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Prerequisites



Machine basics

« Charged particles radiate photons when accelerated:

Synchrotron radiation

2
Py — ec 1

) 67e, (moc2 )2

%)

_L(d_E)z
A \dr

(Covariant form of SR power)

T : proper time

Linear machine

Ps = >
6re, (moc2)

n= Ps  SRloss
~dE/ |
Alx Energy gain

e’c 1 (dE )2
dx

(Ps ~ 22 x 107" watts for d—E = 35MeV/m)

(z 12.8x107"* ! completely negligible !)

dx

Circular machine

dt

2 .2 2
P €Y 1 (a’p) _

67e, (m002 )2

e’c 1 E*

Ps(muon)

6, (moc2)4 R’

Ps(electron)
Ps(proton)

Ps(electron)

~6x107"°

~107"




Machine basics (continued)

e Circular machine

e’ E*
3¢, (m002 ) R
E*[GeV]
R[m]|
3 GeV for E =100 GeV, R=3 km
=~ 7.3 GeV for E =125 GeV
=~ 1.88 TeV for E =500 GeV

AE = Energy loss per turn =

=88.5[KeV]| (for electrons)

U

* As energy frontier accelerators, electron linear machines
and/or muon circular machines are the choice.



Basics of ete- collision

s-channel cross section
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t-channel cross section

QED Tree diagram

4o

2

ole'e =y —u'u)=

3s

(\/E[Te\f])2 s

86.8[1b] o

photon- photon fusion process

O'ocofln(

\)
m>
f

)

t-channel log rise



Basics of ete- collision (continued)

* Cross sections can be expressed, in terms of the longitudinal
polarization of the beams, as:  (helicity amplitude formalism)
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* Use beam polarization as a Feynman diagram selector

s-channel t-channel

’depends on P+
a

J=1 < only from RL, LR:y, Z or Z’ = helicity of e not coupled

R with helicity of e*

J=0 < only from LL, RR . c

‘depends on P



Why lepton colliders ?

« Two elementary particles (ete- or mu*mu-) collide with
electromagnetic or weak interactions
— No underlying/QCD event background
— Signal can be clearly seen without hadronic noises

— Helicity selector can be employed to separate diagrams
LHC Higgs

ILC: Z+Higgs
->e+e- bb

Caveat: Lepton colliders are not background free.
Beamstrahlung present in e*e” linear colliders, but can be contained.



Challenges with lepton colliders ?

« Two elementary particles (ete- or mu*mu-) collide with
electromagnetic or weak interactions

— Cross section is small: s-channel cross section drops as 1/s
— Cross section is 100 — 10 fb

o(1fb) x Luminosity(10**cm™s™")x 1yr (10’s) =100 events

— High energy machine requires high luminosity machine.

N* N 1
L = nbunchf;ep x TIP
OO0

4mo 0, L O,

— For a total collider wall plug power P to be 100-200 MW,
the (vertical) beam size o, needs to be 10-1 nm. Nano beams!
(Note : T GW ~ 1 nuclear reactor)

— Better have “target/new particles” and/or “resonances”

— You do not want to be in the continuum desert.




ILC Acc. Design Overview (in TDR)

Damping Ring
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ILC site in North Japan

B Tokyo station from Narita International Airport and Haneda Airport

47min by Skyliner

Narita
International Airport

56min by Narita Express Kitakami

Tokyo Station Mountams‘
+ Haneda Airport
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Committee on ILC250-Higgs Factory

* Japan HEP Committee (JHEPC) set up the committee
to re-examine/assure physics case of ILC250 in view
of the results being obtained at the 13 TeV LHC.

— Composed largely of Japanese HEP physicists outside the
ILC community

— Final report to JHEPC by the end of this coming May

— Sensitivity to new physics scale, concurrent running with
HL-LHC

 Note:

— Japan HEP Community already proposed ILC250 in
October, 2012.

— After the report by Science Council of Japan (SCJ) in 2013,
the MEXT ILC Advisory Panel asked, in their 2015

Summary, for re-examination of ILC based on the results
of the 13 TeV LHC through the end of 2017.



Precision Higgs Physics



The Standard Model Higgs primer

Higgs scalar potential: V = —‘ M‘z OMORE )L(CI)+(I))2

A minimum away from zero field
value causes (spontaneous)
electroweak symmetry breaking
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Predicted BRs for 125GeV SM Higgs

Decay mode BR Notes (as of early 2014)
bb 58% Observed at about 20 at CMS
WW* 22% Observed at 4o
qg 8.6%
TT 6.3% Observed at 1-2 o
cc 2.9%
Z7* 2.6%  Discovery mode (in ZZ* — 4u, 2u2e, 4e)
0% 0.23%  Discovery mode
Z 0.15%
(LfL 0.022%
ot 4.1 MeV Total width
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Higgs coupling to particle

= t

- Full ILC Program

- 250fb™ @ 250GeV H

. 500fb™’ @ 500GeV

3 1000fb™’ @ 1000GeV
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Model-independent determination
of Higgs to particle couplings
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SM Higgs: coupling = —
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2013 estimates
Mode LHC  ILC(250)  ILC500  ILC(1000) 10°
WW 41 % 1.9 % 0.24 % 0.17 %
%55 45%  0.44 % 0.30 % 0.27 %
bb 13.6 % 2.7 % 0.94 % 0.69 %
gg 8.9 % 4.0 % 2.0 % 1.4 %
vy 7.8 % 4.9 % 4.3 % 33 %
o 11.4%  33% 1.9 % 1.4 %
ce - 4.7 % 2.5 % 2.1 %
£t 156 %  14.2 % 9.3 % 3.7 %
ptu— - - — 16 %
self - - 104% 26 %
BR(invis.) <9% <044% <030% <0.26%
T'r(h) 20.3% 4.8 % 1.6 % 1.2 %
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Higgs production at ILC

Higgs-strahlung

WW fusion
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Precision Higgs mass and BR measurements at ILC250

+ . . .
e ~H—X Recoil mass recosntruction technique
2 2 2
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polarization. i 20l
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beam energy spread 115 120 125 130 135 140 115 120 125 130 135 140
My ecoil /GeV recoil/GeV

T, ~4MeV (SM)

* Inclusive ZH cross section measurement: Ac,, /o0, ~2.5%
* Branching ratios by identifying X
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* A measurement of the e+e- to Zhiggs cross

section without any reference to the Higgs
branching ratios.

* One can also use the Z-tagged sample to
measure the Higgs BRs and directly look for
unexpected, non-SM decays.

* For a Higgs mass of 125 GeV, the cross section
e+e- to Zhiggs peaks at an CMS of 250 GeV.



Preliminaries
from
the ILC250 strategy study group

« highlights after initial run at 250 GeV (JLdt~400 fb™")
« projections at the end of 250 GeV run (JLdt~2000 fb)

« projections with 500 GeV run and possible staging
scenario

(exact [Ldt to be defined later by LCC physics WG)
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highlights after initial run

Vs = 250 GeV
[Ldt~400 fb!

by courtesy of Junping Tian (Tokyo)
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highlight 1: absolute Higgs couplings

LC initial: 6gnzz = 0.83% A > \/ %1 74Tev

0JHZZ

« model-independent measurement —> qualitative difference
with coupling measurement @ LHC

e important to know absolute value of Higgs couplings —>
Higgs branching ratios, or ratios of couplings, can remain
unchanged in BSM models, e.g. some composite models

e with ~0.83% precision on HZZ coupling, composite scale A
> 1.74TeV can be probed (cf talk by N.Craig @ LCWS16)

« together with kz/ky @ LHC —> ~1% precision on Hyy
coupling
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highlight 2: Higgs to invisible decay
ILC initial: BR(H—>inv.) < 0.64% (95% CL)

e a very powerful test for Higgs portal model —> could be
more sensitive than other direct DM search experiments

e initial sensitivity is already more than one order of
magnitude higher than expectaﬂon after HL-LHC

— 1073 : = : =
E 10736 , ATIAS
= = 107 90% CL exclus Higgs prtlmdl
O 1n-38 —— CRESST-I ATLAS VBF H(inv
— 10 ------- CDMSlite === scalar
8 10—39 "—"Et;;erCDMS i fe mor
o 10 D
o 'V E N NG e
g 10
S 1072 =
. T B
ILC initial, D 4044
S 0—45 PP s rrsis 2 Pirs — = SR
x50 lower o 1079

1074
=448 {s=8TeV, 20.3fb"
104

BF (H — invisible) < 0.28 at 90% CL
L 1 1 l | 1 Ll I

10-50° —
1 10 10°
JHEP 1601 (2016) 172 WIMP mass [GeV]
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Is the 125 GeV Higgs a CP eigenstate ?

h125 = COS l'lJCP RhCPeven 4+ gin LlJCP ACPOdd

: _ Does the Higgs sector
pure CPeven: W, =0 provide the additional

odd: W= T2 CP violation needed to

explain our universe's

Do Higgs couplings conserve CP ? | baryon — anti-baryon
asymmetry ?

e.g. coupling to fermions:
L~gf(cosy,, +iy siny,)fH

CP conserving coupling y,=0 Courtesy of Daniel Jeans
maximally violating _,= 11/2 Tokyo



. taus from spin 0 parent

plane containing
momentum and
polarimeter of T

h- (polarimeter)

0+, @x  direction of hx with respect to t- boost in t* rest frame
AQ angle between polarimeter planes
., CP mixing angle we want to measure

distribution of events in polarimeter space:
dN/(dcos8dcosO dopdep™) oc(1 4+ cos O™ cos@)— sinf™ sin 6~ cos(Ag — 2¢cp).

- Ag@ distribution sensitive to |, — transverse spin components

— events with large contrast ¢ = sin 6* sin 6" /(1 + cos 6" cos 0)
event sensitivity depends on longitudinal spin components °



highlight 3: Higgs CP mixing

« test CP-violating source in Higgs sector —> baryongenesis

e essential to understand structures of all Higgs couplings

m ~ . .
through H—>T1*T Lusr= —Tfo(COS ®cp + iy’ sin®cop) f

”_C Iﬂltla| A(I)CP ~ 8° D.Jeans @ LCWS16

through HZZ/HWW  Lavy =200 M + DHVVH 4 Oy L BV V™ + Oy § HV, Vi

(CP-odd)

ILC initial: Ab~0.01 (for A=246GeV)

T.0gawa @ LCWS16
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highlight 4: Higgs mass and total width

ILC initial: Amy~30MeV, oI'H~10%

« AmH IS ONe source of systematic errors for H—
>WW*/Z/* partial width calculation: 30MeV
uncertainty would yield 0.2% error for HWW/HZZ
coupling determination (arXiv:1404.0319)

« model-independent determination of Higgs total

width —> one direct probe for existence of new
large decay modes
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highlight 5: Higgs decays to bb/cc/gg
ILC initial: 6BRp~1%

e precise measurement of BR(H—>bb), largest
decay mode

o first direct measurement of Hcc coupling ~ 6%

o first direct measurement of Hgg coupling ~6%

28



 projections with full integrated luminosities

JLdt~2000 fb- Vs = 250 GeV
JLdt~200 fb Vs = 350 GeV

JLdt~4000 fb- Vs = 500 GeV



possible staging scenario: X-20

(UL N N U NN N UL UL N (R L SN AU U L S S S_— 1 p—
ILC, Scenario X-20 (Unofficial) - -
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precision of coupling and width
(model-independent fit)

(model-independent fit)

[

= B ILC 250 GeV, 2000 fb™*

ILC 500 GeV, 4000 fb™'
®350 GeV, 200 fb'©250 GeV, 2000 fb”

ILC @ LHC 3000 fb™

Precision of Higgs coupling and witdh [%]
O o N W PH OhLhoOON 0 © O

(CLA5%)
K; Ky Ky, Kg K, K. Ko K; K, Dy i



comparison with HL-LHC

(7-parameter fit)

A
O

HL-LHC 14 TeV, 3000 fb" (CMS-1, Ret. arXiv:1307.7135)

'o\? 9 N E— HL-LHC 14 TeV, 3000 fb"' (CMS-2; Ref. arXiv:1307.7135)
% I ILC 250 GeV, 2000 b
2 8 1LC 500 Gev, 4000 5350 Gev, 200 15250 Gev, zooo s’
B 7 I ILC @LHC3000M"
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fingerprinting: SUSY or Composite

Higgs Coupling Deviation from SM [%]

LR
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LR
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(end of 250 GeV run)

MSSM (tang =5, M , =700 GeV)
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B ILC Projected Higgs coupling precision (model-independent)
. 250 GeV, 2000 fb™!

- —— Model prediction

Higgs Coupling Deviation from SM [%)]
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o

MCHMS (f = 1.5 TeV)

—
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250 GeV, 2000 fb'

- —— Model prediction

. ILC Projected Higgs coupling precision (model-independent)
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Higgs Coupling Deviation from SM [%]
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fingerprinting: SUSY or Composite
(end of 250 GeV run; using coupling ratio)

MSSM (tang =5, M , =700 GeV)
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B ILC Projected Higgs coupling precision (model-independent)
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- —— Model prediction
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™ ILC Projected Higgs coupling precision (model-independent)
. 250 GeV, 2000 fb

- —— Model prediction
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| Higgs Coupling Deviation from SM [%]
- | - -
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fingerprinting: SUSY or Composite
(end of 500 GeV run)

MSSM (tang = 5, M, = 700 GeV) MCHMS (f = 1.5 TeV)
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evolution of coupling precision

1 T ! T T T T l T \ T T l T T T T ! _—sz

ILC Scenario X-20  :
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with hadronic recoil ;-
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Conclusion

ILC250 is a Higgs factory.

Confirm the importance/significance of
Higgs physics —a window to a new world

— Continue to drive potential to probe energy
scale of new physics

Build/design to cost.
Build it soon or never.



— High B field (5 Tesla)
— Small ECALID
— Small calorimeter volume

— Silicon main tracker

— Medium B field (3.5 Tesla)
— Large ECALID

— Redundancy in tracking
— TPC for main tracker






