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Electroweak Symmetry Breaking
Mystery of something in the vacuum

e Success of the SM = success of gauge principle
Wr and Zr = gauge fields of the EW gauge symmetry

e Gauge symmetry forbids explicit mass terms for W and Z
— it must be broken by something condensed in the vacuum: (0| I3,Y [0) #0 (0|Is+Y |0) =0
e This “something” supplies 3 longitudinal modes of W and Z:
W]j, W, 2, —— X+, X X3 :Goldstone modes

e Left- (fz) and right-handed (fr) matter fermions carry different EW charges.
Their explicit mass terms also forbidden by the EW gauge symmetry
They must be generated through their Yukawa interactions with some weak-charged vacuum

e In the SM, the same “something” mixes fr and fr = generating masses and inducing flavor-mixings

¢ In order to form the Yukawa interaction terms, we need a complex doublet scalar field, which has four
real components. The SM identifies three of them with the Goldstone modes.

e We need one more to form a complex doublet, which is the physical Higgs boson.

e This SM symmetry breaking sector is the simplest and the most economical, but there is no reason for it.
The symmetry breaking sector might be more complex.

e \We don’t know whether the “something” is elementary or composite.
e \We don’t know why and how it condensed in the vacuum.

e We knew it’s there in the vacuum with a vev of 246 GeV and a custodial SU(2) (p=1). But other than that
we didn’t know almost anything about the “something” until July 4, 2012.
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Since the July 4th, the world has changed!

The discovery of the ~125 GeV boson at LHC could be called a quantum jump.

e X(125) — yy means X is a neutral boson and J # 1 (Landau-Yang theorem).

Recent LHC results strongly suggest JP=0". R V

2

* X(125) = ZZ*, WW* = 3 XVV couplings: (V=W/Z: gauge bosons) Ko gy
v

® There is, however, no gauge coupling like XVV, only XXVV or XXV
= XVV probably from XXVV with one X replaced by <X> # 0, namely <X>XVV
= There must be <X><X>VV, a mass term for V. *

= X is at least part of the origin of the masses of V=W/Z.

<X>X. V
= This is a great step forward but we need to know whether <X> saturates © g2
the SM vev = 246GeV. We need to know WHY X condensed in the vacuum. X \(/
e X = ZZ" means, X can be produced via ete” = Z* = ZX. *
+

/ e x X
Rotat? qnd aEtach AR <X>X-. V
eteto”Z ‘ o
D, Glbhhb > . : 2
) % 9y
7 e 7 <X>%

e By the same token,
X = WW* means, X can be produced via W fusion: ete” = vvX.

Fbb S 7 e ww L]

e So we now know that the major Higgs production mechanisms in e*e" D P
collisions are indeed available at the ILC = No lose theorem for the ILC. T AN

e ~125GeV is the best place for the ILC, where variety of decay modes are wl BR(H) -

accessible. AN

* We need to check this ~125GeV boson in detail to see if it has indeed all the [ ~ |

required properties of the something in the vacuum. oo L2

My, _(;.l\'
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What Properties to Measure”?

The Key is the Mass-Coupling Relation

Higgs Force

VX,

A
4
'I I -
4
4

* Properties to measure are

e mass, width, JPC
e Gauge couplings
e Yukawa couplings

- A o Self-coupling
o 1 Gauge Force H """" e The key is to measure the
o) i yr mass-coupling relation
= i VX, p "'"Z
i €< g 2 W .
= 01l v wl If the 125GeV boson is
2 the one to give masses
=l 53 to all the SM particles,
= b, ST coupling should be
“oott ot Vukawa Force  proportional to mass,
: P f
""" V Xeeeee g\f( Any deviation from the
1 10 100 f straight line signals BSM!
ACFA Report MaSS (GeV)

The Higgs is a window to BSM physics!
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Our Mission = Bottom-up Model-Independent
Reconstruction of the EWSB Sector

through Precision Higgs Measurements

e Multiplet structure :

e Additional singlet? (D +9S)
¢ Additional doublet? (D + P)
e Additional triplet? (b + A)

¢ Underlying dynamics :
e \Why did the Higgs condense?

e \Weakly interacting or strongly interacting?
= elementary or composite ?

¢ Relations to other questions of HEP :
e d+S — (B-L) gauge, DM, ...
edb+@P — Typel:myfromsmall vey, ...
— Type II: SUSY, DM, ...
— Type X: my (rad.seesaw), ...
ed+A — my(Type ll seesaw), ...
e A > Asm — EW baryogenesis ?
e Al 0 — inflation ?

» There are many possibilities!

Different models predict different

deviation patterns --> Fingerprinting!

' Model u T b c t gv
Singlet mixing ‘! 4 4 3 3 &
2HDM-| N A
2HDM-II (SUSY) (o N N R A
2HDM-X (Lepton-specific) | + 1+ L 1 | |

' 2HDM-Y (Flipped) EEETS

Mixing with singlet
" 2
gwvv_ _ 9 _ o
GhsmVV  Ghsuff 2
Composite Higgs
IV~ 11— 3%(1 TeV/f)?
GhayVV
gngs . f 1-3%(1 TeV/f)? (MCHM4)
Thenef f { 1 —9%(1 TeV/f)? (MCHMS5)
SUSY
Gnth_ _ Ghtr 4 o170 (1 Te\")2
Ghsnebb Gheyrr ma
Expected deviations are small --> Precision!
For the precision we need a 500GeV LC

K.Fujii, Pheno2014, Pittsburgh, May 7, 2014
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Why 250-500 GeV?

Three well known thresholds

7H @ 250 GeV (~Mz+MH+20GeV) :
 Higgs mass, width, JFC
« Gauge quantum numbers

 Absolute measurement of HZZ coupling (recoil mass) -> couplings to H (other than top)
* BR(h->VV,qq,ll,invisible) : V=W/Z(direct), g, vy (loop)

ttbar @ 340-350GeV (~2mt) - ZH meas. Is also possible

* Threshold scan --> theoretically clean mt measurement: Am;(MS) ~ 100 MeV
--> test stability of the SM vacuum
--> indirect meas. of top Yukawa coupling
* Arg, TOp momentum measurements

» Form factor measurements vy = i@ seitcey possillit

vvH @ 350 - 500GeV :
« HWW coupling -> total width --> absolute normalization of Higgs couplings

7HH @ 500GeV (~Mz+2MH+170GeV)

* Prod. cross section attains its maximum at around 500GeV -> Higgs self-coupling
ttbarH @ 500GeV (~2mt+MH+30GeV) -

* Prod. cross section becomes maximum at around 800GeV.
» QCD threshold correction enhances the cross section -> top Yukawa measurable at
500GeV concurrently with the self-coupling

We can complete the mass-coupling plot at ~500GeV!
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ILC 250

K.Fujii, Pheno2014, Pittsburgh, May 7, 2014



Recoil Mass Measurement
The flagship measurement of ILC 250

Recoil Mass

;I I I I I I I I I I I I
0190 Zh—uwX

@) \s=250GeV

—_— L. =250fb", P(e’, e*) = (-0.8, +0.3) -
(Q\ Signal+Background (MC)
d ——— Fitted signal+Background 7
7)1 00 —— Fitted signal

"E -------- Fitted background

O

>

LL

o)
o

Watanuki

Key Point:

O PR T N N N SR T N T M  —
120 130 140
IVlrec:oil [GeV]

1

50

2
M% = (pev — (Pu+ + 1))
Invisible decay detectable!

myp = 125 GeV

250 fb~1@250 GeV
AO‘H/O'H — 26%
Amyg = 30 MeV

BR(invisible) < 1% @ 95% C.L.

scaled from mH=120 GeV

Model-independent absolute measurement of oz+ (the HZZ coupling)
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o X BR Measurements
for b, ¢, g, tau, WW~, ...

By template fitting, we can separate H —=bb, cc, gg, others!

MC Data H—Others SM BG DBD Physics Chap.

250 fb @250 GeV
Mg — 125 GeV

scaled from mH=120 GeV

@250GeV
process ZH
Int. Lumi. [fb 250
Ac/o 2.6%
decay mode AcBr/cBr
H — bb 1.2%
H — cc 8.3%
. . 0
What we measure is not BR itself but oxBR. H—ege 7
_ H— WW* 6.4%
To extract BR from oxBR, we need o from the recoil mass
H— 11 4.2%
measurement.
H— 77* 18%
BR = (0 X BR)/o
H — vy 34%

~ preliminarily

--> No/0=2.6% eventually limits the BR measurements.
--> luminosity upgrade (we will come back to this later).
K.Fujii, Pheno2014, Pittsburgh, May 7, 2014 9



From BRs to Couplings

One of the major advantages of the LC

To extract couplings from BRs, we need the total width in general:

To determine the total width, we need at least one partial width and corresponding BR:

'y =I'(H — AA)/BR(H — AA)

In principle, we can use A=Z, or W for which we can measure both the BRs and the

couplings:

e ~H BR(H - 22"

T'(H — ZZ*)

BR=0O(1%): precision limited by low stat.

for H->ZZ* events 250 fb~ 1 @250 GeV

K.Fujii, Pheno2014, Pittsburgh, May 7, 2014

I'H — WW7)
v

---------- H BR(H — WW™)

Vv

More advantageous but not easy at low E

250 fb @250 GeV

C.F.Durig, Helmholtz Alliance
ATy /Tw ~ 11% i

6th WS, Dec. 2012
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ILC 500
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Width and BR Measurements at 500 GeV

Addition of 500GeV data to 250GeV data

E independent measurements | relative error
oz 2.6%
ozm - Br(H — bb) 1.2%
oz - Br(H — cc) 839,
250 ozn - Br(H — gg) 7%
ozy - Br(H — WW™) 6.4%
ozu - Br(H — 77717) 4.2%,
oypr - Br(H — bb) 10.5%
ozH 3%
oz - Br(H — bb) 1.8%
oz - Br(H — cc) 13%
ozu - Br(H — gg) 11%
500 OrH - ir(H — MJ/FW_'*) 029,
oz - Br(H —177717) 5.4%,
oypr - Br(H — bb) 0.66%
ouor - Br(H — cc) 6.2%
ovor - Br(H — g9g) 4.1%
ovop - Br(H — WW™) 2 .49,

250 fb~ 1 @250 GeV

+500 fb~ @500 GeV

myg = 125 GeV

K.Fujii, Pheno2014, Pittsburgh, May 7, 2014

ILD DBD Full Simulation Study

comes in as a powerful tool!

Mode ABR/BR
bb 2.2 (2.9)%
cC 5.1 (8.7)%
gg 4.0 (7.5)%

WW* 3.1 (6.9)%
TT 3.7 (4.9)%

The numbers in the parentheses are
as of 250 b~ 1@250 GeV

ILD DBD Study (Junping Tian) 12



Top Yukawa Coupling

At 500 GeV we can directly access the top Yukawa coupling!

\'s =500 [GeV]
Pole, =0

m, = 175 [GeV]

No QCD Correction

|
' I 5 : 5 5
-
; i ----------- e ttH---(H---off Z)
' I 'f. : ;
|

A factor of 2 enhancement from
QCD bound-state effects

Cross section maximum at around _

» 1ab~t@500 GeV  ma =125GeV
Ecm = 800GeV
Philipp Roloff, LCWS12 AQY (t)/gY (t) — 99%
Tony Price, LCWS12 Tony Price, LCWS12 scaled from mH=120 GeV
DBD Full Simulation Notice 6(500+20GeV)/a(500GeV) ~

Moving up a little bit helps significantly!

K.Fujii, Pheno2014, Pittsburgh, May 7, 2014 13



And then Higgs Self-coupling

the force that made the Higgs condense in the vacuum

K.Fujii, Pheno2014, Pittsburgh, May 7, 2014

We need to measure the Higgs self-coupling

= We need to measure the shape
of the Higgs potential

03

0.25— ——— e*+e — VWHH (WW fusion) ]

o.zf_ M(H) = 120 GeV

Cross Section / fb

C il beengee t L

1 1 1 1 1 1 1 I 1 1 1 I 1
600 800 1000 1200 1400
Center of Mass Energy / GeV

1 bee
400

The measurement is very difficult even at ILC.
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The Problem : BG diagrams dilute self-coupling contribution

Signal Irreducible g — )\2 S+ NI+ B

- BG diagrams

diagram 7 AN _ . As F=05ifno
A o BG diagrams

2 71 T 7 T T T 1T T T

—= W/0 weight

O/GSM

—a— W/ weight (Optimal)

15 e*+e—Zhh @ 500 GeV

m, = 120 GeV
A
11 24 18029 7
L o
[ Ao
05 N = 1.667 7
- | L L | |
. 0 0.5 1 1.5 2
Signal Irreducible Mgy,
diagram BG diagrams = 4 | e |
b —se /0 Weight
\b — W/ weigght (Optimal)
31 e*+e—whh @ 1 TeV
m, = 120 GeV ]
I 21 AN Ao -
— =0.76— ]
A
T AN -
S T T T I TR T T r 3 3 o+ L4 4 4 41
0 0.5 1 1.5

2
Mgy,
Junping Tian LC-REP-2013-003
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DBD full simulation

0.0 [T T/

probability density function of %2

Higgs self-coupling @ 500 GeV

e+ e — /ZHH @ v e /Ldt — 2ab~ !

P(e-,e+)=(-0.8,4+0.3)

Energy (GeV)

background
(tt, ZZ, ZZH/
777)

significance

excess

(D)

(1)

measurement

500

ZHH — (11)(bb)(bd

4.3

1.50

1.1o

6

1.50

1.20

500

ZHH — (viv)(bb)(bb

9

Z:Ber

240

500

ZHH — (qq)(bb)(bb

2200

2.00

1.90

1.80

est

0.07F
o.osf
o.osf
0.04f
o.osf

0.02|

Hypothesis t

0.01F

--—- Expected by signal + background

—&—— Observed

ZHH excess significance: 5.00

oo~

K_Fujii

, Pheno2014, Pittsburgh, May 7, 2014

%2 as a function of cross section

O7ZHH — 0.22 £ 0.06 b

Lumi =2 ab™

I.N..%.I....I....I....

100 200 300 400 500 600 700 800 900 1000

(cf. 80% for qgbbbb at the Lol time)

Ops® Lumi

ILD DBD Study (Junping Tian) 16
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ILC 1000
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DBD full simulation

Higgs self-coupling @ 1 TeV

€+ - Che VDHH M(H) = 120GeV /Ldt: 2ab 1

P(e-,e+)=(-0.8,+0.2)

better sensitivity factor
benefit more from beam
polarization
hh (WW-F) | 272 :
- @ BG tt x-section smaller
more boosted b-jets

Expected | After Cut

vvhh (ZHH)

BG (tt/vvZH) @

significance

Double Higgs excess significance: > 70 Higgs self-coupling significance: > 50

ILD DBD Study (Junping Tian)
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HHH Prospects

Scaled to M(H)=125GeV

Scenario A: HH-->bbbb, full simulation done

Scenario B: by adding HH-->bbWW?, full simulation ongoing,
expect ~20% relative improvement

Scenario C: color-singlet clustering, future improvement,
expected ~20% relative improvement (conservative)

HHH 500 GeV 500 GeV + 1 TeV

Scenario A B C A B

Baseline 104% 83% 66% 26%

LumiUP 58% 46% 37% 16%

250 GeV: 250 fb! 250 GeV: 1150 fb!
500 GeV: 500 fb! =i 500 GeV: 1600 fb-!

1 TeV: 1000 fb! 1 TeV: 2500 fb! ILD DBD Study

Baseline LumiUP (Junping Tian, Masakazu Kurata)

K.Fuiii, Pheno2014, Pittsburgh, May 7, 2014




Top Yukawa Coupling at 1TeV

Now it is fully open!

e t
.-H H->bb
510fb: Pol(g )—0 s ,E

Similar significance in both modes
8-jet mode: 7.90 (TMVA)

L+6-jet mode: 8.40 (TMVA)

Tony Price & Tomohiko Tanabe: ILD DBD Study

1ab™'@500 GeV ~ ™mu = 125GeV
Agy (t)/gy (t) = 9.9%

Tony Price, LCWS12 scaled from mH=120 GeV
' . 1 _
Cross section maximum at around 1ab~l@1 TeV m = 125 GeV
Ecm = 800GeV
Tony Price & Tomohiko Tanabe: ILD DBD Study AgY (t) /gY (t) — 3 * 1 %
Philipp Roloff & Jan Strube: SiD DBD Dtudy ILD / SiD DBD Studies

DBD Full Simulation

K.Fujii, Pheno2014, Pittsburgh, May 7, 2014 20



Independent Higgs Measurements at ILC

250 GeV: 250 fb-1
500 GeV: 500 fb-1

1

K_.Fuijii,

Baseline ILC program

TeV: 1000 fb-! (Myu = 125 GeV)
Ecm 250 GeV 500 GeV 1 TeV
luminosity [fb 250 500 1000

polarization (e (-0.8, +0.3) (-0.8, +0.3) (-0.8, +0.2)

process ZH vvH(fusion) ZH vvH(fusion) | vvH(fusion)

Cross section 2.6% - 3% -

o-Br o-Br o-Br o-Br o-Br
H—bb 1.2% 10.5% 1.8% 0.66% 0.32%
H—cc 8.3% 13% 6.2% 3.1%
H—gg 7% 11% 4.1% 2.3%
H—-WW~* 6.4% 9.2% 2.4% 1.6%
H—1t 4.2% 5.4% 9% 3.1%
H—-Z7* 18% 25% 8.2% 4.1%
H—>vy 34% 34% 19% 7.4%
H—puu 100% - - - 31%

Pheno2014, Pittsburgh, May 7, 2014
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ILC 250+500+1000



Model-independent Global Fit for Couplings

33 oxBR measurements (Yi) and oz (Y34,35)

39 2
=y (e
X p—
. AY;
1=1
v/ _ I 9ha, A, 9HB, B, (Ai=Z,W,1)
i — L1
5 Fo (Bi =b,¢,7,11,9,7,Z, W : decay)
: 1 =1,---.,3
----------- Gy = —2
B ( OzH ) ( OvH ) (O'ttH>
i — | 72 '\ 72 , OF 2
9pzz Iaww 9+t
* |t is the recoil mass measurement that is the key to unlock Systematic Errors
the door to this completely model-independent analysis! Bacel
aseline LumUp
» Cross section calculations (S;) do not involve QCD ISR. luminosity 0.1% 0.05%
* Partial width calculations (Gi) do not need quark mass as polarization 0.1% 0.05%

b-tag efficiency 0.3% 0.15%

input.
arXiv: 1310.0763
We are confident that the total theory errors for Si and G will be

at the 0.1% level at the time of ILC running.
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Model-independent Global Fit for Couplings

Baseline ILC program

250 GeV: 250 fb-!
500 GeV: 500 fb!
1 TeV: 1000 fb

P(e-,e+)=(-0.8,+0.3) @ 250, 500 GeV

(Mu = 125 GeV)

P(e-,e+)=(-0.8,+0.2) @ 1 TeV

coupling 250 GeV 250 GeV + 500 GeV | 250 GeV + 500 GeV + 1 TeV
HZ7 1.3% 1% 1%
HWW 4.8% 1.1% 1.1%
Hbb 5.3% 1.6% 1.3%
Hcc 6.8% 2.8% 1.8%
Heo 6.4% 2.3% 1.6%
Hrtt 5.7% 2.3% 1.6%
Hvyvy 18% 8.4% 4%
Huu 91% 91% 16%
I 12% 4.9% 4.5%
Htt - 14% 3.1%
HHH 3 83% (%) 21%(*)

*) With H->WW* (preliminary), if we include expected improvements in jet clustering it would become 17%!
K.Fujii, Pheno2014, Pittsburgh, May 7, 2014




Mass Coupling Relation

After Baseline ILC Program

(7p)
8 1 L
T | Baseline ILC Program
2 [ 250fb" @ 250GeV H
S | 500fb” @ 500GeV
A
©10°E" 1000fb™" @ 1000GeV
10° T
- c
B Notice the rare mode like H—=p*y-and
3 significant improvement in top Yukawa
107 E U and self-coupling measurements.
:III| IIIIIII| IIIIIII| IIIIIII|
10 1 10 10°

Mass [GeV]

K.Fujii, Pheno2014, Pittsburgh, May 7, 2014
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Model-independent Global Fit for Couplings

250 GeV: 250 tb!

250 GeV: 1150 fb-!

500 GeV: 500 fb! ==l 500 GeV: 1600 fb-!

Luminosity Upgraded ILC
(MH =125 GeV)

1 TeV: 1000 b TeV: 2500 fb™! P(e-,e+)=(-0.8,+0.3) @ 250, 500 GeV  P(e-,e+)=(-0.8,+0.2) @ 1 TeV
Coupling 250 GeV 250 GeV + 500 250 GeV + 500 GeV + 1 TeV
HZZ 0.6% 0.5% 0.5%
HWW 2.3% 0.6% 0.6%
Hbb 2.5% 0.8% 0.7%
Hcc 3.2% 1.5% 1%
Hogo 3% 1.2% 0.93%
Hrtt 2.7% 1.2% 0.9%
Hvyvy 8.2% 4.5% 2.4%
Huu 42% 42% 10%
I 5.4% 2.5% 2.3%
Hitt - 7.8% 1.9%
HHH - 16%(*) | 13%(%) |

*) With H->WW?* (preliminary), if we include expected improvements in jet clustering, it would becomé 10%!

K.Fujii, Pheno2014, Pittsburgh, May 7, 2014



Finger Printing 2xom

Down-type Iepton VS down -type quark Down-type lepton vs up-type quark
20# v | 11 T ! A | "
(().\..f—n < () | ' Fr A\ (()\(i—n)<()
| I\ | = ] | 11 10C500
1)
"o ' | 10| | Efk*l,i::r i
- Type-Y' / j | LHC3000 /M S—
1.6+ 2. 7 ) . i; JLC250 ]
| | 5 1 1 "\ 0! 3
| | ' Type-II | 0.9 ) '4'0‘39 4 10.99
: / A
T4 | ' (SUSY?) 1 . | s/% 4 ¢ 5
y t 1 ' 3. 1 u » \ ,' 3
Kq ' \\ LHC30 /70.90 , ol v
L T Koss " 21 G0 .
¢ 0.95 ,/ ‘ 1 \\ 1 1 4 1 0.95 Type'll, 'X
‘ 0.99,* <0.99 \ ‘ ‘ 0.95
: / LHC300 ‘ |
1.0} /S — : 0.7
Ty pe-{g,' / ’//“‘.-\‘. 0.99} f 3 >
08¢ 2/ Lcogo- i N 3] Y K3 =0.90, tan B =1
{ ! ,"\’:ﬁ',' / 95 2 : 0.6] ' B
/1 14 ILG250 F Tvoe-X Type-1,-Y
. LN ,’, 95 - 7
0.6 . L M- "2 —p90tanid—1 (rad. seesaw?) K, VS Ky
..... LHC3000” N e e T
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 '?).5 1.0 1.5 20 2.5
i & Ky (Htl)
Baseline ILC

Figure 1.17. The deviation in k5 = 5,{ in the 2HDM with Type |, I, X and Y Yukawa interactions are plotted as a
function of tan 8 = v2/v; and K, = sin(8 — a) with cos(8 — a) < 0. For the illustration purpose only, we slightly
shift lines along with k; = Kky. The points and the dashed curves denote changes of tan 3 by one steps. The scaling
factor for the Higgs-gauge-gauge coupling constants is taken to be li%/ = 0.99,0.95 and 0.90. For s\, = 1, all the
scaling factors with SM particles become unity. The current LHC constraints, expected LHC and ILC sensitivities on

(left) k4 and k¢ and (right) K« and k¢ are added. Snowmass ILC Higgs White Paper (arXiv: 1310.0763)

K.Fujii, Pheno2014, Pittsburgh, May 7, 2014 27



Self-Coupling
How did EW phase transition happen?

Contour plot of AA,r/Annn @nd @ /T, in the mg-M plane
450 T T r T T T l

400 - 100 % et i

- - -
----------
——————————
---------------

AAnhn/Anbh = 5%

100 - sin(o-B) =-1,tanB =1 -
50 - mh = 120 GeV i
Me=MH=MA=MH?*
O | | | | | | |
0 20 40 60 80 100 120 140

M (GeV)

Figure 1.21. The region of strong first order phase transition (¢./7. > 1) required for successful electroweak
baryogenesis and the contour plot of the deviation in the triple Higgs boson coupling from the SM prediction [11],
where mg represents degenerated mass of H, A and H* and M is the soft-breaking mass of the discrete symmetry

in the nggs pOtentlaI' Snowmass ILC Higgs White Paper (arXiv: 1310.0763)
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EWSB Summary

K.Fujii, Pheno2014, Pittsburgh, May 7, 2014
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e The primary goal for the next decades is to uncover the secret of the EW symmetry breaking.
This will open up a window to BSM and set the energy scale for the E-frontier machine that
will follow LHC and ILC.

e Probably LHC will hit systematic limits at O(2-5%) for most of cxBR measurements, being not
enough to see the BSM effects if we are in the decoupling regime.
Moreover, we need some model assumption to extract couplings from the LHC data.

e The recoil mass measurement at ILC unlocks the door to a fully model-independent analysis.
To achieve the primary goal we hence need a 500 GeV LC for self-contained precision Higgs
studies to complete the mass-coupling plot

e starting from ete = ZH at Ecm = 250GeV,
e then ttbar at around 350GeV,
e and then ZHH and ttbarH at 500GeV.

e The ILC to cover up to 500 GeV is an ideal machine to carry out this mission (regardless of
BSM scenarios) and we can do this completely model-independently with staging starting
from 250GeV. We may need more data depending on the size of the deviation. The |LC has a
luminosity upgrade potential.

e [f we are lucky, some extra Higgs boson or some other new particle might be within reach
already at ILC 500. Let’s hope that the upgraded LHC will make another great discovery in the
next run.

e If not, we will most probably need the energy scale information from the precision Higgs
studies. Guided by the energy scale information, we will go hunt direct BSM signals with a
new machine, if necessary.

K.Fujii, Pheno2014, Pittsburgh, May 7, 2014 30



Last but Not Least

e So far, | have been focusing on the case where X(125GeV) alone would be the probe
for BSM physics, but there is a good chance for the higher energy run of LHC to
bring us more.

e |t is also very important to stress that ILC, too, is an energy frontier machine. It will
access the energy region never explored with any lepton collider. There can be a zoo

of new uncolored particles or new phenomena that are difficult to find at LHC but can
be discovered and studied in detail at ILC.

e For instance

e Natural SUSY : naturalness prefers py not far above 100GeV

m?%  my, —mj tan®f

2
p— - : — Il
2 tan? 3 — 1 J

— light chargino/neutralinos will be higgsino-dominant and nearly degenerate

— typically Am of 10 GeV or less — very difficult for LHC!
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Higgsinos in Natural SUSY (AM<a few GeV)

ISR Tagging ILC as a Higgsino Factory

Events/10 GeV

Events/10 GeV

| ~—_ Ref: C.-H. Chen etal hevpjg?'h:?512230 Hale Sert
€€ —=X1X1"7 t | | mh=124 GeV
10 ; - ECFA LCWS 2013, DESY
~0 ~0 Ty -~ |AM = 1.59 GeV
— s Vo tay, ! A b 1 .
ete™ = X1 R N O o Gev EPJC (2013) 73:2660
3 08| \| AM = 0.77 GeV
v \ ‘h‘adroT\:w_ ' ]
800 [ (1%, . v R H 20 \ ISR Tagging
i ~0 -0 - . { . . .
- Oz 7, M = 168.0+ 14 Gev | |- S o4 , Only very soft particles in the final
soor@sm T 1 £ | |4 °  states = Require a hard ISR to kill
- — simul. data 2 M ev. | TN I
- X 0.0 L=l 10N
: ! 4 oo s BOOfb-1 @ Ecm=500GeV
200 Amyg, (GeV) Pol (e+,e-) = (+0.3,-0.8) and (-0.3,+0.8)
' ' 1
%00 250 300 350 400 450 500 Ma(i:n sp329um
\'s’GeV Partice | Mass (GeV) §(c x BR) ~ 3%
, Xy 164.17
Xy OSM .-~ (M-o) ~2.1(3.7) GeV
s00 - 07, 7,7 dM1600 i E 16667 - (M) (3.7)
- 07,7, Hs [ ~10° SAM (XE, X0) ~ 70 MeV
4oo:—.S’M‘ M} = 168.2+ 1.6 GeV %s | ~2-3x10° X15X1) =
- b ~t ~0
300 [ — simul. data AM(xy, %1) = 1.59 GeV
200 ;_ ZXMX MagrgZeZgum
- Particle Mass (GeV) 6(0’ X BR) ~ 1,5%
100 [ i h 127
; 5 OM .+ (Myo) = 1.5(1.6) GeV
%00 250 300 350 400 450 500 % 167.63 ' I
\'s/GeV A S OAM (X7, X1) ~ 20 MeV

~4 ~0
K.Fujii, Pheno2014, Pittsburgh, May 7, 2014 AM(X;,X1) = 0.77 GeV 30



Extracting M1 and M2

_I_ ~ ~

eTe” — X1 X1 Hale Sert e € —X1Xq
ECFA LCWS 2013, DESY
4+ — ~0~0 Berggren et al. EPJC (2013) RNS: Baer et al.
€ € — XoX17Y 23-9660 arXiv: 1404.7510
> 10— ——————————— AM=15GeV
= . - dM1600 5 e
=~ - 0 ..0 -1 — 107, . il .
EN - A M(Xzs X1): 2 ab : i L o 23can<is . / l
s & — tanf < 50 = _- ‘°"§' . ,';.
E ......... tanB =10 E : ‘063 !}!’
4 i — ;‘045 -j/.p .
[ N é:oaz- L3 .
2 E B e ks
E . i
0 2 2 2 2 1 2 2 2 2 1 " 2 2 2 1 101; I ‘.
-10 5 0 5 10 ¥
M, / TeV iy * « 100fb-1@250GeV
T T T A TR R
my, (GeV)
—1 .
©2ab | input lower upper In the radiatively driven natural SUSY (RNS)
%1 qex] L7~ 12~0 ('30-4) ~ g.o scenario as in arXiv: 1404.7510, AM~10GeV,
2 é ei/] 12'547 ~ 1.656(2.5) ’;70 f we can determine M1 and M2 to a few % or
p [GeV] : : ' better, allowing us to test GUT relation!
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SM up to Apianck?

What if the Higgs properties would turn out to be just like
those of the SM Higgs boson to the ILC precision and no
BSM signal found?

We need to question then the range of validity of the SM.
How far can the SM go?
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Stability of SM Vacuum

0.10

//_,7’7 W|th th 1 2 V 30 bands in :
200 | Instability __,,/’/ _ c 5Ge 0.08 M, = 173.1 + 0.6 GeV (gray) 1
as(M,) = 0.1184 + 0.0007(red) ]
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) —— p—————— ]
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B ” - ‘ - } . i 5 — Simulated data: 10 fb Vpoint P
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E 1?23’ § 0.4 ’ K 0113:. ,.vo:m:q
S b - .- -\ -
e [ N ILC 30 o2t 1T o
o 170 - . - et . .
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165 L i i i 1 L " i i | A A " i 1 i A A " J
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arXiv:1205.6497, Degrassi et al. - . : :
Higgs mass Mj, in GeV ILC pins down the location !
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Conclusions

Whatever new physics is awaiting for us, clean environment,
polarized beams, and excellent detectors to reconstruct W/Z/t/H in
their hadronic decays will enable us to uncover the nature of the
new physics through model-independent precision measurements
and open up the way to high scale physics!

ILC Situation
e |[LC TDR completed = Technology is ready

e A preferred candidate site in Japan chosen and site specific design started.

e |[LC is now a project officially recognized by the Japanese government, a TF has
been formed in MEXT (funding agency), and an official review process in MEXT is
about to start.

¢ However, ILC is NOT a Japanese project, BUT an INTERNATIONAL project!
e The Japanese government has just started contacting potential partners in the world.

¢ [nternational support at all levels, including the grass root level, is absolutely
necessary to make ILC happen! We need to convince the government that the
world HEP community is eager to realize ILC in the earliest possible timescale!
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Main Production Processes
Single Higgs Production

Production cross section
P(e, e*)=(-0.8, 0.3), M -1 25 GeV

400_""!""l""l""l""l"".
! — SM all ffh

— —Zh
@) . .
=300} — WW fusion -
- ZZ fusion ]
ke’ 7
O
0200
7))
7))
o
=100
O

A PN WPV TPIPEPI I S \
800 250 300 350 400 450 500

A s (GeV) A

ZH dominates at 250 GeV vvH takes over at 500 GeV
(~80k ev: 250 fb-7) (~125k ev: 500 fb-1)

Possible to rediscover the Higgs in one day!
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easuren%m and CP Mixin

nts that compliment thos® at LHC

g‘ — /,' § 0.2 ~————r———r——r—r—rr 1""1"': 1.7 5b§
o - 01s | 500 fb1 at 350 GeV {3
: -1 - K A5 116 ¢
;5] 20107 x3 points . . Optimal CP odd
! ' 0.1 observable (0O) 1.5
_ 0.05 14
10 - | ;
. 0 113
: 0.05} 112
5—— 0.1 F 1 1.1
0.15 | T1
I lollal?.llM 4
0 AL B L S (L B B B B NN AL AL R B B B B B 02 Lt sallass s (B 11109
210 220 230 240 250 0.2 0.1 0 0.1 0.2
Vs [GeV] !

DBD Physics Chapter

Search for small CP-odd admixture to a few %
CP-odd ZHH coupling is loop-induced, may not be the best way, though.
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Model-dependent Global Fit for Couplings

7-parameter fit

Model Assumptions

_ E : SM .2
/{C — K:t and Ftot — FZ /{Z
1€ SM decays
¥ Ki = gi/gi(SM)
Results
Facility LHC HL-LHC |} ILC500 | ILC500-up ILC1000 ILC1000-up
Vs (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000
[ Ldt (fb=1)  300/expt [3000/expt || 250+500 | 115041600 250450041000 1150+1600+2500
Ky 5—T% 2 — 5% 8.3% 4.4% 3.8% 2.3%
Kgq 6 — 8% 3 — 5% 2.0% 1.1% 1.1% 0.67%
Kw 4 — 6% 2 — 5% 0.39% 0.21% 0.21% 0.2%
Kz 4 — 6% 2 — 4% 0.49% 0.24% 0.50% 0.3%
Ke 6 — 8% 2 — 5% 1.9% 0.98% 1.3% 0.72%
Kd = Kb 10 — 13% 4—T% 0.93% 0.60% 0.51% 0.4%
Ky = Kt 14 - 15% | 7— 10% 2.5% 1.3% 1.3% 0.9%
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M. Peskin, LCWS 2013
arXiv: 1312.4974

g s W cMs 122 g s
5% m 1 L
| e 8% - I ILC %" B wc
ILC + LHC
4% - — 8%
3%+ 6% inv
2%} W Z 4%
1% I 2%
. J_- ll_
CMS 250 500 500up CMS 250 500 500up CMS 250 500 500up CMS 250 500 500up CMS 250 500 500up CMS 250 500 500up

ILC greatly improves the LHC precisions and provides the necessary precision for the
fingerprinting

For rare decays such as H — yy, there is powerful synergy of LHC and ILC!
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Hunting Ground for Extra Higgs Bosons

Type-II THDM Type-X THDM
Yyt pvrp eyttt prprp frypryryrvypvyprprprprprprpepepd
3 F 2
800~ # — 800 3 Ky =0.995 -
58 Unitarity bound ) - ; Unitarity bound .
.-;{\2: “ ()() K\ e 0.995 . 2 .1
R 600 — J_/_ (i LHC 3000 fb
> - 1 p— pa—
) g$ 1().‘)‘) <
&) 3 09 | 095 0.98 i % ol 098 %E
._;: HC 3000 fb a% LHC300fb'l 2g
£ 400 Ay z
LHC 300 b
200 - -
(T YR N BV BT (5T B e e e e e e 11T A B ] ey 2 r——
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

| | | 1 1 1 1 |
10 12 14 16 18 20 22 24 26 28 30
tanf3

o0 P

1
2
tanf3

Figure 1.20. Regions below the curves are allowed by the constraints from unitarity and vacuum stability on the

tan 3-m 4 plane for each fixed value of n%/ for M = my = myg = my+ in the Type Il and Type X 2HDMs. Ex-
pected excluded parameter spaces are also shown by blue (orange) shaded regions from the gluon fusion production

and associate production of A and H with bottom quarks and tau leptons at the LHC with the collision energy to
be 14 TeV with the integrated luminosity to be 300 fb~! (3000 fb—1).

Snowmass ILC Higgs White Paper (arXiv: 1310.0763)
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Self-coupling
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Self-coupling Measurement

Weighting Method to Enhance the Sensitivity to A

d
/) i d—g = B(z) + M (z) + \*S(x)
: -/ ! AN

E iIrreducible interference self-coupling

T0.0018
=
= 0.0016
B
50.0014
0.0012
0.001
0.0008
0.0006
0.0004

0.0002

. o do
o a0 0 0 458"“)/(5;\”00 O-w — / @w(x>dx

. Observable: weighted cross-section

optimal weighing function Equation for the optimal w(x) (variational principle):

Weight

QZ: Wo (Qj) E o(x)wo(x) /([(x) + 25(z))wo(z)dz = (I(z) + 25(z)) /U(x)wg(x)dx

1.5 —

E ©  General solution:

wo(z) = ¢ I(z) + 25(z)
S| (@)

g0 L L L L L
2100 250 300 350

c: arbitrary normalization factor
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Expected Coupling Precision as a Function of Ecm

2ab1at1 TeV
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May 7, 2014

ILD DBD Study (Junping Tian)
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ILC Stages and Upgrades

1500 GeV E_cm
5 HZ . 2450 bunches 10 HZ
collisions collisions
1000 GeV E_cm
2450 bunches

500 GeVE cm
: : - 500 GeVE cm
Design Baseline ) | 1312 bunches/ =
2625 bunches
250 GeVE_cm 250 GeVE_cm
1312 bunches 2625 bunches
Number of bunches/second

X4 upgrade
@250GeV

The current ILC design is rather conservative!

Snowmass ILC Higgs White Paper (arXiv: 1310.0763)

Blue: upgrade described in TDR

K.Fujii, Pheno2014, Pittsburgh, May 7, 2014



HL-ILC

1st Stage Baseline ILC, after High Rep Rate
Higgs Factory Lumi Upgrade Operation

Center-of-mass energy Ecowum GeV 250 250 250

Collision rate Jrep Hz 5 5 10

Electron linac rate finac Hz 10 10 10

Number of bunches e 1312 2625 2625

Pulse current I Fereem mA 5.8 8.75 8.75

Average total beam power Fieam MW 5.9 10.5 21

Estimated AC power Pac MW 129 160 200

Luminosity it x103% cm—2s1 0.75 1.5 3.0
Nickname Ecm(1) Lumi(l) + Ecm(2) Lumi(2) + Ecm(3) Lumi(3) Runtime Wall Plug E

(Gev)  (fb™1) (Gev)  (fb~1) (Gev)  (fb™1) (yr) (MW-yr)

ILC(250) 250 250 1.1 130
ILC(500) 250 250 500 500 2.0 270
ILC(1000) 250 250 500 500 1000 1000 2.9 540
ILC(LumUp) 250 1150 500 1600 1000 2500 5.8 1220

K.Fujii, Pheno2014, Pittsburgh, May 7, 2014
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250 GeV: 250 tb!

Independent Higgs Measurements

250 GeV: 1150 fb-!

500 GeV: 500 fb! ==l 500 GeV: 1600 fb-!

1

K.Fuijii,

Luminosity Upgraded ILC

(MH =125 GeV)

TeV: 1000 fb! 1  TeV: 2500 fb-!

Ecm 250 GeV 500 GeV 1 TeV
luminosity - fb 250 500 1000
polarization (e-,e+) (-0.8, +0.3) (-0.8, +0.3) (-0.8, +0.2)

process ZH vvH(fusion) ZH vvH(fusion) | vvH(fusion)
cross section 1.2% : 1.7% -
o-Br o-Br o-Br o-Br o-Br
H-->bb 0.56% 4.9% 1% 0.37% 0.3%
H-->cc 3.9% 7.2% 3.5% 2%
H-->gg 3.3% 6% 2.3% 1.4%
H-->WW* 3% 5.1% 1.3% 1%
H-->11 2% 3% 5% 2%
H-->77* 8.4% 14% 4.6% 2.6%
H-->vvy 16% 19% 13% 5.4%
H-->upu 46.6% - - - 20%

Pheno2014, Pittsburgh, May 7, 2014
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Indirect BSM
Searches




Top Quark

Anomalous Couplings in Open Top Production at 500 GeV

a Dg(t)/s(t)

+
e i : [SMm Ag( ;)/g(ta)
Djouadi 0,0 « Hosotani
-34%,-1% +18%,-7%
. ¢ ¢ Carena
€ t Gherghetta 0,-20%

-20%,-20%

LAL 11-222

Figure 34: Predictions of various groups [40,42-44] on deviations from Standard Model
couplings of the t quark within Randall-Sundrum Models. The cartoon is taken from [47].

coupling LHC, 300 fb~" eTe (23] coupling LHC, 300 fb~" ete” (23]
AFYy 00 T804 2007 | AR 02 03, 200
AFY, 0048 T0011. 1007 | AFE 002 0013, 100 B
s HE Mowmn| o 4T Qe
AR, B4 10014, 0007t | AFZ, 03 10083, 100

Table 12: Sensitivities achievable at 68. 3% CL for the anomalous ttV (V ==, Z ) couplings
FY 1v.a and FQ(,A of Eq. (59) at the LHC for integrated luminosities of 300 fb~', and the
ILC with /s = 500 GeV (taken from Ref. [23]). Only one coupling at a time is allowed to

deviate from its SM value. Table and caption

K.Fujii, Pheno2014, rittsburgn, iviay 7, 2014
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Two-Fermion Processes

arXiv:0912.2806 [hep-ph]

Z’ Search / Study

hep-ph/0511335

-0-1
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Figure 23: Sensitivity of the ILC to various candidate Z' bosons, quoted at 95% conf.,

with /s

0.5 (1.0) TeV and Ly

500 (1000) b1,

The sensitivity of the LHC-14 via

Drell-Yan process pp — £*£~ + X with 100 fb~! of data are shown for comparison. For

details, see [14].

0 0.5
1abM1 @ 500 GeV Cr

ILC’s Model ID capability is expected to exceed that of LHC even if we cannot
hit the Z’ pole.

Beam polarization is essential to sort out various possibilities.
K.Fujii, Pheno2014, Pittsburgh, May 7, 2014
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Two-Fermion Processes

Compositeness
S. Riemann, LC-TH-2001-007
1 ab”, P=0.8, P ,=0.6, ee—hadrons | A, ”
AP/P=0.5% AP/P=1.0% lab’, P=0.38, ee U
ee—qq: = =
ee—uu: Asys=0.1% B2 Asys=05% AP/P=0.5%
ee—dd: =2 = P_+=0.0: Asys=02% 0 Asys=0.5%
LHC: L=100 fb’ L=10 fb’ P_+=0.6: AL=02% B4 AL=05% N
' Ae=4% Ae=15%

120 80 40 0 40 80 120 0O 20 40 60 80 100 120
A A, [TeV] A [TeV]

Figure 26: Sensitivities (95% c.l.) of a 500 GeV ILC to contact interaction scales A for
different helicities in ete~™ — hadrons (left) and e*e™ — pu*p~ (right), including beam

olarization |[18&].
P 18] Beam polarization is essential to sort out various possibilities.
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ILC Situation
In Japan



[ LINEAR COLLIDER COLLABORATION Japan — Preferred Site selection

“Issues that could lead to particularly serious
difficulties for the Sefuri site are that the
route passes under or near a dam lake, and
that the route passes under a city zone.
Also, the lengths of access tunnels are longer
for the Sefuri site than for the Kitakami site
leading to a large merit for the latter in
terms of cost, schedule, and drainage”

Site-A KITAKAMI
. .' -

AP
TOHOKU district

LCWS13
Mike Harrison KYUSHU district




[+@ LINEAR COLLIDER COLLABORATION Preferred Site selected
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