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Thanks to J. Fuster, V. Miralles, R. Poeschl, F. Richard, A.
Robson, M. Vos, the ILD conveners group, ... for the help
preparing these slides

Apologies in advanced for the many interesting and cutting-
edge studies not shown in the following slides.
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Linear Colliders IFIC

p Energy: 0.1 -1 TeV
P Electron and positron polarisation
p TDR in 2013

e + DBD for detectors
p Footprint 31 km

P> Initial Energy 250 GeV - Footprint ~20km

Under discussion in Japanese Government and international community

» Energy: 0.4 - 3 TeV
p CDR in 2012

® Project Implementation Plan in 2018
P Electron polarisation

P Footprint 50km
P> Initial Energy 380 GeV - Footprint ~11km

Possible future project of CERN
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Hiqqs factories but also...

p All Standard Model particles within reach of planned LC projects

P High precision tests of Standard Model over wide range to detect onset of New Physics

p Machine settings can be “tailored” for specific processes

® Centre-of-Mass energy & Beams polarisation (straightforward at linear colliders)

p Higgs factories but also...

e “light” qq factory

(and Z-factory at Z-pole)
°

Top-quark factory

ttH facotry
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gquark

Higgs and tog

P “Recently” discovered particles still under scrutiny

®* The heaviest fundamental particles !
® New physics by compositeness? Higgs and top composite objects?
P An enigmatic couple: the top quark has O(1) Yukawa coupling and rules the loop diagrams (gg —» H, H- gQ)

g

g Z

® Top mass (&Higgs &W mass) are crucial parameters of the SM (and BSM)
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P The top threshold provides excellent sensitivity to

the mass and other top quark properties

® Measurement of the top quark mass in

theoretically well-defined mass schemes

P Sensitivity to :

®* Top-quark mass, width, yukawa coupling,

strong coupling constant

p— 40 _ | T T T T | T T T T |FM

< T mP$171.5GeV, ILC TDR g
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parameter

genetic algorithm

e K. Novak et al [PD3]

® Top-quark mass can be extracted with stat. unc. of the

P Optimising top-quark threshold scan at CLIC & ILC using

order of 25 MeV already for 100 fb-1

35

30+

e Without losing precision on width or Yukawa coupling

CLICdp

clic ——
CLIC optimized ———
ILC

ILC optimized ———
FCC —— 1
FCC optimized ———

—_———

100 150 200 250 300 350
Luminosity [fb']

See also talks from:
Top-quark : A. Hoang , Harigaya. Pathak [PD1]
b-quark mass: M. Vos [PD2] S. Tairafune [PD3/PD4]




yower of beam polarisation

p Longitudinally polarised beams are a special feature of Linear e e Colliders:

* SLC: P(e) = + 80%, P(e") = 0% NR _ NL

* ILC: P(e) = + 80%, P(e”) = + 30% (upgrade 60%) P = NR 4 NL

* CLIC: P(e") = + 80%, P(e") = 0%

p Electroweak interactions are highly sensitive to chirality of fermions: SU(2)L x U(1)

® Cross sections are sensitive to beam polarisation —> background suppression, signal enhancement, control of
sytematics and...

P Beam polarisation allows the probe of the gL, 9'r, 921, 9ZR
SM/BSM chiral structure

® SM: Z and y differ in couplings to left- and
right-handed fermions

e BSM: unknown chiral structure!
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Two fermions

P> Differential cross section for (relativistic) di-fermion production

- b do .=
e 7/~ d cosf (e, ex>ff)=2,,(1+cos0) +3,,(1—cos B)
DO (et > F)=Zpe( 14050+, (1—cos0)

e The helicity amplitudes Z , contain the couplings g,/g,, (or

13’

25l
Form factors or EFT factors) 08/8 R
t alternative 2
e | eft/right asymmetries (characteristic for each fermion) J
20% +
ILC precision
p BSM in these topologies are mainly discussed in M0 =
terms of new Z’ bosons, coming from an extension RSWithZ-Z mxing e
of the SM gauge group ~330% -20% -10% 10%  20% RER
light top partners i W2 OSSR
e Most of these models modify the top-quark dfismatied ®70A 'l'g*l‘“:p P
= ittle Higgs
5D
coupllngs emgrgent —20% @ RS with custodial SU(2)

composite top

Figure from F. Richard
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Top-Quark EW couplings

P Updated global fits with LEP/Tevatron/LHC data [for example JHEP12(2019)098]

® Including ttZ, tty

P All studies show the extraordinary impact of adding the data of future LC

® |LC 250GeV already helps for several operators (b quark observables)
® Going above the top-quark pair production threshold is crucial for the top-operators

® The determination of axial form factors highly benefit from higher energies

—
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107°E
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Re[F , 1 Re[F, | Im[F, ] Im[F ]
Top-philic CP-violating BSM physics,
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Top-philic CP-conserving BSM physics
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Plot: Top quark EW couplings and EFT fits [Miralles PD2]
More by [Gu, Vries, Durieux, You, Najafabadi, Goldouzian... PD2]




Top-Quark EW couplings & compositeness

p CLIC studies at higher energies (boosted tops!)
P Potential to scrutinize the EFT operators with high precision at high energies
P Prospects on top compositeness including the study of ttH production (top Yukawa coupling) & tt global fits.

p Compositeness emerging in connection to the Naturalness Problem can be conclusively probed at a LC operating at
high energies
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JHEP11(2019)003
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https://doi.org/10.1007/JHEP11(2019)003

Only the top-quark? -

-~ 0.01

p Randall-Sundrum, Grand Unification Higgs models (GUT): B oo
¥ otk
® model new strong interactions by dynamics in a bounded 5th R o
dimension 3707

=0.03¢

® strong-interaction resonances become Kaluza-Klein resonances

® Higgs is the 5th component of a 5D gauge boson

» Modification of the EW couplings zﬁ ‘ l ‘ [T]
* Hosotani et al arxiv:2006.0215 _ %-u.um | L LT TE:; ..... 250GeV
® These effects grow as, s/kR. (kR is the RS scale). ooos | e "
® Small effect at Z-pole (LEP/SLC) but visible already at 250 GeV %'gzi
(with polarized beams) o
e Enhanced effects at large energies (500GeV-3TeV) & with SR,
beam polarization o
0.00 "‘-‘“"‘"'"-----!..%.__-._:_ 7 ¢ R TR T T G TIVE ]
P Expect particularly large effects for the 3rd generation, but g ok L
also for ligther fermions %_m“ ——y 500GeV
"-:: - ﬁ"*-.‘ ]
o> ~0.06 h"‘*».. e S—
3 -oos! T
g Zo0s 0.0 03 ]

Hosotani et al arxiv:2006.0215
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Access to Heavy Resonances at ILC25(

P At High Energies we are sensitive to interference effects of Z and photon!!

e Extracted EW couplings of photon and Z can be influenced by new physics effects

P At Z-Pole: we are sensitive to Z/Z' mixing High importance of running at the Z-Pole A. Freitas [PD1], G. Durieux [PD2]

® Sensitivity to vector (and tensor) couplings of the Z (and not “disturbance” from photons)

ete- —» bb Full simulation studies (cclss in progress) [A.l. PD3]

Couplings (notation for new resonances)

S - . :
Sk ILD Preliminary :
5 - 1 LeZ'L bz’
Z | mmmILC250, 2000 b ] LeLb = QeQb + BW Z 7
) 1L ILC GigaZ | swclw
+ - [ LEPT mE g
[4+] - 1 / | I|
“ i ] ¥ v ¥ v
i _ i ILC250 SM GigaZ New resonances
107 ¢ E L
- I T Sensitive to Z-Z' mixing effects
1072 -
L R L R (that could explain AFBb
o, LGF% ReLb oA < €2 measurement of LEP?)

N s TN i) Arxiv:1709.04289, PoS(EPS-HEP2019)624 19



Access to Heavy Resonances at ILC25(

-~ p BEAM POLARISATION allows to distinguish between
bé i ) d different models

- - ILD Preliminary ~ P-auarki Gigaz

~ 2| | Peskin, Yoon 4 arxiv:1811.07877 \ . . . .

S 107} Peskin, Yoon 5 anivi511.07677 : Expected number of standard deviations for different

= : g:f;?:ﬁ;;:;Zﬁﬁimm73 i RS/compositeness BSM scenarios when determining the
© - h ' i different EW couplings to c- and b-quark at ILC250 (with
:-;_ 2 5 GigaZ input).

) - - /" = * Models that predict multi-TeV Z’ resonances

(% I ; N f%i e With or without mixing at Z-pole

2' i 7 % | ® See backup for more details on the models

7 T Nl

Potential for discovery of nhew resonances mZ’ ~ O(10-
20) TeV at ILC250

& %R, Rty R AR Gy

#

c-quark Arxiv:2002.05805

Arxiv:1709.04289, PoS(EPS-HEP2019)624
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few) Experimental challenges

p Example of observables used to extract the electroweak couplings

P cross section, Rq and forward backward asymmetry AFB like observables

0__ Quark identification. No need to
R,=T4o/TyualZ—pole) o Seisure an angular distribution, (but

>R =0,/ Opey(s>Z— pole) possible)

Z/v do
et b d COs 9 \ Angular Distribution.
Nr — Np / Quark ID + charge measurement

Nr+Np (quark — antiquark disentangling)

Arp

Gives access to all left/right
couplings.

A. Irles | LCWS2021
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few) Experimental challenges

p C-quark pairs

p High efficient flavour tagging for c-
quarks expected at future colliders

p Charge measurement

® Primary method: identification of
Kaons produced D-meson decays
- K-method (requires PID)

e Secondary method: reconstruction
of charged mesons - Vtx-method

PID is mandatory to reach
competitive ac curacies

P s-quark pairs (in progress)

® Check M. Basso’'s & Y. Okunawa'’s talk

A. Irles | LCWS2021

p B-quark pairs

p High efficient flavour tagging for
b-quarks expected at future
colliders

p Charge Measurement

® Primary method: reconstruction
of charged mesons - Vtx-
method

® Secondary method: identification
of Kaons produced in b-hadron
decays - K-method (requires
PID)

PID is very useful

p top-quark pairs... decay before
hadronizing

lepton ID
tracking

’3@@\@
O)

\y
flavor tagging @

: 4 jets, isolated Iepton




Boosted topologies

p Even Lepton/Linear Colliders have complicated
event topologies

CLIC 3 TeV top-quark pair event

P Boosted jets: highly collimated jet environment above 1
TeV

P tops are reconstructed as “fat” jets with a rich
substructure

® Top tagger + MVA:

Maximizing full potential of PFA
arxiv:2008.05526

CLICdp Vs=1.4 TeV
e e e

> _ —
o | 77/ et (= 1) — qqaalv (1= ey) I Vs>1.2TeV
O 8000 [~ +isolation (1 e*/u#, 0 y) I -1 top tagged jet |
53 L [l +Reco. Vs>1.2Tev B mva cut
™ |
-—
C
4]
=
[«})
o
=z
0

0 50 100 150 200 250 ) 7300 ..
Hadronic m,__ Allows O(1%) precision on cross

sections and AFB measurements
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https://arxiv.org/abs/2008.05526

Flavor tagging and PID

p Flavor tagging

® |ndispensable for any analysis with final state quarks
» Quark charge measurements

® Important for top-quark studies but Indispensable for

ee — bb/cc/ss...

p Charge measurements:

® Vix charge and Kaon Identification

® High efficiency (double tagging)

® High purity - control of the migrations

P Future detectors can base their entire measurements
on double Tagging and vertex charge

e | EP/SLC had to include single tags and semi-leptonic
events

A. Irles | LCWS2021

Exploit small beam spot of Linear Colliders
Vix detector close to beampipe + low material budget
Tracking efficiency (>99%)

¥

K
f—?./ =

Ir

PhD thesis: S. Bilokin
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Flavour tagging + PID

P> Flavour tagging capabilities (b-quark example) » Charged Hadron PID needed for a wide range of
* using LCFI+ tools from ILCsoft momentum
10 0% = 8B E, <55 GV LD ® TPC as the main solution
L7 T L) I L) T L] I L) T L] I L] T L) I L] T L) I ]
% g 1 ® TOF as complement for low momentum (and/or forward
- E tracks)
o r ]
= 8ok — . . .
L” B: : P Special need of K/pion separation
B0 =
E Preliminar E Momenta and abundance of pi/K/p
S © ary ] in ee->bb @ 250 GeV
40f- N O, Seadessismel L0 8.0 :
af T e ; x| Bgt D TR
E _+_ Eb [blaq?ﬂﬂa Eﬂuc va:blzﬁ GEV} E § i o _; oz- ‘\* : TrK//-‘K' II[[))RR-E
20F E [ A | '{ - [ K/p' DRSS |
- e ] 067 = 250 . : il |
0= g — H o
r "L ] 05F = wn
{]n_ L1 1:I|2 TR R n|4 [ 1 1:IIE [ R ﬂl.a T B ‘|1 N 0.4 1 40' 4|
' ' lcost| o3k 1 3o TG O
0'25 E 2.0§ PR \::::1
b-quark Al : Lok e
Experiment | Eff. [%] Pur. [%] 061 = . 30 et e | ; |
DELPHI [19] 47% 86% ILD: Ifles, Richard, R.P. p [GeV] 0.0 1 ) 46 810 20
ILD (thisnote) | 80%  98.7% Momentum (GeV)
ILD note in progress — See S. Taraifune'’s talk Improvable by clustering counting?

[F. Cuna, PD4/PD5]
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Realistic studies with full simulation

0
=
o
=

o
2

=
T
w

Probing the Chiral structure of the SM
and BSM requires :

P high precision predictions & global
fits

p High precision measurements (at
the per mile level in some cases!!)

® detailed studies with full
simulations with realistic
detectors

® Optimization of detectors and
reconstruction techniques

p EFT predictions will require input from
differential distributions

A. Irles | LCWS2021
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https://arxiv.org/abs/2008.05526

Summary / conclusions

p Linear colliders are not only Higgs Factories but EW factories.

e Two fermion factory, Z factory, WW, ttH, etc
® upgradability in energy (and also at Z/WW thresholds)
® Polarization makes possible probing the full chiral structure of the SM / BSM
P Top (but also lighter fermions!!): excellent probes for BSM
e Already at “low energies” of the Higgs Threshold
P Heavy activity improving the predictions to address the reach of future LC
e EFT formalism, benchmark RS models...
P And also heavy activity on optimizing / understanding the limits of the future detectors

P Not covered in this talk...
® EW at the Zpole
® Higgs/Top interplay in EFT
® b/tinterplay in EFT
® Top BSM bellow the threshold (FNCN)

® etc
A. Irles | LCWS2021
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Back-up slides [FIC
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p Current LEP & SLC best sin’0', measurements show
tension

® This measurement is the one with largest tension with the
SM fit.

e Most precise single Individual determination of sin’6',

from SLC - Left-right asymmetry of leptons
e Most precise single Individual determination of sinze'eﬁ

from LEP - forward backward assymetry (b-quark)

P Heavy quark effect, effect on all quarks/fermions, no effect at
all?

The resolution of this issue requires improving the the
measurements precission by an order of magnitude

0.23099 + 0.00053
0.23159 + 0.00041

0.23098 £ 0.00038

0.23221 + 0.00022
0.23220 + 0.00081
0.2324 + 0.0012

=1l

]

0.231563 + 0.00016
yodof:11.8/5

E=E Aal = 0.02758 + 0.0()035
== m=178.0 * 4.3 GeV

0.23

Per mil level of experimental precision is required

0.232

.2
sin B

1
0.234

lept

A. Irles | LCWS2021 5
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Cross sections

- + .
e € _)q q
Channel  O,..lfb] o [fb] o, [fb]
q=t 572 1564 724
500 GeV qg=b 372 1212 276
g=u+d+s+c 2208 6032 2793
g=t - - -
q=b 1756 5677 1283
q=c 3020 8518 3565
g=u+d+s 6750 18407 5463
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Z/y

p Beam polarisation also enhances the cross section values




Electroweak Ph
. e
YLy — Yry

(0F +0B)

at an unpolarised collider:

(oF —op) _ §AeAf

4

«g Lf .g R f \\\\\\\\\\\ A FB =
While at a polarised collider: T
ar — ORr
A, =Ajp= ——— f
Y7 (o og)| AN [Hrees

_ (UF - UB)L - (UF - UB)R. _ %Af

(GF + UB)L + (G’F + GB)R

studies by ILD:
P at least factor 10, often ~50 improvement over LEP/SLC

p Ac nearly 100 x better thanks to:

e Excellent charm / anti-charm tagging:
® excellent vertex detector
® tiny ILC beam spot
e Kaon-ID via dE/dx in ILD’s TPC
P> polarization buys:

e afactor 100 in luminosity,

=

Absolute Uncenainty

10+

10°°

05

. ILC/GigaZ

. LEP/SLC

| | FCCee
Mg st Ay R, A A Ay A, A,

High importance of running at the Z-Pole A. Freitas [PD1], G. Durieux [PD2]

A. Irles | LCWS2021
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Electroweak Ph

sics above the tt thresholo
ILD-PHYS-PUB-2019-007

E‘ i
£ [ M c, fs=500 Gev, L=3200 " (preliminary)
=
@ LEP+HL-LHC-S2
2 1 aniv:1907.10619
> F - FCC-ee, (5=365 GeV, L=2400 fb"
C aniv:1503.01325
107 —
102 =
10°
10

Fiv Fiv Fia Fay Fav

A. Irles | LCWS2021

p e+e- collider way superior to LHC (Vs = 14 TeV)
P Final state analysis at FCCee (polarisation)

® Also possible at LC => Redundancy

CP conserving CPV

TLY (k% q,§) = —ie @sz%@(kQ I, @+ @(kz +7‘k2

p Two remarks:
® 500 GeV is nicely away from QCD Matching regime
Less systematic uncertainties

®* The determination of axial form factors highly benefit from
higher energies

Mapping between FF and EFT Coefficients

2.2 2 1

1
35w _ My vV _ ~(33) 1(33) _ ~3(33)
Ff IV SWeW A2 28wrw [C =Cgu’ +(Cyq Ciq )] ’
Z cA (33) _ (C1(33) _ 03(33)
Fia swcw A2 2.‘3;.1r cw [ =C5 {CW CW }] 2

Fz‘ =4 sz Re{cwC(m sty w‘”}g’sucu]

Az[

FZ = ‘1;&5 i[Cly = m{c},CSY) — 3, CSP Y swew] .


https://confluence.desy.de/download/attachments/42357928/ILD-PHYS-PUB-2019-007.pdf?version=2&modificationDate=1591144194685&api=v2

a BSM exam

6l —— M)

——-- SM(L)

= ) e SM (R)
z 4 —aHU

==== GHU 1)

Ar( Py Py cosf)

— GHU (1)
23_ ==== GHU (L)
------ GHU (R)

dir/deosé [pb]

0.0 0.5 1.0

-10 3
L — M)
L2 SM (L)
_:B . 6: ------ SM (R)
g 0 | —— GHU (U}
‘é [ === GHU{L)
;5 0.4:- eeees GHU(R) =

==
S==~

P o

e
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0.0 0.5 1.0

nle: GUT Inspired Grand Higgs Unificaton Mode

e et e

. . arxiv:2006.02157
« Model parameter is Hosotani angle 6,

yielding the Higgs-Potential as consequence
of Aharanov-Bohm Phase in 5" dimension

* Model defined in Randall-Sundrum warped
extra dimensions
* KK excitations of gauge bosons and new bosons
modify fermion couplings

* Predictions for ILC
«m,=13TeVand 6, = 0.1

* Deviations from SM of the order of a few %
» Effects measurable already at 250 GeV
* Effects amplified by beam polarisations
+ Effects for tt, bb and cc (and other light fermions)

* One concrete example for importance to measure
full pattern of fermion couplings
:elimgFyll pattern only available with beam polarisatiorn?

Slide borrowed from R. Poeschl (EFO04 Snowmass process)
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Polarisation & Electroweak Physics at high energies

. similarly, disentangle Z / y exchange in e*'e —ff

. TR . . e' f
gLf, gRf - he;g;t}i 3§fendent couplings of Z to fermions gL o', 07 g8
=> Ap= 5
9r5 + 9ry

+ —sin®0.;,)? — (sin® 05 4)? ol

. ( 2
. Ag — -~ — T 98 X
specifically for the electron: (L2 0,y + (5in2 0y )P 8( 7~ sin if) x F; X4
at an unpolarised collider:
3
AL, =\F=0B) S 4
FB (0F + 05) 477€ F =>no direct access to Ae, A P

only via tau polarisation
While at a polarised collider:

— —(op — 3
Al _lor—op) —(or —0p)r _ 9
and FB,LR (6p +08)L + (0F +0B)R 4Af

Orp —0OR

A =App=——
e LR (G_L_I_O_R)

trading theory uncertainy:
the polarised Ais.m receives 7 x smaller radiative corrections than the unpolarised Ai‘g !

A. Irles | LCWS2021
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https://indico.cern.ch/event/868940/contributions/3815726/

Detector Technologies ILD Design Goals

Vertex: CMOS, DEPFET, FPCCD, ...
ertex Features of ILC:

Tracker: low backgrounds, low radiation, low collision rate (5-10 Hz)

TPC (GEM, micromegas, pixel)

+ silicon pixels/strips These allow us to pursue aggressive detector design:

ECAL:
Silicon (5x5mm3? or
Scintillator (5x45mm?)

/" Detector Requirements < Physics

* Impact parameter resolution

with Tungsten absorber a(do) < 5@ 10/ (p[GeV] sin¥20) pm H>bb,cc,gg e

HCAL: = Transverse momentum resolution .
Scintillator tile (3x3 em3) ol1/pr) = 2x 105 GeV'! @ 1x 103/ (pysin26) Total e+e->ZH cross section
or Gas RPC (1x1 cm?) .
with Steel absorber * Jetenergy resolution H=>invisible

3-4% (around Eje; ~ 100 GeV)
All inside solenoidal coil of 3-4 T

*  Hermeticity
Bin = 5 mrad

H=>invisible; BSM

g 8 7~ - 'l
Detector R&D collaborations: CAL' CO "I@F&' t - | R. Ete: “The ILD Software Tools and Detector Performance”

Calorimeter for ILC

10
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https://indico.cern.ch/event/868940/contributions/3815726/

Electroweak precision physics: Prediction for Mw

and sinZBerr IN SM and MSSM vs. exp. accuracies
[S. Heinemeyer, W. Hollik, G. W., L. Zeune ’18]

0.2330 1 1 I 1 | 1 I 1 T I T I 1 I I I 1 I 1
~ experimental errors 68% CL / collider experiment: i
i LEP/SLD/Tevatxon/LHC: today i
023251 —— wceigaz | s
- R :
0.2320 |- v ! ]
%:J -
oF ]
=0.2315 -
__— 1T— MSSM region
SM “line” 0.2310 7/
0.2305 - ]
i il SM, MSSM Heinemeyer, Hollik, Weiglein, Zeune et al. '18:
| 1 | 1 | 1 | 1 1 I 1 | 1 | I | 1 | 1
0'23030.2 80.3 80.4 80.5 80.6
MW [GeV]

= Mw and sin2Be# have high sensitivity for model discrimination

BSM apportunities at e*e colliders, Georg Weiglein, LCWS2021, 03 /2021 27
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