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Electroweak Symmetry Breaking

« With the discovery of H(125), we now understand how EWSB occurs: via
the expectation value of the Higgs field. However, we do yet know
the physics behind the EWSB.

« In order to explain the shape of the Higgs
potential (if there is an explanation), we need to

b d the Standard Model.
go beyon e Standard Mode V(6) = 122 + Ag[?

. Such BSM models predict the existence of new V(f’)
particles/forces. They also affect the
properties of the Higgs, top, and W/Z, which <*

can be probed via precision measurements.

« They could be connected to the observed BSM
phenomena:

— baryon asymmetry of the universe
— neutrino oscillations

— dark matter

— dark energy
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And today...
many proposals for a next generation electron-positron collider
with which we can study the Higgs boson in great detail:

(ED)
i @
o
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At proton-proton colliders: L~ quark  LHC
e Proton = quarks + gluons

®@ — — @
« Ease of reaching high energy © *~ giuon O
e Longitudinal CM momentum not known proton proton

At electron-positron colliders:

e Clean reaction of elementary particles e+e- collider

e Precision probes / coverage without holes o -
e CM energy & momentum known positron

LHC e.g. ILC

All from Higgs
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Circular Colliders

P CEPC-SPPC PreCDR

CEPC [rre-cor Mar. 2015

Circular Electron-Positron Collider

« Site: China

« CM energy: 90-240 GeV

« Single main ring + booster ring

« Circumference: 50 km

o« # of IPs: 2

« Precursor to 70 TeV pp collider (SPPC)

FCC-ee

Future Circular Collider: e+e-
« Sijte: CERN
« CM energy: 90-350 GeV
- Two main rings + booster ring :| Schematic of an
« Circumference: 100 km s long tunnel
« # of IPs: 2-4 \
« Possible precursor to
100 TeV pp collider (FCC-hh)
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Linear Colliders

I LC TDR 2012 o

International Linear Collider

« Based on superconducting RF caV|t|es

« Potential site: Japan \

« CM energy: 250-500 GeV
(upgradable to 1 TeV)

« Length: 31 km (for 500 GeV)

CLIC [cor2o11

Compact Linear Collider
« Based on 2-beam acceleration scheme

drive beams
m electron beams pro d the RFpowe rto the main acceler: to

« Site: CERN
- CM energy: 350 GeV > 3 TeV ;Iﬁm‘ mm z rm%m) r/m%m)
* Length: 50 km (fOF 3 TeV) electron main accslerator Sectrons i boams positrons positron main accelerator
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Circular vs. Linear

(not precisely to scale) ’\9
o

They have different capabilities:
» Circular colliders - high luminosity
« Linear colliders - high energy
And therefore different approaches! (with some complementarity) 8
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Higgs Physics
at future e+e- colliders
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W fusion

Peaks around ~250 GeV  Dominant at high energies
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CEPC

ILC
CLIC

FCC-ee

SUSY2015,

c

Reconstruct Z boson, subtract from
well-known initial state 4-vector.

Mz on=(s—Ez) —|pz|’

recoil —
Model-independent, absolute measurement
of Higgs mass and o(Zh):
Am, ~ 10 MeV
Axk,/x, ~ 0.2%
for lumi ~ 5 ab-1
best for CEPC/FCC-ee

August 2015

Higgs recoiling against Z

CEPC Preliminary
3000 - AN wg;ij=5aw
—4— CEPC Simulation
2 —
w L —— Background
2000 -
S CEPC
%)
k: 250 GeV
=B ZH>upH
F1000 [Pre-CDR]
0 L | L T
120 125 " u130 135 140
Mrecml[GeV]
200
CLIC
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ZH->qqH

140

120

|
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e Higgs Total Width

ILC
CLIc In the SM, the Higgs total width is [, ~ 4 MeV.
Too small to be measured directly even for e+e-.
Indirect measurement is possible.
Using the narrow-width approximation,
Partial Width & Branching Ratio measurements with Z/W:
et et v
- -
W+ rNH>WW¥*)
rNH>ZzZ%*) ————
\ W= H
AN BR(H>OWW*)
- BR(H>2Z*) - — * -,
Limited by low statistics due to Require high CM energy
small BR(H>ZZ*)~2%. for large statistics.

At ILC, Higgs width precision is ~2% [1506.06992]
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CEPC
FCC-ee
ILC
CLIC

Template distributions for H>bb,cc,gg:

h—bb

Higgs hadronic decays

Detector foreseen to have excellent vertex detectors,
with capability to identify bottom and charm jets.
- measure Higgs hadronic BRs
b-tagging & c-tagging performance (per jet):
15‘ R [ L L L B

c SR c 1¢ e
[s) c jets i) E Oooooidp
S - uds jets S i 008%™
E 107 E 107
5 - ILC 90 GeV 5 i
& - [Suehara, TT, & -
S 10% £ 1506.08371] | S 107 ¢ i £
E & E F o DDD -
- f S ctag
| o | | o
10-3 £ btag D[Drp o 10-3 = P :
g T E Fo > b jets
) g . iets |
10-4:“ il I N 10-4°|§@‘ Udsrlets
0 02 04 0.6 0.8 1 0 02 04 0.6 0.8 1

Tagging efficiency Tagging efficiency

ILC 250 GeV [H.Ono]
h—cc

08 |
0 g A \(eﬂess
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Akp/Kk, < 1%, Ak /K. ~ O(1)%, Ak,/K, ~ O(1)%

SUSY2015, August 2015
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B Top Yukawa

Coupling

e‘ t ?DJ 1 é —— Yy .--
§ I +E’yt/yt
© 1ab’' @ 500 GeV, P(e’,e')=(:0.8,0.3) i
H g 1 Conerol
. :
- e
e t E
e+e- > ttH process: Bound-state 10 500 550 600
effects significant @ 500 GeV \'s/ GeV
Final states analyzed: 8 jets, 6 jets+1 Ecm Int. Lumi Ay/y
lepton, (4 jets+2 leptons not included in 500 GeV 0.5 ab-1 18%
comb.) 500 GeV | 4 ab-1 6%
Crucial tools: b-tagging, jet 1 TeV 1.5 ab-1 20/

combination, lepton isolation

FCC-ee
ILC
CLIC

SUSY2015, August 2015

Indirect measurement at ttbar threshold
Model-dependent, contribution from both

anomalous coupling and new particles in the loop.
- Top Yukawa Precision ~10%.

Tomohiko Tanabe (tomohiko@icepp.s.u-tokyo.ac.jp)
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ILC V(D)
Higgs Self-Coupllng 1
« HHH coupling: direct probe of the Higgs potential y
« Large (>20%) deviations predicted by models of v\, h
electroweak baryogenesis 'Y
Challenging measurement due to: h//' \\h 0"
« Small cross section (~0.2 fb) 0 N o
« Many jets in the final state - — I ——
- Effect of irreducible diagrams : €’ +e — ZHH WW-tus ]
o 05F * 4+ & — vWHH ECOrﬁblfﬁngn)) r
AN = 1.66 do/o @ 500 GeV *= & e Wi
AMA = 0.76 do/o @ 1 TeV s o04f M(H) = 125 GeV P(e,e)=(-0.8,+0.3)'.._'.,..._;
?, 0.3F -
Ecm Int. Lumi AA/A 0 ]
500Gev | 0.5ab-1 | 77% | 0%k F e ra
500 GeV 4 ab-1 27% O 01fF - ST .
1.4TeV | 1.5ab-1 | 10% 0 bt :} RERIT)
TeV 2 ab-1 bined 4
/3 Te / comm N /Center of Mass%gy/GeV
CEPC Indirect measurement et
FCC-ee | [McCullough, 1312.3322]
et 7 et » model-dependent loop
corrections to ZH
S '\;- AA/N ~35% e”
‘h L *h  /s=240 GeV, L=5 ab-1

&
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CEPC [Pre-CDR]

Precision of Higgs couplingmeasurement (Model-IndependentFit)

Relative Error
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0.1}

® ILC 250+500 GeV at 250+500 fb~" wiwo HL-LHC | |

= CEPC 250 GeV at 5 ab™" wi/wo HL-LHC

K, Br(inv) kr

Kp K¢ Kg Kw K¢ Kz Ky

Projected precision of Higgs coupling and width (model-independent fit)

| . ILC 500 GeV, 500 fi' @ 350 GeV, 200 fb' ® 250 GeV, 500 fb”

- ILC 500 GeV, 4000 fo' @ 350 GeV, 200 fb” @ 250 GeV, 2000 fb”" + ==

B . ILC ® HL-LHC 3000 fb™' combination

(CL95%)
K, K. K, Ky Ty I

Y T invis

K, Ky K, K, K

coupling relative to SM

FCC-ee [M.Klute, EPS2015]

1.2 —

Model-independent fit
Coupling |FcC-ee-240 FCC-ee
9gH77Z 0.16% | 0.15% (0.18%)
JHWW 0.85% | 0.19% (0.23%)
JHbb 0.88% | 0.42% (0.52%)
GHcc 1.0% | 0.71% (0.87 %)
JHeg 1.1% | 0.80% (0.98%)
gHarT 094% | 0.54% (0.66%)
9Huu 64% | 62% (7.6%)
GH~~ 1.7% | 15% (1.8%)
BRexo 0.48% | 0.45% (0.55%)
CLICdp preliminary o 350 GeV
model independent o +1.4TeV o
B e +3TeV |
=t Jil' - '[31' '«L'f.l' 1'.1'.1' 'J\'rﬁ‘l' - 'J-'l' '/{\F‘-T.l L '1.1.'.[' - ]-1
]TT]TLFT T.‘]i]’.-T.“dT...TI..TiT w:r-.rr.r... T

0.8 |—

CLIC
[P.Roloff, LP2015]
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CEPC [Pre-CDR]

FCC-ee [M.Klute, EPS2015]

Model-independent fit
Precision of Higgs couplingmeasurement (Model-IndependentFit) COUpliIlg FCC-ee -240 FCC-ee
= ILC 250+500 GeV at 250+500 fb~" wi/wo HL-LHC? gHZZ 0.16% | 0.15% (0.18%)
= CEPC 250 GeV at 5 ab™" wilwo HL-LHC | JHWW 0.85% | 0.19% (0.23%)
5 0.1} JHbb 0.88% | 0.42% (0.52%)
E JHee 1.0% | 0.71% (0.87%)
5 JHes 1.1% | 0.80% (0.98%)
w107 gHirr 0.94% | 0.54% (0.66%)
IHup 64% | 62% (7.6%)
.| | GHyy 17% | 15% (1.8%)
Ko Ko Kg Kw Kio Kz Ky Br(inv) K BRexo 0.48% | 0.45% (0.55%)
_— At e+e- colliders,
10%=—1 Model-independent measurement of Higgs couplings
9% gl Precision 1% or better for Z, W, b, ¢, g, T
8% « HWW benefits from higher energy
7°/°_‘"f|'_"‘ « Challenge for experiment (systematics) and theory
::ffi's'd'« « Synergy with HL-LHC measurements in y, p

4%
3%}
2%}
1%}
0%
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Feeee Fingerprinting
ILC
CLIC Higgs boson: elementary or composite?

Supersymmetry Composite Higgs
(MSSM) (MCHM5)

MSSM (tang =5, M, =700 GeV) MCHMS5 (f = 1.5 TeV)
s 15 C ] s 15 N i
w B i w L 4
£ - Z W b T ¢ - £ - Z W b 1t ¢ -
£ 10% 4 £ 10%[ -
c [ ] c B i
Q B i Q B ]
T [ ] & _F i
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% 5ok 1 3 -s%F = .
2 N ] 2 N i
I [ ] T [ ]
Rl AR - A09oL - -
1 O /o - ILC Projected Higgs coupling precision (model-independent) - 1 O /O - ILC Projected Higgs coupling precision (model-independent)
B 500 GeV, 4000 fb™' @ 350 GeV, 200 fo' ® 250 GeV, 2000 o™ ] B 500 GeV, 4000 fo' ® 350 GeV, 200 fb™' ® 250 GeV, 2000 o™ ]
|- —— Model prediction - - —— Model prediction -

-15 -15

- Distinguish models which have specific deviation patterns
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CLIC Two-Higgs Doublet Models
2.0 Py | Py | ug | dr | b | O, Li
Tl ‘ oo Type I + — — | = | = +
cos(p-ay=<0 Type II (SUSY) v ==+ ]+ +
L Type X (Lepton-specific) | + | — | — | — | + +
1.8+ Type Y (Flipped) + - | =+ | = +
i Type 4 Possible Z> Charge Assignments
161 that forbids tree-level Higgs-induced FCNC
? Discrimination of Higgs multiplet
14 structure with precise coupling
K - | 1/ measurements.
3 I
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[Kanemura, Tsumura, Yagyu, Yokoya, 1406.3294]

K

With radiative corFections
[Kikuchi, 1412.0375]
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Top Physics
at future e+e- colliders



Vacuum Stability and Top Mass

[Buttazzo et al. 1307.3536]

0.107
0.08 , 30 bands in
i M, =173.3 £ 0.8 GeV (gray)
L a3(Mz) =0.1184 + 0.0007(red)
With the observed Higgs boson mass, the SM 3 My = 1251202 GeV (blue)
can be extrapolated to very high energies, £ om
possibly up to the Planck scale. T
e i WL T M= 1711 GeV
. £ 000 .
The SM vacuum appears to be at a point of = ) = 0105
meta-stability. 002} NN
[ M, = 1756 GeV.
—004L |, L
Does the Higgs quartic coupling really become 10710710t IEGEIOIL"GQ 10% 107 107
negative below the Planck scale, or become o
exactly zero at the Planck scale? R
178 | — i
. PR (U
To answer this question, need precise . 6:;/;‘,/// B T
Y 176 F IR S 11
measurement of the top quark mass. I 0 e .
< L ,—"/ \| .- r«,
§ I Mqtaés'tz‘ibi‘l_ity,"'}\, 7/’/ i |
g 172;" \/// r/10‘9 1
ol 1/3/ 1
s
Ny oses Stability
163 i S R
120 122 124 126 128 130 132

Higgs pole mass M, in GeV
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m, : threshold scan

Hadron colliders measure the “"Monte-Carlo” mass.

Uncertainty associated with the conversion into theoretically well-
defined top mass (e.g. MS ).

- Future prospects: 500 MeV [Snhowmass Top WG, 1311.2028]

At e+e- colliders, can measure the 1S or the potential-subtracted top
mass. They can be converted into the M S mass at high accuracy.
From recent 4-loop calculation of uncertainty [Marquard et al.
1502.01030], 7 MeV (from 1S), 23 MeV (from PS)

1.4
Additional uncertainty coming from the 1.2 -
calculation of the line shape of the ttbar 1.0 -
cross section; 0.8 -
“ 06t
Recent NNNLO calculation [Beneke et al, 0.4

1506.06864] shows 50 MeV theory 05 ez Behekeetal |
uncertainty is feasible. 0.0 1 1 1
340 342 344 346 348
Vs (GeV)

22
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FCC-ee
ILC
CLIC

o
o

Cross section [pb]
o o
H (o)}

o
N

SUSY2015, August 2015

m, : threshold scan

tt threshold - 1s mass 174.0 GeV

-— TOPPIK NNLO + ILC350 BS + ISR
| — Simulated data: 10 fb /point ]
- — Top mass= 200 MeV -

vvvvvvvvvvvvvvvvv

Seidel et al.
1303.3758

fraction / 30 MeV

345 350 355
Nominal CMS energy [GeV]

Measure 10 points (10 fb-1 each)
around 350 GeV.

Statistical uncertainty:
FCC-ee: 16 MeV
ILC: 18 MeV
CLIC: 21 MeV

-~ Prospect for 50 MeV accuracy
of top mass ()M S)

Effect of beam spectrum not negligible at all e+e- colliders.
[F Slmon, FCC -ee Workshop, 2014]

102 = —ILC 350 GeV -
E —CLIC 350 GeV
- FCCee 350 GeV
i normalized over full energy range

10° =

10

330 335 340 345 350 355 360
Is'[GeV]

l—|1 4 VVVVVVVVV T T T { T T
[ tt threshold - 1S mass 174 GeV
1 _2 - —TOPPIK NNLO —ILC 350 LS+ISR -
 —CLIC 350 LS+ISR — FCCee 350 LS+ISR

cross section [p
x
x

LS & ISR byoadening ISR tail

BS tail

based on CLIC/ILC Top Study ]
EPJ C73, 2540 (2013) 7
O 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1

345 350 355

/s [GeV] 2 3
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FCC-ee
ILC
CLIC

Top Electroweak Couplings

Top electroweak couplings are currently not well constrained.

In composite Higgs models, the top quark is often partially composite.
This results in form factors in ttZ couplings, which can be measured at e+e-

colliders.

Recent developments:

[Amjad et al., 1307.8102] Cross section, A_FB, helicity angle, beam polarizations
[Khiem et al., 1503.04247] Matrix Element Analysis in leptonic decays
[Janot, 1503.01325] Lepton angle & energy, final-state polarizations

lllllllllllllllllllll

[1506.05992]
Discrimination of
various new physics
models.

SUSY2015, August 2015

,,,,,,,,,,

Ag /g O
-1 +20%
LHC Precision
® ", O +10%
ILC Precision | "

'I"lll,,llll ":::4 l"llll,,””, A g R / g R
Yo, ] | I | l
1 » I |

-20%  -10% SM +10%  +20%", +30%
2 . O
O -+ -10%
® -20%
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CEPC
FCC-ee

Electroweak Observables

At circular colliders, the high luminosity at the Z-pole and WW
threshold mean that the electroweak observables expected to

improve significantly.
CEPC-SPPC Pre-CDR

Observable  LEP precision CEPC precision CEPC runs | £ needed in CEPC

my 2 MeV 0.5 MeV Z lineshape > 150 fb~*
mw 33 MeV 3 MeV ZH (WW) thresholds > 100 fb~*
Ab 1.7% 0.15% Z pole > 150 fb~!
sin? g 0.07% 0.01% Z pole > 150 fb~*
Ry, 0.3% 0.08% Z pole > 100 fo~*

N, (direct) 1.7% 0.2% Z H threshold > 100 fb~*

N, (indirect) 0.27% 0.1% Z lineshape > 150 fb!
R, 0.2% 0.05% Z pole > 100 fb~!
R, 0.2% 0.05% Z pole > 100 fb~*

Precise measurement of Higgs, top, W/Z become
important in the absence of new particles.

25
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M. Dam, EPS2015

Selected set of FCC-ee precision observables

Experimental uncertainties mostly of systematic origin
* So far, mostly conservatively estimated based on LEP experience
* Work ahead to establish more solid numbers

Observable Measurement Current precision FCC-ee stat. Possible syst. Challenge
m, (MeV) Lineshape 91187.5+2.1 0.005 <0.1 QED corr.
r; ( MeV) Lineshape 2495.2+2.3 0.008 <0.1 QED corr.

R Peak 20.767 £ 0.025 0.0001 <0.001 Statistics
Ry Peak 0.21629 + 0.00066 0.000003 < 0.00006 g->bb
N, Peak 2.984 + 0.008 0.00004 0.004 Lumi meast.
A Peak 0.0171 + 0.0010 0.000004 <0.00001 Epear, Meast.
o (m,) R, 0.1190 * 0.0025 0.000001 0.00015 New Physics
m,, (MeV) Threshold scan 80385+ 15 0.3 <1 QED corr.
- +
| T | e ioe | owes :
a,(my) Bhad = (Thaa/ Teot)w By,q = 67.41£0.27 0.00018 0.00015 CKM Matrix
m,,, (MeV) Threshold scan 173200 £+ 900 10 10 QCD (~40 MeV)
Generally better by factor 2 25 ==

25/07/15

EPS-HEP-15 / Mogens Dam, NBI




Search for New Particles
at future e+e- colliders



CEPC
Gt e WIMP Dark Matter
ILC
CLIC WIMP searches at colliders are complementary to direct/indirect
searches. Examples at e+e- colliders:
Higgs Invisible Decay Monophoton Search
S 170 70] = NN A IR R I
8 14005 ILD Simulation E@ -
a - }37529) E?Yo.a,-o.s) &= vy ]
£ 1200 250 fb . qgH ]
3 - %lﬁlq—tii’nl-\i/i_s)i‘l‘)\lle BF 10%
D 1000 °—_
800E- A. Ishikawa, LCWS14 ]
6005 ILC 250 GeV |
ZH->qqH
400 —
200 =
: e = -

R
S

" | ———— ; .
110 120 130 140 150 160

Recoil M G
For Mpm < Mh/2, ecoil Mass [GeV]

BR(H->invis.) < 0.4% Mpm reach ~ Ecm/2
at 250 GeV, 1150 fb-!
Best with high luminosity (CEPC/FCC-ee) Best with high energy (ILC/CLIC)

In many models, DM has a charged partner e.g. Wino, Higgsino

SUSY-specific signatures (decays to DM)
« light Higgsino, light stau, etc.

28
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Naturalness and Light Higgsino

Mass degeneracy

< _10"=
4 f 20 MeV < AM < 30 GeV
i challenging for LHC,
102 . &g Higgsino-like LSP
i - > No problem for e+e- colliders
10° i L _ _ _ _
" [1508.06608 - MwikeLse - Light Higgsinos motivated by
ATLAS . MBikelsP  EW naturalness.
e LATler ATLAS Run 1  WRkelsP | pigh-energy e+e- colliders have
10° 10° oy the best reach for EW naturalness
m&) GV measure:
i Apw =55 ILC1000
50F .
TLEP LHC14 1000 o LHC14 1000 fb™'
oL et e f++{’_ j+ ETmlss |
= | Agw =15 ILC500 >
=) Vs = 1000 fb™! ssap_ | &
10f 350 GeV 300 b~
5__ _____ 100 fo=! ]
2 . . :
[Bae et al. 1505.03541] 29
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Higgsinos in Natural SUSY (AM~1 GeV)

[Berggren et al. 1307.3566]

M(cha,neu) ~ 170 GeV, AM ~ 1.6 and 0.8 GeV
Only very soft particles in the final states

- Require a hard ISR to reduce large
two-photon background.

> (rrrrrrrr1rrrrTrrTTTTTT T T T T T T ] > :' T I.I.OI ;OI LENLEN DL DAL AL LA LR R B ':
& 800 1§ so0p U717 dM1600 E
= o -0z xy . ]
E 600 | E 400 - . SM Mz;’ =168.21+ 1.6 GeV E
Separation of o S 300 F — simul. data &
. > | > r ]
chargino and L 400 woor ]
. 200 B
neutralino channels 200k E g 2xMy 1
; { 100F l E

%00 250 300 350 400 450 50 %00 250 300 350 400 450 500
- \'s/GeV \'s’GeV
Precision Expected for 500 GeV, 500 fb-1 P(e-,e+)=(-0.8,+0.3)

Production AM = 1.6 GeV

Cross section
o(vXa Xo ) ~ 80 fb d(c x BR) ~ 3%

o(vXix3) ~ 50 b

AM = 0.8 GeV

6(c x BR) ~ 1.5%
6 M+ (Mgg) ~ 1.5(1.6) GeV
SAM (%, %) ~ 20 MeV
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CEPC -
e Extracting M; and M,
ILC
CLIC [Baer et al. 1404.7510]
e To— ct -
106 %{?z * ,. D ! € € % X 1 X 1
i T M(ch1+)~118 GeV, M(ch10)~103 GeV
3 P p > AM=15GeV
\;103 ,;.f‘. .' . o
oo /\ y In this benchmark, precision of M; and
oy g o M, expected to be few % or better.
" " " 250Gev @ 100D > Test of gaugino mass relation
114 115 116 11ILW11(1€;8\/1)19 120 121 122
;‘ 2000_'I I LI | | L I LI LA
o [ Preliminary Assume:
9._ 1500 [ LHC [Baer, List] - -
< A Gluino discovery @ LHC
- M EWK-ino @ e+e- collider
1000;‘ ] = Test of gaugino mass relation by
A hadron/lepton collider synergy
S0 ILC . 1 = Possible discrimination of SUSY
i ‘ 1 breaking models
O Pl I T TN T T I NN S SN S S S | | -

10° 10° 107 10° 10" 10™ 10" 10"
Q[GeV]
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Reconstruction of SUSY particles

100 l;lt+§+B?E)!;t;)u+()|(\;-g§ events: 2845 smuon pair prOdUCtion
m’:: 121:'_21; Z:; X% ndf 24.5 /45 From endeintS’
80 - | 4 <1% mass precision
[ for slepton mass ~1 TeV
60 [ —
40 -
[ CLIC
20r 3 TeV ]
[ ] Heavy Higgs:
%0 500 1000 1500 2000 HA = bbbb & H*H" S>tbbt
E [GeV] b-tagging required for separation

- mass precision ~0.3%
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w100__ l:lWW ] [72]

0:3 C Olzz ] q:_)
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ILC
CLIC

measurements of interference effects

f
ZI

v/ Z*

ZI
New gauge forces imply existence of heavy gauge bosons (Z').
Synergy of hadron/lepton colliders:
« If LHC discovery > determine mass of Z’

« At e+e- collider > access to couplings through precise

If no LHC discovery, CLIC can reach
multiple 10s of TeV in Z" mass.

Example: minimal anomaly free Z’

model
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Summary



Summary

« With the discovery of the Higgs boson, the question of why
the electroweak symmetry is broken has become urgent.
Any explanation requires BSM.

* Future e+e- colliders will tackle this with its powerful probes:
* Precise Higgs, top, W/Z measurements
» Direct search for new particles

* Any such collider will significantly advance our field.
Because of the differences in their capabilities, it does not
hurt to have multiple next-generation e+e- colliders.

 We seem to have good prospects ahead. We should seize
these opportunities!
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