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ILC Machine Parameters from TDR

Baseline 500 Gev' Machine L Upgrade Eqsy Upgrade
A B
Center-of-mass energy Eom Gav 250 350 500 K00 1000 1000
Collision rate frep Hz 5 5 b 5 4 4
Electron linac rata Flinac Hz 10 h L h 4 4
MNumber of bunches i 1312 1312 1312 2625 2450 2450
Bunch population N = 1010 2.0 2.0 20 2.0 1.74 1.74
Bunch separation Aty ns RhR4 Bh4 B54 366 366 366
Pulse current Thenm mA 5.8 5.8 5.8 BE 76 7.6
Main linac average gradient Ta MV m—! 147 214 315 315 38.2 302
Average total beam power Pivam AW L 7.3 10.5 21.0 a2 7.2
Estimated AC power Pac MW 122 171 163 204 300 300
RMS bunch length T mm 0.3 0.3 0.3 0.3 0.250 0225
Electron RMS energy spread Apfp % 0.190 0.158 0.124 0.124 0.083 0.085
Positron RMS energy spread Aplp % 0.152 0.100 0.070 0.070 0.043 0.047
Electron polarization P % 80 80 80 80 B0 B0
Positron polarization Py % 30 30 30 30 20 20
Horizontal emittance Tex pm 10 10 10 10 10 10
Vertical emittance Tey nm 35 35 35 35 30 30
IP horizontal beta function a2 mm 13.0 16.0 11.0 11.0 26 11.0
IP vartical beta function By mm 041 0.34 0.48 0.48 0.25 0.23
IP RMS horizontal beam size ol nm 729.0 683.5 474 474 451 335
IF RMS vertical beam size oy nm 7.7 5.0 5.0 5.0 28 27
Luminosity L x 10 cm—32g~1 0.75 1.0 1.8 316 36 49
Fraction of luminosity in top 1% Lom/L 87.1%  TTA4%  53.3% 58.3% 5029,  44.5%
Average energy loss dgs 0.97% 1.9% 4 5% 4.5% 5.6% 10.5%
Mumber of pairs per bunch crossing Noirs x 103 624 936 139.0 130.0 2005 3826
Total pair energy per bunch crossing Erairs Tav 45 5 115.0 3441 3441 1333.0 34410

Note there are two types of upgrades:

Luminosity upgrade: Install extra klystrons and modulators so number of bunches can be doubled; envisioned after 8 years of baseline running

Energy upgrade: Increase accel. gradient, lengthen linac, or both. TDR config assumes 49 km. length; envisioned after 20 years of running



Luminosity Upgrade for Ecm=250 GeV

Baseline ILC  Lumi Upgrade

Center-of-mass energy Ecwm GeV 250 250
Collision rate frep Hz h 10
Electron linac rate flinac Hz 10 10
MNumber of bunches T} 1312 2625
Pulse current Tveam mA 5.8 8.7b
Average total beam power Fheam MW 5.0 21
Estimated AC power Prc MW 129 200
Luminosity L % 1034 cm—251 0.75 3.0

The /s = 250 GeV lumi is quadrupled by doubling the number of bunches and the collision rep rate

The 10 Hz operation which in the baseline was split between 5 Hz collision and 5 Hz e” production is now 100% collision
in the lumi upgrade config. A longer undulator should be ready that can produce sufficient e* yield with 125 GeV electrons

Note the AC power is 200 MW, the same as the 5Hz lumi upgrade power at Js =500 GeV.
Also note that ILC produces 3x10* cm™s™ luminosity with 200 MW total AC power.
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Full Simulation Performed with ILD and/or SID Detector

The SID Detector

QDO
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SID Global 1 ] =N\ =
Parameters _ __E,_J-
o
LE ::"'-:::D = =
Detector Technology Radius (m) Axial (z) (m) Combining barrel and endcaps
Min Max Min Max these trackers and calorimeters
Vertex Detector Pixels 0.014 0.06 0.18 cover |cosd |< 0.99
Central Tracking Strips 0.206 1.25 1.607
Endcap Tracker Strips 0.207 0.492 0.85 1.637
Barrel Ecal Silicon-W 1.265 1.409 1.765 LumiCal and BeamCal are used
Endcap Ecal Silicon-W 0.206 1.25 1.657 1.8
Barrel Hcal RPCs 1.419 2.493 3.018 for [cos¢>0.99
Endcap Hcal RPCs 0.206 1.404 1.806 3.028
Coill 5 tesla 2.591 3.392 3.028 Pulsed power is possible due to
Barrel Iron RPCs 3.442 6.082 3.033 low duty cycle 5 Hz rep rate:
Endcap Iron RPCs 0.206 6.082 3.033 5.673 '

eliminates need for cooling
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500 GeV ILC Operating Scenarios arXiv :1506.07830
Construct 500 GeV from start

¢ 500 GeV scenarios study

e TDR Baseline
e Emphasizes higher energy - strength of ILC

¢ Study parameters
e assume 20 years of operation
e compare 3 scenarios (studied more)
e (G20, H20, I20
e Snowmass white paper studied also for comparison

e arXiv:1310.0763 {hep-ph}



Assumptions

Full calendar year is assumed to be 8 months at a 75% efhiciency (the RDR
assumption). This corresponds to Y = 1.6 x 107 seconds of integrated
running. (significantly higher than a Snowmass year of 107 seconds.)

A ramp-up of luminosity performance is in general assumed after:
e (a) initial construction and after ‘year o’ commissioning;
¢ (b) after a downtime for a luminosity upgrade;
e (c) a change in operational mode which may require some learning
curve (e.g. going to 10-Hz collisions).
For initial physics run after construction and year o commissioning, the RDR
ramp of 10%, 30%, 60% and 100% is assumed over the first four years.

The ramp after the shutdowns for installation of the luminosity upgrade is
assumed slightly shorter (10%, 50%, 100%) with no year o.

Going down in centre of mass energy from 500 GeV to 350 GeV or 250 GeVis

assumed to have no ramp, since there is no machine modification.

Going to 10-Hz operation at 0% gradient does assume a ramp (25%, 75%,
100%), since 10-Hz affects the entire machine.

A major 18 month shutdown is assumed for the luminosity upgrade.

Unlike TDR: 10-Hz and 7-Hz operation assumed at 250 GeV and 350 GeV



Preferred Scenario

NG [ Zdt Lpeak Ramp T Tiot | Comment

|GeV] | [fb~1] | [fb~1/a] | 1 2 31 4 |lal | la]
Physics run | 500 500 288 0.1 03 | 06| 1.0 |37 | 37 | TDR nominal at 5 Hz
Physics run | 350 200 160 1.0 .O | 1.0 | 1.0 | 1.3 | 5.0 | TDR nominal at 5 Hz
Physics run | 250 500 240 0251075 | 1.0 | 1.0 ] 3.1 | 81 | operation at I0Hz
Shutdown [.5 | 9.6 | Luminosity upgrade
Physics run | 500 3500 576 0.1 05 | 1.0} 1.0 | 74 | 17.0 | TDR lumi-up at 5 Hz
Physics run | 250 1500 4380 1.0 1.0 | 1.0 | 1.0 | 3.2 | 20.2 | lumi-up operation at 10 Hz

Table 7: Scenario H-20:

Sequence of energy stages and their real-time conditions.

H-20
first lumi cotal Snowmass

phase |upgrade Lum-upf
250 oo ftb*|1500 th*| 2ab™ 1.15 ab™
GeV i : >
350 |,00 b 0.2 abT
GeV
500 oo tb*|3500 b abT 1.6 ab™
GeV 5 35 4
time | 8.xyrs [ 10.6 yrs | 20.2 yrs’

* includes 1.5 years for luminosity upgrade

1 ILC Higgs whitepaper: arXiv:1310.0763
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Higgs Physics at the ILC
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ILC Measurement of o(e’e” — ZH) Js =250 GeV

Higgs Recoil Measurement of Higgs Mass and Higgstrahlung Cross Section

Muon Channel Electron Channel

N . —— Sig+Bk : o N T e R i
o sk .g g ] . 60 [ . S!g-o-Bkg ]
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Very Precise Measurement Less Precise
S/B = 8 in Peak Region Bremsstrahlung in detector material

ILC: AM,, =.032 GeV, A, / 6,,=2.5% for L= 250 fb
AM,, =.015 GeV, Ac,, / 0,,=1.2% for L=1150 fb*

2
Ouz ~ Ohzz

= AQ,,, 9y, =1.3% (0.6%) for L=250 (1150) fb™
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e'e” — ZH. vvH /s =350 GeV

_Higgs-strahlungs Process

All of the Higgstrahlung studies that were done at v/s = 250 GeV can also be done at

Js =350 GeV. Precisions for o+BR are comparable, as is the precision for o(ZH)
once Z — qq decays are included.

WW fusion production of the Higgs at Js =350 GeV provides a much better measurement

of g,y COMpared to Js =250 GeV. This gives a much improved estimate of the
total Higgs width I",, which in turn significantly improves the coupling errors obtained

from o+<BR measurements made at \/_ =250 GeV.

The recoil Higgs mass measurement is significantly worse at Js =350 GeV with respect to
Js =250 GeV. However, there is hope that direct calorimeter Higgs mass measurements
using e’e” — vvH will recover the precision.

13



e'e” — ZH. vvH, ttH, ZHH /s =500 GeV

. Higgs-strahlungs Process
e

H

The g,,,,, coupling can also be measured well at +/s =500 GeV through WW fusion

production of the Higgs. Also the measurement of o(e'e” — vwH)x BR(H — X)
can be made for many Higgs decay modes H — X.

Through e’e” — ttH the top Yukawa coupling can be measured to Ay, / y, =16.6%
with 500 b at «/s =500 GeV. With same luminosity at Js =550 GeV the precision

IS Ay, [y, =6.73 = strong motivation to increase nominal energy to Js =550 GeV

The ZHH channel is open at Js =500 GeV. The Higgs self coupling can be measured
to 27% with 4 ab™ assuming the true value is the SM value.
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e'e” »>vvH, ttH , vwHH ILC Energy Upgrade Js=1TeV

vV
At+/s =1TeV the ILC provides better measurements of the top Yukawa coupling and

Higgs self coupling. For example the Higgs self coupling can be measured to an accuracy of
10% with 4 ab™ at /s =1 TeV (again, assuming the true value is the SM value).

Search for additional Higgs bosons that might have been missed at LHC.

In addition, the ILC becomes a Higgs factory again since the total Higgs cross section

Is larger than the total cross sections at 250 GeV, specially if polarized beams are used:
P(e, e*)=(-0.8, 0.2)
500 —

—r T
— BM all ffH
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Summary of ILC Higgs Measurement Precisions
From "500 GeV ILC Operating Scenarios" arXiv :1506.07830

[ ZLdr at /s 250 b~ at 250 GeV 330fb~ " at 350 GeV 500 fb~ ' at 500 GeV
Ple”,e") (-80%.+30%)

production Zh vvh Zh vvh Zh vvh | 1th
Ac /o [39] 2.0% -1110.40] 1.6% - 3.0 - -
BR(invis.) [41] < 0.9% - < 1.2 - <249 _ N
decay A(c-BR)/(c - BR)

h — bb 1.2% [ 10.5% 1.3% 13% | 1.8% 0.7% | 28%
h— cé 8.3% - 9.9% 13% 13% 6.2% -
h— ge 7.0% - 7.3% 8.6% 1% 4.1% -
h— WW* 6.4% - 6.8*2‘%- 50% | 9.2% 2.4% -
h—tit 42] 3.2% - 143] 3.5% 19% | 5.4% 90.0% | -
h— ZZ* 19% - 22*}1-- 17% 25% 8.2% -
h— Y 34% - 34% | [44] 39% | 34% | [44] 19% i
h— p = [45] 72% - 76% 140% | 88% 72% -

For scenario H-20 with 2 ab™ at 250 GeV and 4 ab™ at 500 GeV the ILC has

Ac(ZH)

o(ZH)

=0.59%

and

Ac(viH)-BR(H — bb)

o(virH)-BR(H — bb)

=0.25%
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Higgs Physics: ILC vs FCC-ee

Take FCC-ee errors on o and o+BR from arXiv:1308.6176 assuming 240+350 GeV with 10.0 + 2.6 ab™* :

| | TLEP 240 |

OHZ 0.4%

onz X BR(H — bb) 0.2%
OHZ X BR(H — C(_j) 1.2%
onz X BR(H — gg) 1.4%
onz X BR(H — WW) 0.9%
onuz X BR(H — 77) 0.7 %
onz X BR(H — Z7) 3.1%
ouz X BR(H — v7) 3.0%
onz X BR(H — ) 13%

oww—n X BR(H — bb)
/s (GeV) | TLEP
240 - 250 | 2.2%

350 | 0.6%

The additional events from the Higgs-strahlung process at 350 GeV allow the statistical precision
for all the aforementioned measurements to be improved by typically 5% for TLEP with respect to the
sole 240 GeV data.

= Branching fraction to invisible tested directly to

0.19% @ 95% CL

Take ILC errors on o and o+BR from arXiv:1506.07830 assuming 250+350+500 GeV with either:
0.5+0.2+5.0 ab™ (G-20 scenario) or 2.0+0.2+4.0 ab™ (H-20 scenario)

Perform model independent fit of b,c,g,W, 7,Z,y,u,invis Higgs couplings and total width using
standard program (from Michael Peskin) for ILC & FCC-ee separately and combined.



The coupling fit results | obtain for FCC-ee alone differ slightly from
those reported in arXiv:1308.6176

Coupling |arxiv:1308.6176 | My fit
guzz | 0.15% | 0.19%
gaww | 0.19% | 0.35%
guby | 0-42% | 052%
9Hee | 0.71% | 0.78%
JHeg | 0-80% | 0.85%
Jtrr | 0.54% [ 0.63%
JHup | 6.2% | 6.2%
gy | 1.5% | 1.5%

|

Because it is the only way to consistently combine FCC-ee and ILC
results | will, for the rest of the talk, use these results for FCC-ee.
The discrepancy is not understood at this time -- will try to

clear it up at a later date.
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Relative Higgs Coupling Error

. ILC 250+350+500 GeV with 0.5+0.2+5.0 fb™ (G-20 scenario)
Bl FCC-ee 240+350 GeV with 10.0 + 2.6 ab™
B ILC + FCC-ee under the conditions listed above

ITEFrr e T

-3
10
bb cc gg WW tautau v gamgam mumu invis GamTot
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Relative Higgs Coupling Error

. ILC 250+350+500 GeV with 2.0+0.2+4.0 ab™ (H-20 scenario)
Bl FCC-ee 240+350 GeV with 10.0 + 2.6 ab™
B ILC + FCC-ee under the conditions listed above

ITEFrr e T

-3
10
bb cc gg WW tautau v gamgam mumu invis GamTot
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B 1LC 250+350+500 GeV with 2.0+0.2+4.0 ab™ (H-20 scenario)
B FCC-ee 240+350 GeV with 10.0 + 2.6 ab™
B ILC + FCC-ee under the conditions listed above

How does ILC help FCC-ee?

10

Relative Higgs Coupling Error

10-3 bb cc g9 WWwW tautau zz gamgam mumu invis GamTot
FeCeedg 138 1.26 140 162 129 117 113 122 114 1.30
Comb. Ag
Extra FCC-ee* 9.0 5.9 9.6 16.2 6.6 1.8 2.8 4.9 15 6.9

Running (yr)
*Additional FCC-ee running required to match ILC contribution to Combination. Assumes the same 10:2.6 luminosity ratio for
240:350 GeV except ZZ & invis which assume that all extra running is at 240 GeV 22



Bl 1LC 250+350+500 GeV with 2.0+0.2+4.0 ab™ (H-20 scenario)
Bl FCC-ee 240+350 GeV with 10.0 + 2.6 ab™
B ILC + FCC-ee under the conditions listed above

How does FCC-ee help ILC ?

10

Relative Higgs Coupling Error

gamgam mumu invis GamTot

1 0-3 s]s] cc g9 WwW tautau i
ILC Ag

Comb.ag 1.60 1.82 1.51 1.76 1.82 1.93 2.32 1.74 2.06 1.78
ExtralLC™ 173 25.7 14.2 23.3 25.7 16.7 48.7 225 16.7 24.1

Running (yr)
*Additional ILC running required to match FCC-ee contribution to Combination. Assumes the same 1:2 luminosity ratio for

250:500 GeV except ZZ & invis which assumes all extra running at 250 GeV. 23



Highlights of Combination of FCC-ee with ILC H-20

ILC FCC-ee | ILC+FCC-ee
AQ,,, |0.31% 0.19% |0.16%
AQyuw | 0.38% 0.35% | 0.22%
AQ.,, |0.60% 0.52% | 0.38%
Ad,.. |0.89% 0.63% |0.49%
AQyy, | 0.92% 0.85% |0.61%
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FCC-ee Higgs Self Coupling Measurement at Ecm=240 GeV

M. McCullough, arXiv:1312.3322 521% = 100

r

d,,, fixed to SM value (o, =0)
d,,z, fixed to SM value

_ 5% 0.004

5, = = = 29%
0.014  0.014

(26, + 0.0146,,) %
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FCC-ee Higgs Self Coupling Measurement at Ecm=240 GeV

M. McCullough, arXiv:1312.3322

d,,, fixed to SM value (o, =0)
d,,z, fixed to SM value

5 0.004
5H pu— pu—
0.014 0.014

=29%

€

6210 =100 (267 + 0.0146) %

Examples of
BSM physics
with 6, #0 :

Neutral scalar partners

Canonically normalize kinetic term—shift a

Shiftdrops outof al covpling o
vatios; can't be moasured at LHE |

eol? v? 1
P e log
8% i Wl -1 |1

___.___

Higgs mixes wj heavy resonances
couplings dictated by symmetries
(as in the chiral lagrangian)

f= decay constant of pNGB Higgs

Coupling deviation contributes to pregision electioweak

Pre-LHC constraints as gmdmm )
as reach of LHC Higgs L — dwy S 5%
coupling measurements T

(Not-s0) Hidden New Physics

+ Thus, due to extremely high precision
measurements, in this very challenging
seenario an e'e collider offers the possibility
of discovering the indirect effects of hidden
particles

« Cross section at CEPC modified by:

2/ralre - 1)

where T = i} /4mZ and dozn = (o7 — o)) /o)

Neutral fermionic partners

e.q. Twin Higgs

No direct sensitivity @ LHC 20
Higgs is a pNGB; coupling |
daviations like those of
composite Higgs models

donls)

e I

£sels Mass scale for neutral  opl e a - sior—sse
top partners; definitive and or o]
test of “neutral” naturalness.

Results: Inert Doublet

£l 0
e, [GeV] .
dzn=1% H

« As expected, corrections to associated
production are observable!
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ILC Higgs Self Coupling Measurement at Ecm=500 GeV

g,,, fixed to value from o(ZH) measurement

d,.,, fixed to SM value <« Needs to be more fully addressed in ILC studies

Extract g,,,, from measurement of o(ZHH)
using HH — bbbb & bbW *W~

Ao(ZHH) —16% — A _ 27% for ILC scenario H-20 @ 20 years.
o(ZHH) Ghnn

Note: Thisassumes SM g,y - If 9,4y =2 xSM then A _ 574 = A9 _ 1405,
Jhn Ghnn
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Other Higgs Measurements with FCC-ee & ILC H-20

FCC-ee ILC
240 +350 GeV | 250 + 350 +500(550) GeV | Combined
10.042.6ab" |  2.0+0.25+4.0fb
Am., 11 MeV 12.5 MeV 8.3 MeV
A9 29 9+ 27 % 20 %
JHHH
A 13% 5.9 (2.4) % 5.4 (2.4) %
gttH
Jeor <22@30 - <22@30
geeH

* Loop contribution to o (ZH)
* Tree-level contribution to o(ZHH)
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Summary

» ILC helps FCC-ee:

> The 0.25% measurement of c(vwvh)XBR(H->bb) reduces errors on all Higgs couplings

> The 2.4% Top Yukawa coupling measurement from ttH production improves upon
the 13% measurement from the tt threshold scan.

> ILC o(ZHH) measurement provides a 27% tree-level determination of the Higgs self-
coupling, and could help clarify a Higgs self-coupling interpretation of the precision
FCC-ee o(ZH) measurement.

) FCC ee helps ILC:
Precision measurement of g,,, and various cXBR at 240 GeV help turn the ILC
0.25% measurement of cs(vvh)XBR(H%bb) into Agyw = 0.22%

> Much better meas. of Higgs invisible width, BSM decays, rare decays such as yy and
up  Note: Z BR. =1 can be used to improve all coupllng errors if ABR(H— BSM) < 1%
> Unique access to Higgs coupling to 1st generation fermions.

» FCC-ee+ILC combination helps the particle physics community:
- Higgs Z coupling error Ag,; = 0.16%
- Higgs W coupling error Agyy, = 0.22%
- Higgs b coupling error Ag,,, = 0.38%
- Higgs self coupling error Agyyy = 20%
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