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proposals of future linear colliders
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three major probes for BSM at future linear colliders

» HIQQS
» 1Op

» New particles

with emphasis on complementarity with LHC
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nail down Higgs sector at future lepton colliders

bottom-up and model independent way

Mass & J¢F My, [y,

JCP

2
my,

LHiggs hhh: — 6i\v = —3i

2
. hhhh: —6id = —3i 1k

new CP violating source?

probe Higgs

v V2 potential, EWBG?
2 2 2 2
ey GV o My, f—rg . 90 My
LGauge W e g = 20, e W T I G = 20 SU(2) nature?
S 7 + gv M2 7 + g7 M2 my from SSB?
ZuZoh: g = 2i—2 g,  Z,Z,hh: Guv = 20— gy
v 2 v
f :
= Y My ms from Yukawa coupling?
hff: —1—= = —1—
LYU.k&W& ff \/5 v 'HDM?
L1.00p hry~y hqgg hvyZ new particles in the loop?

+ possible exotic interactions of Higgs, e.g. H—>dark matter?



Yan, et al, Phys.Rev. D94 (2016) 113002;
Thomson, Eur.Phys.J. C76 (2016) 72
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the key of model independence: absolute ozH

=

Yi =0z x 912L]ZZ
5gHZZ ~ 038%

» meas. of ozn doesn’t depend on how Higgs decays

» meas. of oz4 doesn’t depend on under

ying models on HZZ vertex



(-e0

importance of absolute coupling determination

» in some BSM, only Higgs wave function gets modified

» Higgs BR, and ratio of Higgs couplings could stay unchanged

1 9 N. Craig @ LCWS16
O = 5 (0,|H|?) arXiv: 1702.06079
Appears in CH and after 1
Lagrangian as LS A2 On EWSB H—=v+ \/§h
O e 1 )

2 2c V2 1
P ’ 5 (8M|H|2) ? ( A2 ) . 5(6“]'&)2

¢ Correction to Higgs wavefunction in broken phasej

Canonically normalizing A — (1 — ch2/A2) h

shifts all Higgs couplings uniformly, e.g.

2 2
LZhz,7" — TZ (1 cgv? /A2) hZ, 2"
U U

5Qhzz ~ 0.38% —> A > 2.8 TeV :



HWW coupling & Higgs total width Iy

Lazz 9tz
'y = _ . &
H Br(H — 22°) X Br(H — Z27) >Br(H->27%) very small
2
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determine Higgs CP admixture

» find CP-violating source in Higgs sector —> baryongenesis

» essential to understand structures of all Higgs couplings

m = . .
through H—>T1+T- Ly = —Tfo(COS Oop +i7° sin @cp) f

A(I)Cp i 3,80 D.Jeans @ LCWS16

~

thrOug h HZZ/HWW Lyvy = ZCVM%/(% + %)HVMV“ + CV%HVWVW + CV%HVWVW

(CP-odd)

Ab ~ 0.016 (for A=1TeV) Togawa@ Lcws1s
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Top-Yukawa coupling

= t
» largest Yukawa coupling; crucial role in theory ~H H->bb
» non-relativistic tt-bar bound state correction: _ "
enhancement by ~2 at 500 GeV €
» cross section increases by ~4 if Vs goes from
500 to 550 GeV / 2 Agier /gien| 500 GeV +1 TeV
» Higgs CP measurement SNOWMASS 7 .89, 2.0%
H20 6.3% 1.5%

Yonamine, et al., PRD84, 014033;
Price, et al., Eur. Phys. J. C75 (2015) 309

’
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' l

1S Peak s =500 [GeV]
Polet =0
m, = 173 [GeV]

12




Higgs self-coupling

» direct probe of the Higgs potential

» large deviation (> 20%) motivated by electroweak
baryongenesis, could be ~100%

» Vs>=500 GeV, e+e- —> ZHH
» Vs>=1 TeV, e+e- —> vvHH (WW-fusion)

Adgrn/Aarn 500 GeV +1TeV 0'65' e >zhH T T
o 05F — e*+e — vvHH (WW-fusion) -
ILC | Snowmass 46% 13% = ' —— e* + e — vwHH (Combined) E
C 04fF MH) =125GeV P(e,e")=(-0.8,+0.3)
H20 27% 10% 2 : A s

O N
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CLIC N R I e AT
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Center of Mass Energy / GeV
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Higgs self-coupling: when AxHH # Asm?

» constructive interference in ZHH, while destructive in vvHH (& LHC) —>
complementarity between ILC & LHC, between Vs ~500 GeV and >1TeV

2 if Aunn/ Asv = 2, Higgs self-coupling can be measured to ~15% using
ZHH at 500 GeV e+e-

Duerig, Tian, et al, paper in preparation

= 4 T T
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- SM 1 =
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references for Grojean, et al., PRD71, 036001; Kanemura, et al., 1508.03245; Kaori,

large deviations 4. Senaha, PHLTA B747,152; Perelstein, et al., JHEP 1407, 108 14
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precision Higgs couplings: probe/fingerprint BSM

MSSM (tang = 5, M, = 700 GeV) MCHMS (f = 1.5 TeV)
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L. Linssen

Higgs physics at CLIC

o) I | BE
5 Hveve
T
1 10 | E 7
‘0 He'e Higgsstrahlung
% / o~ 1/5
10F 3 LN Higgs id. from Z recoil
_ ZH \
ttH q
1 E -
: HHv_v, ve ,
i W WW(ZZ) - fusion
107" 3 ZHH E --- H (0 1t Iog(s)
- d w Large stat. at high E
102 L A N B Ve
0 1000 2000 3000
\s [GeV]
350 GeV 1.4 TeV 3 TeV For unpolarised beams.
1 1 1 Hvv increases x1.8 for -
Lint 500 fb 1.5 ab 2 ab £ 80% e polarisation
# ZH events 638 000 20000 11 000 (CLIC baseline)

# Hv.Vv. events
# He' e~ events

17000 370000

3700 < 37000

330 000

84000 ~. high selection
A efficiencies !




o(e'e” — HX) [fb]

L. Linssen

Higgs physics above 1 TeV

Vector boson fusion:

ete > Hvv, e*e & He'e"

High o + increased luminosity
Gives access to rare Higgs decays
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ttH production:
 Extraction of Yukawa coupling v;

e Best at Vs above 700 GeV

Studied at 1.4 TeV, 1.5 ab1

e Fully hadronic (8 jets)

* Semi-leptonic (6 jets + lepton + v)
Statistical accuracy:

* A(gyit) = £4.4% at 1.4 TeV




Events for L=3ab™

L. Linssen

double Higgs production

Ve * Cross section sensitive to gyyy and gwwun

CLIC3 TeV

S/B~ 1073

i CJee—aq
Work in progress=

% 1 HHvv>bbbbvv x5000

200

] ee—aqqagy
] ee—qqqql

* Small cross section (225/1200 evts @ 1.4/3 TeV)
\  Large backgrounds
= Requires high energy and high luminosity

Most promising final states:

bbbbvv and bbWW *vyv

[ ee—qqaq
[ ee—qqqal
=] ee—aaw
) ee—qaqv
) ee—qqll

= Dguun/ Bunn = ¥10%

for operation at 1.4 TeV + 3 TeV with polarisation

ee —Z(bb)Hnunu
[ ee—Z(cc)Hnunu
[ ee—2Z(uds)Hnunu
[ ev(BS)—eqqqq
I < (BS)—e'qqqq
B < (EPA)—-eqqqq
R < (EPA)-¢e'qqqq
[ ¢ (BS)—>vqaqq
[ &4 (BS)—>vaqaq
[ ev(EPA)->vqqqq
Bl <" (EPA)>vqqaq
] v(BS)y(BS)—~>qqqq
3 v (BS)y(BS)—->qqqq
3 v (EPAY (BS)—qqqq

) + (EPA) (EPA)-qqqq
e e —hhvv —bbbhw x 50000

300 400
mH2_opt

Process with strong sensitivity to BSM

Model Aghin ] Gnh
Mixed-in Singlet —18%
Composite Higgs tens of %
Minimal Supersymmetry —2%* —15 %"
NMSSM —25%

arXiv:1305.6397




coupling relative to SM

L. Linssen

combined CLIC Higgs results

indicative comparison with HL-LHC capabilities

Model-independent Model-dependent
=
CLICdp > 350 GeV Tk CLICdp 0350GeV| || _

—  model independent o +1.4TeV N P model dependent o + 1.4 TeV|

i o +3TeV ] -c% e +3TeV
[

- _ (@) B 7]
=
S
b TR g R I (R R S ——_ N [ Y [ R —_—
®)
&)

CLIC (and other e*e colliders) can do LHC-like fit, assuming SM decays only.
model-independent measurements Fit to deviations from SM BR’s

O Accuracy significantly better than HL-LHC
O Accuracy comparable to HL-LHC



three major probes for BSM at e+e- colliders

» HIQQS
» 1OP

» New particles

with emphasis on complementarity with LHC
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top mass: vacuum stability

> A runs < 07 top mass precision crucial
for vacuum stability

» at e+e-: top-pair threshold scan to
measure mi, much lower theory error

» Ami(MS-bar) < 100 MeV (Amn=14MeV)

—
N

" tf threshold - 1S ma
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cross section [pb]
e o -
[v)] @ Y M
I

S
B

0.2

I 1 l I I I I I
83 174 GeV
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— FCCee 350 L5<ISAH

based on CLIC/ILC Top Study
EPJ C73, 2540 (2013) .

1

350 | 355
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Higgs quartic coupling A

0.10,
008 30 bands in
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0.06 ' M, = 125.7 + 03 GeV (blue)
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002
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-002
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Degrassi et al, JHEP 1208 (2012) 098
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top mass at LCs: systematic errors

EerTor SOUree AmP® [MeV] | references
stat. crror (200 b ') 13 63,66
theory (NNNLO scale variations, I’S scheme) 40 65,66
parametric (a,, current WA) 35 65]
non-resonant contributions (such as single top) < 40 67
residual background / selection efficiency 10 - 20 63
luminosity spectrum uncertainty < 10 @
beam energy uncertainty < 17 63
combined theory & parametric 30 — 50

combined experimental & backgrounds 25 - 50

total (stat. + syst.) 40 - 75

22
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top EW chiral couplings

M.Vos @ LCWS16
Assume production is dominated by SM and NP scale is bevond direct reach.

7 _ . o NS
L~ (K, q,q) = ie {w (Fiy (k) + s Fia (k) — 512 (a+@)" (iF3y (k) + 5P (k) }
ex, t IFIC - LAL Collaboration
arXiv:1505.06020
'3 LHC, is = 14Tev.. = 3000 fb’
s B

! .cuc. {s = 380 GeV, L = 500 fb"’

PRELUMINARY

CLIC, s =380 GeV, L =500 fb" (0, __,~3%)
PRELIMINARY

Measure 2 observables for 2 beam polarizations at
ILC500 and CLIC380 (full-simulation):

F';M =0 always because of the gauge invariance

o(+) Agpl+) (+=6) - Fy " Ry
0() Arsl-) <—=en} {Ei F Ffv]_.
Measure

Extract

Y Z Z Y Z
F1V F1 v F1A F2V FZV

23
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Eur.Phys.J. C75 (2015) no.10, 512

top EW chiral couplings

A A
5.% / gy,
t Light top partners Alternative 2 [29]
o
20% -+
ILC Precision
10% + 47
RS with Z-Z° Mixing [34] SM
+ ves = : . = = . 5 Z Z
330% 20%  -10% 0%  20% 93/ 9k

. ® 4D Composite Higgs Models [33]
Light top partners

Alternative 1 [29] ®  -10% @ Light top partners [25]

® Little Higgs [30]

5D Emergent [32]
p -20% 9 RS with Custodial SU(2) [31]

® Composite Top |2

» great sensitivities to discover/distinguish various composite models
24



three major probes for BSM at e+e- colliders

» HIQQS
» 1Op

» New particles

with emphasis on complementarity with LHC

25
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Chargino search K FUji@HPNP2017 C
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WIMP Dark Matter search oo
K.Fuji@HPNP20

Decay of a new particle to Dark Matter (DM)
DM has a charged partner in many new physics models.

SUSY: The Lightest SUSY Particle (LSP) = DM — Its partner decays to a DM.
 Events with missing Pt (example: light chargino: see the previous page)

Higgs Invisible Decay Mono-photon Search
S‘ 1600 rTrrrrfrrrrrrrrr|1rrrrrrryoror . .
ILD Simulation — 17, Ty
(g . . "\/\- '
~ 1400 \'s = 250 GeV — it . A P
- - pol(e .e*) = (+0.8,-0.3) o o et -q‘; - X
2 1200 250 fb” . qqH ~ Y
S ; = W invisible BF 10% ~,
I.I>J 1000 :_ Invisible o \7/
E / o \
Mpm < Mp {2 ‘ l

e \‘\
e X
BR(H->invis.) < 0.4%  ReccilMass[GeV] — Mpm reach ~ Eem/2
at 250 GeV, 1150 b1 {<0.3% at 95%CL: H20)
Possible to access BRinv to 0.4%! Possible to access DM to ~Ecm/2!
L — B T — e |
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cross section [fb)
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CDR Model ll, 3 TeV:
» Smuons, selectrons
» Gauginos

In general, O(1%) precision on masses
and pair production cross sections found
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SUSY search at CLIC
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P.Roloff@ LCWS

120 GeV Higgs

1500 2500

a5 (GeV)

CDR Model lll, 1.4 TeV:
» Smuons, selectrons

» Staus

» Gauginos

500 1000 2000 3000

Wider applicability than only SUSY: Reconstructed particles can be
classified simply as states of given mass, spin and quantum numbers
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Summary
future linear colliders are able to comprehensively reveal the
mysteries at electroweak scale

main probes for BSM: precision measurements of Higgs and Top
properties, direct search of new particles

precision top mass requires v s >= 350 GeV

direct measurements of Higgs self-coupling and top-Yukawa
couplings requires v s >= 500 GeV

one of the greatest advantage is energy extendability, once next
energy scale is found by precision measurements

apologies that many interesting physics couldn’t be covered

30
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towards ultimate unification

K.Fuji@HPNP2017

A Gravity Strong Weak EM

13.8 byr
& 380 kyr
®
=
-
- EW symmetry breaking
ko) = phase transition
EED 10s Electroweak Unification

Unification of
forces

1036 g Unification of

matter Grand Unification ?

Unification of
1043 g matter and force :
Quantum Gravity ?

Unification of
matter, force, and space-time
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SUSY

EW symmetry was broken Grand Desert?
radiatively
SUSY particles, extra Hs Clear sky to GUT Scale

Deviations in Higgs
couplings 2

H125 is \
elementary \ \
. Quantum
Dark Matter
V:,hy 11.C l WIMP | Gravity
p°<0 ? decides / Ultimate Unification

_ the direction
H125 is 4

Composite _/ E
Composite Higgs

New strong force makes a vacuum condensate

Deviations in Higgs and Top couplings

New particle jungle in TeV+ scale

K.Fuji@HPNP2017




Why is the EW scale so important?

Mystery of something in the vacuum
K.Fujii@HPNP2017
2 Pillars of SM Unknown

L BsMm Vacuum filled with weak
charge (evidence: H125)

ﬁSM 5 EGauge + EHiggs + Ly The nature of the

Higgs field - its
flfefci?sgfo?M \ multiplet structure &
gauge theory . Clectroteak fiynl‘.-ilml(:(s beh|’nd it -
(left pillar) Gauge Principle Symmetry IS all unKnown:
Breaking
Precisely tested! V(@) = u®lof* + ¢l*

V(®)
A

=

Relativistic Quantum Field Theory

The SM does not explain why the Higgs field developed a vacuum

expectation value (Why p? < 0? )! The answer forks depending
on whether H125 is elementary or composite!
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)= -
w w (Largest SM BG in SUSY searches)

-

o W+ a W+

) >Mv:£{: N _ \Egz sSU@).

E 4 W eL/f W
SU@),

In the symmetry limit, G,y >0 for e}a !

Slepton Pair

J YL=-1/2: €
Y 4 B
B l Yp=-1 er

e— ? N

R/L U“)Y HR

In the symmetry limit, Og =4 G |

WW-fusion Higgs Prod.

v ILC
G __ _—— Ve
W5 -0.8
;’ = +0.3
& — }S--‘°“—- 1.8x1.3=2.34

K.Fuji@HPNPeBT7

Power of Beam Polarization

BG Suppression

Chargino Pair

eR Beam
+

~+
Only+H_ components
B in X’y contribute !

- ct.)
R U(1)y * ete > W'W~

Decomposition

Signal Enhancement
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Higgs direct couplings to bb, cc and gg

» clean environment at e+e-; excellent b- and c-tagging performance

» bb/cc/gg modes can be separated simultaneously by template fitting

directly measured B , , with ['H JHbb
oz - Br(H — bb) < g1 772950/ H

_ H
ﬁ oz - Br(H — cc) ch%{ZZgl%Icc/FH ﬁ GHecc

Oz H Br(H — gg) X g%—IZZgl%Igg/FH QHzz JHgg

Ono, et. al, Euro. Phys. J. C73, 2343; F.Mueller, PhD thesis (DESY) 37



et +e” — ZH — 171 /qq + Missing

P

P

P

BR(H—>inv.) < 0.3% (CL®5%)
a sensitive test for Higgs portal
dark mater model —>

complementary for low mass

beam polarisation does help
;1600"'I""I""I""I_'"l —
8 = Ay -
— C_IwZ —
g N =W 7
2 1200 2501t —— =
§ lq glc—t{hl-ivi_;i%\l;a RF 10Pa -
@ 1000 /—>qq @ ILC

A. Ishikawa

- ILD Simulation
1400F J5 = 250 GeV
C pol(z €") = (+0.8,-0.3)

/

ﬂ) Ll A o — a== e B e S ) D D D s e —
0 110 120 130 110 150 160
Hecoil Mass [GeV]
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1 0-37 \ p 90% CL exclusion: Higgs portal model
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expected precisions of Higgs couplings

Projected Higgs coupling precision (7-parameter fit)

1 O °/o - HL-LHC 14 TeV, 3000 ™' (CMS-1, Ref. arXiv:1307.7135) ~ '=-==="77===- —
- ) HL-LHC 14 TeV, 3000 fb"' (CMS-2, Ref. arXiv:1307.7135) -
9 OA) I ILC 500 Gev. 5001 '@ 350 Gev, 2000 ®250 GeV, 500 ... ..... —
i ILC 500 GeV, 4000 fb' @ 350 GeV, 200 v’ @ 250 GeV, 2000 b’ |
o B ILC D HL-LHC 3000 fb' combination
8 A)  teemcecescsecmsesmssseSessssmesssscmsessesscssssssscsscscccsnsssesceilhecee
7 OA) e i ecccecccscccscemcccosscccccecccccceccccamcenc Bl - e m - —_
(o YA T [ el
6%
o)A R (U S —
5%
Of I iieicicer ciccmccccccccccccs sesceseee. H...... coeee-...BB.... —
4%

3%
2%
1%
0%
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Two-Fermion Processes

arXiv:0912.2806 [hep-ph]

DISCOVERY

Z’ Search / Study
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FPigure 23 Sensitivity of the 1LC to various candidata Z' hosans, quated at 95% conf.,
with 48 — 0.5 [1.0) leV and £, — 500 [1000) f5~!. I'he sensitivity of the LHC-14 via
Drell-Yan process pp — £5£° — X wath 100 b~ of data are shown for comparnson. For

delails, see [14].

-0-41

hep-ph/0511335

LR

Z'(2TeV)

SLH

KK

0 a.5
1abM1 @ 500 GeV  Cr

ILC’s Model ID capability is expected to exceed that of LHC even if we cannot

hit the Z’ pole.

K.Fujii, Pheno2014, Pittsburgh, May 7, 2014

Beam polarization is essential to sort out various possibilities.
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