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ILC Proposal I

Parameters

C.M. Energy 250-500 GeV
. Length 31 km

Luminosity 1.8 x1034 cm2s1

Repetition 5Hz

Beam Pulse Period 0.73 ms

Beam Current 5.8 mA (in pulse)

Beam size (y) at FF 5.9 nm

SRF Cavity G. 31.5 MV/m

Q, Q, = 1x10 10

e- Polarization 80%

e+ Polarization 30%

extraction
o Nano-beam Technology & dump
R final focus f
| I i

q
“f,'
: :

bunch main linac o
compressor collimation

SRF Technology

- 20 years of R&D, key technologies demonstrated
- Technical Design Report (TDR) completed in 201 3
- 5 volumes, incl. Physics, Accelerator, Detectors (arXiv)
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(& ILC ML Parameters, demonstrated in TDR

SRF:
Average accelerating gradient

Cavity Q,
(Cavity qualification gradient

Beam current

Number of bunches per pulse
Charge per bunch

Bunch spacing

Beam pulse length
RF pulse length (incl. fill time)

Efficiency (RF>beam)

Pulse repetition rate

Nano-bam:

ILC-FF beam size (y)

KEK-ATF-FF equiv. beam size (y)

31.5 (+20%)
1010

35 (+20%)
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ns

ms

ms

Hz
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Characteristics m Demonstrated

DESY, FNAL, JLab,
Cornell, KEK,

DESY-FLASH), KEK-STF
DESY

DESY, KEK

DESY, KEK, FNAL

DESY, KEK

KEK-ATF

[slide: Akira Yamamoto]
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ILC Site Candldate Locatlon |n Japan Kltakaml
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Preferred S|te seIected byJHEP communlty, 73y
Endorsed by LCC in 2013
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[slide: Akira Yamamoto]
-Site-specific design in progress

-Project currently being evaluated
by Japan’s Ministry for Science and Education (MEXT)
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LC Operating Scenarios

ILC P ters Joint Working G
arameters Joint Working Group arXiv:1506.07830

T. Barklow, J. Brau, K. Fujii, J. Gao, J. List, N. Walker, K. Yokoya

Integrated Luminosities [fb]
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ete- vs. Hadron Collider
Energy Range accessible to the ILC is “covered” by the LHC, but:

: pp/pp cross sections -
2107 s <
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ILC: Cross Section
Democracy

QATLAS

LHC: messy events due to soft QCD, pile-up

pre—p——

ILC: clean, low-occupancy environment

e+e- machine enables precision studies of Higgs & Top

and “hermetic” searches for new physics
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Higgs Studies at the [LC

P(€, €)=(-0.8, 0.3), M =125 GeV

400 e
I — SM all ffh
— —Zh
3000 — WW fusion
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O
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N
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: ttZ (w/ NRQCD)
10 i ttH (Ww/ NRQCD)
: ttg (g — bb)
10" 4—ttH (w/o NRQCD) )
102 ttH (H off 2)
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\s [GeV]

H20 run scenario corresponds to
~0.6M H @ 250 and IM @ 500 GeV

Measure many SM Higgs couplings at
~|% level or better, in a model-
independent way

Highlights of the program:

Precise Higgstrahlung (Zh)
measurement @ 250 GeV

WW fusion measurements @ 350
and 500 GeV

Direct measurement of tth
coupling @ 500 (550?) GeV 6
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Precision Higgsstrahlung
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Model independent analysis
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[Figure: Li et.al. (ILD Collaboration)]

|dentify Zh events by reconstructing

recoil mass 2

M2 = (pcy — (per +pi-))

No observation of the Higgs is
needed=> unbiased, model-
independent measurement of cross
section

Directly infer coupling 9z

'(h —» ZZ*
In contrast, LHC rates « ( )

Ctot

Total Higgs width too small to be
measured directly, rate-to-coupling
conversion is based on some
assumptions about liot
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VWV Fusion and Higgs Width

® SM Higgs width ~6 MeV too small for a direct measurement

® Indirect, but model-independent, determination of It at ILC:
® Measure @ 250 GeV: Br(bb) = o(hZ, h — bb)/0iot(hZ)
® Measure @ 500 GeV: g(WW — h — bb) = o(WW — h)Br(bb)
® Combine to infer g(ww — h) = gw = M(WW*)
® Measure @ 250 GeV: Br(WW) = o(hZ, h - WW*)/0tot(hZ)
® Extract ot =M(WW?*)/Br(WW?*) (<2% precision!)

® Infer couplings from Br measurements: "(X) = ot Br(X) s> gx
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Higgs Couplings Summary

Projected Higgs coupling precision (7-parameter fit) o, Projected precision of Higgs coupling and width (model-independent fit)
10%F HL-LHC 14 TeV, 3000 fo' (CMS-1, Ref. arXiv:1307.7135) ~ '==========" — 10% Il -c 500 ev, s0015'0 350 Gev, 200 0 250 Gev, S0 R P
| I HL-LHC 14 TeV, 3000 fb™! (CMS-2, Ref. arXiv:1307.7135) - - e ©350 e, ©250GeV. 5 ® S 1
9%} I 1L.C 500 GeV, 500 fb'@ 350 GeV, 200 f5' ® 250 GeV, 500 fb" oooee voon. ] O% [ 1Lc500 GeV, 4000 6" @ 350 GeV, 200 15" ® 250 GeV, 2000 " -~ -l - - -- Q- oo -----e- — "
ILC 500 GeV, 4000 fb”' @ 350 GeV, 200 fo™' ® 250 GeV, 2000 fb | i
89 [ I 1Lc @ HL-LHC 3000 fbfacombination : ) 8% _. ILCORLLAC 3°°°fb1°°mb'"at'°” ______________________ N — K t .—’ 3 A)
- 7 if run
7% A7) il I B I __ @550
6% B Yo [mrmmmmmmmrrr e e ;| T ] G eV
5% 5% [rmmmrmeemmeree e e ol [P R —
4% FLYA [N B— § | — .
3% LA NS (| —— § [ —
2% 2 Yo [rmmmmmmneneees N e - B i —
1% 1% [=---mmmeeee 3 - - - —
O o/ o/ CL95%
° O ° KZ KW Kb Kg KJ/ Kr K. Kt Ku I‘tot I_‘;nvisﬁ)
Constrained 7-parameter Fit Model-Independent Fit ) )
(for comparison w/LHC) (only possible @ ILC!) Higgs Portal
invisible or
exotic decays

RED -“initial” ILC running, 8 years
- “full” ILC running, 20 years

BLUE - use HL-LHC measurement of - "~ YY)
Br(h —» ZZ2) 5
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Higgos: Implications

® Naturalness of the EWV scale is a major open issue [see N. Craig’s talk]

® Any extension of the SM that addresses EVV naturalness must

modify Higgs properties

® Weakly-coupled solutions (SUSY, Little H, Twin H) predict
“top partners’, mass < TeV, coupling to H fixed by divergence

cancellation argument

C LORED top partners (SUSY, Little H):
LO shifts in kg, Ky

Spin-1/2 Top Partner
% 1500
>
'F_-‘) 1000
cun —
z 700
A 2 %

6Rg = 1% = my ~ 1.3 TeV,FT~| %

interpretation requires an independent top
Yukawa measurement @ |ILC-500!

COLORLESS top partners (Twin H):
NLO shift in k>

t 100
/ N 50

60'1‘;, [%] 1.0}

200 400 600 800
mgy [GeV]
No sensitivity at the LHC!

[Craig, Englert, McCullough, ‘1 3]

10
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tops: Direct (LHC
vs. Indirect (ILC
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Difficult region:
compressed spectra
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Difficult region (“blind spot”):
stopl and stop2 loops cancel
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RHiggs: More Implications

MCHMS5 (f = 1.5 TeV)
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[Asner, Barklow, et.al.’ | 3]

Composite Higgs models (Little H, H as A5 in
5D, ...) need H to be a pseudo-NGB of a new
global symmetry

This generically leads to suppression of H

lings: M [ V2
cOUPHINGS h—»fsm? - g 1—;—2

|-5% level if compositeness scale ~TeV

In many models H mixes w/extra scalars (e.g.
2HDM, MSSM, NMSSM) resulting in coupling
shifts, which can be either direction

Pattern of deviations in H couplings can hint at
the nature of the underlying theory

12
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Higgs Formfactors

In addition to coupling shifts, new physics induces d>4 operators:

C;
Lore—EWSB = A2 O, =
i

Oww = g*|H[*W, W
OBB = g'2|leBw,B‘“’
Owp = QQ'HTUQHWSuBW
On = %(ap!fﬂz)z
Or = %&HTDMHV
o\ = (iH'0*D H)(Liv"0°Ly)
0P = (Lpyuo°L)(Lry o°Ly)
O} = (iH'D,H)(Lyy*Ly)
O% = (iHTDpH)(éR’)’”BR)

[Craig, Farina, McCullough, MP, ‘1 4]

[see also Beneke, Boito,Wang,’14;
Craig, Gu, Liu,Wang’ | 5]

e L]

60/0 = 0.5%/0.1%

Oww F" ORANIGE: 5-sigma
OBBP | digcovery
BLUE: 95% c.l. reach

Or°

0 5 10 15 20 25
AV e¢; (TeV) 13
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Electroweak Phase Transition

A 2

V(2 T>T T=T T<T
ool 1, 20(0 v

Example:“LH Stau” model

ff=l.¢"“v2) |"2o hzz

my (GeV)

Aky = 0.8 — 1.2%
cf. ILC precision 0.2-0.4%

[A. Katz, MP,’ | 4]

At high temperature, EW symmetry is restored

Phase transition occurred at
kT ~ 100 — 1000 GeV, T ~10"® K. ¢~ 1070 sec
Baryon asymmetry may have been generated

during this phase transition IF it was strongly |st-
order (non-equilibrium - Sakharov’s cond.)

In the SM, symmetry breaking is a cross-over,
EWV baryogenesis not possible

New physics coupled to Higgs can change the
dynamics of the phase transition, make it st
order

This new physics will generically also change T=0
Higgs couplings!

Predicted Higgs coupling deviations in most
models large enough to show up at the ILC

14
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Higgs Self-Coupling

® |LC-500 is sensitive to h”3

coupling
Signal diagram Background diagrams . . .
(b ® First test of Higgs potential
e Vot -V et e v
) 5 oo % .H : 5 _H ) T H shape!
S« 8 S + 2 - 3
e Tve— TTve o ver v ® Hard; ~30% measurement at
Signal diagram Background diagrams
the |ILC-500
& VS A3 & VS A3
e However, large shifts
| ¢ expected in models w/ st
¢
. .. order phase transition:
~100% not unusual
B e e e M I ® | TeV upgrade would
. h increase precision to ~10%

[Noble, MP,’07]
15
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Top Mass

“350 GeV” running is actually a scan across the t-tbar threshold

7oy 0.7 — I i
2 [ tt threshold - Beneke et al. NNNLO - u = 80 GeV
C 0.6 [ ISR +ILC LS, mass fit incl. scale uncertainties —
-8 - — default - m° 171.5 GeV
8 0.5 [ — best fit template, mfs 171.45 GeV
8 [ mass variations + 0.1 GeV T
\ F T T T T e
o 04
S
© C
0.3
0.2
0.1 - preliminary =
Sl S based on CLIC/ILC Top Study
EPJ C73, 2540 (2013)
C | Il Il Il Il | Il Il Il | Il
340 345 350
. ’
[F. Simon, 1 6] /s [GeV]

.....................

.........

.....

® TJop threshold scan provides a precision
study of the t-tbar quasibound state - the
“Hydrogen atom” of QCD

® QCD calculations of the threshold shape
up to NA3LO [Beneke et.al,’I5]

® Precise theoretical definition and

experimental determination of the top
mass

om¢(1S) =17 MeV, 6t =26 MeV, oy =4.2%
[Seidel et.al’|3; Horiguchi et.al,,’| 3]

® Will address (in)stability of the SM Higgs
vacuum (assuming no new physics
relevant up to the GUT scale) 16




Top Electroweak Couplings

|||||||||||||||||||||||||
::::::
1

Z
Ag /g ®
- +20%
LHC Precision
o '— +10%
ILC Precision | ",
III’I,, ", ::::‘ "”l:, ,"l:, » A g R / g R
ll,l, 14, l ‘ l ‘y, 1y, l l
| IR 1 T, 1
20%  -10% SM +10%  +20%", +30%
® 4+ -10%

i -20%

[Richard,’14; Amjad et.al.,’|3]

4d graviton

SU(2)L > SU(2)R > U@

Gauge fields and fermions in the bulk

Higgs or
alternative
dynamics for
EW symmety

breaking

Planck
brane

y=0

vy
Slice of AdS 5

5 =2kxlyl

ds =e dX2

+r2dy2

TeV
brane

y=nr

<

t-tbar production @ 500 GeV is
directly sensitive to the top
coupling to the Z

| %-level measurements

Beam polarization allows to
separately measure couplings to 4,
and tg

Important e.g. in composite Higgs
models where t. and tg typically
have different degree of
compositeness

Reach in ~20 TeV range for KK
scale in RS-type models 17
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Direct New Particle Searches

m C
%= |
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Il ‘ Il Il Il Il
1500 2000
m. [GeV]

[Low,Wang,’ 4]

I I I 1 . l L ; !
0 500 1000

T o S B e
01000 [ | % ]
o :Eﬁ_’fﬂ dM770 :
O annb X XY '
2 800 =™ fit _ . ]
5 T @su My = 168.6:= 1.0 GeV | |,
g 600 |- ~ simul. data .
a5 F

400 |
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[Berggren et. al.,’ 14]

ILC provides an almost “hermetic”
search for any new particles coupled to
EW current within kinematic reach

Example: Higgsino LSP + large gap

Challenging at the LHC: Electroweak
production, no cascades = rely on
monojet+MET signature

Discovery reach only ~100 GeV at HL-
LHC

ILC uses photon ISR to tag this signal

|18
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Dark Matter Searches

\ g 4 X et -
WMAP Qg = ) | ( .: }
: | | X ! 15'-‘2.;_ X

90% CL, Vector operator (D5)
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R T T :_.'.'._.._..T.‘..T\. — -
= ]
1000f=— | LHC -
1
0 2 sail s 2+ sl S EPENYY |
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[Chae, MP,’12] ’

[Chaus, List, Titov, to appear]

el

<
w
!

o(xx~leptons)/o,
> "g — _
\‘.\

[Snowmass =

DM loo (/XY L I L
Compleme + '
. S
nta.”ty 1072 £ & Direct ,” -
WG ¢ I 3] ’ ‘ ‘\ 4 cur&nt ‘
’ ~ 7 = — - projections
104 NPT FEAPTTew EPewr |

DM interacting with lep

[Birkedal, Matchev, MP, '04]

DM coupled to electrons can be pair-
produced at the ILC

Use ISR photon to tag such events

SM background can be calculated precisely
and normalized by changing beam
polarization

In effective operator formalism, probe
different operators than at the LHC, w/
scale reach comparable or higher

Complementary to direct and indirect
searches 19
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Summary

Topic Parameter | Initial Phase | Full Data Set | units ref. o o o
Higes ) % 5 [Mev w @ |LC will explore et+e- collisions
g(hZZ) 0.58 0.31 % 2
s | o 042 1% | in the 250-500 GeV energy
g(hgg) 2.3 1.0 % [
g(h77) 7.8 3.4 % [ range
1.2 1.0 %, w. LHC results 1
g(hTT) 1.9 0.9 % [
oo S 6 |%a |
g(htt . 0, direct . o o
20 20 %, {f threshold 3 o H|gh-P|’eC|S|On’ model-
g(hpp) 20 9.2 % . . .
R I x| independent determination of
Linvis 0.54 0.29 %, 95% conf. limit Hi S Cou |in S
To my 50 50 MeV (my(1S))
! T, 60 60 MeV gg P g
gl 0.8 0.6 %
9% 0.8 0.6 %
g7 1.0 0.6 % . + .
o 25 w0 % ® Precise top mass+coupling
Fy 0.001 0.001 absolute
F¥ 0.002 0.002 absolute
= = o o T measurements
z 8.5 x 10~ 6 x 1074 absolute
iv 9.2 x 1074 7x107* | absolute
Ay 7x 1074 2.5 x 107 | absolute iy ’
Dark Matter EFT A: D5 2.3 3.0 TeV, 90% conf. limit 1 1
EFT A: DS 2.2 2.8 TeV, 90% conf. limit Hermetlc dlreCt SearCheS fOr

[LCC Physics WG, | 5]

new physics up to kinematic
reach

Unique opportunity to learn more about physics at

the EWV scale, and (hopefully) go beyond the SM 20
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Backup slides




Linear or Circular?

Luminosity vs Energy ——TLeP
1000 E —8—ILC
== CLIC
N
S 100 -
.5 -
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w
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g 10 >
3 : f(
1 ) T T T T T T 1
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Center of Mass Energy (GeV)

[Plot: M. Zanetti]
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