs induced by Diemnntion-6 operators

1} 3 & Exploiting Angular asymmetry

3y w2 ILC250 200005 177 bt £~ 0.5%
(hWW : bt w~11%)

ALpzz =

O LHC ATLAS : EFT analysis e e T

| JHEP 03 (2018) 095
Ly :{KSM ligHZZZuZ” +grww Wy W_ﬂ]
1 ~
4 KHge8Hee Gy G + tan akage8agye GZVGCWV]
11, 2 R S aciy = Sl =t
C4A Kt 7z Zuy ZM + tan akazz Zyn 71 | ()
11, T l
C2A kaww W, W + tan “KAWWW;"W_W] }X()‘

Expected and observed confidence intervals at 95% CL
with 36.1 fb~! of data at \/s = 13 TeV.

BSM coupling Fit Expected  Observed ~ Overall HVV precision (no individually) :
KBSM configuration conf. inter. conf. inter.
Kagg (Krigg =1, ksm=1) | [-0.47,0.47] [-0.68, 0.68] translate to the ILC condition
KHVV (KHgg = 1, KSM = 1) [—2.9, 32] [0.8, 45]
Kirvy (Kirge = 1, ksu free) | [-3.1,4.0]  [-0.6,4.2] 361b-1 bt v [-200%, 200%]
KAVVYV (KHgg = 1, KSM = 1) [—3.5, 35] [—5.2, 52] _ _ _ 0 0
KAVYV (KHgg = 1, KSM free) [—4.0, 4.0] [—4.4, 4.4] HL LHC bt—V [ 20 /0’ 20 /0]

24



Synergy with the HL-LHC + other experiments

LHC |

| | Rum3a High
14 TeV 14 TeV eneray IL-IIfITZmOSity
ng. Fi- regions P
= on rom later 2020
150 fb" | o camage operation from later ]
— | et | T B sty s and accumulate 3000 fb
» 2020 2030 2040
. .v’f'

Design [N CORSHUCHNN
"o ° * 1
—10 years 2000 fb”

« “SuperKEK-B” will give some conclusion on flavor physics,

« “LISA” project will give observation 1n later 2030s .

&

] ‘ tion
Higgs sector will be elucidated, and Br "?g ReVOh’l
a direction of new physics be uncovered in 2 030s !
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arXiv:1506.05992v2 [hep-ex] 26 Jun 2015
Physics Case for the International Linear Collide

ILC operation plan

Integrated Luminosities [fb]

FA000 e arXiv:1710.07621v2 [hep-ex] 3 Nov 2017

S f Physics Case for the 250 GeV Stage of

—— ECM =350 GeV

[ ................ _ the International Linear Collider

[

W
o
o
o

%)

Q0

6 - —— ECM =500 GeV 7
o - : : i
£ - .
EQOOO ISP SOVRUIRRION N % ,,,,,,,,,,,,,,,, —
=) N 5| ]
e i 3] ]
40_'91000 I ............... %’ ................ _
o [ g ]
o [ Ny ]
2 oL A VY ]
= 15 25

o
(6))
—
o

Integrated Luminosities [fb] Integrated Luminosities [fb]

— IS JUUUY. U DU OO RSO AU U JUUN U JUUURL UUUL UUUUL JUUDY DD UUUR. UUUUL JUUUR VDY FUUUR. UL DUV FUUUSJUURY USSR U — AN SO UL UL U [UUUS JUUUYUUUL DU JUUUY U JUUU. UL U U ISR SR UL DU IUURY IUUULL IR VUL FUUUR JUUUS IUUUY. UL DU
..,g 4000 - ILC, Scenario H-20-staged ..g 4000 - ILC, Scenario H-20-staged-BS .
" [ — ECM =250 GeV ' : ; " [ — ECM =250 GeV i
G_) 3000 [  —ECM=350Gev ¢ i 9 3000 | —— ECM =350 GeV 4444444444444444 _
& - —— ECM =500 GeV 5 - —— ECM =500 GeV )
= - L - .
€ 2000 [ T e e €2000 | e e A ]
-} - g -} I 8 © i
5 - BE: S ! g K -

- - : < i
D1000 | 2. D1000 |- % .................... £S5 I A e ]
© B . © - o > .
| - - : — | - - = g : -
E O B L L I L L L VI L L L i L L L E 0 B L L I L L I L L I I/ L I 1 1 ]
= 0 5 20 25 = 0 ) 10 15 25

years years

Figure 2: Run plan for the staged ILC starting with a 250-GeV machine under two different
assumptions on the achievable instantaneous luminosity at 250 GeV. Both cases reach the
same final integrated luminosities as in Fig. 1.
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EWPOs

7 observables

TABLE L.

PHYS.REV.D 97,053004 (2018)

Values and uncertainties for precision electroweak observables used in this paper. The values are taken

from Ref. [42], except for the averaged value of A, which corresponds to the averaged value of sin? 0.4 in Ref. [43].
The best -fit values are those of the fit in Ref. [42]. For the purpose of fitting Higgs boson couplings as described in
Sec. VII, we use improvements in some of the errors expected from the LHC [44] and ILC [45]. The improved

estimate of the W width is obtained from I'yy, = T'(W — £v)/BR(W — £v).

Observable Current value Current o Future o SM best-fit value
a‘l(m%) 128.9220 0.0178 (same)

Gp (10719 GeV—?) 1166378.7 0.6 (same)

my, (MeV) 80 385 15 5 80361

m, (MeV) 91 187.6 2.1 91 188.0

m;, (MeV) 125090 240 15 125110

Ay, 0.14696 0.0013 0.147937

'y (MeV) 83.984 0.086 83.995

', (MeV) 2495.2 2.3 2494.3

'y (MeV) 2085 42 2 2088.8
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EWPOs and Renormalization EFT

7 observables

Oz(mz), Gr,mw,mz, my, ALR(E), F(Z — £+€_)

1
be = 6(dma(m2)) /2 = 269 + 264’ + §5ZA

0Gr = —20v+ 2C}IL
1 j—
Smw = 6g + dv + éézw (OX=AX/X)
dmy = c28g + 5209 + dv — 1cT + l5ZZ
1 1 2 K A= \1+ =c)
5mh - _5X + 5'U + _6Zh 52 =sin’6,, = g”
2 2 w w 92+912

> 0Q, 6g’, OV, OA, CT

PHYS.REV.D 97,053004 (2018)

Oé(mz), GF,mw, Mz, Mp, ALR(K), F(Z — €+€_)

25 26
5F£ _ 5mZ+2gL gL—I—gR dr

93 + 9%
SA, — 497 9%(09L, — O9R)
¢ — 4 4
g1, — 9r

1 1 1
g = (—5 +s3,) (1 + §5ZZ) - ﬁ(CHL + ) — swa‘SZAZ]
1

[ 1
9 (+S?u)(1 -+ §5Z2) — §CHE — Swa(SZAZ

CHL+C'HL, CHE

v

28



TGC : 3 parameters

PHYS.REV.D 97,053004 (2018)

Av.

ALrco = z'gV{VM(W;,,W“ —~WEW™) + sy WFW, Ve = W;PW;;V“”}

myy

wﬁ' w-— wdl' w-— w w_.
SR SR, 1
2 A 2

1 Sw
Q7 — ng(]. -+ §5ZZ -+ —5ZA2)

KA

AA

=1+ (SCWB)

—69°caw

Cw

1
5gZ,eff = (ng -+ 0—2((6120 — S?U)(SQL -+ S?Ung — 2(Sgw)

w

5K3A,eff = (C?u - Sfu)(ngL — 59R) + 2(56 - 59W) + (8CWB)
SAaefr = —6g°caw

1
gw =9 (1 +cyp + §5ZW)
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Synergy with HL-LHC

PHYS.REV.D 97,053004 (2018)

BR(h — y7) BR(: — yZ)
BR(h — ZZ*)  BR(h — ZZ*)

EFT input from HL-LHC:
(synergy with HL-LHC)

OL'(h — vy) = 528024 — cy + 4de + 4.26mp, — 1.3 0my — 26v

ST(h — Z7y) =2906Z 47 — cg — 2(1 — 35%,)0g + 6269+ 0Z 4 + 625
+9.6 0my, — 6.5 0myz — 20v

0l'(h — ZZ") = 2nz — 20v — 13.86mz + 15.60mp, — 0.500Z7 — 1.02C'z + 1.1861 "

6Z4 =82 ((8cww) —2(8¢wg) + (8CB3)> 8747 = SuwCw ((scww) —(1- i—z")(SCWB) — z—zv(SCBB))

w

60

30



Discrimination of BSM models

Phys. Rev. D 97,053003 (2018)

Model bb cC gg WW 1 ZZ v L4
1 MSSM +48 -08 -08 -02 +04 -05 4+0.1 +40.3
2 Type II 2HD +10.1 -0.2 -0.2 00 498 0.0 +0.1 4938
3 Type X 2HD -0.2 -02 -02 00 478 00 00 +738
4 TypeY 2HD +10.1 -0.2 -0.2 00 -0.2 00 0.1 -0.2
5 Composite Higgs 64 64 -64 -21 -64 -21 -21 -64
6 Little Higgs w. T-parity 0.0 0.0 -6.1 -25 00 -25 -1.5 0.0
7 Little Higgs w. T-parity 78 46 -35 -15 -78 -15 -1.0 -7
8 Higgs-Radion -1.5 -15 +10. -1.5 -1.5 -1.5 -1.0 ~-1.5
9 Higgs Singlet -3.0 3.5 -35 -35 -35 -35 -35 -35
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Discrimination of BSM models

e a PMSSM model with b squarks at 3.4 TeV,
gluino at 4 TeV

e a Type Il 2 Higgs doublet model
with m4 =600 GeV,tan8 =7

e a Type X 2 Higgs doublet model
with m 4 =450 GeV,tan 3 = 6

e a Type Y 2 Higgs doublet model
with m4 = 600 GeV,tanfg =7

e a composite Higgs model MCHM5
with f =1.2 TeV,mr = 1.7 TeV

e a Little Higgs model with T-parity
with f =785 GeV,mp =2 TeV

e A Little Higgs model with couplings to 1st and
2nd generation with f = 1.2 TeV, my = 1.7 TeV

e A Higgs-radion mixing model
with m, = 500 GeV

e a model with a Higgs singlet at 2.8 TeV
creating a Higgs portal to dark matter and
large )\ for electroweak baryogenesis

Phys. Rev. D 97,053003 (2018)
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Discrimination of BSM models Phys. Rev. D 97,053003 (2018)

O chi2 discrimination test
- gA, gB: vector of couplings in Model A, B
()(2)AB — (g£ — gg ) [VCVT]_I (QA — QB) - (C: covariance matrix of EFT coefficients

- Vij: linear dependence of coupling g;
Unit n[0] n = /X2 on EFT coefficient c;

SM ‘d' ll 20
oMSSM IL’CZSO ZOOOLI? 18
2HDM-I Higgs and cTGCs 10

14

SHDM-X EFT interpretation

2HDM-Y
Composite
LHT-6
Distinguishable with more than
30 for Most of the BSM models !

LHT-7

S
model discrimination in o

Radion 4.9

Singlet 44 47

C S
S PSS, 0N, 500 ”’Dés%gr‘é‘ tHT. ety Moty
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Anomalous ZZH

0.5

-0.5

1 Ay b b 7z o~ ZHV
Loy = M2(—+ )Z Z'H + 27, 7"H+ 27,7 H
v T A 2N 2
(A=1TeV)
250GeV 500GeV
1 M | M B 1} l'O‘4 T T T T T T

15=250GeV, Ple £*)=(-80% +30%), | Ldt=250fb " i [ {5=500GeV, P(c £*)=(-80% ,+30%), | Ldt=500fb"

e*c —+ZH-»u'uwH/c'ec H/iqgH(bb) ¢'e —+ZH-»u"u H/e'c H/qgH(bb)

c'e—ZZ-»c'c .- [ ¢'e—+ZZ-»¢ ¢’ H(bb)
- . 024 .
. é\l 0} -
i * SM’ .- 02} + SM‘ N
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A A L. 1 A 1 A o 1 _04 aa b o a2 0 . 2 4 a0 . . . 3
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Higos couplinges precision
gg p g p arXiv:1710.07621v2 [hep-ex] 3 Nov 2017

Physics Case for the 250 GeV Stage of
the International Linear Collider

arXiv:1506.05992v2 [hep-ex] 26 Jun 2015
Physics Case for the International Linear Collider

Topic Parameter | Initial Phase | Full Data Set | units ref.
Higgs mp 25 15 MeV [15
g(hZ22) 0.58 0.31 % 2 ILC250 +ILC500
g(hWW) 0.81 0.42 % 2 k fit  EFT fit k fit EFT fit

g(hbb) 1.5 0.7 Vo 2 g(hbb) 1.8 1.1 0.60 0.58

3((;%)) §§ ?1)2 Z‘Z g g(hce) 2.4 1.9 1.2 1.2

1.2 1.0 %, w. LHC results ~ [17 g(%g)w 22 L7 0.97 095

g(hrr) 19 0.9 % 9 g( ) 1.8 0.67 0.40 0.34

g(het) 97 12 % 2 g(hTT) 1.9 1.2 0.80 0.74

20 20 %, #F threshold (34 g(hyy) 1.1 1.2 1.0 1.0

g(hup) 20 9.2 % 2 g(hup) 5.6 5.6 5.1 5.1

g(hhh) 7 27 % g(h~Z) 16 6.6 16 2.6

Liot 3.8 1.8 %o g(hbb)/g(hWW) 0.88 0.86 0.47 0.46

Cinvis 0.54 0.29 %, 95% conf. limit g(htT)/g(hWW) 1.0 1.0 0.65 0.65

Top my 50 50 MeV (1m:(15)) g(WWW)/g(hZZ) 1.7 0.07 0.26 0.05

L g% g% 1(\74@\/ T, 3.0 2.5 1.7 1.6

g;%% 08 06 o BR(h — inv) 032  0.32 0.29 0.29

o7 1.0 0.6 % BR(h — other) 1.6 1.6 1.3 1.2
%}Zﬁ 0268 ] 010'8 ) Z)osolute Table 1: Projected relative errors for Higgs boson couplings and other Higgs observables,
FZZ 0' 002 0' 002 absolite in %, for fits in the x and EFT formalisms. The ILC250 columns assume a total integrated
7 m2w 53 51 YT luminosity of 2 ab™! at /s = 250 GeV, shared by (—+, +—, ——, ++) = (45%, 45%, 5%, 5%)
o7 8.5 x 10~ 6 x 104 absolute as described in Section 2. The ILC500 columns assume, in addition, a total integrated lumi-
. 0.2 x 10~ 7 % 104 absolute nosity of 200 fb~! at /s = 350 GeV, shared as (45%, 45%,5%,5%), and a total integrated
)\7 7 % 10~ 95 % 104 | absolute luminosity of 4 ab=! at /s = 500 GeV, shared as (40%, 40%, 10%, 10%). Three observables
Dark Matter EET K: D5 53 30 TeV, 90% conf. Timit at the HL-LHC, BR,,/BRzz, BRy7/BR.y and BR,,,/ BR,., are included in all of the fits.
EFT A: DS 99 98 TeV, 90% conf. limit The effective couplings g(hW W) and g(hZ Z) are defined as proportional to the square root

Table 1: Projected accuracies of measurements of Standard Model parameters at the two
stages of the ILC program proposed in the report of the ILC Parameters Joint Working
Group [7]. This program has an initial phase with 500 fb=! at 500 GeV, 200 fb~! at 350 GeV,
and 500 fb~! at 250 GeV, and a luminosity-upgraded phase with an additional 3500 fb=!
at 500 GeV and 1500 fb=! at 250 GeV. Initial state polarizations are taken according to
the prescriptions of [7]. Uncertainties are listed as lo errors (except where indicated),
computed cumulatively at each stage of the program. These estimated errors include both
statistical uncertainties and theoretical and experimental systematic uncertainties. Except
where indicated, errors in percent (%) are fractional uncertainties relative to the Standard
Model values. More specific information for the sets of measurements is given in the text.
For each measurement, a reference describing the technique is given.

of the corresponding partial widths. The last two lines give 95% confidence upper limits on
the exotic branching ratios. The detailed formulae used in the EFT fit, and the resulting
covariance matrix, can be found in [15].
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Higgs direct couplings to cc and gg at ILC250

e+e- —> ZH —> ff(jj): b-likeness .vs. c-likeness

MC Data H—Others

SM BG

50000 55 o
400007 I [ -
30000 3 S B
200004 . 400 3~ 200003

10000 1" 200 3" 10000 -
) 0

1
Ny,

s, T 1 0.6 1

Nad-4n o Ty 17804 0.6 0.8 S

......

H—gg

2500 {77 e
2000 1

1500 3~ B
10004 M

Oclean environment at e+e-; excellent b- and c-tagging performance

O bb/cc/gg modes can be separated simultaneously by template fitting

Ono, et. al, Euro. Phys. J. C73, 2343; F.Mueller, PhD thesis (DESY)
14



Higgs —> invisible at ILC250

et +e” — ZH — 171 /qq + Missing

ol ||| SN LR BENLL L BRI AL EL RS NN .
3 | LD Simulation . . o5 ' l
o 1400 Vs = 250 GeV vz ]
~ C pol(e ") = (+0.8,-0.3) ] wH .
£ 1200 250 fb™ B qqH - 20
§ g £ einvisible BF 10% 3
w 1000F Z—>qq @ILC . E 8 15 Z—>ll@ILC
800} A.Ishikawa 1 = P(e-,e+)=(+0.8,-0.3
600 —: LUl 10 . -
400F E ]
200 -
:' TR - JE—— —~—t—rT T Tt t = O
Do ""T10 120 130 140 150 _ 160 120 125 130 135 140
Recoil Mass [GeV] Recoil Mass / GeV

O recoil technique: Higgs mass fully reconstructed even it decays invisibly
O right-handed beam polarization helps: much lower background

OBR(H—>inv.) < 0.3% (CL95%)
15
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ILC site in North Japan

B Tokyo station from Narita International Airport and Haneda Airport

47min by Skyliner

Narita
International Airport

56min by Narita Express Shin-Aomori Station Kitakami
Tokyo Station WS‘
Haneda Airport : : el P'Efelstv‘;'taell? |
30min by Tokyo Monorail
Ichinoseki Station
Sendai Station
Tohoku University @
B When using Shinkansen bullet train (shortest possible time) .
Sendai Airport
About About About About

23min
Sendai Ichinoseki
Station Station

1h 42min 10min Y T

N T T Hanamaki
Station

Tokyo
Station

(Ichinoseki) (Oshu)

Skl About 17min 8min by Taxi

Access Line

-‘f- Sendai Airport + |Wat2i|':;2?tmaki

Tsukuba Science City

/" KEK
.\ Narita International Airport

Haneda Airport

Tokyo Station
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