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A Set of Physics Program at the ILC 250, 380, 1000

They can be a Killer Science in 2040?
(late 2030? )

HL-LHC . . . .
IDT view on the ILC project timeline
-success oriented and asuming no major incident-
Preparatory Construction Phase
LS3 13.6 - 14 TeV energy Phase ~10 years for the construction and commissioning
HL-LHC 2027 2028 2029 2030 2031 2032 2033 2034 2035
installation
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HL-LHC Run4 (Start 2029) for ~ 10+ years
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3  Coupling Measurement of Hff HVV @ HL-LHC ¢
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K=8y/8x° = 1+Ak
Ax ~ O(v2/A?)

e.g. A New Phys. at 1TeV
Expected Deviation ~6%

HL-LHC
e 2-5% for most of the channels

» Higher accuracy wir.t.

HL-LHC may be necessary

« Higher accuracy probes

higher energy scale




(b

Model Independent EFT Fit

HL-LHC @ ILC250

HL-LHC @ ILC250 @ ILC500

HL-LHC ® ILC250 @ ILC500 ® ILC1000
dark/light: with/without BSM decays

I\ ;
o W o

e
A N

O
o

X
N
(@)
=
!
- |
@)
(&)
C
@)
N
@)
o]
N
@)
ks
I
T
@)
C
O
@
O
D
| -
o

o

Z W b =

ILC250
* 0.5-2% for Z, W, b, 7, g, c

Coupling Measurement @ HL-LHC + ILC250 e
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LCC Physics
x 1/2

K=8x/8x°™ = 1+Ak
Ax ~ O(v?/A?)

e.g. A New Phys. at 1TeV

Expected Deviation ~6%

The high precision measurement makes sense

to explore a New Phys. @ TeV Scale




Two Example Scenarios of BSM o
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MSSM (tanB = 5, M, =700 GeV) Minimal Composite Higgs Model 5 (f = 1.5 TeV)

15% 15%
Z W b T c V/ W b T c
10% — 10%- —
5% 5% —
2&FICTFICI NS
0% 0%

b&t (Z72EYENF)

Dewviations from the SM Higgs Couplings
Dewviations from the SM Higgs Couplings

o
-5%" HEICFND n -5%
10%} - 10%
. ILC Projection 250 GeV, 2 ab™', EFT fit [arXiv:1710.07621] . ILC Projection 250 GeV, 2 ab”, EFT fit [arXiv:1710.07621]
—— Model prediction —— Model prediction
-15% -15%

The precision of 5% (b) / 3% () is not enough and

better precision is highly demanded



6 by the way, Flavor Tagging Performance C
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Model Independent 'k Measurement o

P(e, e*)=(-0.8, 0.3), M =125 GeV
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8  Exotic Higgs Decays - Portal to Dark Sector? s
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m HL-LHC
“|mILC (2ab™)

mILC* (2ab™)

95% C.L. upper limit on selected Higgs Exotic Decay BR
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@ Fully Invisible Higgs Decay:
H—4v (0.1%), 95% Confidence Upper Limit on Br = 0.16%



9 Exotic Higgs Decay - Partially Visible Case #
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95% C.L. Upper limit on Higgs Exo. Br(10‘4)
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one-loop RG equation of A and y:
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Larger Higgs mass = being stable
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mtop - Threshold Scan (350) C

February 2019
T

L tt threshold - QQbar_Threshold NNNLO -

| ISR + ILC Luminosity Spectrum ]
— default - m;° 171.5 GeV, T, 1.37 GeV Threshold Scan

-------- m, variations = 0.1 GeV
- ----I', variations = 0.15 GeV AR
i theory uncertainty et -

....... Am ~ 20 MeV (statistical)

: Am ~ 50 MeV (sys.: higher-order loop, @)

] EPJ C73, 2530 (2013)
I simulated data points -

— short-distance mass (theoretically well defined)

200 fb total i enough precision to resolve EW Vac. Stability
efficiencies and signal yields | ( c.f. LHC o (tt) n-differential, NLO 173.2 £ 1.6 GeV )
A from EPJ C73, 2530 (2013)

a few other methods (tty, boosted top,

340 345 | 3é0 | angular scale, ...) are proposed at ILC
/s [GeV]

Reconstructed Top invariant mass

Need to model soft-gluon radiation/exchanges

. . (theoretically not well defined )
? ?.-'[\Bw \> Mk

¢ LHC MC template method: Am ~ 600 MeV
b (HL-LHC: Am ~ a few hundred MeV?? )

~ MC mass & Theoretical mass mapping studies on-going



Higgs Self-Coupling (500, 1000) g
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cross section o [fb]
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X-section: HH production

P(e+,e-)=(0.3,-0.8): — Higgs-strahlung (ZHH)
— WW-fusion (v v _HH)

P(e+,e-)=(0.6,-0.8): ... Higgs-strahlung (ZHH)
--- WW-fusion (v v _HH)

400 600 800 1000 1200 1400

centre of mass energy [GeV]
bbbb, bbww, bb t v, others?

Direct measurement of Higgs cubic self-coupling
[ 500 GeV ] ZHH (AA ~25%)
[ 1TeV] WW-fusion (A A ~10%)

SM predicts A3 (w/ my, vev)
— Good Test of New Phys. in Higgs Sector

[ Example: Deviation of A ]
e 2HDM (Yukawa Type-I) A: -0.5~1.5)
o EW Baryogenesis Model A: 1.5~25)

By the way, there are two di-Higgs processes ZH & W\W/-fusion and they interfere =
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The 2 X-sections behave oppositely Combination of two measurements
- ZHH Constructive interference — a 20% precision in A3, even if it
* WW-fusion Destructive interference dewviates from the SM by 50-100%

important to run at the both 500 and 1000 GeV

2.5_" LENELEN L —r—r— Higgs

=== HL-LHC (single coupl. analysis)

- i I’ '] latis

=== |LC 500 GeV ZHH (full coupl. analysis)
== |LC 1 TeV vvHH (single coupl. y
s |LC 500 GeV + 1 TeV vwHH combined

N

}"meaS/}"true

LHC = gluon fusion dominant

= Destructive Interference

— suffered for enhanced A3
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First-Order Phase Transition & A3

First-order EWPT requires BSM fields,
with significant coupling to Higgs and

Real Scalar Singlet Model

¥
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Maxim's Slide in LCWS 2022

—

mass ~ weak scale

A singlet scalar is the simplest
benchmark: = 0.010

[ e e |
o
3

V =m%5%+ %S‘) |H|?

hZZ coupling
o
=

—_—
<
F=N

Invisible to the LHC as long as m.4 > my, /2 05

Models with first-order EWPT typically
predict ~20-120% enhancement in hA3

1.0 1.5 2.0
hhh coupling: As/A3 sm

2.5

15



Top EFT Operator

102

* Dewiations: Parametrized by EFT

« 500 GeV (or above) Top EW Couplings

e 1/10 - 1/100 better than HL-LHC

pp — ttZ/tty
Precision @ HL-LHC: 5-10%

Top FCNC Operator

Forbidden at SM tree level
Suppressed by GIM mechanism

HL-LHC: 1E-3 ~ 1E-5

Higher Energy ete- is powerful
e.g. 4-f Operator ee — tq

improvement of 3 orders

or pp — tZqg/tyq
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[de Blas et.al.]




TGC extrapolation from full simulation at 500 GeV
B IDT Physics WG B ILC250

M ILC500
l ILC1000
dark/light: S1/S2
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Triple Gauge Coupling Precision [10]

gz=—CW/SW,K)f = A‘y =].

The precision of O(1E-3) for HL-LHC (p.175)

The improvement of "one order" is expected at higher v s



Am (Chargino - LSP) : small mass gap Am (stau, LSP) v.s. m_stau

>,-\ 10 =
) A
D O, LSP tachyonic ATLAS - simulation preliminary
(D s HL-LHC - only T : 95% CL exclusion
g (ATL-PHYS-PUB-2018-048)
~— 107
< ILC1000 (extr.)
1
10+
~ 95% CL exclusion
~— 5o discovery
CMS - long-lived
(arXiv:1305.0491 [hep-ex])
long-lived
107 50 100 150 200 250 300 350 400 450 500
M7, [GeV]
100 150 200 250
~+
M7, (GeV)

Low pr lepton tracking: difficult at LHC
Very big efforts, but relatively small gain...

Great Potential to cover whole the interesting

region by Higher Energy e*e- Machine



18 Dark Photon/Z

Some BSM predicts an alternative U(1) symmetry

If no SM field 1s charged, 1t could be "Dark Sector”

LBHVAIMV _ lAl A/,uu

1 174
Leange = — - B B + 4° H

4 2CW

Dominant coupling to SM is a loop effect

As long as Dark Z i1s within the kinematic

reach of an e+e- collider, the region

inaccessible by HL-LHC can be probed

Kinetic mixing &

¥
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Maxim's Shde in LCWS 2022

EWPO
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I C at 500 GeV 4
: LC at 250 GeV L =4ab ']
L =2ab ! ]
k="5x10"2]
I ! ' '
100 200 300 400 500

dark Z mass 1™ 4’ [GeV]
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19 Summary
A Set of Physics Program at the ILC 250, 380, 1000
They can be a Killer Science 1n 20407
e Higgs

« To explore a New Physics at 1 TeV, the measurement of Higgs Couplings (0.5-2%) is a strong
approach and having advantage w.r.t. HL-LHC in 2040

« Exotic Higgs Decays: LC has great advantage (3 orders)

« Higgs-Self Coupling: A3( A A ~10%) LC has great advantage

m_Top — yiop: Energy Scan at LC 1s a unique approach to determine
the pole-mass (20 MeV stat., 50 MeV sys. ) = conclude EW Vac. Stability

EW Precision Test (1) Top (2) TGC : 1 - 3 orders of advantage

New Particle Search, e.g. EW SUSY @ mass degenerated region: Great advantage w.r.t. HL-LHC

YES
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