Precision electroweak capabilities of ILC

Roman Poschl

@ ° T
WCib universite >
IN2P3 Irér!Joliot-C?rie |l3JA RIS '52(: I_SA\:’t e P I o

Les deux infinis Laboratoire de Physique Physique des 2 Infinis et des Origines
des 2 Infinis

Based on material of a number of distinguished colleagues

ECFA Higgs Study WG1 PREC Meeting — March 2022



WCus

Iréne Joliot-Curie

e+e- Physics program

Laboratoire de Physique
0652 Illfillia

Roman Pdschl

New Physics
ee->ZH top-continuum
#
mz 2XMw tt-threshold tth-threshold 1 TeV
»1/10% cm2s™
0.6 0.7 1.0 1.8 38

* All Standard Model particles within reach of planned e+e- colliders
* 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 (straightforward at linear colliders)

opp = i (1— PP')(orr+0orL) + (P — P')(orL — oLR)]

* Background free searches for BSM through beam polarisation
ECFA WG1 =March 2022
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W Cub ILC Running Scenarios G‘

arXiv:1506.07830

Integrated Luminosities [fb™ Integrated Luminosities [fb™
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In 2019 — Revision of capabilities to run on the Z Pole - GigaZ

sgn(P(e™), P(e™)) =

6+ ) ) () | sum * Pole running can happen before and after the
luminosity [fb™!] 4(0) 40 10 10 luminosity upgrade

o(P,-, P.+) [nb) 835 63.7 500 40.6
Z events [10°] 2 4 18 036 029 | 4.9 e Further details see arxiv: 1908.08212

hadronic Z events [10°] | 1.7 1.3 0.25 0.21 | 3.4
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Linear vs. circular e+e- machines - Instantaneous luminosities E"

des 2 Infinis

Track momentum: g,,, < 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))¥?2 (1/2 x LEP)
(W/Z masses with jets)

Hermeticity : 0., = 5 mrad
(for events with missing energy e.g. SUSY, quark charge measurement)

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

ECFA WG1 — March 2022
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ILC Physics Targets — Energy requirements

=

Graham Wilson, IDT WG3 MDI Meeting, https://agenda.linearcollider.org/event/9401/

Roman Pdschl

Observable My -
Method Recoil mass Reconstruction
Best /s [GeV] 250 250
Current precision [MeV] 170 12
Target precision [MeV] 10 2

/S contribution [MeV] 3 0.5

/s uncertainty goal [ppm] 100

Observable

ALR

Method

Best /s [GeV]
Current precision
Target precision
\/S contribution

/s uncertainty goal [ppm]

Count/Scan

91
1.9 x 103

3.5x 107>
1.8 x 107>
10
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Use dilepton momenta, with \/Ep = E + E_ + |p._| as y/s estimator.

= 4= ( ) + ="'25“ | :_d1 ‘l!_i:_ Jipsi from £ decay
eTe” = puTpum(y 000 | = o= 0 e
2000 E 350 Gev v come] M3eLDfast | Further remarks:
2A750 - =< M. simulation @  (novertex
; - ' fit .
- o - 9 * Realistic study has to take
A ©1250 . ‘ & | real beam energy spread and
=1000 | | Al o ST | crossing angle into account
750 | / : g £=bb | * Ongoing
7 500 | J | = o i |
25 \ 3 L _ J2dof=90/93 ] « Momentum scale can be further
Measure /s, using, = HE N b ol W oo - -
Vs, g. T T T T e e constrained by with K and A
(|74, 12=], |P% + P=|) Vs s using Armenteros-Podolanski
Method

Tie detector p-scale to particle masses (know J/v, 7, p to 1.9, 1.3, 0.006 ppm) | * See e.g. 2012.03620

* 10ppm at s=250 GeV and 1ppm

Measure < /s > and luminosity spectrum with same events. Expect statistical J on Z pole seem to be in reach

uncertainty of 1.0 ppm on p-scale per 1.2M J/v4 — pu™p~ (4 x 10° hadronic Z's).

@ excellent tracker momentum resolution - can resolve beam energy spread.
e feasible for u* =~ and ete™ (and ... 4l etc).

Graham Wilson, IDT WG3 MDI Meeting, https://agenda.linearcollider.org/event/9401/
ECFA WG1 — March 2022
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W - Parameters

[+ [ 4

W Mass from ...:

e Constrained WW reconstruction

Hadronic mass from hadronic W decays
Lepton endpoints: miy = Ei(Ey, — E;), E; = Ey(1=+ Bw)/2

Dilepton pseudo mass from constrained fit

Polarised W scan

Amy (MeV) = 2.4(stat.) ® 3.2(syst.) ® 0.8(y/s) @ theory

Branching ratios

From simultaneous fit to all 10 decay combinations

=> Ot and Beyr and Brao = 1— Be— B, - B;

W width: Al'w = 3.2 MeV

Roman Pdschl

precisions in 10
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WW Cross-Section (pb)
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| GENTLE 2.0
- with [LC 161
r_ bean?strahlunq*

Each set of curves
“has m,, = 80.29,
-80.39,80.49 GeV.

With [P} = 90% for e
and |P| = 60% for e*.

7/
Need 10 ppm error y
on \s to target 2 /)
MeV on mW /‘,’,
| | .
"5%?:’ f”; ,;;ﬁ""

1E'xample 6
points in Vs.

78% (-+),
17% (+-)
2.5%(--),

25%(++) //

=
=

P
1

—

g 150 152.5 155 157.5

G. Wilson

160 1625 165 1675 170
Center-of-mass Energy (GeV)
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e W

 Robust method

* Beam polarisation essential to control
background

* Need extreme good control
of beam energy
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31
OEs Z 1MTms

* Sensitivity to triple and quartic gauge Boson couplings
e’ Wt et W+t (TGC and QGC)

* Observables depend strongly on beam polarisation
=> Enrich different helicity modes of W
=> Disentangling of couplings to Z and y

~ =>In situ measurement of beam polarisation (and
luminosity)

Limits on Triple Gauge Couplings@250 GeV

=—LEP2 =—ATLAS ==CMS ==HL-LHC = ILC 250 < 7 TGC extrapolation from full simulation at 500 GeV
. — : = E:"_ B DT Phﬁiﬁ WG B ILC250
= il % B B ILC1000
: _ : . g 5 darkflight: 51/52
""""""'""""T? """"""""""""""" E = .
— S .l ]
- mmemem e mE mEeEEEEEEE == - - - L A o M o S 3 B T
. @ i 7
Ak, i S 2 ]
. o
. O] N -
1 1 i 1 1 1 1 ; 1 1 1 i 1 1 1 1 i 1 1 ﬁ 1 B ]
-0.05 0 0.05 0.1 =
TGC Limits @ 68% CL A Ak, AN
ECEA WG — March 2022 J. List, ILC Snowmass White Paper
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do (
d cos 6

do
d cos 6

e et — ff)=3r(1+cos0)® +Xpr(1 — cosf)?

(egef — ff) =Xrr(1 —cos0)? + Xrr(1+ cosb)

*add term ~sin?6 in case of non-relativistic fermions e.g. top close to threshold

e

2,y are helicity amplitudes that contain couplings gi, gr (or Fv, Fa)

e 21y # 21, => (characteristic) asymmetries for each fermion

* Forward-backward in angle, general left-right in cross section

 All four helicity amplitudes for all fermions only available with polarised beams

ECFAWG1 — March 2022
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Helicity amplitudes can be analysed in several ways (not mutually exclusive):

Oblique Parameters W, Z:

Qe,r. = Q1Q7 + gég?j ° + —fZ (W,Y)
cila ¢¥F 7 sin? Oy cos2 Oy s — MZ+iTzMz  m2%,° "’

Contact interactions with e.g. compositeness scale A:

Z 7
Q e QﬂyQ’Y + geigfj S 4+ ngnmctn .
eifs ¢ " sin? 0w cos? Oy s — M2 +ilz Mz A2 e

New propagators in concrete models of new physics:

Z Z Z»‘ Z.f
707 + ge’*gfa e, ng S
Qeifj — Qe Qf 9 M T, M + Z 9 M T M
sin? Oy cos2 By s — Z—|—1 zMz sin® @y cos2 Oy s — M2, + il z Mz
Always with 1,j being the helicities of the initial state electron e and the final state fermion f

Remark: Have to exchange g-> Q to be conistent with conventions

. ECFA WG1 — March 2022
Roman Pdschl
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e flavor tagging

_./ * b-quark charge measurement
] e Important for top quark studies, indispensable
- - for ee->bb
Y.
<8 - « Control of migrations:
- / : L * Correct measurement of vertex charge

* Requires excellent forward acceptance
« Kaon identification by dE/dx (and more)

* [LC/ILD can base the entire measurements on
P double Tagging and vertex charge
 LEP/SLC had to include single tags and
semi-leptonic events

PhD thesis: S. Bilokin
A. Irles

ECFA WG1 — March 2022 12
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Full simulation study within ILD Concept allows for educated guess on uncertainties on Z-Pole Arxiv:1709.04289, ILD Paper in progress

A. Irles, SUSY2021

. e ey — bb (E <35 GeV, [L=2501b") ILD «{0® €6 — bb (E,<35GeV, [L=250") ILD
g _III|III|IIIIII'IlliIFIIIlII"IlI'IIIIIFlIII_ I.tD'J.18:If|I|I||II|II1|I|IE|I-[|IIIllllllllllll__
e | (Data) - ([¥ e, ]- € : S (Data) - ([Y" ey ] - €™ E .
g0 (Dm,_“;'i']_jc _, 3.F T mma]_“%fc 'J]_“jfa}_1 ] Excellent agreement between predicted and
N | B el S T S reconstructed distributions
[ o fit: S(1408%0,) + A cos®0, 14w fit: S(1+c08%0,) + A cos’8,
A0r i [ I = L = matrix element - Whizar
: =—— LO EW matrix element - Whizard 1.95 1 12f _LD%W trix el t - Whizard 1.95 ° Gap between red dOtS and green
o[ LeftPol 1o Right Pol histogram = acceptance drop.
e BF
ol -; : * Blue dots = corrected acceptance
i 6
i JE  The fitis restricted to |costheta|<0.8
20— : -
- ~1°3?|Mr~ = = = - Minimal impact of the corrections
Y1208 06 04 02 0 02 04 06 08 1 B o e 0o D.c
COSBb

Systematic uncertainties under scrutiny:
— Selection and background rejection
- quark tagging/mistagging (modelisation, QCD, correlations)
— Luminosity
- Polarisation

Additional complication in continuum: Rejection of ISR events — Uncertainty ~5x10* (doesn't apply on Z-pole)

ECFA WG1 — March 2022 13
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On the Z-pole Above the Z-pole

* ILC/GigaZ with ~10° Z * Sensitivity to interference effects of Z and photon!!

* Sensitivity to Z/Z' mixing » Measured couplings of photon and Z can be influenced

* Sensitivity to vector (and tensor?) by new physics effects
couplings of the Z * Interpretation of result is greatly supported by precise input
* the photon does not “disturb” from Z pole

ECFAWG1 — March 2022 14

Roman Pdschl



Cus

Iréne Joliot-Curie

Laboratoire de Physique

des 2 Infinis
Running on Z pole “GigaZ” Radiative return at higher energies
+
3105 | | T ] T | c f_ 2 1 — |B|
2 Z my =171
= 1+ 8]
% o4 £a o _ 5 — | sin(61 + sin6s)|
2 € € —naarons - — o : :
E e ISR f S111 (91 —+ Sin (92
3 5 24002‘03
e = S 200=[(P_P_.) = (-0.8,+0.3) |
£ 20001 | after all selection cut
1800—| — All Events
1021 ESR 1600 — | — Background Events
Rmancad ™ 1400~
PETRA ' 1200 —
| KEKB THEIAN. SLL 1000 [— ]
PEP-11 =
s — ] 80—
& | | | IlJEPll | | LEP III | 600 [
0 20 40 60 80 100 120 140 160 180 200 220 400;_ I
Centre-of-mass energy (GeV) 2005 o Luw_:_,_‘___u_
% o1 o2 03 04 05 06 07 08 08 1

* Around 5x10° Z events (250xLEP)

* With beam polarisation
~30x250 = 7500 LEP!

Roman Pdschl

ECFAWG1 — March 2022

X

e« ~108 events at 250 GeV with 2ab

* Beam polarisation
15
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Partial fermion width:

Ny (9%)2 + (9? ? » Sensitive to sum of coupling constants
— — N I e Available at linear and circular colliders
Nhaa 3 ;24(95)% + (9]%)?]

Ry

Left-right asymmetry:

* Direct sensitivity to Zee vertex
* Only available at linear colliders due to beam polarisation

e Circular colliders need auxiliary measurement
° e.g. Pr~Ae

1 JL_JR:A :(9%2_(9?2N1—4Sin29£
Pets.lor + or T (9?2 +(gf)? I

Arp = |

Forward-backward asymmetry:

* “Classical” observable to study P-violating effects in ee->ff

op—0p 3 . | . .
A{?B = = -A.,Af for P, =0. « Available at circular and linear colliders
OF + 0B * Without beam polarisation interpretation is always model dependent

Left-right-forward-backward asymmetry:
 Combination of asymmetries above

* Only available linear colliders due to beam polarisation

_(or—oB)L—(0F —0B)R _
= —7Af * Direct and model independent measurement of Ay

Al — 0
FB.LE — (gp + o) + (0L +01)R 4

ECFAWG1 — March 2022
16
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2 = (922 —(92.)°  29../9..

with ge,/ge, =1 — 4sin® 85

(9Z)2+ (92, 1+ (9ey/9es)?

How to determine A.?

Left Right Asymmetry Forward backward asymmetry Final state polarisation (r,l)
Requires polarised beams Has to assume lepton universality!!! e.g. with

1 op—or

O —0ORB (JT_JI)F_(UT_UOI)B

ALr =

3 0
e Al = = JAA; for P.=0. Aol —

Pess|or+or (or +01))F + (0, +0)B

Available at LC

OF + OB

Available at LC, CC |
Used e.g. In EPJC (2019) 79:474 Available at LC, CC

Using all hadronic decays of Z!!! ]
with f= u

Beam polarisation is key: Remember SLC delivered most precise value of Sin29£ﬁ‘
despite of 30 times less lumi

ECFA WG1 — March 2022

Roman Pdschl
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(0+++0—4—-04-—0——)(—04++o0—y —04—+0—)
(C+++0—v+04_+0__)(—O4++0_y+04_ —0__)

Blondel scheme: Ajp =

* Blondel scheme independent of polarimeter precision

s ""  Assumes perfect spin flip for polarised beams
”ﬁ 18 Fodbi SN S S — * Residuals must be monitored by polarimeter
. S | _0 8 : * Residual uncertainty of AA.r = 0.5x10* seems possible
16 | I\/Ioenl Snowmass Ol — * The more positron polarisation the better
. 9 0.7 | | L ® * Don't forget energy dependency (dALR/dVs ~2x10°%/MeV)
ol ExaCtly 10 o ] « 1 MeV precision on Vs seems possible (see above)
12 [ See alse TESLA TDR ‘. * Precision AA.r =1x10* is a realistic assumption for GigaZ
10 |- arx:v.hep-ph/05071011 g
8 : : 7] => . —
| i 6sin?0tz ~ 1.3-107°
¢ b ] :
4 .
: * Radiative return
2 | _ S _ « Mainly limited by statistics AA.r = 1.4x10*
P ST RS DO | S CYPROR TN T I [ * Beam polarisation better than AA.r = 0.5x10* (More processes available)
0.1 02 03 04 05 06 07 08 09 1 « Energy dependence much weaker than on Z-pole

P+

) ECFA WG1 — March 2022 18
Roman Podschl
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» Z pole running of ILC will improve significantly precision w.r.t.

LEP/SLD
-‘§ 1 * Precise measurement of Sin29£ff_
3 I"-C/Z'P°'e « Around 13 times better than LEP/SLD and a factor three
5 0L better than current world average
= ILEP/SLC _ _ _ _
ozl * Considerable improvement of fermion asymmetries As
= * e.g.: arXiv: 1908.11299
N  AAJ/As ~ 5x107* (compare with AAY/A, ~ 214x10+ today)
107 = « AAJA: ~ (5@5)x10* (compare with AAJ/A: ~ 404x10 today)
- * For completeness note that a statistical error of 10-4 has been
10-4 L assumed for A, and 3x10* for A_
105 L * Main error source
= * Knowledge of beam polarisation
ool * QCD corrections that dilute forward backward

Ag  sinfe A R, A R A, A A. asymmetry (arXiv:2010.08604) not considered but about to
be looked at (once more)

ECFA WG1 — March 2022 19
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LeZLbZ LeZ'LbZ' ,

LeLb = QeQb + =——=—BWZ + Z ———BWZ
— 10 = _ s‘wciw s‘wcw
X g C s zr |
s F ILD Preliminary -
- : i |
= 4L I ILC250,2000 fb i v
7 - II_LECpgiigaZ = ILC250 SM GigaZ New resonances
+ - L] .
5 i i
®10™ e Couplings are order of magnitude better than at LEP

[ IIlIIII

* In particular right handed couplings are much better constrained

* New physics can also influence the Zee vertex
* in 'non top-philic' models

1072
Ly, LR AL, AR

Figure: A. Irles

Roman Pdschl

R * Full disentangling of helicity structure for all fermions
o> o> only possible with polarised beams!!

ECFA WG1 — March 2022 20
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Example: b couplings and helicity amplitudes

o 102
s T B oiouadi etal, arxiv:hep-phi0610173 » Spectacular sensitivity to new physics in
g I Hosoteni ot ol arkiv:1705.05252 Randall Sundrum Models with warped extra dimensions
E B Peskin, Yoon 4, arXiv:1811.07877
s | W Peskin, Yoon 5, arXiv:1811.07877 * Complete tests only possible at LC
g arxiv: 1905.00220 * Discovery reach O(10 TeV)@250 GeV and O(20 TeV)@500 GeV
g 10 — . .
z * Pole measurements critical input

- * Only poorly constrained by LEP

i * Pole measurements will (most likely) influence

- also top electroweak precision program

l .+ (t.b) doublet
1 (QEL)Z-Pole (QER)Z_POIG C')eHbR QeRbL OeLbL QeLbR

ECFA WG1 — March 2022 21
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Couplings to Higgs Boson in Standard Model

7/ W ;
....... . e
m 3 _my
=" SH ]~ N
7/ W f
10
Mass (GeV)
Analysis using Kappa-fit:
« Simple scaling of SM-couplings I'(h— ZZ*) . olete” — Zh) .
* Implies that Higgs coupling to Z in production and decay are identical SM =Kz , SM =Kz
* No new operators e -
Analysis using EFT-fit:
* Introducing set of SU(2)xU(1) compatible operators 775 T QN — . O EO~
 e.g. breaks simple relation between Higgs production and decay Uh— 22 )/‘5‘” = (1 +21mz — 0.50¢z)
 Total width and Higgs to invisible as free parameters (eTe” — Zh )/SM = (1+2nz + 5.7¢z)

* Receives additional input from e.g. ee->WW and EWPO

ECFAWG1 — March 2022

Roman Pdschl
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W C L L L
* Powerful channel for unbiased tagging of Higgs Evenge - —e— Toy MC Data .
* Absolute normalisation of Higgs couplings g 400 £ Signal+Background —
e Sensitivity to invisible Higgs decays LU - Sianal -
¥y "= igna 1
300 :— T Background —:
+ + N . . i
© ¢ Well measurable 200 b ere W +X@20CeV
decay leptons from Z - i
U Pairs, e pairs [ | i
- 100 e —
A 24 No assumption on Higgs T S

B fimodes 90 120 130 140 150
e H Recoil Mass (GeV/c®)
Higgs Recoil Mass: Mi:MfecoiZ:S-l- Mé_2Ez\E * Clean and sharp peak in Z recoil spectrum

* lllustrates precision that can be expected
from e+e- colliders

ECFAWG1 — March 2022
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WCub EFT Framework and EWPO I@‘

[+ [ 4 LLLLLL

Corrections to Zee-vertex due to additional terms in EFT
Higgs couplings in EFT using A.r

(Here from radiative return events 7 7 7 5

'OE' 35 Model Independent EFT Fit LCC Physics WG —_— + +
- x 1/2
o 3 B HLLHC®WLC250 | x18 B a gL (Gt C i) A
= B HL-LHC ®ILC250 ® ILC500 D - - 2 .
o dark/light: S1%/S1* ® rad. return L 3 L €L
3 25— —
O B
8 2 ) T — x12 A R —_ .
8 * Model independent, clean Ac from A,z and [ from R.
- to constrain EFT fit
% 15 e N ... D PR.... N . B —_ . (again) NO assumption Of Lepton Universality
L N
CC) 1 NI NN JUUUIN DUUUUUOSUUNANN NN WU U R e B —_ . Mlld but VISlble Improvement on some nggS
S couplings at 250 GeV
2 05 | ... m...-PR.PH."B.'H........'R."BR.'"H."R.}B..B —_ . EﬁeCt Stronger in f|t presented in 190503764
D‘i_’ (see backup and talk by G. Durieux)

0

ECFA WG1 — March 2022
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IIIIII

S, Model Independent Fit LCC Physics WG  EFT adds additional spin structure to ZH
0 Impact of Luminosity, Energy and Polarisation | . . _ - :
5 3.0 | L e e e > iarteed - production cross section (see backup)
= B .. ®e*e 4 ab' 500 GeV polarised x x 1/2
% 3 . HL-LHC @ e+e- 5 ab-1 250 GeV unpolarised .......................................... — A Z h Z h
8 | ... ®e*e” 1.5 ab™ 350 GeV unpolarised x 1/10 . Y has to be small
E DB [ _ - A L>< due to EWPO
8 constraints
8 2 e R ?-< 1"/-2- ------------- — A
m |
g _ Ay
f 1 .5 Y e I 0 . Y O OUPTTY T TTOOOPTPTFTTY O I — ALR(ZH) prOjeCtS Out CWW
“— _ B ~CwWw
T R I T S AR RE ] _ only diagram
S | allowed in SM| < Polarisation dependent
K% . . .
o 05 a ol B I N N W O . — . Precision for 2ab™ polarised = 5ab™ unpolarised
o
0

ECFA WG1 — March 2022
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 ASED Top pair production at threshold
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Small size of ttbar “bound state” at threshold ideal premise for precision physics

Cross section around threshold is EM e e et ]
affected by several properties 1ol .. o s eese SRy b
S §

of the top quark and by QCD o [ - CLIC350 LSonly — CLIC350 LS+ISR 3
B 1 $ L

. . ()} : ¥\ ytl Qas &

* Top mass, width Yukawa coupling & “>. E
i T . - .

.....
.......
--------------

&
o))

e Strong coupling constant

o
N

=
\V)

llllJlI|II

APyt e
- -'- . .I‘I . 23
........ 2l B (o)
--------- wLIG

I350I |355|
\'s [GeV]

il i

-m h
.............

0 P S SR N N
345

o

(0 0]
II|III|III|II1|III|IIE|III

-l

» Effects of some parameters are correlated:
* Dependence on Yukawa coupling rather weak,
* Precise external as helps

F. Simon, Top@LC15 Valencia
ECFAWG1 — March 2022
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cross section [pb]
© o © © o ©
ho o I wn (o] ~l

<
—

Tt Tt T [ T T Tt T T 1
it threshold - Beneke et al. NNNLO - u = 80 GeV
ISR + ILC LS, mass fit incl. scale uncertainties
— default - m_* 171.5 GeV
— best fit template, m’ - 171.45 GeV

- mass vanations £ 0.2 GeV  _amm—E e

-
-

|-.'4|||||||

preliminary
based on CLIC/LC Top Study
EPJ C73, 2530 (2013

345 300
(s [GeV]

Fit uncertainty:
28.5 MeV (18 MeV stat)

Scale uncertainty:
40 MeV

Roman Pdschl

e 2 @S
o o N

—
.

cross section [pb]

L A B
_ i threshold - Beneke et al. NNNLO - u = 80 GeV

| ISR + CLIC LS, mass fit incl. scale uncertainties

— default - m{ > 171.5 GeV

— best fit template, m’ > 171.45 GeV
-----mass variations + 0.2 GeV P

prellminary
based on CLIC/ILC Top Study

EPJ C73, 2530 (2013)

340 345 350
CLIC (s [GeV]

Fit uncertainty:
31 MeV (21 MeV stat)

Scale uncertainty:
42 MeV

ECFAWG1 — March 2022

—r~ r ‘v Tt 1 T T T Tt 1
it threshold - Beneke et al. NNNLO - u = 80 GeV
ISR + FCCee LS, mass fit incl. scale uncertainties
— default - m{* 171.5 GeV
— best fit template, m’ - 171.45 GeV
-----mass variations = 0.2 GeV

preliminary
based on CLIC/ILC Top Study
EPJ CT73, 2530 (2013)

IIII|IIII|IIII|IIII|IIII|I.i I|IIII|IIII|IIII|IIII

300 a5 350
(s [Ge
FCC-ee eeV]
Fit uncertainty:
27 MeV (15 MeV stat)
Scale uncertainty:
40 MeV
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Sensitivity and error breakdown

. 40 - | | | | | | | | | | Februéla‘fy 2019

< ~ mf$171.5 GeV, ILC TDR 1

g 30 - —do/dm, [A =20 MeV] —do/dy [A=0.1] E

£ — —do/dT\,[A=40 MeV] - Aoy, for 20 fb” .

= - —do/da, [A = 0.0006] ~u=50..350GeV -

< I :

<o 10 &0 e =

0 _:_'_::::; """""""""""""""""""""""""""""""""""""""""""""""""""""""""" =

-10 - " efficiéncigs and signal yields

B from EPJ c’73,.,g§30 (2013) 1

-20 — sensitivity to _:

B Yukawa coupling s

B width il

_30 | 1 | 1 L | 1 Imassl 1 | i |
340 345 350

s [GeV]

Roman Pdschl

€rror source

AmP> [MeV]

stat. error (200 fb™1) 13
theory (NNNLO scale variations, PS scheme) 40
parametric (s, current WA) 35
non-resonant contributions (such as single top) < 40
residual background / selection efficiency 10 - 20
luminosity spectrum uncertainty < 10
beam energy uncertainty < 17
combined theory & parametric 30 — 50
combined experimental & backgrounds 25 - 50
total (stat. + syst.) 40 — 75

ECFAWG1 — March 2022
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[+ [ 4

Cartoon J. Talbert, LCWS2017 . . : .
Here brief summary see upcoming ILC Snowmass White Paper for more details

 Significant discrepancy between as from lattice calculations

(most precise) and QCD event shape variables
* Most “recent” e+e- input from LEP

T=1 T = § T>2
From arxiv:1501.04111 * Event shape variable are subject to non-perturbative effects
L D * “Power corrections” caused by soft radiation within a jet
* - — s
C—parameter global Lattice (HPQCD '14 :
fit (HKMS '14) BN « How to take handle effects into account?
— e — o ot » Handling with Soft Collinear Effective Theories and/or
Thrust global fit ~ FOPT « “Jet Grooming”, i.e. removing soft parts from jet
(AFHMS '10) T decays (BGMOP '14)
: ¢ , global P[,)F mMDT groomed heavy hemisphere mass
@ ' | @ ! (MSTW '09) 0.35 CT T T T T TTTT] T T T T ITTg
DIS (ABM'12) - global PDF (N 1 0.3 25“12910'21(;6\, - -« Stable perturbative series
— E = = after grooming
Static Energy (BBGPS '14) 0.25 «(mz) = 0118 = :
° : _ R _ = 3 * Excellent premise for
Thrust moments Electroweak (Gfitter '11) sl 02 F 3+ extracting as
(AFHMS '12) € 0.15 F =
PR T T [ T T T N TR TR TN [N T SO S) N TR ST S NN ST TN SR NN N - -
0.110 0.112 0.114 0.116 0.118 0.120 0.122 0.1 =
as(myz) r -3 NLO-+N2LL =
0.05 & N’LO+NLL =
00 :IIIIII | 1 IIIIIII 1 | IIII[I:
0.01 0.02 0.05 01 02 05 1
P
~oman posch EVENE Shape observables ECFA WG — marcn 2022
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* |ILC is electroweak precision machine
* Electroweak parameters are limited by systematics, not statistics
. High precision measurements of M, [, M, I",, ,M, and sin®6¢g

* |LC can (should) be run on the Z-pole
* Electroweak precision observables deliver decisive input for interpretation at higher energies

* Full exploitation of physics potential by large energy coverage and polarised beams
* Clean model independent measurements due to beam polarisation
e Tests of lepton universality
* Measurement of patterns for indirect discovery of new physics
e Spectacular mass reach for new physics already art 250 GeV demonstrated
* Flexibility of beam energy allows for systematic tracing of the the onset of new physics

Main challenge at future machines will be the control of systematic errors

* Experimentally (non exhaustive list)
* Vertex charge and particle ID
* PFO for final state jets
* Beam energy and polarisation
e Theoretically (not discussed)
* Need at least NLO electroweak predictions (and MC programs) for correct interpretation of results
e q

ECFAWG1 — March 2022

Roman Pdschl
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1. Can mW be measured well at center-of-mass energies above ZH production threshold? For ILC this needs a more detailed look with
a full kinematic fit to qglnu events including effects of luminosity spectrum. These events have mW information from both W's.

Acceptance?

1b. Is it really necessary to use the WW threshold for theoretical reasons?

2. Ultimate precision on center-of-mass energy using radiative return events especially in case momentum-scale systematics dominate
sgrt(sp). Important for Higgs mass, top mass, and W mass.

3. Detector requirements for Z pole observables.
Forward acceptance for e+e- -> q gbar is very important.

4. Can the background be controlled well enough
for mW from threshold measurements. Especially for 4-jet case, and
without both beams being polarized.

5. Can gamma-gamma -> hadrons background be controlled at the Z peak?

ECFA WG1 — March 2022

Roman Pdschl
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e*e Higgs Factory Luminosity Comparisons

Updated 15/04/2019

-
o
X

—h
o

Luminosity/IP (10°** cm2s)

—r

Plot courtesy by M. Stanitzki

== FCCee (CDR)
wfpe CEPC (CDR)
= nfe = CEPC (Oxford 4/2019)
ILC 1312 bunches
m=== |LC 2624 bunches
ILC 10 Hz 2624 bunches

=)= CLIC (2018)

)

] I ] 1 | | 1 ] 1 I

| | ] I ] 1 I |

o T

Roman Pdschl

400 600 800

1000 1200 1400
Vs (GeV)
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* High energies ~above tt-threshold
Domain of linear colliders

* Low energies e.g. Z-pole

Domain of circular machines
* However, see later ...

* Transition region, i.e. HZ threshold
... hot so clear
Comparable numbers for all proposals
* Linear colliders are more versatile

to test chiral theory due to polarised
beams

* Detailed design parameters see backup
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@
'UJ,CLCab Oblique parameters G‘
Contributions for different fermion species Vs AW oY p
HL-LHC 15 x 10™° 20 x 107> -0.97
x107° OF - = 5 -
60 F——T— , T |LC500: e*e"— ff ILC250 3.4 x 10 ’ 2.4 x 10 ’ -0.34
- . ILC500 1.1 x 107 0.78 x 107" -0.35
40 |- - s ILC1000 0.39 x 10™° 0.27 x 10~° -0.38
- 1 = 500 GeV, no beam pol. 2.0 x 107 1.2x10 -0.78
20 1 —p
> oF 4 ¢ L . :
- - * Beam polarisation essential to disentangle effects from W and Y
- 4 — €
~e0 3 1 —combined  * 'LC250 outperforms LHC
-40 E * ILC500 and above outperforms e+e- machines
[ . 141078 w/o polarisation (at 4ab™)

Roman Pdschl

40 60

ECFAWG1 — March 2022
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Uncertainty driver as

@.

[+ [ 4
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Current status

by

Baikov - n
Davier !'QD-
Pich : R
Boito Q)
SM review ﬁ

HPQCD (wiison loops)
HPQCD (c-c correlators)
Maltmann (wilson loops)
JLQCD (adier functions)
PACS-CS vac. pol. fctns.)
ETM (ghost-gluon vertex)
BBGPSV (static energy)

ABM :
BBG gm —o—ri
JR

NNPDF

MMHT

3d111e]

- |suonouny
2In1dn1ns

¢
uolje|lyiuue -=+9

ALEPH (jets&shapes) |
OPALjas) I | e
JADE(jes) | &
Dissertori (3j)
JADE (3j)
DWm ——
Abbate (1) e i
Gehrm.

{c:l ! + 4 5 + ! 5 I ! 4 5 + ' ! + i 5 + !
m' electroweak

GFitter — i

....... ama', . brecisionfits
CMS | ; I!]II hadron
(ttcross section) 2o . collider |

0.11 0.115 U.i2 0.125 0.13

Dominated by lattice QCD

Prospects Z-running

T | T T T | T |. T | I'l T T
i

[ Present smfit |:

[ Prospects for ILG/GigaZ

(3]
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

05 2:109 /

T | :- T T T T T
¢ [Elfitter]s:

—_————— e e R e e e e e —

20

u_ | | | | | | | | | | - - | | |
0.112 0.114 0.116 0.118 0.12 0.122 0.124

arxiv:1512.05194

0.126
ag(M)

Slide made
in 2016!

Electroweak fit with updated EWPQO and theory uncertainties

d as(Mz) ~ 0.0007 for 10°Z
5 as(Mz) ~ 0.0003(16) for 10%2Z

Prospects Lattice

50s(MZ) ~ 0.0003

ECFA WG1 — March 2022
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=20
E - . {s=500 GeV, L=4000 fb™ » SSM is “carbon” copy of SM Z and used
?8_— 95%CL exclusion as common metric in generic Z' searches
NS \s=500 GeV, L=4000 fb" |
o 5o discovery » ALR introduces an “ad hoc” SU(2)r and
51 4l {s=250 GeV, L=2000 fb™ a Z' with orthogonal couplings to the fermions
u 95%CL exclusion
12c \s=250 GeV, L=2000 fb” * X, P, n are linear combinations of bosons appearing
10 o discovery in Grand Unified Theories with couplings orthogonal to the SM Z

Typical mass reach 5-10 TeV
* Reach shown fore, p, T
* Adding quarks would improve limits

SSM ALR X W n

ECFA WG1 — March 2022
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Higgs couplings and EWPO in ESU-Fit — 1905.03764

=
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1071 - - ‘
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g gil*]

B HL+ILCy [ HI

4,001 nohdeng Gaa=Z 81 Waar ool
¥
Dark/Light: SMEFT
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| ]
LI B HL+CLICyx B B HL+

B HL+FCCoses

Poerfect EWPO) / SMEFT, obal fi

{107
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Electroweak couplings of heavy quarks

UeEs &1 L

Roman Pdschl

mass, GeV

- 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

(),

b L

Strong motivation to study chiral structure

of heavy quark vertices in high energy e+e- collisions

ECFA WG1 — March 2022
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- b

~30 in heavy quark observable A% g ee->bb@250 GeV

5 N L
Ab I ° i dol/dcosOb 3 : doR/dcosOb
! 5 4 7 |
0.c : : 5 i : 5 ' .
A | 1 e ; 6|
Ob | : E : : ; - :
A | o W e > 5
Rc : ; b : § : 5 | 4 ¢
R, @ I.- Z :
‘ | 17 2 |
e |Is tension due to underestimation of errors or 7 b e e e e B

0.75-05-025 0 025 05 075 1

—

-1 0.75-05-0.25 0 0.25 05 075 1
cosOb cosOb
Randall Sundrum Models Djouadi/Richard '06

due to new physics?
* 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 right
handed couplings
* Randall Sundrum Models generate basically automatically a symmetry group of type SU(2)r

ECFAWG1 — March 2022
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W) Cuob Energy Frontier Electron-Positron Collider Projects G‘
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IIIIII

\/S be.am. JLdt for Higgs R&D phase

polarisation

Details see talk by

01-1Tev & Bgi/‘f . 2000 1 & 350 cev TPR completed . okada
+ 35U 4000 fb-1 @ 500 GeV in 2013
035-3Tev &7 (800 12%2320(}%:11%@ %fvf/v CDR 0 g‘g{ezted
90 - 240 GeV  ©~ Ooe/" 0% 5600 fo-1 @ 240 Gev DR (i:r??g{egted Detalls see talk by
90-350 Gev ©70%  5000fb1© 250 Gev CDIiRncJ%r:gIg;gd

Table courtesy of J. Brau
ECFA WG1 — March 2022
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Energy: 0.1 -1 TeV
Electron (and positron)
polarisation
TDR in 2013
+ DBD for detectors
Footprint 31 km

Initial Energy 250 GeV — Footprint ~20km

Japanese Gouvernment expressed its interest in project in March 2019

Energy: 0.4 - 3 TeV
CDR in 2012

Footprint 48km

@B Initial Energy 380 GeV

Roman Péschl Possible future project at CERN
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EFT: Two distinct observations

Observables at fixed mass m
(e.g. Z pole of Higgs decays)

o cem? ‘2

O M A2

Increasing UV scales probed in EFT
achieved solely by increasing the
measurement precision

Ce ~ (9%)°

Typical experimental precision 0.1-1%

A. Falkowski, Journée Grands Accél., LAL

Roman Pdschl

High energy talls of distributions
(e.g. Drell-Yan Productions

o ceE?
—— ~ |14 ° k

TSM A2

Increasing UV scales probed in EFT
achieved solely by increasing the
energy scale of measurement precision

Typical experimental precision 10%

43
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® Polarized beams play a crucial role in disentangling the two
spin structures

2ma?, m%3  2kg E?
g = — 2+ 1+ 2a + 2
T -l dat " g o

The a and b coefficients depend on beam polarization:
1

3v/sEz/m3 b]
(2 + E%/m%)

QzL = (— = Sfu) ) ar = —CH
i 2
Er € 2 2
L*R 92 Sw S — mz
by =c,,(1+ iB=a = )(Beww)
€_8+ QZH_ = (—-@i;) . adrp = —CH
¥ il 8§ — mg
f.ln_ m(l — )(8{' ww)

S

® Angular distributions in ¢"¢~ — hZ can also be used, but
have weaker analyzing power and require more luminosity to

M. Perelstein: AWLC2017 achieve the same result

ECFAWG1 — March 2022
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LEPTONS
Bacinen Meulting M uon Meuking Tau
Mo =0 =
: L+
EBlacknon Muon
10 105.7
QUARK
:ﬂ- Chanm
Mass: 5 1500
. ol
D Shrange
-] 140

Elementary Scalar? Composite object>

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

. . AL ey AR
- New physics by compositeness? /A\
t

Higgs and top composite objects? tr,
Courtesy of S. Rychkov

- e+e- collider perfectly suited to decipher both particles

ECFA WG1 — March 2022

Roman Pdschl
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80.60 | | | | I I 1 1 | I I | l | | L- ¥ 1 I 1 ] T
- experimental errors 68% CL E
: LEP2/Tevatron/LHC: today |+ Precise Top (and W) mass
| — LHCfinal: dm, = 0.5 GeV, M, , =10MeV | |  crycial to test compatibility
8050 ILC: dm, = 0.05 GeV, dM,, = 3 MeV | of measured Higgs mass
> u M =125.09+31Gev| | ¢ SM might not be sufficient
0} ‘ mssm| |  to explain Higgs mass
= ; |
= 80.40 * LHC may not reach sufficient

discriminative power

* A lepton collider will for sure

SMIM, , =125.09 + 0.48 GeV I —
80.30 - H = mssM |

SM,MSSMEi: &
Heinemeyer, Hollik, Stockinger, Weiglein, Zeune "16

| 1 1 | I I I 1 I | 1 1 I | | 1 | | I | I 1 1

168 170 172 174 176 178
m, [GeV]

. ECFA WG1 — March 2022
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“Bound states” at tt threshold
Hydrogen atom of strong interaction

08—

0.6

5 04)

02,

N —

T T 340 342 344
| Vs (GeV) o .
- Size O(10*'m), smallest non-elementary object known in particle physics

Small scale => Free of confinement effects => Ideal premise for precision calculations
Measurement of (a hypothetical) 13S; State

- Decay of top quark smears out resonances in a well defined way

. ECFA WG1 — March 2022
Roman Pdschl
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Light scalar may be missing piece to trigger first order 1% transition and/or the being the radion in extra dimension theories

10000

-1 1 e e L ke D e e R R e
) 2000 fb @ 250 GBV ILC :"__.”‘.":
@0000— ' I, T . ILD preliminary - I OOt OO S
B w8 115 GeV 109 Gu¥ I [ e T
S I o " _
A : | B BT |
= 78 Ge¥ 5 Gev -1 . :
5 P — Lo e ———
L - e W=y D oo OPAL, EurPhys.J. C27 (2009) 311-329
W 18 GeV M A S
C —
E B <o bechgreanas I "N S PP TP

100 150 200

1 0—3 T I L I Ly 4 . |
Mrecoii (GeV/,C2) 0 o0 100 150

* New resonances cleanly dinstiguishable for large range of masses

* Sensitivity to mixing angle 6h down to 10 (taking all relevant backgrounds into account)
* 'new scalar would count as “Feebly interacting Particle” (FIPS)

ECFA WG1 — March 2022
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Top is primary candidate to be a messenger new physics in many BSM models

Z | 7
0 gr, / gr,
arxiv-1505.06020 oon Light tOp.partnerS Alternative 2
see also: arxiv:1608.07537 0
arxiv:1503.01325 Statistical error:
ILC Precision Vs ~ 500 GeV
L =500 fb+?
10% —+ =
RS with Z-7Z’ Mixing SM 7
—— - i i o | | - 09%/9%
-330% -20% -10% 10% 20%

® 4D Composite Higgs Models
Light top partners Alternative 1

® -10% @ Light top partners

® Little Higgs

5D Emergent
@ -20% 9 RS with Custodial SU(2)

® Composite Top

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

. ECFA WG1 — March 2022
Roman Pdschl
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Vs [GeV]

10*

10°

- &
= @ LHC13
L LHCS8
—— Tevatron | Tevatron i
— HERA I. HERA Il
e LEP Il
SLC-LEP |

FCC-hh
SppC

(3 HE-LHC

@
HL-LHC
FCC-eh
HL-LHeC HE-LHeC
O
@ CLIC O

CEPC ILC FCC-ee

Full bullets: Completed, running or TDR, Open bullets: CDR

1980 1990 2000 2010

* |ILC is the only machine that can be built now
* European XFEL gives credbility for construction

2020 2030 2040 2050

Year

ECFAWG1 — March 2022
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