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1. Introduction



M‘ New view on Particle Physics ... @0

Coronation of the Standard Model
and

First step on a road yet largely unexplored
Slightly modified citation of Barbieri arXiv:1309.3447

4 Chip Brook, Snowmass Summary Talk

¢
s ‘,."
4 Where do we go from here?
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Mt How to make progress?

1) Collisions at energies well above the electroweak scale
- Requires now and in the foreseeable future Hadron colliders

- Direct production of new particles
- Produce large number of rare particles and study rare decays
- First precision measurements of key particles of electroweak theory

-> High energy, High luminosity LHC

2) e+e-Collisions at energies at the electroweak scale

- Probe the electroweak scale with high precision
- ... In particular particles that carry the “imprint of the Higgs Field
such as W, Z and top”

-=>LC

3) e+e- collisions at 'smaller' energies
- Requires high luminosity to get sensitive to tiny quantum effects
-> SuperKEKB

Roman Poschl LCWS 2016



Linear Electron-Positron Colliders Projects |((*®

Roman Pdschl
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Energy: 0.1 -1 TeV
Electron (and positron)
polarisation
TDR in 2013
+ DBD for detectors
Footprint 31 km

Energy: 0.4 -3 TeV
CDR in 2012

Footprint 48km



Ztlt Detector requirements (oo

Track momentum: o,,, <5x 10°/GeV (1/10 x LEP)

( e.g. Measurement of Z boson mass in Higgs Recoil)

Impact parameter: o, < [5® 10/(p[GeV]sin*?8)] um(1/3 x SLD)
(Quark tagging c/b)

Jet energy resolution : dE/E = 0.3/(E(GeV))? (1/2 x LEP)
(W/Z masses with jets)

Hermeticity : 6__. = 5 mrad

(for events with missing energy e.g. SUSY)

Final state will comprise events with a large
number of charged tracks and jets(6+)

e High granularity
e Excellent momentum measurement
e High separation power for particles

* Particle Flow Detectors
ILD, SiD and CLIC Detector
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LC Physics program @0

New Physics
ee->ZH top-continuum .
m, 2me tt-threshold  tth-threshold 1 TeV
~machine design 1 /10% cm2s
0.6 0.7 1.0 1.8 38

« All Standard Model particles within reach of LC
« High precision tests of Standard Model over wide range to detect
onset of New Physics
* Machine settings can be “tailored” for specific processes
« Centre-of-Mass energy
 Beam polarisation

opp = i (1—PP)(oLr+0oRrL) + (P — P)(orL — oLR)]

« Background free searches for BSM through beam polarisation
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M‘ An enigmatic couple (oo

Beciron Neultinge Muon Neutrdno
Moss =0

Backron
ST

L
Up
Moss; 5

Elementary Scalar? Composite object?

- Higgs and top quark are intimately coupled!
Top Yukawa coupling O(1) ! h
=> Top mass important SM Parameter ( )

- New physics by compositeness? Ay Ap
Higgs and top composite objects? p //\ ;
'L

Courtesy of S. Rychkov

- LC perfectly suited to decipher
both particles
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2. Higgs Physics at the ILC



AL Precision Higgs Physics (oo

Higgs Force
v, H 1
Ja . | y
A /
Vx/ \“H K/, , - exact correlation between
B i A particle masses couplings to
; E e s H:[/ "; the Higgs in Standard Model
= Py I
g VX - " _ -
- 2 pa !
= /,-igw Pal
S04 vx | . e
= 2 ; - Any tiny deviation is
= o o : New Physics
@) o yy-> HH :
CJ ek Yukawa Force
001 o cC T -~
’._.;l’ F f
L i1 f
. I R | 9y
1 10 100 f
 AGFA Report Mass (GeV) r
ARVV  Ahtt Ahbb =
Mixed-in Singlet 6% 6% 6% B Need preCISI_On on
Composite Higgs 8% tens of %% tens of % HIggS COupllngS at 1% level
Minimal Supersymmetry < 1% 3% 10%“, 100%"
LHC 14TeV, 3ab ' 8% 10% 15%
LCWS 2016 12
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ZAZ Single Higgs Production at the LC @0

B NTE A R OE

Production cross section
P(e, e*)=(-0.8, 0.3), M =125 GeV

400]Ihlll
! — SM all ffh
— i _Zh ]
S0l —WW fusion
5 i ZZ fusion | e N
0200 . H
g | W
2. - e v
2100}
O : e’ e’
E ..|....1....1.,..+-.._|-+...1,f-“:+————_____ Y
800 250 300 350 400 450 500 - ;S =
A s (GeV) A . -
ZH dominates at 250 GeV vvH takes over at 500 GeV
(~80k ev: 250 fb1) (~125k ev: 500 fb™)
K. Fujii, LC School 2014
Roman Poschl LCWS 2016
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ZA‘ Higgs-strahlung at Lepton Colliders

EEEEEEEE

Higgs Mass and ZZH coupling by
Model Independent

measurement
ot T
Well measurable
decay leptons from Z
u Pairs, e pairs
/-
7% \ No assumption on Higgs
\ decay modes
\
e_ H

Higgs Recoil Mass:  M:=M?  =s+M.—2E s

recoil ~

Roman Podschl LCWS 2016



ZAZ Full simulation study at 250 GeV @'
250 | I I L T NI B
a2 I —e— Sig+Bkg ]
o [ —— Sig i
§2001 — Fitto Sig+Bkg

- 1w @ b= Fit to Bkg .
150_— 1 —
:  JH — pﬁL o X
100:— -
50— J _:

T T T R T v T 7 T 155
Mrecoil (GeV)

My, =125.3 £ 0.03 GeV
ozg = 10.32 £ 0.37 b, 3.6%

Roman Poschl LCWS 2016
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Individual Couplings to the Higgs

Top Yukawa

GeV

Near threshold
— a factor of 4
enhancement
of o, by going
from 500GeV to
550 GeV

T. Tanabe, K. Fuji, LCWS14

10%

0

8%

improves by
going to 550 \

6%

4%

2%

0%

Projected Higgs Coupling Precision, Model-Independent Fit

I iLC 250 GeV, 250 fb'@® 550 GeV, 500 fb"*
I ILC 250 GeV, 1150 fb'' @ 550 GeV, 1600 it *
B ILC 250 GeV, 1150 fb' ® 550 GeV, 1600 fb' @ 1 TeV, 2500 o' *

I ILC/HL-LHC combination **
* Ref. arXiv:1310.0763, ** Ref. arXiv:1312.4974

_______________ bl

LHC can precisely

measure

BR(h—yy) / BR(h—~22Z*
= (Ky / KzF

ILC can precisely
measure Kz

Better hyy with
LHC/ILC

synergy

K, Ky K; Kg K,

Precise measurements of relevant Higgs couplings

Roman Poschl

LCWS 2016
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Precision matters ...

Coupling precision after full ILC programme

15

10%

5%

0%

-5%

Higgs coupling deviation from SM

-10%

-15

MSSM (tang =5, M, =700 GeV)

Z W b T C t

Supersymmetry

ILC Projected Higgs coupling precision (model-independent)

- —— Model prediction

500 GeV, 4000 fb'' @ 350 GeV, 200 fb™' ® 250 GeV, 2000 b

15

10%

9%

0%

-5%

Higgs coupling deviation from SM

-10%

-15

MCHMS5 (f = 1.5 TeV)

Z W b 1 ¢ t
3 Composite Higgs
R .

ILC Projected Higgs coupling precision (model-independent) =
500 GeV, 4000 fb' @ 350 GeV, 200 fb™' ® 250 GeV, 2000 fb" ]

- —— Model prediction -

 Different new physics models lead to different patterns
« Full pattern can only be measured at Linear Collider

Roman Poschl
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Z.At The Total Higgs Width (oo

Can be derived from model independant measurements

b
W
W

T
=<l

c \
)2 ,
Requires running (Juﬂbb/Jbe) ... with crucial input b
at 500 GeV Iy ~ X OZH  from 250 GeV running
(JvﬁWW/JZH)
e’ v
W
W
<H
W
_ W
e v

Current prospects - ' ~ 5% @ 500 GeV
~4% @ 1 TeV (2% technically possible)

Roman Pdschl LCWS 2016 18



M‘. Top Yukawa Coupling @0

e.’e+pol -(00 0.0)

3
e t EN e bW -
’ § ;_ (with #¢ bound-state effects) 77 _;
e I & fp N T o
O ttg —>ttbb 3
- Coupling of Higgs to V7 “ttH (without ¢# bound-state effects) ]
heaviest particle known today %Y &8 e E
) ttH (nggs radlated off Z)_
_ . . . 10‘
Up to eight final state jets | 800 900 1000
\s (GeV)
AgttH / gttH 500 GeV +1TeV
Snowmass 7.8% 2.0%
H20 6.3% 1.5%

Roman Pdschl LCWS 2016 19



Tracing Heavy Particles

Top-Higgs couplings in “presence” of heavy particles
147 Gt

3 arxiv: 1408.4456 B T ' arxiv: 1408.4456
121 custodial RS model A o * . ¢tistodial RS model

arxiv: 1408.4456
25 50 75 100 125 150 175 200
M, [TeV]

i S

75

Mg(l} [TeV]

100 125 150 175 200

* Heavy particles, e.g. (Kaluza Klein) “duplicas” of SM particles provoke sizable effects

» Sensitivity to CP Violation !?

Roman Pdschl

LCWS 2016
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0L The Higgs Potential (oo

Perfect (electroweak) symmetry Broken (electroweak) symmetry
and massless particles and massive particles
/
Two questions: 3(\ y y ;1
« Shape of “today's” Higgs Potential? \./:‘L
1 5 5 3, 1, 4 : : : > ’// e
Vin) = oM *‘@”7 Bl Z)\n => Triple Higgs-self coupling ,” s

« Transition from symmetric, unbroken to broken phase?

Roman Poschl LCWS 2016 21



Phase Transition in SM

Electroweak Baryogenesis requires 1% Order PT
Drawings by Y. Nir

MH <70 GeV M >70 GeV
' ¢ ; ¢
- Coexistence Two minimaat 0 and v_at T _ - No coexistence of two minima at 0 and v_
=> 1% order phase transition => Cross over into

and development into "today's” shape at T=0  “today's” shape at T=0

The discovered Higgs is too heavy to provoke a 1% order phase transition

=> New physics needed

Roman Pdschl LCWS 2016 22
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New Particles — Extended Higgs Sector @

e~
N
~w
ZRO
mO A
N

<

Contour plot of A\ypn/Anh @nd @ /T, in the mg-M plane
450 T T T | T T T Deviations
100%  ___ooomemmmmmmmmm T i of A from

__________________ //_ SM Value

Heavy
Higgs
Mass

="
-
--
--
-
----
-
_____

@Pc/Te=1 _

.....
- -

AMnnn/Anhh = 5%
B sin(o-B) =-1,tanf =1
mh = 120 GeV

arxiv: 1305.1563 Mme=MH=Ma= Mx*
l ! | 1 l | l

0 20 40 60 80 100 120 140
M (GeV)

mgy, (GeV)
- 38888888

- New (bosonic) particle may modify A and enable 1°' order phase transition
- Impact on measurements and achievable precisions of A ?

Roman Pdéschl LCWS 2016 23



Higgs self-coupling — Current status

Cross section vs CM energy (e+e-)

061

05f
0.4F
03f
0.2F

Cross Section / fb

0.1F

e +e>ZHH
e" + e — vwHH (WW-fusion)
e* + e - vwWHH (Combined)

e

T 1 rr7

M(H} =125 GeV F'[:'E-,e+} = {—UB’.'.[}B}

i S IR N
600 800 100
Center of Mass E

1200 1400
rgy / GeV

Diagrams with triple-Higgs coupling

T. Tanabe, Higgs Coupling 2016

Roman Poschl

Expected precision based on
full detector simulation studies:

ILC
500 GeV, 4 ab-1
OA = 27%

References:
J. Tian, LC-REP-2013-003

M. Kurata, LC-REP-2014-025

1 K &
500 GeV, 4 ab-1
& 1 TeV, 8 ab-1
OA = 10%

C. Duerig, Ph.D. thesis at DESY, 2016
HH->bbbb, bbWW* combination

LI
1.4 TeV, 1.5 ab-1
OA = 21%

References:
arXiv: 1307.5288

CLIC
1.4 TeV, 1.5 ab-1
& 3 TeV, 2 ab-1
OA = 10%

HH->bbbb only, upgrade in progress including bbWw=*

LCWS 2016
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Higgs self-coupling — Sensitivities
Manifestation of new physics in observables and extracted results?
%4""' )
o 5 —e*+e—ZHH @500 GeV 5%
~ X . w2
o} : ] o
3 e T @ +e —wvHH @1 TeV 0~
c . o<
R : = o O 102
s} ' i £
Q : (ol
@ . a
wn : - o
n i (]
o : i )
o : - >
5 — T
[ l i @
- I ~ Tian, Duerig - = 10
0 [ L1 1. 1 1 Ll i =
0 0.5 1 15 2 2.5 3
A Ay,

- Remarkable sensitivity of 500 GeV machine in case of large upward deviation
- 1 TeV machine superior for large upward and downward deviations

T. Tanabe, Higgs Coupling 2016

Roman Poschl LCWS 2016
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CP Violation in Higgs studies
g Lab. frame (Z* rest frame)
z iy ZZH-
' -> ks :
“H_I_QE? B WT T Rel. T Spin direction 8¢ The production angle coupling
of 1's In had. T decays A
. ‘/;w
polDeltaPhi_mmtt_SMHs_Pol0Sel3 The difference of
'_% Higgs production plane.
E 0 %::::-::- fuu Slm. © arXiv:1309.4819
& == | and reco.
5 Dmmu_nH_ [ T Y T T T T Y T T g v T )
; || mmit_CPVHs_ 0.015 ® angle I-¥1-bar in Z* rest-frame N
signal: 45 eSS g %" | !
CP even ¥4, s I
Y=m/4 f ™ iy
3 / 1
2 7
Higgs bkg 4.4 L ——
non-H bkg 5 ++ ¥ : CP Violation =~ —ubt=0
9 . Ogawa I
D. Jeans o—s+———1 L .
O [rad] 0 2 4 6

ROITIdI FOSCII LCWS. A¢ 26



3. Top physics at the ILC
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M‘ Top Quark Physics at Electron-Positron Colliders @'

r-Ur'-

mO A
}E>
i
"};O
,GE”
mam

IIIIIIIIIIIIIIIIIIIIIIII

| SM processes at LC

107 H _
Xqq
_ o+ - + -
| f'

3 ~,
10 | ity
. ZZ|
- Top quark production through electroweak processes |~
no competing QCD production => Small theoretical errors! 10° Zh
1)
o N ZWW
101, llllllll i.l.l((l‘llllllll]
- High precision measurements 0 200 400 500600  B0O 1000

-Top quark mass at ~ 350 GeV through threshold scan Vs (GeV)
- Polarised beams allow testing chiral structure at ttX vertex
=> Precision on form factors F

Roman Po6schl LCWS 2016 28



AL Vacuum stability and Top Quark Mass (oo

DEMACELRNTELE Degrassi et al. arXiv:1205.6497
M, [GeV] — 173.1 a,(Mz) — 0.1184
M, |GeV| >1294+ 1.4 —0.5 + 1.0y, .
r (GeV] 0.7 0.0007 .
200 180 )
- —_ > © " Meta-stability. |
8 150} S R
= ' = 175 T e
..: E-.. al - ,, 3 :ﬂf’f A
;- [ 2 L =
# 100 i E £
E g 170
ﬁ 50.- % Stability
, A
[ IBS L
0 115 120 125 130 135
Higps mass M, in GeV
Higgs mass M}, in GeV
Type of error Estimate of the error Impact on M, .
M, experimental uncertainty in M, +1.4 GeV Uncertamty on (pOIe_)
Qs experimental uncertainty in a; +0.5 GeV top quark mass dominates
Experiment Total combined in quadrature +1.5 GeV uncertainty on stability
A scale variation in A +0.7 GeV conditions
Yy O(Aqcp) correction to M, +0.6 GeV
Yy QCD threshold at 4 loops +0.3 GeV
RGE EW at 3 loops + QCD at 4 loops +0.2 GeV

Theory Total combined in quadrature +1.0 GeV
Roman Pdéschl LCWS 2016 29
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Top Mass, Higgs Mass and BSM — SM vs. MSSM @'

80.60

=

-

|-

80.50 —

M,, [GeV]

80.40

80.30 —

SM[M,, =125.09 + 0.48 GeV MSSM |

AL I BB WP ™
experimental errors 68% CL

LEP2/T ev_a_tronlLHC: today

St LHC.fin'"eii:' ém, = 0.5 GeV, 8M,, = 10 MeV
— ILC: dm, = 0.05 GeV, oM, =3 MeV

M, =125.09 + 3.1 GeV .
MSSM _

SM, MSSM E
Heinemeyer, Hollik, Stockinger, Weiglein, Zeune 16

| 1 1 1 I | | 1 | | | 1 I 1 | 1 | 1 1 1 I ! 1

168 170 172 174 176 178

Roman Poschl

m, [GeV]

LCWS 2016

Precise Top (and W) mass
crucial to test compatibility
of measured Higgs mass

MS might not be sufficient
to explain Higgs mass

LHC may not reach sufficient
discriminative power

A lepton collider will

30



AL Threshold scan Coe

Small size of ttbar “bound state” at threshold ideal premise for precision physics
— 14— T
-8_ " H threshold - 1S mass 174 éev I i Cross section around threshold is
C 1.2 o TOPPIKNNLO - ISR onl N affected by several properties
2 i o i of the top quark and by QCD
& Nl CLIC350 LS only — CLIC350 LS+ISR E
g ® Vi Qs - Top mass, width Yukawa coupling
g 0_8 — 5@‘ ......... @ ------------------- ;_T St I
o - K (IR ) - Strong coupling constant
06 :_ ms (_‘__) ..................................................... —_
0.4 -
0.2+ L -
0 -r:-':r::';‘ IIIIIII . A ol ]
345 350 355
\'s [GeV]

Effects of some parameters are correlated:
Dependence on Yukawa coupling rather weak,
Precise external a_helps

-> a_discussion in top/QCD parallel by Kluth

F. Simon, Top@LC15 Valencia
Roman Poschl LCWS 2016 31
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ZAZ Top threshold scans at different e+e- colliders (oo

o
-

E C T T T T T T T T T T I E 0_7 » T . . . . I T T T T T E 1 r T T T T T T T T T T T ]
& [ fiheshold- Beneke etal. NNNLO - p =80 GeV 1 Q[ fithreshold - Beneke etal. NNNLO - u = 80 GeV S ) g | fithreshold - Beneke et al. NNNLO - u = 80 GeV E
S 0.6 |~ ISR +ILC LS, mass fit incl. scale uncertainties - c (.6 |- ISR + CLIC LS, mass fit incl. scale uncertainties . 5 " E ISR+ FGCee LS, mass fit incl. scale uncertainties ]
B [ aetault- M 1715 Gev S F — default - m{= 171.5 GeV 1 = 0.8 F —default- n{® 171.5 Gev =
@ (.5 [ — bestfttempiate, m™171.45Gev . o - — best fittemplate, m"® 171.45 GeV 4 @ - E —bestiittemplate, m’™ 171.45 Gev ]
@ "L - mass variations + 0.2 GeV s 7] 0.5 L B i » 0.7 iati y =
) C . - e L ---mass variafions £ 0.2 GeV =~ _g=g- prd £~ mass variations £ 0.2 GeV
D o04b 1 8, g @ 0.6
©04r 004 st - 2 E
© = o C 1 C05F
0.3 :— . 03 :— —: 0.4 -
021 g 0.2F 4 03¢
- lIminary ] E i 0.2
01F pre - - prellminary = = preliminary
» based on CLICILC Top Study 4 0.1¢ based on CLIC/ILC Top Study 015 o based on CLIC/LC Top Study
- EPJ C73, 2530 (2013) ] G EPJ C73, 2530 (2013) ] R EPJ CT73, 2530 (2013)
O | 1 ] 1 1 1 L L L 0 - | | | | | | | | | L | 1 B O C | 1 1 1 1 ] 1 1 1 I | I
340 345 350 340 345 350 340 345 350
/s [GeV] /s [GeV] /s [GeV]

ILC CLIC FCC-ee

Fit uncertainty: Fit uncertainty: Fit uncertainty:
28.5 MeV (18 MeV stat) 31 MeV (21 MeV stat) 27 MeV (15 MeV stat)

Scale uncertainty: Scale uncertainty: Scale uncertainty:
40 MeV 42 MeV 40 MeV

New ideas on top mass determination see talks by Fuster, Maier and Marquardt

F. Simon Top@LC16
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M‘ Top Quark and Flavor Hierarchy (o

wl ®©

%101*
- b
b

mass
-
=
o
|
OO

ocQ

Roman Poschl

- SM does not provides no explanation
for mass spectrum of fermions (and gauge bosons)

- Fermion mass generation closely related
to the origin electroweak symmetry breaking

- Expect residual effects for particles with
masses closest to symmetry breaking scale
- A_, anomaly at LEP for b quark

Strong motivation to study chiral structure
of top vertex in high energy e+e- collisions

LCWS 2016 33



MZ Testing the electroweak top vertices @0

Manifestation of New Physics:

- Modification of Ztt coupling

Mixing between top and partners
Mixing Z/Z'

- s-channel exchange of New Z'
Including interference effects

; . . i) " . - ;
T“*(k? q,9) = —ie {’m (FX (k%) + v FX (k%) + 2;}1 (q+ )" (iFX (k) + Taqu{kE})} ,
(2)

Pure v or pure Z° : ¢ « (F;)? = No sensitivity to sign of Form Factors

70/~ interference : ¢ « (F;) = Sensitivity to sign of Form Factors

Roman Poschl LCWS 2016 34



AL Disentangling @‘

At ILC no separate access to ttZ or tty vertex, but ...

ILC 'provides' two beam polarisations

>
P(e™) = +80% P(et) = F30%

There exist a number of observables sensitive to chiral structure, e.g.

_ N(cosf) > 0) — N(cos@ < 0)

(oer)I
Or Arp,r = (FrR)r = —
FB.I™ N(cosf > 0) + N(cosf < 0) o1
x-section Forward backward asymmetry Fraction of right handed top quarks
Vs

Extraction of relevant unknowns
FY, FZ F, =0, FZ .
vy “1v» lAz » P14 orequivalently g7, 9%, 97, 9%
¥
Fov,s Foy

Roman Poschl LCWS 2016 35



Results of full simulation studies for LC at +/s = 500 GeV and 380 GeV

Go

Accuracy on CP conserving couplings

Uncertainty

10!

A

10

LA

10

|

LHC, fs =14 TeV, L = 3000 fb"
Phys.Rev.D71 (2005) 054013

Phys.Rov.DT3 (2006) 034016

ILC, V8 =500 GeV, L =500 fb™'
EPJ CT5 (2015) 512

CLIC, {s =380 GeV, L =500 fb"'
PRELIMINARY

CLIC, {8 = 380 GeV, L =500 b (0, ., ...~ 3%)
PRELIMINARY

L

{ zZ Z if
F1‘v’ F‘IV F1A F2V

LC promises to be high precision machine for electroweak top couplings

Roman Poschl

ILC might be up to two orders
of magnitude more precise

than LHC (Vs = 14 TeV, 3000 fb-1)

Large disentangling of couplings for ILC

thanks to polarised beams

One variable at a time for LHC

LHC projections from 8 years old study

Note

Minimal Lumi scenario for ILC
Maximal Lumi scenario for CLIC
Maximal Lumi scenario for LHC

CP Violating couplings see talk by Vos

Alternative by Matrix Element Method see talk by

Sato

LCWS 2016
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Sensitivity to New Physics

Top is primary candidate to be a messenger new physics in many BSM models
Incorporating compositeness and/or extra dimensions

A
097/91
20%
arxiv:1505.06020
see also: arX{v:'1 608.07537 ILL.C Precision Statistical error:
arxiv:1503.01325 L0% - > s ~ 500 GeV
L =500 fb™
RS with Z-Z’ Mixing SM 5 Py
—— I I @ I I >
-330% -20% -10% 10% 20% gR/ _gR

5D Emergent

lels (7]
-10% @ Composite Higgs with SO(5)/SO(4)

® Little Higgs

® -20% @ RS with Custodial SU(2)

® Composite Top

Precision expected for top quark couplings will allow distinguishing between models
Remark: All presented models are compatible with LEP elw. precision data

Interpretation in EFT Framework, see talk by Vos

Roman Poschl LCWS 2016 37



ZAZ Example for physics reach (oo

New physics reach for typical BSM scenarios with composite Higgs/Top

and or extra dimensions
Based on phenomenology described in Pomerol et al. arXiv:0806.3247

'\_2‘ LT Top qUEFR CoUpTIGE: (...-b@u ~ ;

lO_' P(e,e )-(:8['.'6‘3’;“_?9:-%), ar)(w.13?7.81 02,0806.3247 __ 2 5 9

(- 102 ..._.._.._.._.._.,_..,.[5.gﬁgg@.ﬁ_.s%;;,é................,........ e - —

% ] | Go)008%, Bos%, | T 20 z§

o -

e 10 ................................................................... Sy, .:

o — 15

@) -

C 1 ........................................................................................ -

= 10

Q. -

2 10 -

10 30

years

Can probe scales of ~25 TeV in typical scenarios
(... and up tp 80 TeV for extreme scenarios)
=> |[mportant guidance for e.g. 100 TeV pp-collider
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MZ Different centre of mass energies (oo

... simplified discussion

N m B 1 I I 1 I 1 1 I 1 1 1 1 i
] @) [ o _ . . .
Small cms energies: ~r0.12 | 1 High cms energies:
(&) Z i _ _
- Vanishing axial Ze) - 4 - Quickly decreasing
vector coupling 0.1 —| cross section
- 1 - .- partially compensated
- QCD uncertainties 0.08 - . by increasing luminosity
- Il_uml decreases at 006 ke
linear colliders - ® g
0.04 - -
002F -
C l L L L L ] L L L !
500 1000 1500
Is [GeV]

Broad minimum between 400 and 700 GeV

Vs ~ 500 GeV is “sweet spot” for coupling measurements
However:

- Sensitivity to CP violating Higgs at smaller cms energies

- New physics at higher energies may increase cross section

Roman Poschl LCWS 2016 39



Summary

- LC is versatile machine for precision physics at the TeV scale
Polarised beams to test chiral theory!

- Higgs and top quark are physics guaranteed
(My conviction) both are messengers to New Physics

- Exciting Discovery potential

Full set of SM couplings to Higgs

Discovery of invisible decays by Higgs-strahlung

Direct Measurement of Higgs self-coupling: Unique at LC

Direct Top-Higgs coupling: LC only e+e- machine

Precision of top couplings: Unique at LC

Top physics programme completed by superb mass measurement

Roman Poschl LCWS 2016
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M‘ Higgs self coupling - introduction (oo

RATOIRE
'"ACCELERATEUR
i RE

Baryon Asymmetry of the Universe BAU Sakharov conditions for BAU include
First order Phase Transition

density Qnh?
Baryon density Qg (of electroweak vacuum)

0.005 001 0.02

=
b2
(=3
I

”1]””]””]”]lll]”lll”‘”” TITTTTTT

1 2 3 4 5 6 7 B 910
Baryon-to-photon ratio  x 10"V

Coexistence of two phasesat T =T_
Abundance of light elements Two minima at 0 and v_in scalar potential
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ZAZ WIMP and Dark Matter Searches @0

WIMP searches at colliders are complementary to direct/indirect searches.
Examples at the ILC:

Higgs Invisible Decays Monophoton Searches
1600 T T T T T T
E ~| LD Simulation o, - e 9 X
~ 14000 \E = 250 GeV Eg% —
iy - polie &) = (+0.8,-0.3) CJwH .
.g 1200 250 fb7 Eggn . —
I% ; ﬂﬂﬂf— 1 H—invisible BF m%_f
T Z->hadrons E
: BF(H->invis)=10%
f0 710 120 180 140 150 %ﬁn et X
Recoil Mass [GeV]
BR(H-=>invis.) < 0.4% at 250 GeV, 1150 fb- > DM mass sensitivity nearly half Vs
Impact of jet energy resolution Soft photons, forward detectors
Tomohiko Tanabe
ILD Meeting 2014
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AL Detector concepts (oo

Highly granular calorimeters

Central tracking Central tracking
with silicon with TPC
Inner tracking with silicon
- CDR 2012 - LOI's Validated by IDAG in 2009
Revised since - Publication of Detector Baseline Design in 2013, together with TDR

Concepts based on input from physics studies and detector R&D organised in R&D collaborations

Roman Péschl LCWS 2016 44



R

M~y
"oy

3
ZRO

m\aa
>m
o
-.30
mga
mxm

ILC Project - Machine and detectors |(C®

e -
o

SiD

Machine TDR in 2013 + DBD for detectors

Roman Podschl LCWS 2016

ILC design parameters

Vs 91-500 GeV

L 2 x 103* cm— %51
Pe- >80%

Pe+ T ~30%

-> Talk by Steinar Stapnes

Talks by:

Imad Laktineh
Frank Simon
Marek ldzik
Lucie Linssen
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ILC Basic Parameters and Comments @'

ILC design parameters Comment
Vs 91-500 GeV Option to uprade to 1 TeV
;i 2 x 1034 cm—2s71 ~Factor 4 technically possible
o >80% Proven by SLC
P.i upto 30% ~Conservative estimate
| en gth ~31 km Current site allows for 50km

- Discussion on possible running scenarios has started

- Luminosity and running time to achieve at a ~25 years research programme
That includes running at 250 GeV, 350 GeV, 500 GeV and 1 TeV

- No official statement yet but integrated luminosities indicated in following
transparencies are realistic

Roman Poschl LCWS 2016 46



ILC in a Nutshell

nrram..s"il RTHL

TR {7 mrad
|
|
|
|
L |
|
|
=111 b |
|
|
!
|
= 1.1 km ’
|
| ——
- | &
235 km [| i ijue
5.6 km ' IL'\1.':-'
o | — |, ~ 30.5 km
¢ , e
Ir/l"l*z_-..-_-.
235 km || o= mirnc
| &
| B e
|
|
|
|
|
|
= 110
wh L
L=
- 14 km |
| i o
30 radis | RTML

.
Mot Ty Scale

N. Walker, ILC School 2013

Roman Pdschl

« SCRF Technology
— 1.3GHz SCRF with 31.5 MV/

m
— 17,000 cavities

— 1,700 cryomodules
— 2%x11 km linacs

Luminosity

Ng ~ 40% for SCRF technology
-> efficient technology

LCWS 2016 47



4™ of July 2012

CMS Preliminary
ls=7TeV,L=5.11"
is=8TeV,L=53fb"

—e— S/B Weighted Data
—— S4B Fit

---=-- Bkg Fit Component
[ l=+1o

=20

o

IIII[i[H

Events / GeV

IIII[ IH]III|”][]I[[]II]HI|HI|HI[]H-

100

(1].a 5
-100

Data - Bkg

Selected diphoton sample

ATLAS Preliminary

t
t

A

#

[] +_____ 9

Data 2011 and 2012
Sig + Bkg inclusive fit (m = 126.5 GeV)
4th order polynomial

\s=7TeV, J' Ldt=4.8fb"

s=8TeV, f Ldt=5.91"

100I

Roman Poschl LCWS 2016
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130 140 150 160
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Accelerator - Test and reality (oo

European XFEL Project: Location DESY Hamburg, Start 2015

Largest deployment of

Bunch Compressor

Main Linac
Collimation

this technology to date
* 100 cryomodules

* 800 cavities

* 17.5 GeV

Beam Distribution

e ~
“::-—______7_- H\“ -100
2500 < -50
3000 N 0
3500 S0
ATF at KEK Japan:
ATF2 heam hnE Fast kicker
.‘ T il — L -“-,
' Extractu::»n line ‘\_“_/

R&D to study the production
of nanometer size beams:

Goal@250 GeV: 2nm

Achieved@1.3 GeV: 45nm

: N B
Gawty Compton

Damping Ring

Photo-cathode RF Gun

Roman Poschl

1.3GeV S-band LINAC
LCWS 2016 49
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AL Why e+e- collisions? (oo

p p e e ° e

Proton: Electron:

Composed particle (hadron) Elementary particle

Unknown energy of collision Well known and adjustable
partners energy of collision partners
Parasitic reactions

Strong interaction Each energy point needs a

=> Considerable physics New set of machine parameters
background

Advantage: Scan of energy High precision measurements

Range within one experiment
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M‘ Top Quark Physics at Electron-Positron Colliders @'

r-Ur'-

mO A
}E>
i
"};O
,GE”
mam

l'IlIlIIIIIIIIIII'IITIIII'I

| SM processes at LC

107 H -
*qq
" I + =
106 m i OTTT
|'HII' j
Ul
10° (%
\ N '\
4 \J ‘I'n f\\m-
10 \‘." ] ‘--_'_-"'-
UP€\\ i
103 lf_\ \: ~
- Top quark production through electroweak processes =
no competing QCD production => Small theoretical errors! 102 /h
i} )
< ZIWW
. .. 101 llllllll i.l.l((l‘lllllllll
- High precision measurements 0 200 400 500600  BOO 1000

-Top quark mass at ~ 350 GeV through threshold scan Vs (GeV)
- Polarised beams allow testing chiral structure at ttX vertex
=> Precision on form factors F
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Higgs Mechanism 12<0

Scalar field which doesn't vanish in the vacuum

_|_
Choice in SM: L
Doublet Field (I) — q)O 4 degrees of freedom
L |
¢ 3

Longitudinally degrees q;z

Higgs Boson
of W,Z Bosons

Couplings to Higgs Boson in Standard Model
Increase with particle mass

2
:
2 3
g =t
HVV
)

10 100
Mass (GeV)

Roman Poschl LCWS 2016
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Individual Couplings to the Higgs [oe

‘ Zherer | 68% CL:3000f0", 14 TeV LHC and 500 ib”', 500 GeV LC

Y R TR
0.15 2 HLLHG - LGS00 (4, A)

0.1

0.05 1

0 3 tqe iEE I i i iE

-0.05 1
-0.1
-0.15 | arXiv:1301.1322 1

Y % % ¢ ¢ % ¢ ¢ ¢
e A e+e- machine (Linear Collider) running at several energies will provide precise

measurements of relevant Higgs couplings: Possibility to confirm the Higgs mechanism of the
SM

e Precision matters: Detect deviations, for example due to extended Higgs sectors
(SUSY,composite, ...):Expected on the 10% - 15% level in fermions,on the

few % level in gauge bosons in typical Two-Higgs-Doublet models
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0.4

0.2

......

M‘ Total tt Cross Section in e+e- Collisions (oo
E; = e Principle: m from g4(m,)
© —— LowQ
0.8 LowP

Advantages:

> count number of ¢ events

> color singlet state

> background is non-resonant
= physics well understood

' 1 ' ' A 'l 1 ' L L

(renormalons, summations)

ol
350 355 360
\'s [GeV] > Top decay protects from non-pert effects

Much of the discriminating power of the approach related to the strong
mass-dependence (ttbar resonance).

Peak position very stable in theory predictions (threshold mass scheme).

Typical results:

A. Hoang

Roman Poschl

— 5mfxp ~ 50 MeV
— 5m'fh ~ 100 MeV

What mass?
Ve ~ 2miT 4 pert series

(short distance mass: 1S — MS)

LCWS 2016 54



Top Quark Mass — Influence of Luminosity Spectrum

Co

o
fo)

o
N

0.2

based on CLICALC Top Study
EPJ C73, 2540 (2013)
| | | 1

ISR tail

EI 1 .4 [ T T T T T T T I l I T I | I T i
O | tt threshold - 1S mass 174 GeV i
S 1.2 — —TOPPIK NNLO — ILC 350 LS+ISR —
'-3 — CLIC 350 LS+ISR — FCCee 350 LS+ISR i
O A _
m -
2 i
© 0.8 N
o LS & ISR byoadening -

BS tail

III|lII|II

0 | P
345

350 355

s [GeV]

1) Main effect on L spectrum is ISR
=> Reduces Luminosity, smears out 1s bound state peak
2) LC somewhat smaller L due to BeamStrahlung

F. Simon
AWLC14

Roman Poschl

LCWS 2016

e Initial State Radiation
Lowers effective L at top energy

« BeamStrahlung
Lowers effective L
at top energy
Not at FCCee Gaussian spectrum

e Luminosity spectrum &
Initial State Radiation
broadening
Smearing of cross section
Due to beam energy spread
ILC and FCCee comparable
Worse at CLIC
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Z.At. Higgs Quantum Numbers — CP via tth (oo

Direct coupling of top quark to CP odd and CP even scalar

Cross section Top quark polarisation
3 | | | | — | 0.3 I I I I
O_(e+e— — tt@) [fl:)] ..........................
2.5 | Mg =120 GeV —— 0.25 k- i
o oL PileTe” — tt®) |
Ms = 120 GeV
L 015 L Vs = 800 GeV p
1F |: 0.1} k
_ i 0.05 |- larized .
N A ....................... " polarized ------ \
0 L‘Eo‘?' | | | | | | 0 | ' | |
400 600 800 1000 1200 1400 1600 1800 2000 0 62 04 06 08 1
Vs [GeV] b
Dramatic differences for Sensitivity to CP odd admixture b
CP odd and CP even scalar Merit of beam polarisation

Determination of CP nature of scalar boson in an unambiguous way

Godbole et al., LCWSO07
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M‘ Results of full simulation study at +/s = 500 GeV and L=500 fb"’ E"

BORATOIR
L'ACCFLERATEU
.' N E A I R

F‘-Ur‘-
mAm

ArXiv: 1307.8102
Precision cross section ~ 0.5%, Precision A_, ~ 2%, Precision >\t ~ 3-4%

Accuracy on SM Z couplings compared with other experiments

~ 59%/4 > 13TeV, NLO QCD - ILC with polarised beams
0.1 i 95% C.L. limit outperforms all present and
| future experiments
(Stringent limits only from LEP)

0.0 - Before ILC single top at LHC

and B factories can deliver
complementary information

- In particular g_ can only be
constrained by ILC!

g
. . , - - Maintaining this high level
-0.2 0.0 0.2 04 still requires substantial
LHC 300. 3000 from 1404.1005 ¥~ g css ~ 6g#/2  experimental and theoretical
Flavor from 1408.0792 N work

LHC Single top added by F. Richard

ILC promises to be high precision machine for electroweak top couplings
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M‘ Detailed look at higher order elw. corrections - GRACE (oo

¥ "Wl Tk [ FE i Y E S [ S O L B S SR S B I 2 (L o L et T T T .
R G o | i — ot 4 o= et _
[ T ol ELE_&—FEHEF | —4—€LER T ERE P
2.0 s €;ep : |~ BT ER A
g i r
—a— EHEL — +- "
1.5— —— EREL oy

arxiv:1503.04247 arxiv:1503.04247 A //

- Electroweak corrections manifest themselves differently for different beam polarisations

Beam polarisation important asset to disentangle SM and effects of new physics
Configuration e}_{ez seems to lead to “simpler” corrections
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M‘ ILC Roadmap

Timeline of ILC

1980's
Project Start

2004 : '
l . Discussions w/ Funding Agencies

l_.

2007

2008

Global Desig

Damgn Optlmlzatlo CERNJ/LHC :
I Higgs Discovery D
L 1 of Japan Report -

2013 ;
2014 Government budget for project evaluation
Today Project reviews by MEXT start
Site-specific design Government reviews

International collaboration i Site-specific design
Setting regulations Environmental assessment

Engineering design
Preparing construction

,.I Wil '.-:_._ n : on | : 0 | International )
———— _*‘

Mw

Remark R.P.: MEXT report In March 26

Roman Poschl LCWS 2016
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Higgs self-coupling

Existence of hhh coupling =

BT 1 I R B AL A T
Direct evidence of vacuum condensation o s £
g l ~— g*4¢ —viHH (Combined) ;
A - X s & wh M(H) = 120 GeV o
h \\ ///h v \\\ ,,, h 'é B L
0 — e e T R :
h ,!/ \\\h h ,,/ \\\ h g sz_ . Ié
& : i : ¢ 0.05— B
Challenging measurement because of: g g
« Small cross section (Zhh 0.2 fb at 500 GeV) e
« Many jets in the final state g
* Presence of interference diagrams
arXiv:1310.0763 | ILC500  ILC500-up ILC1000 ILC1000-up
Vs (GeV) 500 500 500,/1000 500/1000 e
[ Ldt (fb™1) 500 1600 50041000 160042500
P(e",et) | (-0.8,0.3) (-0.8,0.3) (—0.8,0.3/0.2) (-0.8,0.3/0.2) | — ' .
o (ZHH) 42.7% 23.7% LT
o(viPHH) - - 16.7% o N
A 83% 46% 13% - —

T. Tanabe, K. Fuji, LCWS14 H ard(

Roman Poschl

est) measurement, 10% accuracy seems possible
LCWS 2016
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ILC Roadmap

Roman Poschl
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