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M‘ Linear Electron Positron Colliders @o

See also talks by ,'Ip = Energy: 0.1 -1 TeV
JLT ' Electron (and positron)

Michizono-san polarisation

Yokoya-san — TDR in 2013

(Beam polarisation) + DBD for detectors

Footprint 31 km

™ Initial Energy 250 GeV — Footprint ~20km

T :-:._..l

i

Strong effort by Japanese Community to host ILC — Political decisions expected ... daily
See also talk by

Andrea Latina Energy: 0.4 -3 TeV

CDR in 2012

Footprint 48km
ﬂb Initial Energy 380 GeV

Possible future project at CERN 2




Physics program at Linear Electron Positron Colliders @o

New Physics
ee->ZH top-continuum
W
m, 2me tt-threshold tth-threshold 1 TeV
~machine design L 10% cm s
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 = 31 (1— PP')(orr+0orL)+ (P —P')(orL —oLR)]

Background free searches for BSM thrqgg?ﬂlgeam polarisation .



M‘ Power of beam polarisation — An overview @o

K. Fujii

W+W- (Largest SM BG in SUSY searches) BG S UPPI"GSSI. on

E+ w+ 5 w+
>\%@i . E su@)y Chargino Pair

-~ W =

- A W e =

- SuU@2), . = er Beam

~+
In the symmetry limit, O,y — 0 for 6‘|—:¢ ! E+ H ®
Dn[g ﬁi components
Slepton Pair B in X3 contribute !
o & t " of)
e PR - °R U(1)y H ”* ete > WW™
) - { Y =-1/2: € o ~i e

. Iis . _ LYr=-1 :eq Aqs =W +I.I-|-|

e : ijﬁ — =
S (HT|Z7)
In the symmetry limit, Og =40 !
WW-fusion Higgs Prod. Decomposition
= 0.8
------------ 0.3 -
ws = . Signal Enhancement

IAOD LV 1Y



Double W Production

* Sensitivity to triple and quartic gauge Boson couplings
W*  (TGC and QGC)

* Observables depend strongly on beam polarisation

=> Enrich different helicity modes of W
w- = Disentangling of couplings to Z and y
=> in situ measurement of beam polarisation (and luminosity)

Limits on Triple Gauge Couplings@250 GeV

Detail View of the ILC Precision

LABORA TR E
DE L'ACCELERATEUR
L. I iNCE A 1T R E
et Wt et W+ et
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e |LC full H-20

== |LC 350GeV == |LC 250GeV
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Interference between individual amplitudes of y and Z exchange

L2000 [ (o, - ) a7 (65— 1)

o2 gh =iy — ch
My = ——(E7"1)guw (&77¢)

Differential cross section:

~ (1 + cos?6) ’'Usual’ Vector current, symmetric in cosf

do _o” 1y 29) + A; cosd
U( T Cos ) + A1€08 ] v« cosf)  Axial Vector current, asymmetric in cosf

E 45[

Weak interaction introduces forward backward asymmetry

=> Asymmetry is intrinsic to electroweak processes”:AS 010



Review: LEP and SLD |

ALEPH /;\ OPAL Large Electron Positron Collider — LEP:

"f/ * Circular electron positron collider

» Centre of mass energes m_ — 209 GeV

* Operated at CERN between 1989 and 2000

\\ | DELPHI
) * No beam polarisation but high luminosity at
West Area ; = (¢ * four interaction points
S S j—— * Around 10M Z events collected
o

LP]
g

-a"-‘i( PS \ - I I
e * No beam polarisation

»

&
? South Area
LEAR

B P ious
IAS 2019



V7474 Review: LEP and SLD I

SLAC Linear Collider — SLC:

* Linear electron positron collider

North Damping 200 MeV
ring (NDR) Positron
Polarized ;
(Polarized) &PO P Lme; pggrg;n - Centre of mass energy m,
50 GeV Accelerator
1.2 GeV Final Focus o
et i TestBeam Operated at SLAC between 1992 and 1998
South Dan;;lng _ _
ring (NDR) * Electron beam polarisation 90%

2 miles

* One single interaction point
* Around 400k Z events collected

IAS 2019



Review: LEP and SLD Il Coe

» Most precise single Individual determination of sin®6%;

— | 0.23099 = 0.00053
— 0.23159 + 0.00041 from SLC
* Left-right asymmetry of leptons
v * Most precise measurement of sin eeff from forward
—v— 0.23221 + 0.00029
backward asymmetry A% 5 in ee->bb at LEP
* 0.23220 + 0.00081
x 0.2324 +0.0012
Two lessons:
1+ 0.23153 + 0.00016
Cidofi118/5 * Most precise determininations of sin?6’; differ
significantly
* Cries for verification

* Beam polarisation can match up for luminosity

#8 Aol = 0.02758 + 0.00035
25 m= “78.0 = 4.3 GeV

| O.2|32 | | 0234
. 2. lept
SIN"0

IAS 2019 9



LEP Anomaly on ALg

~30 in heavy quark observable Abpg

Aﬂ,c

FB

ee->bb@250 GeV

Rl e

* Is tension due to underestimation of errors or =

due to new physics?

dolL/dcosOb

1
[y

0.75-05-025 0 025 05 075 1

* High precision e+e- collider will give final word on anomaly

* In case it will persist polarised beams will allow for discrimination between effects on left and

cosOb

o W R & WO

d°F

- doR/dcosOb

I. II II]J

III ]JIII I.

ﬂ :I 141 L 1 L1 1 1 Ll [
-1 0.75-05-025 0 025 05 075 1
cosOb

Randall Sundrum Models Djouadi/Richard '06

right handed couplings (Remember Zb;b; is protected by cross section)

* Note that also B-Factories report on anomalies |25 2019

10


mailto:bb@250

M‘ Example — Grand Higgs Unification a la Hosotani Cee

Randall Sundrum Models imply arrangement of fermion wave functions in (warped) extra dimension
The more overlap on IR-Brane the larger the interaction

a . B ) SM: Z 7 Zu ~@
Domunant components;  Bi= Oal Left  Right | Left [Rightl| Left [Righth| Lefc [Right
| | v, —0.183 0 0 0 0 0
v, | 05 0 —0.183 0 0 0 0 0
v, —0.183 0 0 0 0 0
e 0.099  0.916 0 —1.261]| 0.155 —1.665
- | —0.2688  0.2312 | 0.099  0.860 0 —1.193| 0.155 —1.563
= T 0.099  0.814 0 BEEEE 0.155 [Sisas
Z U —0.127 —0.600 | 0 0.828 | —0.103  1.090
_____ ¢ | 03458 —0.1541| —0.130 —0.555 | 0 0.773 | —0.103 = 1.009
t 0494 —0.372|0.985 0549 | 0.404  0.678
s | | | | | d 0.155  0.300 0 —0414 | 0.052 —0.545
0.0 0.2 04 0.6 08 1.0 s | —0.4229 0.0771 0.155 0.277 0 —0.387 | 0.052 —=0.504
L e o b —0.610  0.186 | 0.984 —0.274 | —0.202 —0.339
.~

GHU Model:
- Interaction of right handed (light) fermions -> Heavy and light fermion effect

- Interaction of left and right handed heavy quarks

- Note also asymmetry in couplings to y'" => F1Ay # 0

IAS 201 11
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Grand Higgs Unification a la Hosotani —

Dimuon production

=

Y. Hosotani, Top@LC18 1.0[]_-| | | . | G -'\[ | € ‘|
50 Ge ,
JI,:“
i ' . i
= 0.96 g |
'E O-GHU _P’q. i "‘._ 9 o 0 09174
S LTI J g T o)
T USROS M
o : 1
0.92} _
500 GeV q
: W .
090 L — P (S S S E— R I Pe _ e e
-1. 01 -0.5 gﬁ 0.5 11.0 T 1P P,
CC wi"cﬂrt;f no pol. LC

* Visible effects for Peff =2 -0.5

* LC would add two points that ideally are complemented by a point from Circular Collider

* Huge amplification of effect at higher centre-of-mass energies

12



GHU and light fermions

top2018-hosotani.pdf (page 17 of 22)

Bhabha scattering eTe™ — eTe

3 GHU |~ 0.115
. O = 0:115
2 gy [T ILC 250
of PN z "
A SE—— 2000 fb— 1
k. cos @ bin width 0.1
cos0

T I TN PP I A P e s e - p i biii i iloiiliciliiiloielioiloiiliid
........................

ete” > uTu -4 \ "= 20
0.115 | .}
8% S~
beososgpostrostrepogegen B0, bl 0050
] @Physics 17
IAS 2019

GHU is example for model
that implies

modifications of
“well known” couplings

Mz Tev 90% C.L.

ee MU,TT bb tt

Impressive mass reach already
at ILC 250 GeV

13



Randall-Sundrum Model and flavor mixing a la Peskin/Yoon

LABORA TR E
DE L'AC(;ELERATEUR
L. I iNCE A 1T R E
2cp—2c¢
m; 1. 1+ 2¢ 20
eg. —=_tan’f, (——) (2
m; 2 1 4 2¢ ZR
do
dcost
do
dcost
b,in5,bgin4
0% ILC precision
25%|
3 e 1TeV
E |
3 = 500 GeV
S el s 250 GeV
L
I — (;=0.3,c,=0.3,52=0.065
15%}
‘ —_— t=0.5
p— Cb=0.6
S s2=0.08
10% e % 3% 4%

02,

In short, mixing is consequence of arrangement of

1811.07877

heavy quarks in 5D multiplets

10% |
5% |
- 1 TeV
S 500 GeV
0 250 GeV
0% oo g
e ¢, =0.3,c,=0.3,52 = 0.065
59 | — ¢t=0.5
e cp=0.6
N s2=0.08
1% 3% 4%

IAS

(ezef — bb) = ZrL(s) (1 + cos8)? + TLr(s)(1 — cos §)?

(EEEL =X bg) = ZRL(S) (1 - 0089)2 ~F ZRR(S)(I - 0059)2

(ILC precision/_—>

O2ZpL
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Testing the chiral structure in 2-fermion processes

On the Z-pole

* Sensitivity to Z/Z" mixing
* Sensitivity to vector and tensor
* Couplings of the Z

* (the photon does not “disturb”

Above the Z-pole

VAVA VAN IR

* Sensitivity to interference effects of Z and photon!!
* There is no reason to assume that the
photon is standard model like,
which is a model dependent assumption in EFT

fits!!!

IAS 2019
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M‘ Decomposing ee->bb @-
b-quark couplings on the Z pole
* GigaZ results extrapolated from LEP1
Nmﬂf i  Taking into account excellent b-tagging at
N I | | | _ e+e- detectors but also split of lumi due to polarisation
O 0.01 * Resulting statistical error multiplied by two to
w account for systematics
0 * FCCee using optimistic estimation of systematic error
* See recent CDR
—-0.01
I 1  * Upshot:
- R.P. Preliminary result ! * Precise tests for Z/Z' mixing on Z pole
20,02 Foyyy g g * Dominant effect through statistics
—-0.003 -0.002 —0.001 0 0.001 0.002 0.003 * Polarisation (100% e- only) improves result by ~30%
S gf/gf » Better control of systematic errors (see backup)

* GigaZ competitive

IAS 2019 16



Decomposing ee->bb — Differential cross section (oo
V5 = 250GeV L = 250 fb™
eEeE — bb eﬁez — bb

II|IIB|III|III|III|IIIIIIIJIIIIIIIII

... Generated
D Reconstructed

N D Corrected

L Z return background

1600

[ €€ background
1200~ """ zz 7 ww background

1000
800 P+

600

348888 %88¢

L7
a00f
[
_ . 200&,
ik ..f-m, 0?52';1'-:/1;7;‘- 7
0.4 06 08 2

(1=
= T

PN o1 Ay
2 04 08 08 1

cos6, cos6,

AT A% = 100.7% + 0.62% Afy /A%y = 104.9% £ 2.25%

Full simulation study (with ILD concept), Benchmark reaction for 250 GeV running
*Experimental challenge: Measurement of b-quark charge on event-by-event basis

Long lever arm in cos 6, to extract from factors or couplings
do?!
dcost

Form factors/couplings

:SI(]+COSQQ)+AICOSH I=L3R from S and A

17



LABORA TR E
DE CELERATE UR
L

.' E

I R E

QbR

Error %

Preli

Decomposing ee->bb — Complete picture on couplings @-

Z/v

QbR gLZ

iminary result

F. Richard

m500fb-1 m2000fb-1 mLEP1

GigaZ

See also 1709.04289

- ILC measurements with beam polarisation

provide model independent access to photon
and Z couplings (or vector and tensor couplings)

d g+, 2r,~2% sufficient to confirm at >50 or to

discard the LEP1 effect which is at the 25% level

- Already by measuring 250 GeV

- Recall the sign uncertainty on LEP1 solutions
0gr,/ 22, =25% 0r 0g,,/ 25, =-225%

- Not a problem at 250 GeV to make the right
choice for the sign due to interference
photon/Z

IAS 2019 18



M‘ Top quark couplings at \'s = 500 GeV and 365 GeV

Uncertainty
o

I IfT|I=I|

Accuracy on CP conserving couplings _ _
* e+e- collider might be up to two orders

of magnitude more precise

" LHC Run-3 B LHic than LHC (\'s = 14 TeV)
- 300 fb~!

* Large disentangling of couplings for ILC
thanks to polarised beams

Final state analysis at FCCee

10 * Also possible at LC => Redundancy

.
-
-
-

* Note
* Maximal Lumi scenario for FCCee
* Minimal Lumi scenario for ILC
(~factor 4 possible with increased lumi and
improved selection)

107

Arxiv:1503.01325
corrected for ILC values published in 1505.06020

LC promises to be high precision machine for electroweak top couplings

IAS 2019 19



Va4 )4 Monophoton searches (oo

Scalar operator (s-channel), {s = 500 GeV, 5001fb”, 3c CL Axial-vector operator, s = 500 GeV, 500 fb™, 30 CL
> :———-l-————--—.____ — C — C
3 500 B200C__ B 2500; ———
S| E— ) Ny :
20007 ———— < 2000- <2000
1500F 1500F=~=mmer LTS
[ =) +80/-30 - _
+30,+30 L =9 +80/+30 L == +80/+30
1000F ==} unpol 1000; =2 50750 1000 == %5
_ -80/-30 E -80/+30 IE 807430
5003_ Vector operators S00p 500
N .F.)l TR - Scalar operators | - Axial-Vector operators 3
coeo o b e e by L L
501000 150 200 = 250 0 50 100 150 200 250 050 100 150 200 250
M, [GeV] M, [GeV] M, [GeV]
— M. Habermehl
€ Y X
* Search (or set limits) for dark matter production
Four fermion * Scale reach depends on beam polarisation
vertex *Largest scale reach for positive electron beam polarisation
*Positron polarisation makes a difference
et X

IAS 2019 20



M‘ Summary @0

* Beam polarisation is an essential asset for a successful e+e- precision program
* Remember that the SM is a chiral theory!!!
* For comprehensive overviews see also hep-ph/0507011 and 1801.02840

* Beam polarisation allows for large disentangling of various effects of new physics (or for constraining them further)

* Examples are electroweak fermion couplings and TGC
* Helps a great deal to simplify analyses and interpretation of results due to adequate experimental
setup for the theory under test

* Linear Collider concept allows for sweeping over large energy for precision tests and direct and
indirect discoveries

* Measurements from Z pole to > 1 TeV within one facility
* Colliders w/o strong beam polarisation will provide important complementary information

* A clear pattern of anomalies would be an excellent (and maybe the only) motivation for a large hadron machine

IAS 2019 21
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Beam polarisation and disentangling

With two beam polarisation configurations

> <
P(e™) = +80% P(e*) = F30%

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

N(cosf > 0) — N(cosf < 0) (Oer)r

G- At — F — 14

I FB.L™ N(cosf > 0) + N(cosf < 0) (Fr)1 o1
x-section Forward backward asymmetry Fraction of right handed top quarks

<
Extraction of relevant unknowns

Ffv: Flea P?A =0, F1ZA

Y Z
F2V? F2V

or equivalently QE; Q%; QE; Q}Z%

IAS 2019



M‘ Beam polarisation — Uncertainty and positron polarisation Il @0

SORAT@TRE

hcr—
q
A
A
>
F-:
T
A

o 20 e BAansanas AMARanaza ASAnsasas .
IR R S e ———
SR SN U U S U O A
14 | _ '
l{li

u' i ..ii.i.l- P4 i bbbl | | | i ]
10 2 10 2 m 'ﬂl 0.2 03 04 0.5 ﬂﬁ 'UT ﬂ.ﬂ 09 1
E‘C‘“ H+‘C{ ----- Ja'"r‘cint- Pn +

int int

Figure 2.7: Test of the electroweak theory: the statistical error on Ay of e'¢™ — Z —
(¢ at GigaZ, (a) as a function of the fraction of luminosity spent on the less favoured
polarization combinations ¢, and ¢__ and (b) its dependence on P,+ for fixed P,- =

+80% [51].

From hep-ph/0507011
IAS 2019 24



M‘ Beam polarisation — Uncertainty and (positron) polarisation @0

e
1 APy en:nrspnmplgtely mder@enF 1 APy _errors ful!y cprrglatgcl |
L S |
08 | 08
07 } 07 |
06 | 06 |
05 05 |
04 | 04
03 | 03 |
02 | 0.2 |
01 | 01 |
®0 10 20 30 40 50 60 70 8 9% 100 %0 10 20 30 40 50 60 70 8 90 100
P.. (%) P+ (%)
Figure 1.6: Relative uncertainty on the effective polarization, AP /|Pei| ~ AALr/ALgr,
normalized to the relative polarimeter precision + = AP, /F.- = AF,+/F,+ for indepen-
dent and correlated errors on F.- and F.+, see egs. (1.25), (1.27).
| o S A .
Alg = P Alp = e (1.24)
From hep-ph/0507011

IAS 2019 25



Beam polarisation — Some words on the basics

Helicity is projection of Spin & onto direction p of motion of massive particle

: 1.
Eigenvalues of iorp:
-1/2 %_> Left handed helicity Caveat:
Helicity is frame dependent!
1/2 4>. Right handed helicity => Not Lorentz invariant

Helicity projection operator Chirality projection operator

m=0

IT*(p) = (1% p) - T (p) = ,(1+7°)

Chirality is projection of Spin & onto direction p of motion of massless particle

Chirality is frame independent! => Basis to define helicity states

i 7 =>>m
=11 1—
(153 ( +E+m)uLo+( E—l—m)uRC

_ ] |p]
HR—(l—E+m urc + 1+E—|—m URC

IAS 2019




A [TeV]

Precisions of top quark form factors — EFT Fit

Tevatron + LHC from TopFitter (individual 95% limits)
Prospects for 3000/fb -> Schultz, Soreq, Vos, Perello ... + extrapolation

LC 500 prospects from arxiv: 1505.06020
Prospects somewhat speculative but may be covered by full ILC lumi

[

I A O
B B Tevatron + LHC Run I, JHEP 04 (2016) 015 Durieux,Perello,Vos,Zhang. preliminary ]
102 £ [ ] LHC 3000 at 14 Tev —
= I Lc 500 Gev, 500 fb™, EPJCT5 (2015) no. 10, 512 =
— [ uttimate LC: 4 ab™ at 500 GeV, 3 ab™ at 3 TeV =
10 = -
1= =
: q
. 8 tw 9Q;  9%Q3 9 ,.,,033 . C33 03305 033
_ et ; e
V \\x— q ; eq U/
V.
Two-fermion operators, equivalent Four-fermion operators (qqtt at
to F1V, F1A, F2V form factors . . ' '
LCWS16, MOriOnu, jupur, v cvas ~-wv . Cia, Marti hadron colliders, eett at LC)



M‘ Example Compositeness (oo

Compositeness: & la G.M. Pruna, LC 13, Trento

- ... provides elegant solution for naturalness
- ... few tensions with SM predictions
- ... all scalar objects observed in nature turned out to be bound states of fermions

- ... Duality with Randall-Sundrum Models
Fermionic resonances

From heavy left handed SM doublet and heavy right handed SM singlet
Bosonic sector mass spectrum

R TR
M, ~ 3TeV
YB: myg
New mass scale
g%
Yr,my,
mz = 91GeV
mw = 80GeV
m~ = U AtR
tel *
R U7

Physics modify Yukawa couplings and Ztt, Zbb

Heavy fermion effect!
IAS 2019 28
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