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mystery in Electroweak Symmetry Breaking

V(@) = p2ofo + a@iey? O H(125) discovery

V(D) s vacuum is EW charged; superconducting phase

T o What is the origin of EWSB?
s why p2<0? BCS theory for Ginzburg-Landau?

o What BSM protects mn?




golden time: BSM hunting

direct searches

Indirect searches

ILC

P8, 7. HY 7, ...

LHC

LHC ILC, future e+e-

precision Higgs couplings

o It must be there, let’s just find it out



why haven’t we seen yet at LHC

O deviation is small, typically 1-10% for mgsu~1TeV

—> need measurement with 1% or below

O deviation patterns are like fingerprints of BSM models

—> need measure as many couplings as possible

MSSM (tan =5, M, =700 GeV) 159 Minimal Composite Higgs Model 5 (f = 1.5 TeV)
(o)

Z W b T C
10% —

Composite Higgs |

Z w b T C

| Supersymmetry .
-10% |- - —10% -

. ILC Projection 250 GeV, 2 ab™', EFT fit [arXiv:1710.07621] . ILC Projection 250 GeV, 2 ab™!, EFT fit [arXiv:1710.07621]

Higgs Coupling Deviation from SM
EE
N

Higgs Coupling Deviation from SM

—— Model prediction —— Model prediction

159, -15%




Composite Higgs: direct and indirect search

G.Giudice @ ESU Granada

Composite Higgs, 20, ILC5¢9 vs FCCy




SUSY: direct and indirect search

= What do we learn from indirect

information? - GGiudice @ESU Granada

2
Osusy Mgy

‘ Oswm Musy
t ---H 2
£ 1 m? 1TeV
rg—lzzmtgt ~ 0 %( mtg ) 5 HE-LHC
direct direct
stop limit i stop limit

With HL-
LHC stop
limit: also
for X;=0

0t

500 1000 1500 2000 2500 3000 3500 4000
m;, (GeV)

Xt =X;nax



direct and indirect discoveries: complementarity

0<n<J§

I E All models ]
10% b Bl After current searches |/
i B After 14 TeV 300 fb™! |}

|6Ks| / %

BEE After 14 TeV 3000 fb" ]

10.0

50

20

1.0

Number of models

0.5

0.5 1.0 1.5 2.0 2.5 3.0 3.5 0.5 1 2 4

b
Mq,/TeV
Cahill-Rowley, et al, arXiv:1308.0297 Wells, Zhang, arXiv:1711.04774

an orthogonal way to discoveries w.r.t. direct search:

precision Higgs couplings



“that Is much much easier, infinitely easier,
on a e+e- machine than on a proton machine”

P Pl ) 146/522

youtube: Burton Richter #mylinearcollider, 2015



for example: H->bb discovery

10°

Events /0.35

10°

10*

10°

10?

ATLAS

-o- Data _
B VH, H — bb (u=1.16)
tt

u Single top
M Z+jets
Multijet
M W+jets
i Diboson

Pull (stat.)

# of Higgs produced: ~4,000,000

significance: 5.40

(ATLAS, 1808.08238; CMS, 1808.08242)

at e+e-

2 00F 1) qaH(H—bb) °

O .

[_E - Vs = 250GeV 77—>qqqq |

600 = -

- / Ldt = 250fb! BN Z—qq "

400 = -

200 = -
.

%O 90 100 110 120 130 140 150 )

M, [GeV.

with 1.3 fb-! data ~ 2 days running
~400

5.20

(Ogawa, PhD Thesis, ILD full simulation)
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proposals of future lepton colliders

beam JLdt for Higgs R&D phase

polarisation

2000 fb-1 @ 250 GeV
e-: 80% 200 fb-1 @ 350 GeV

ILC 0.1-1TeV e+: 30% (20%) 4000 fb-1 @ 500 GeV TDR
8000 fb-1 @ 1 TeV
. (2o 500 fb-' @ 380 GeV
CLIC 0.35 -3 TeV " (_800@ 1500 fbo' @ 1.4 TeV CDR
e+: 0% 2500 fb-' @ 3 TeV
e-: 0% _
CEPC 90 - 240 GeV 5600 fb-' @ 250 GeV CDR
e+: 0%
FCC-ee 90 - 350 GeV e-: 0% 5000 fb* @ 250 GeV CDR
- © S G192 1500 fb-! @ 350 GeV

common: Higgs factory with O(106) Higgs events

11



International Linear Collider

Damping ring
1.3GH z (L-band) SRF cavity

Electron Source

Beam dump

Main Linac (positron)

Final Focus Detector

TDR in 2013: 500 GeV e+e-,
upgradable to 1 TeV

for cost reduction -> 250 GeV at initial
stage (ILC250)

strong support: word-wide HEP;
political, industrial, local in Japan

waiting for a green light for realization

Beam dump

AN
o
o
o

3000

2000

1000

Integrated Luminosity [fb™]

Main Linac (electron)

Positron Source (Undulator)

IO PP PV OOV OO, VUL VU, OV, SV SO OO ISP, SUPO POV UV VUL VO SOV SOOY IO OO S

- ILC, Scenafio H20-staged§
[ — ECM=250GeV | | i
- ECM =350 GeV - ................................ ................................ .............. ]
[ — ECM=500Gev 5 5 i

o

e

8

)]

Q.

)
I >
He)

= =
| iE
]

M |

0 5
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Higgs productions at e+e-

o(e*e” — HX) [fb]

E I I I I I I I | | | I | | 1 1 ] E
E Hveve E
10° | E
- He'e .
- fiH ZH -
- HHv v, -
107 / ZHH =
10—2 | l] ] ] ] | ] ] | | | ] ] ] ] |
0 1000 2000 3000
(unpolarized case) \'s [GeV]

o two apparent important thresholds: Vs ~ 250 GeV for ZH,
~500 GeV for ZHH and ttH

o + another threshold for t t-bar, important for vacuum stability 13



direct experimental observables: some are unique @ e+e-

OzHX

€ 8 & @ @& @ 8 8 &8 @8 @ @

Br(H—->bb), ovwwuxBr(H—=>bb)
GZH@ —>cc)) oy XBr(H—>cc)

Br(H—>gg), v BI‘(H—@

Br(H—>WW?), ovwwuxBr(H—>WW™)
Br(H—>ZZ7%), oywwuxBr(H—>ZZ7%)

Br (H—>‘YY) OvwHXDBr (H_>YY)

Br(H—>pu), owwaxBr(H—>pp)

O ZH@—>IHVIS@

r(H—>bb)

@ Br2(H—>bb),Br2(H—>bb)

note the important synergy with LHC: H->yy/yZ/uu

14



(ii-1) inclusive ozn: the key for model independence

500 L) Ll Ll L) I L) Ll T Ll I L) 1 T Ll l L) L) T L) I L)
p—
—

Events

®  Toy MC Data
400 F Signal+Background _|

300 |-

200 |

100 L

0'. NPT P LA R SRl LT XN egeguy G
110 120 130 140 150
Recoil Mass (GeV/c?)

for Z->Il, Yan et al, arXiv:1604.07524;
for Z->qqg, Thomson, arXiv:1509.02853

M3 = (per — (pus +pu-))’

O well defined initial states at e+e-
O recoil mass technique —>tag Z only
O Higgs is tagged without looking into H decay

O absolute cross section of ete- —> ZH

15



(ii-2) Higgs direct couplings to bb, cc and gg

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

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

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

MC Data H— Others

SM BG

40000 3

20000m~mwmmimmwwA“
10000 4"

Ono, et. al, Euro. Phys. J. C73, 2343; F.Mueller, PhD thesis (DESY)
16



(ii-3) search of Higgs to invisible

OBR(H—>inv.) < 0.3% (CL9%)
O Higgs portal dark mater search

O right-handed beam polarization: much lower background

e” +e” — ZH — 11 /qq + Missing

I I LI | LI I LI LI I LI LI | I LI I I I I

‘
2

8 F| oSmuiaton =t E 25 T T ]
o 1400F  Ve=250Gey = o E ; NN
-~ £ pol(e ") = (+0.8,-0.3) 3 wwH - { Background ]
2 1200F 250 fb” B qqH — 20 [ JiH, Hosm —
3 L %%ﬂm@é BF 10% - ]
@ 1000 5 Z—>qq @ILC = 2 Z—>ll@ILC
800¢ : E = P(e-,e+)=(+0.8,-0.3§|
600F = W40 3
00F E 5 ~

200k =

0110 120 130 140 150 160 120 125 130 135 140

Recoil Mass [GeV] Recoil Mass / GeV

17



(ii-3) search of Higgs exotic decays

(ST

BR(h—Exotics)

-

—
<

—
<
N

1073

—
<
FN

—
<
(&)

h—92-33 34 h—2—(1+3) L5 9 4

BR <0.1-0.01% @ ILC, Liu et al, arXiv:1612.09284

95% C.L. upper limit on selected Higgs Exotic Decay BR

( ® HL-LHC )
m CEPC

m ILC(H20)
m FCC-ee ).

VE, (0b)ye Getrg, (Dempe Pbrmg, Mg, Tmg, Bb)p) (o) W) Bb)ry ((ry iy (g,

18



(ii-4) Higgs CP in H->T+T-

OCP is essential to understand structures of all Higgs couplings

m _ s
Lyss = _Tfo(COS ®-p + iv° sin bop)f

-
_____ b S ook —e—wcp= —e—wcp=:r/2
) T~ o, > © = i — 4
0 o~ 2 =Y, /8 P =370
a .. t H g 15 —wCP=JT/4
@)
- 'S _—T—_‘:;________ - A ___i—iig
¢+ Z‘ 10 "B"_C%O_O. C 'O“Qz 'O' ;O;_\,:_ ...T'—‘. {}g
- @ I - N
a—>b ¢ = 2t O~ S7/\- 1.+
.'é X '—‘Q{} r SZr¢ .30{}_8 — Y7
A N N <-_ "
Adb= o — & © S AL _*_"}Q’O T - 3 '_“3"4.3_
q) q) q) _<>_ N\ ,_%-E_r@-- 'O' . _.._-_‘__ : =
0 1 1 1
-2 0 2
ADqp ~ 4.3° A ¢ [rad]

Jeans et al, arXiv:1804.01241
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(ii-4) Higgs CP in HZZ coupling

~

1 «a b b ~
Lhgz = Mg(; + 228+ h 2y 2+ by Zy
(CP-odd)
T 1
o — ,9‘"6.01 5 ® angle i-f/-fbar in Z* rest-frame _
et +e- = Zh— ffh S
O
A=
" 0.01
bt _ ST - +
i Change only bt |
e 0.005 -e- bt =-1 ‘n
I —bt=0 J
I -~ bt =+1 |
In the Laboratory frame 0 I R T j
0 2 4 6
q)ff
Q /s = 250GeV

Ab ~ 0.016 (for A=1TeV)

Ogawa et al, arXiv:1712.09772
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expected meas. for direct observables

estimates at ILC by full simulation

-00% e, +30% e™ polarization:
250 GeV 350 GeV 500 GeV

Zh vvh Zh vvh Zh vvh
o [50-53] 2.0 1.8 4.2
h — invis. [54,55] 0.86 1.4 3.4
h — bb [56-59] 1.3 8.1 1.5 1.8 2.5 0.93
h — c¢ [56,57] 8.3 11 19 18 8.8
h — gg [56,57] 7.0 8.4 7.7 15 5.8
h — WW [59-61] 4.6 5.6 " 5.7 * 7.7 3.4
h — 77 [63] 3.2 4.0 " 16 * 6.1 9.8
h— Z7Z 2] 18 257 20~ 35 * 12 *
h — 7y [64] 34 " 39 * 457 47 27
h — pp [65,66] 72" 87 * 160 * 120 * 100 *
a [27] 7.6 2.7 % 4.0
b 2.7 0.69 * 0.70
p(a,b) -99.17 -95.6 * -84.8

(arXiv: 1708.08912; numbers are in %, for nominal JLdt = 250 fb-1)

21



(iii)

Higgs coupling determination

— model iIndependent way

22



Higgs coupling determination — kappa formalism

1) recoil mass technigue —> inclusive ozn
2) Ozn —> Kz —> [ (h->Z/2%)

3) WW-fusion veveh —> kw —> [ (h->WW™)
4) total width I'n = I'(h—>Z27%)/BR(h->ZZ7%)
5) or Fh = IN(h—>WW~*)/BR(h->WW*)

6) then all other couplings BR(h->XX) *T'h -> Kx

JT, et al, PoS EPS-HEP2013 (2013) 316 Nucl.Part.Phys.Proc. 273-275 (2016) 826-833

23


https://arxiv.org/abs/arXiv:1311.6528
http://inspirehep.net/record/1467957

one question in kappa formalism:

olete™ = Zh) T(h— ZZ¥)
SM B SM B

BSM territory -> can deviations be represented by single kz?

24



the answer is model dependent

mQZ y h L
0L = (1 + nZ)ThZ,uZ + CZ%ZMVZ

BSM can induce new Lorentz structures in hZZ

e’ Z H H \f\ A
M -------------- \)s
c / /l/’ L*

olete™ — Zh) = (SM) - I'(h— 2Z7) = (SM) -

(14 2nz + (5.5)¢z) # (14 2nz — (0.50)¢z)

e there Is a better, theoretical sound framework

25



new strategy: SM Effective Field Theory

Leg = Lsm + AL

&
= LM —|—Z Adi_40i

 a more model independent formalism
* most general effects from BSM; respect SU(3)xSU(2)xU(1)

e a consistent quantum field theory unitying BSM effects in
Higgs, W/Z, top, 2-fermion physics

20



SM Effective Field Theory: some simplifications

Leg = Lsv + AL

Cq
= LM —|—Z Adi_40i

the new particle searches at LHC Run 2 suggest A>500 GeV

justity the analysis at dimension-6 operators
there are 84 of such operators for 1 termion generation

assuming B & L number conservation, there are 59

e there exists a smaller but complete set relevant to
Higgs physics at e+e-

27



SM Effective Field Theory: full formalism (23 pars.)

(Barklow et al, arXiv:1708.08912)

CH Ce\
AL = L on(a10)9,(010) + L (o D ro) (o T
L 21)28( )9(@10) + L (@t T, @) o (@10)?
4
TWW gty o 4 499 W gy pu
My My
2
9°CBB gtgp gy SO e b e
m%/V K m%V UV P
'Zcsz (@ D #®)(L,L) ff (®1te D #®)(Ly,t°L)
CHE
- (®7 ﬁ“@)(e%e)

10 operators (h,W,Z,y): cH, CT, Cs, Cww, CwB, CBB, Caw, CHL, C'HL, CHE
+ 4 SM parameters: g, g, v, A

+ 5 operators moditying h couplingstob, ¢, T, YU, g

+ 2 operators for contact interactions with quarks

+ 2 parameters for h->invisible and exotic

28



strategy to determine all the 23 parameters

Electroweak Precision Observables (9)
+

Triple Gauge boson Couplings (3)
+

Higgs observables at LHC & ILC  (3+12x2)

T

2 beam polarizations

e at e+e-, all the 23 parameters can be measured simultaneously

(details in backup)

29



recap 1: Higgs couplings are related to W-/Z- couplings (EWPQs)

/
i AL (@t P rd)(Ly,L) | |4i-HL

V2

(®1te D #®)(Ly,toL)

.CHE
e
(V)

(@' D ) (ev,e)

e+e ->/hh

e Higgs coupling hel
e / coupling helped

e+te ->/h

/-pole

oed by EWPOs at Z-pole: Acrg, T

oy Higgs obs at high vV's: 80 ~ s/m2z

30




recap 1: Higgs couplings are related to W-/Z- couplings (TGCs)

9 CWw

mW

<1>T<1>W“ W v

AETGC — z’gv{V“ W W+V —

499'cwn

mW

@Ttacbwa BH

1 w
gz = gcu(1+ §5ZZ -+ —5ZAZ)

Cw

W)+ ky W+W e

9 CBB
mW

®'®B,, B"

KA — 1 -+ (SCWB)

+)‘—VW ”W+V“”}

W

g = —6g°caw

e |ongitudinal modes of W/Z are from Higgs fields

e higgs coupling helped by TGCs

31



recap 2: Higgs couplings are related to themselves

AL = %(‘Lha“h — %mihz — (1 + np) Aoh® + e—hhé’uha“h
(V)
2m? _ m? _
+(1 4+ nw) UWWJW “h+ (1 + nWW)U—;VWjW Hp?2

(L4 w)m—zzzuZ“h Fo(+ ﬂzz)m—jZZuZ“h2
+w W W™ ’“’(h + ;hz) + 1CZZ Z“”(h + ;Z;)
rgCuude (4 5u) + a2 (4 513).
(SM structure: kappa like) (Anomalous: new Lorentz structure)
nh=5X+6v—ch+c6 On = cu
Nw = 20myy — 0v — %CH w =0Zw = (8cww)
nww = 20mw — 20V — cg Cz =047 =c(8cww) + 252 (8cwn) + s5/c (8¢caB)
Nz = 20mz — ov — %CH —cr Ca=10Z4 = s2((Beww) —2(8cws) + (8czs) )
Ngz = 20mz — 200 — cg — OCr Caz = 0247 = swCw ((SCWW) —(1— Z—;%J)(SCWB) — Z—z"(8033)>

w w

e W//Z/nNWW/hyZ/hyy highly related: SU(2)xU(1) gauge symmetries

32



recap 2: Higgs couplings are related to themselves (synergy w/ LHC)

L HC meas.: BR(h->Vy)/BR(h->ZZ*), BR(h->yZ)/BR(h->ZZ*)

OI'(h — vy) = 528024 —cy + ...

ST(h — Z7) = 2906247 —cyy  + ...

ST(h — ZZ*) = — 050627 —cg + ...

e |oop induced h->yy/yZ provide two very strong constraints

e g significant help from LHC

33



recap 2: Higgs couplings are related to themselves (hWW/hZ2)

I'h— ZZ*)=(SM) - (1+ 2nz — (0.50)(z) ,

T(h— WW*) = (SM) - (1+ 20w — (0.78)Cw)

1
= ——C
, w o custodial symmetry is broken by
SM-like hVV 1 ct -> constrained by EWPOs
Nz = _§CH — Cr

CW _ (SCWW) Ci~ 0(10'4-10'3)

anomalous hVV (7 = A (8cww) + 252 (8ewsr) + (s /¢2)(8¢cpp)

e hWW/hZZ ratio can be determined to <0.1%

e very important for physics case of a 250 GeV e+e-
e no need to heavily rely on W-fusion @ higher v's

34



typical precisions by EFT: combined EWPO+TGC+Higgs fit

ILC250: [Ldt = 2 ab-! @ 250 GeV

coupling Ag/g kappa-fit EFT-fit
hzz 0.38% 0.50%
hWW 1.8% 0.50%
hbb 1.8% 0.99%

I'n 3.9% 2.3%

(for hZZ and hWW couplings: 1/2 of partial width precision)



recap 3: absolute Higgs couplings (unique role of inclusive ozn)

C
%fga“(@q))aﬂ(cpfcp)

CH " R renormalize kinetic term
78 hph of SM Higgs field

h > (1-cH/2)h

> shift all SM Higgs couplings by -cn/2

® CcH can not be determined by any BR or ratio of couplings

e cy has to rely on inclusive cross section of ete -> Zh,
enabled by recoll mass technique at e+e-
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recap 4: role of beam polarizations

CZ CAZ L><h
Z A
P(e-,et)
(-1.+1) 5 ( sin®f,) gsind © (Chr + cpp)
| cosf, 2 " " cos 6,
(+1,-1) S (—sin’ @, ) gsind : (CHE)
| cos @, " " cos 0,

e AR IN Ozx -> iIMmprove Cww, CHL+CHL and CHe
e |arge cancellation in (+1,-1) -> weaker dependence on cww

37



recap 4: role of beam polarizations (e+e- -> Zh)

Vs=250GeV o, = — iy + 0.6(8cyy) + - ... why?

(8cww) ~ 0.16% from other meas.

contribution from
g Cww (I)T(I)Wa, T/ amv

U
almost cancels out My

Mz
up to a difference in Z/y propagator suppressed by ——
S

38



recap 4: role of beam polarizations (improving EWPQOs)

radiative return /

e ISR

e a Higgs factory is meantime a Z factory

e ~108 Z produced @ [LC250 + beam polarizations

e mprove A, by a factor of 10

39



recap 4: role of beam polarizations

ILC250: 2 ab-1 FCCee: 5 ab-!
|2/ab-250: +4/ab-500|5/ab-250; + 1.5/ab-350

coupling{ pol. pol. unpol. : unpol
HZZ | 050 ! 0.35 0.41 0.34
HWW { 050 i 0.35 042 i 035
Hbb | 0.99 : 0.59 0.72 0.62
Hrr | 11 0.7 0.81 ! 0.71
Hgg | 16 | 0.96 1.1 0.96
Hee | 18 § 1.2 1.2 1.1
Hvyy { 11 + 1.0 1.0 1.0
HvZ | 91 6.6 9.5 8.1
H 4.0 3.8 3.8 3.7
Htt { - ! 6.3 - -

HHH | - & 27T . -

[tot { 23 1.6 1.6 1.4
Cine | 036 | 0.32 0.3 :  0.30
Cother 1..16..0 12 | 11,0 0.94

e power of 2 ab! polarized = 5 ab-! unpolarized



SMEFT: model independent determination of Higgs couplings

§ 35 Model Independent EFT Fit LCC Physics WG
e 1/2
» 3 M HL-LHC ®ILC250 x 1/3 g
U) ------------------------------------------------------------- —
c B HL-LHC ®ILC250 © ILC500 1110
—_ X
o .

dark/light: S1*/S2*
-
g 25— o f —
CC) I 1/2

X

5 UUUUUIUIUUUUURIUIUIUUTIUIUIUIUUUUURIUIUTPUOTRITN USRI [P TL YL O B —
g 2
E I
7))
m ST I IOOOmmhTrTeTTT 1 ImmnUnn'''m Im'''f '™’/ Immmmee T —
& 15 |
I
R e B R w e & o o -
S
g O5Hm - m o BB ER e B e —
)
| -
al

-

Z W b =~ g ¢ I',,T, v Zy unu t A

e 1% or below precisions will be reached at a 250 e+e-
e discrimination between BSM models (see backup)
e > future direction of HEP



Precision of Higgs boson couplings [%]

n w0 ~ O OO N

—h

Higgs precisions: complementarity with LHC

Model Dependent EFT / x Fit (FBSM=O & no anom. hZZ/hWW coupl.)
[ LCC Physics WG B HL-LHC arXiv:1902.00134
e = - - e e e e e e e e e e e e e e aaaaeaaeaaaaaeaaanannn S‘I: CMS, 82: ATLAS&CMS
i B HL-LHC ®ILC250
B HL-LHC ®ILC250 @ ILC500

e - s i e cicecacacacncaannece-a- . ... ... iiiiecsaaseasassana s darkllight: S1/S2

..................................................... x 1/20 |
_ x 1/2 -
. . T T T PP x..1./2 ......... —
e ......... I .........IH.........B0......... N _......... . ... J—

]

#qualitative:

model iIndependence,
hcc coupling

#qguantitative (<~1%):

hZZ, NWW, hbb, hT T
h->Invisible/exotic

#synergy:
hyrryr,.hrZ, huu, htt, A

42



(vi) Higgs self-coupling

O direct probe of the Higgs potential

O large deviation (> 20%) motivated by
electroweak baryongenesis, could be ~100%

0 Vs>=500 GeV, e+e- —> ZHH
O Vs>=1 TeV, e+e- —> vvHH (WW-fusion)

— e* + e — vwHH (WW-fusion)
—— e*+ e — vwHH (Combined)

M(H) = 125 GeV  P(e,e*) = (-0.8,+0.3
,"H .

01F

) .;:Ii:'"_'

Adgma/AeaH 500 GeV +1TeV >0 |
11.C f 0.5 —
H20 27% 10% G 04F
% 0.2F
1.5 TeV +3 TeV 'S
CLIC
36% 10%

4

0

0

600 800 1000 1200 1400
Center of Mass Energy / GeV
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Anhh determination

in SMEFT

44



Anhh determination in SMEFT

(Barklow, Fujii, Jung, Peskin, JT, arXiv:1708.09079)

OZhh

OSM

—6.486T — 65.16}111 -+ 61.1CHL am 52.66HE,

1 = 0.565¢cg — 3.98cy + 16.0(Swa) -+ 8.40(80WB) -+ 1.26(8633)

1 OZhh ]
Co = — 1= ac
( 0.909 TSN Z I
1 A(TZhh %
Acg = : L ]
. ()565 OSM Z( (‘}

Given the full ILC program of 2 ab™! at 250 GeV and 4 ab™! at 500 GeV

1

‘ Ao
S o), =001« 2722 -0.168
(systematic error) (statistical error)

45



o/ Og

Higgs self-coupling: when AxnH # Aswm?
O constructive interference in ZHH, while destructive in vvHH (& LHC) —>

complementarity between ILC & LHC, between Vs ~500 GeV and >1TeV

Oif Auun/ Asm = 2, Higgs self-coupling can be measured to ~15% using
ZHH at 500 GeV e+e-

4 [ s
: c
— ZHH @ 500 GeV X,
<
— vwHH @ 1 TeV -
<
: <102
@ 176V | BSM @ 500GeV :
: E 10 -
ol - | | | |
1

Duerig, Tian, et al, paper in preparation
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Higgs self-coupling: indirect determination

/ McCullough, arXiv:1312.3322

6240 =100 (207 + 0.01455,) %

e 00 could receive contributions from many other sources

—> 0h ~ 500% at 250GeV only; Gu, et al, arXiv:1711.03978

—> 0h ~ 50% + 350/500GeV; Peskin, JT, paper in preparation

e open: what if we include other NLO effects as well?
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ILC Political Status: March 7, 2019

B Following the opinion of the SCJ, MEXT has not yet reached declaration
for hosting the ILC in Japan at this moment. The ILC project requires
further discussion in formal academic decision-making processes such as
the SCJ Master Plan, where it has to be clarified whether the ILC project
can gain understanding and support from the domestic academic

community.

B MEXT will pay close attention to the progress of the discussions at the
European Strategy for Particle Physics Update.

B The ILC project has certain scientific significance in particle physics
narticularly in the precision measurements of the Higgs boson, and also
nas possibility in the technological advancement and in its effect on the
ocal community, although the SCJ pointed out some concerns with the ILC
project. Therefore, considering the above points, MEXT will continue to
discuss the ILC project with other governments having an interest in the

ILC project.

M.Yamauchi @ Lausanne, April 2019 48



ILC Political Status after March 7: to be done by MEXT
Answers given by MEXT at the Diet session on March 13, 2019.

m [n the future, while paying close attention to the progress of
discussions on the European Elementary Particle Physics Strategy,
we would like to deepen discussions with France and Germany
at the governmental level, by proposing, for instance, to establish
a standing discussion group similar to the one with the US.
(Mr.Isogai)

m So, also for the ILC project, we expect there will be a working
group set up in the High Energy Accelerator Research
Organization, so-called KEK, and at its initiative, discussions
within the community of domestic and foreign researchers will
proceed regarding international cost sharing, etc. (Mr.Isogai)

m As | mentioned earlier, | am also aware that this is a project of great
significance both from the academic research point of view and from
the perspective of regional revitalization. Therefore, | would like to
continue our investigations, closely collaborating with related
communities while keeping an eye on the international
situation. (Minister Shibayama)

M.Yamauchi @ Lausanne, April 2019 49



International Working Group Established

* Model of international cost-sharing for construction and operation

* Organization and governance of the ILC Laboratory

* International sharing of the remaining technical preparation

OKlaus Desch
OAndrew J. Lankford
OKajari Mazumdar
OPatricia McBride
OShinichiro Michizono

OYasuhiro Okada

OClaude Vallée

1st meeting in May @ Granada; draft in LP2019 @ Toronto; complete in September

KEK news room, May 2019 50


https://www.kek.jp/en/newsroom/2019/05/21/1900/

Processes and Approximate Timelines Toward Realization of ILC (Physicists’ view) Restricted

2018.12 2019.3 2020.5 2024-

Agreement on governance,
operation, sharing of cost
and human resources

Discussion among government
Exchange of information

Strengthen US-Japan Discussion
Group, cost reduction R&D, Full-scale negotiation among

Government Level governance discussion governments - specification of
MEXT >ummarize ' : : T - : Critical decision
panel opinions of Establish Discussion Group with b

-
relevant the European partners -~ process
ministries

Oct. 2019

SCJ Master Plan

SCJ committee on ILC

D11 40 UOIIONJI}SUOD Hels

3/7
Physicists Level | LcB/icFA mtgs. @ Tokyo EPPSU submitted

to CERN

sjuswulanob buowe Juswsaaibe |eul4

European Particle Physics Strategy Update

Draft proposal by researcher
on international cost sharing

Talks with other countries

* ICFA: international organization of researchers consisting of directors of world’s major accelerator labs and representatives of researchers
* ILC pre-lab: International research organization for the preparation of ILC based on agreements among world’s major accelerator labs such as KEK, CERN, FNAL, DESY etc.

"M.Yamauchi @ Lausanne, April 2019 5



summary

» precision Higgs will help to reveal mystery of EWSB, and
identify the BSM models

* JLC250 can deliver precision Higgs, complementary to LHC

* the capabilities of a e+e- are best represented in SMEFT
formalism

* beam polarizations play an important role

* ILC is in full swing towards realization
ILC Supporters
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BSM benchmark models discrimination at ILC250

20 o

SM
ILC250, S2* 18 C

pMSSM
16 5
2HDM-II =
SHDM-X EFT interpretation 14 g
12
2HDM-Y g
10 73
Composite 8
8 » —
LHT-6 'E
6 O
LHT-7 O
‘g

Radion

2
Singlet
0]

c s
S PMSsiHON, 3 10500 moogi 6 “HT-> actoyy orey
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backup
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benchmark BSM models

Model bb cc g WW 1t ZZ vy L4 1L
1 MSSM [34] +4.8 -08 -08 -0.2 +04 -0.5 +4+0.1 +0.3
2 Type Il 2HD [36 +10.1 -0.2 -0.2 0.0 +98 0.0 +4+0.1 +9.8
3 Type X 2HD [36] 02 -02 -02 00 +78 00 00 +78
4 TypeY 2HD [36] +10.1 -0.2 -0.2 0.0 -0.2 0.0 0.1 -0.2
5 Composite Higgs [38] -64 -64 -64 -21 -64 -21 -21 -6.4
6 Little Higgs w. T-parity [39] 0.0 0.0 -61 -25 00 -25 -15 0.0
7 Little Higgs w. T-parity [40] -78 -46 -3.5 ~-1.5 -78 -1.5 -1.0 -7.8
8 Higgs-Radion [41] -1.5 -15 10. -15 -15 -15 -1.0 -1.5
9 Higgs Singlet [42] 3.5 -35 -35 -35 -35 -35 -35 -35

Table 4: Deviations from the Standard Model predictions for the Higgs boson couplings,
in %, for the set of new physics models described in the text. As in Table 1, the effective
couplings g(hWW) and g(hZZ) are defined as proportional to the square roots of the

corresponding partial widths.

—> quantitative assessment for models discrimination
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model parameters (chosen as escaping direct search at HL-LHC)

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 B8 = 6

e a Type Y 2 Higgs doublet model
with m4 = 600 GeV,tan8 =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,mp = 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 M\ for electroweak baryogenesis
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effect of improvement from TGC, vwH, ZH at 500GeV

N
o

SM
ILC500, S2*

—
(00)

pPMSSM

—
o

2HDM-II

—
N

S
model discrimination in o

SHDM-X EFT interpretation

—l
N

2HDM-Y

Composite

(00)

LHT-6
LHT-7
Radion

Singlet

o N B~ O

o C . S
Sy MssﬁHDMiHDMf(HDM y%poéi?e% AT, Raclo,y Mol



(ii-1) inclusive ozn: impact of ECM

500 —

Eventis

400 |-
300 |
200 |

100 L

[ —

/s =250 GeV
L L B B B
®  Toy MC Data -
—— Signal+Background _]
+ Signal ]
e Background

e'+e - u'u + X @ 250 GeV

—d

O'.
110

dedee e o | e a el o
120 130 140 150

Recoil Mass (GeV/c)

/s =500 GeV

300 |

Events

200 |-

100 [

|
—®— Toy MC Data

— Signal+Background |
Signal
"""" Background

e'+e - W' + X @ 500 GeV |

‘u
.l
.I

0
100

Yan et al, arXiv:1604.07524

150

200 250
Recoil Mass (GeV/c?)
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what does model independence mean?

O meas. of ozn doesn’t depend on how Higgs decays

O meas. of oz4 doesn’t depend on underlying HZZ vertex

s it really possible”
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efficiencies for each decay mode (leptonic recoil)

H — XX bb cc gg ™ | WW* | ZZ* Yy v
BR (SM) 57.8% | 2.7% | 8.6% | 6.4% |21.6% | 2.7% | 0.23% | 0.16%
Lepton Finder 93.70%93.69%93.40%194.02%|94.04%|94.36%93.75%94.08%
Lepton ID+Precut [93.68%93.66% (93.37%93.93% 93.94% (93.71%93.63% (93.22%
My+1- € [73,120] GeV|89.94%(91.74%(91.40% |91.90%|91.82%(91.81%(91.73%(91.47%
plffl_ € [10,70] GeV [89.94%90.08%(89.68%(90.18%90.04%|90.16%89.99%|89.71%
oS Omiss| < 0.98  [89.94%1(90.08% 89.68% [90.16%(90.04% |90.16% (89.91%89.41%
BDT > - 0.25 88.90%89.04%|88.63%(89.12%|88.96%|89.11%88.91% | 88.28%
M;ec € [110,155] GeV [88.25%|88.35% |87.98% |88.43% | 88.33% |88.52%|88.21% |87.64%
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(ii-5) WW-fusion channel & Higgs total width 'y

U'rzz

Ty =

X Iy =

Br(H — ZZ*)

U'omww

Br(H — WW*)

Entries

2000

1500

1000

500

2
N2 A

~ Br(H — 277

2
JHWW

—>Br(H->ZZ*) very small

" Br(H — WW*

LIIIIIIIIIIIIIIIII

]

e"+e —=vvH @ 500 GeV

f L =500fb"

P(e,e*) = (-0.8,+0.3)

@500 GeV

= yVh (WW fusion)
vvh (ZH)

— 4f sznu_sl

— 4f _77_sl
6f_yyvllv

-+ S+B

50

Duerig, et al., arXiv:1403.7734

i _
----------- H — bb
— ' | \\

] > better option! - .
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Entries /1 GeV

very different at Ecm=250 GeV

R
::t::::wﬁ Wﬂ%
402— % | %.. :

0 et = ; TP R - N
40 60 80 100 120 140 160
Missing Mass [GeV]

0 = -34% correlation (larger if unpolarized)
between owrxBR(H->bb) and oznxBR(H->bb)
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strategy to determine all the 23 parameters

mwand a(mz)-> g, g’;
GF-> V. Mp-> N\, Mz-> CT;
Arand [/ -> CHL+CHL', CHE;
[wand [ z-> cw, Cz;

g1z -> CHL'; Ky -> CwB; Ki -> Caw;

BR(h->yy) and BR(h->yZ) -> Cgs, Cww;

OzH -> CH; OzHH -> Ce;

BR(h->bb/cc/gg/uu/TT) -> Vb, Ve, Cg, Yu, Y7,
BR(h->invisible) and BR(h->other);

cww IS helped by Arr in ozn, angular meas., W-fusion;
cHL/cHL'/cHE are helped by ALr in ozH

(details in backup)
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ECFA Higgs @ FC WG

collider (1)di-Hexcl. (2.a)di-H glob.  (3) single-H excl. (4) single-H glob.
HL-LHC 0% (50%) 52% 46% 50%
HE-LHC 10-20% (n.a.) n.a. 41% 50%
ILC»5 — — 28% 49%
ILC359 — — 28% 47 %
ILC500 27% (27 %) 27% 26% 37%
CLIC3g — — 45% 50%
CLIC 500 36% (36%) 36% 40% 49%
CLIC3000 1% (n.a) n.a. 35% 49%
FCC-CCZ40 — — 19% 48 %
FCC-CC365 — — 19% 34%
FCC-ee/eh/hh 5% (5%) 6% 18% 25%
CEPC — — 17% 49%
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ECFA Higgs @ FC WG

1 02 = - B HL-LHC B HL+LHeC B HL+HELHC HL+ILC259 HL+CLIC35 M HL+CEPC HL+FCCege> | 1 0—1
:::: Hi FC WG . HL+|LC5QQ . HL+CL|C1500 HL+FCC =
'ggs@ — -
[ | may2019 SMEFTyp fit B HL+CLIC3000 B HL+FCC

69/gi[%]

691

69atae



S/ N [%]

expected precision of A: impact of Ecm

-"""- 102 E b T e T Tk S
[ e ] E e, no i)
[ — é";é;iﬁH'('ﬂiii'éii{idiéiiéﬁi::'_"_";'l"."Q"-"-'"""""'"'i' """"""" ) _::::::_::_f:::::::f:::::::::,::f:::::::::::f:::::_::::::::é};ﬁé:::—}&&HH:kfﬁﬁll;Lrﬁriﬁlﬁétjéﬂ)ﬁ::'
10° -Tffffffffffffffffffffffffffffffffffffffffffffffffff;f:f.:ffféfff'ff':f:f.ff-f;f?ff.f;fffffffffffffffffffffffffffffffffffffffffffffffz """ ., - - - - i
L e e e R
'-- ___________ 1 I S S S NS o lobee i o1 1 1 A
10 :_'_: [ """""""""""" --.'"" """"" i
-."---".: . .
R N T T T RPN ) SN SN EFENIAIENE NI SIS SN S
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
\'s [GeV \'s [GeV’

o gap of these two expectations —> room of improvement

o for ZHH: 500 GeV is the optimal energy, OA /A ~ 6% : 30%, but rather mild
dependence between around 500-600 GeV, significantly worse if much lower or

higher than that

o for vvHH: significantly better going from 500 GeV to 1 TeV, dA/A~10%
achievable when ecm >= 1TeV; better precision at higher ecm, but not

drastically, from 1 TeV to 3 TeV, improved by 50%
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N

— N

O
&

Precision of Higgs boson couplings [%]

I RN, BN S IS, B NS

e

-

impact of TGCs

Model Independent EFT Fit

LCC Physics WG

Impact of improved TGC precisions

B HL-LHC @ILC250

B HL-LHC ®ILC250, TGCs from LEP
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Precision of Higgs boson couplings [%]

3.5

2.5

Model Independent EFT Fit

LCC Physics WG

B HL-LHC @e*e 5 ab™ 250 GeV unpolarised

B .. ®e'e 1.5ab’350 GeV unpolarised

B HL-LHC @e*e 2 ab™ 250 GeV polarised

B .. ®e'e 4ab’500 GeV polarised
dark/light: current /improved EWPO
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(ii-5) Top-Yukawa coupling

+
e t
e largest Yukawa coupling; crucial role in .-H H->bb
theory _ :
e

2 non-relativistic tt-bar bound state
correction: enhancement by ~2 at 500 GeV

» Higgs CP measurement

AgeH / getHl 500 GeV + 1 TeV

Snowmass 7.8% 2.0%

H20 6.3% 1.5%

’
oY

o !
I |

1S Peak 's =500 [GeV]
Pol_. =0
m; = 173 [GeV]

Yonamine, et al., PRD84, 014033;
Price, et al., Eur. Phys. J. C75 (2015) 309 69




—
— o

Scaled to values at 500 GeV

—h
Q

Top-Yukawa coupling

:ZZZZZZZZZZIZZZZZ::!ZZZIIZfﬁ:::::::ﬁZZZZZZIZZZZZZZZZZZZZZZ:Z::ZZ!ZZZZZZZZZZZZZZZZZZIZZZZIZIZIZZZZZZZZZZZZIZZ!ZIIZIZIIZ:ZIE
I L e L
:ﬁffEEéY{/Yffﬁfﬁfﬁfffff""ffffffﬁ_____ffﬁfffffffffﬁfﬁfffffffffﬁ:

1 ab”" @ 500 GeV, P(e’,e*)=(:0.8,0.3)

oﬂH=0.485 fb




vacuum stability

2 A runs < 07 top mass precision crucial
for vacuum stability

» at e+e-: top-pair threshold scan, much
lower theory error

» Amy(MS-bar) ~ 50 MeV (Amu=14MeV)

cross section [pb]
@ o - =
()] (0 0) —_ N BN

©
o

0.2

IIIIIIIIIIIII

0.08 [ 30 bands in
F M, =173.1 + 0.6 GeV (gray)
[ @3(Myz) = 0.1184 + 0.0007(red)
0.06 - X M, =125.7 + 0.3 GeV (blue)

Higgs quartic coupling A
o
o
[}

-0.04 ( 11111 L1 L1 L1 1
102 10* 10° 10® 10 102 10 10' 10'® 10%°
RGE scale p in GeV

Degrassi et al, JHEP 1208 (2012) 098
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simplifications of our analysis

e attree level, and to linear order in D-6 coefficients

* |gnore some possible D-6 corrections involving light
leptons, e.qg. 4-fermion operators

e avoid using observables that involve contact interactions
that include quark currents (see more later)

e ignore the effects of CP-violating operators

2¢ __ 4gg'c -
ALop = +T 3 atows, W + LW otieaws, B
W W
9“CeB ~ 9°Caw b
+=——®'®B,, B" + €abc W, W™ ;W PH
My My

/2



on-shell renormalization

e D-6 operators modify the SM expressions for precision
electroweak observables, thus shift the appropriate values
for the SM couplings —> g, @', v, A free parameters

* D-6 operators also renormalize the kinetic terms of the SM
fields —> rescale the boson fields

1 o 1 y

_}lAWAW (1 —=62Z4) + %(@Lh)(a"h) (1—=462y) ,

with
6Zw = (8cww)
0/ 7 = C,%U(SCWw) -+ 28121)(801/{/3) -1- 8,‘40/0,(20(8033)
0L 4 = Si((SCWw) — Z(SCWB) -+ (8633))
5Zh = —CHyg .
1 , g2 g2
A[-: — A 5ZAZ A;LUZ'U 9 5ZAZ = SuwCw ((Swa) — (1 — —w)(SCWB) — —w(8CBB))
. & & 73



systematic errors included in the global fit

0.1% from theory computations
0.1% from luminosity
0.1% from beam polarizations

0.1%®0.3%/sqrt(L/250) from b-tagging and analysis

improvement factors in S2
10% from better jet-clustering algorithm

20% trom better flavor-tagging algorithm
20% trom including more signal channels in h->WW*

x10 better for ALr using e+e- ->y Z at [LC250

74



EFT input from TGCs in e+e- -> W+W-

250 GeV 350 GeV 500 GeV

WHW- WHW - WHW -
917 0.062 *  0.033 * 0.025
KA 0.096 * 0.049 * 0.034
A 0.077 * 0.047 * 0.037
p(giz,ka) 634 * 63.4 * 63.4
p(giz, Aa) 477 * A7.7 A7.7
p(ka,Aa) 354 * 35.4 * 35.4

(arXiv: 1708.08912; numbers are in %, for nominal JLdt = 500 fb-1 shared

equally by left-/right- polarized data)

75



EFT input: EWPOs

Observable current value current o future o SM best fit value
a t(m7) 128.9220 0.0178 (same)

Gr (1071 GeV~2)  1166378.7 0.6 (same)

mw (MeV) 80385 15 5 80361

mz (MeV) 91187.6 2.1 91188.0

my (MeV) 125090 240 15 125110

Ay 0.14696 0.0013 0.147937

['y (MeV) 83.984 0.086 83.995

'z (MeV) 2495.2 2.3 2494 .3

[y (MeV) 2085 42 2 2088.8

/6



EFT input: EWPQOs (7)

O{(mz), Gp,mw, Mz, Mp, ALR(E), F(Z — €+€_)

1
be = §(4ma(m2))/? = s26g + 2 0g’ + §5ZA

0Gr = —20v+ 2cy;
1 —
dmw = 09 + ov + §5ZW (OX=AX/X)
1 1
dmy = c2dg+ s20g + v — —cp + =624 \
1 1 2 2 A=\1+ 5(:6)
dmp = —0\+ dv + =02, ooy
2 2 N Y2+ g7

> 0Q, 09, OV, O\, CT
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EFT input: EWPQOs (7)

Oé(mZ), GF7 mw,mz,MmMp, ALR(E)a

o'y =

0A, =

[(Z — 0707)

26 25
5mZ | sz gL gé{ 9dR
gL T 9dRr
49LQR(59L — 59R)
94 QR

1

F 1] 1
(—5 +s)(1+ 5522) — —(cgL + cyyr)

2
1

[ 1
(-l-sfu)(l -+ 5522) — —CHE — SuwCw0Z Az

2

> CHL+C HL, CHE

— chwézAZ
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EFT input: TGC (3)

Av

mW

w+ \/J- W w-— w&- w...
SR I, 1
2 A 2

1 Suv
Jz — ng(]. -+ §5ZZ | - 5ZAZ)

AL — igV{V“(WlLW“ —WEW ) + sy WEW, T

kKa =1+ (SCWB)

s = —6g°caw

SW W)
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EFT input: TGC (3)

1
09z,eff = 09z > (g, — s2)0g + s5,09r — 20gw)

0kaers = (co — s2)(8gr, — 0gr) + 2(6e — dgw) + (Bewn)
OAaers = —69°caw

1
gw =9 (14 ¢y + §5ZW)

80



EFT input: BR(h->yy)/BR(h->Z7*), BR(h->VZ)/BR(h->ZZ*)
(2: HL-LHC)

OL'(h — v7v) =52880Z4 — cy + 4de + 4.2 dmy, — 1.3 dmy — 20v

ST (h — Z7v) = 2906247 — cg — 2(1 — 3s%,)0g + 6¢20g' +0Z 4+ 674
+9.6 0my, — 6.50mz — 20v

ST(h — ZZ*) = 20z — 26v — 13.86mz + 15.65my, — 0.506Z7 — 1.02C% + 1.186T'»

82

574 = 2 ((SCWW) — 2(8ews) + (8cBB)) 52 a7 = SuCu ((SCWW) — (1= 22 (8ewp) — —2"(8033))

-2
Cw



EFT coefficients

10; ¢, CT,
+4:9,09,V,A
can a

- Cww, Cws, CBB, Caw, CHL, C'HL, CHE

Iready be determined,
except Ce, CH

—> Higgs observables @ e+e-
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EFT input: o(e+e- —>Zh), o(e+e- —> Zhh)
* CcH has to be determined by inclusive ozn measurement

* Ce has to be determined by double Higgs measurement

EFT input: BR(h—>XX) AL = —crg75(®1®)Ls - Orp + hoc,

V2

* hcouplingstob,c, 1,4, g L= AG G

* [(h->invisible), total decay width

note: beam polarizations provide several independent (redundant)

set of 0,0xBR input, which are powerful to test EFT validity o



two more parameters: Cw, Cz for [ (h->WW?*) and '(h->ZZ%)

- L
Wt ) W 1 %N + W+
" h

['/(SM) =1+ 2nw — 20v — 11.76mw + 13.6dmy,
—0.75Cy — 0.88C}y + 1.066Tyy |

Cw =) cxNx / Y Nx,
X X

(C’x: contact interactions)

2

EFT input: Ly = = (3 Nx) - (14209 + 6mw + 6Zw + 2Cw)

X

(similar for Z)
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