ILC at Z-Pole — A reminder

for a more comprehensive assessment see 1908.08212 and/or 2203.07622
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New Physics

ee->7H top-continuum

m 2me tt-threshold tth-threshold 1 TeV

»1/10% cm3s?

0.6 0.7 1.0 1.8 3.8

 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 throu N%h beam Polarlsatlon
ECFA PREC Working Meeting - November 2023
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* High energies ~above tt-threshold
_ ISR H— ARSI M OO IO S0 S — RN _ Domain Of Iinear Colliders

Luminosity vs Energy of Future e*e” Colliders 5
mmsmm FCCee, 2 IPs [arXiv:2203.08310] = [|7'" A

mm=m CEPC, 2 IPs [arXiv:2203.09451] ° LOW energies e_g_ Z-pOle

smms CEPC, 2 IPs, lumi up, power priv.com.] |::::: =

megemm LC baseline [arXiv:2203.07622] S Domain of circular machines
sugn ILC luminosity upgrade [dito] @ |..... e ]

A ILC250 10 Hz operation [dito] |- - HOWGVGI’, see later ...

CLIC baseline [arXiv:2203.09186] |[.....

 Transition region, i.e. HZ threshold
... hot so clear
Comparable numbers for all proposals
and N = oL

Luminosity [10°** s'Tcm?]

* Linear colliders are more versatile
to test chiral theory due to polarised
beams

—h
<

* Plot on power consumption see backup

Figure J. List
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Integrated Luminosities [fb™
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o

In 2019 — Revision of capabilities to run on the Z Pole - GigaZ

sgn(P(e”), P(e")) =
(-+) (+-) () (+,+) | sum
luminosity [fb™!] 40 40 10 10
o(P.-, P.) [nb] 835 63.7 500 406
Z events [107] 24 1.8 036 0.29 | 4.9
hadronic Z events [10°] | 1.7 1.3 025 0.21 | 34

» Pole running can happen before and after the
luminosity upgrade

 Further details see arxiv: 1908.08212
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Track momentum: o,,, < 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**08)] um (1/3 x SLD)

(Quark tagging c/b)
Jet energy resolution : dE/E = 0.3/(E(GeV))¥? (1/2 x LEP)
(W/Z masses with jets)
Hermeticity : 0., =5 mrad
(for events with missing energy e.g. dark sector/ invisible decays)

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 PREC Working Meeting - November 2023
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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 “Today
Method Count/Scan \

Best /s [GeV] 91
Current precision . 1.9 x 1073 ////
Target precision : 3.5 x107° -

\/S contribution 1.8 x 107>

/s uncertainty goal [ppm] 10

Graham Wilson, IDT WG3 MDI Meeting, https.//agenda.linearcollider.org/event/9401/
ECFA WG - March 2022

Roman Pdschl



®)Cob Measurement of beam energy (oo

Laboratoire de Physique
des 2 Infinis

Use dilepton momenta, with /s, = E, + E_ + |p,_| as /s estimator.

+ ik + 22350 | B | et Jipsi from 7. decay
ete” — = . g e WEF
W) 2000 E 350 Gev new e Wie/ILDfast Further remarks:
2A750 n_— "4 B« isimulation : (RO Vertex
- 21500 | g - i « Reallistic study has to take
Py @1250 j B ‘ 4 - real beam energy spread and
=1000 | | El B o A | crossing angle into account
750 | _, | " £bb | « Ongoing
7 s00 | /| =1 || |
250 =l _ idof = 9093 ] « Momentum scale can be further
o " " ¥ ¥ ", . | wg | 3 ] § = TURPPTL Y i-'m_-.w_-‘ a . .
Measure /s, using, 096 098 1 1.02 1.04 R T T constrained by with K, and A
(1741, 12=], 1P+ + P-|) Vs Vs using Armenteros-Podolanski
Method
Tie detector p-scale to particle masses (know J/1, 7™, p to 1.9, 1.3, 0.006 ppm) | * See e.g. 2012.03620
e 10ppm at s=250 GeV and 1ppm
Measure < /s > and luminosity spectrum with same events. Expect statistical on Z pole seem to be in reach
uncertainty of 1.0 ppm on p-scale per 1.2M J/v4 — u™u~ (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 PREC Working Meeting - November 2023
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W Mass from ...:

Constrained WW reconstruction

Hadronic mass from hadronic W decays

5 M, [MeV]

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

=>0g andB
tot e,

u,

W width: AI'W = 3.2 MeV

|
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W - Parameters

WW Cross-Section (pb)

I
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Example 6
points in \s.
78% (-+),

- | 17% (+-)

| Each set of curves 2.5%(--),

- has my, = 80.29, 2 5% (++)

 GENTLE 2.0
;with !LC 161
f_ bean?strahtunq*

_With |P| = 90% for e

 and |P| = 60% for e*
Need 10 ppm error f;i,_’? k

on Vs to target 2 74

7

/4

W AN
MeV on mW Vi =g 11

160 162.5 165

167.5

170

Center-of-mass Energy (GeV)

,y‘/‘ ("+)

G. Wilson

1/

 Robust method

 Beam polarisation essential to control
background

* Need extreme good control
of beam energy

ECFA PREC Working Meeting - November 2023
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Anomalous Triple Gauge Couplings

Ceo

E+
B
1
Agz
AI(Y
AN

I
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W+ et W+ et

W™= e W~ e

W-l-

W-

e Sensitivity to triple and quartic gauge Boson couplings

(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

=-|EP2 ==ATLAS ==CMS ==HL-LHC == |LC 250

—— ———————— :

R W W M M M M R E W M R W M W W N M RN, N SN M M M NN M M ML M M M M W M M M M M W W W W

i
0

i i x l ewa o | ;5 3
0.05 0.1
TGC Limits @ 68% CL

-

Triple Gauge Coupling Precision [10]

0

ECFA PREC Working Meeting - November 20&

TGC extrapolation from full simulation at 500 GeV

7| W ILeson
B ILC1000
dark/light: 51/52

Ag? Ax, A,
Jist, ILC Snowmass White Paper
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do (
d cos 6

do
d cos 6

e et — ff)=3r(1+cos0)” + Xpr(1 — cosb)?

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

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

e

- 2 are helicity amplitudes that contain couplings g , g, (or F , F,)
-2 #2 '=>(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

ECFA PREC Working Meeting - November 2023
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Helicity amplitudes can be analysed in several ways (not mutually exclusive):

Oblique Parameters W, Z:

9:.97 s s
€idJj : T mY
sin’ Oy cos? Oy S —M% +ily M, m%Vf:J( )

Qe,;_fj — QEQ}F T

Contact interactions with e.g. compositeness scale A:

VAP
gei gfg S 4 ggontact

— 070" vy
Qerfy = Qe + sin? Oy cos2 Oy s — M2 +il'z Mz oAZ e

New propagators in concrete models of new physics:

9297 s

VAW AL
n Z gei ng S
sin? Oy cos2 Oy s — M2 +il'z Mz sin? Oy cos2 Oy s — M2, + il 7/ 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

|
Roman Pdschl
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e flavor tagging

_./ * b-quark charge measurement
:  Important for top quark studies, indispensable
: - for ee->bb
K
" - « Control of migrations:
o / : 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 PREC Working Meeting - November 2023 13

Roman Pdschl



WCus

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

Decomposing ee->bb - Differential cross section

Ceo

Full simulation study within ILD Concept at Vs=250 GeV allows for educated guess on uncertainties on Z-Pole

w x.lp? T T T IILID
@02 ! A
& s
0.18 |-
® F = Whizard 2.8.5 LO
0.16 —
C + Reconstructed and corrected
Q14 F - fitto reconstructed
0.12 7
0.1F Left Pol -
0.08 - -
0.06 - =
0.04 £ %ﬂs& 0.2 (stat.)%
" - Lo
0.02 AFB"%&;D@.& 0.2 (stat)%
C AFB™
II|III|IIIIII|III|IIIIIIIIIIII

pLeely W ]
-1 08-06-04-02 0 02 04 06 08 1

entries

x10° ILD
LI | L) T l I l LI l LB L

40 .
35 F — Whizard 2.8.5LO B

; —+— Reconstructed and corrected E
30 - —

C === fit to reconstructed ]
25 =
oF Right Pol E
15 | Z =
10 %:99.& 0.7 (stat.)%

F AFB™

C_ el ]

5 - . AFBf;“:fﬂo.ai 0.7 (stat.)%
E Frelllmlpary W TN

0
-1 -08-06-04-02 0

0.2 04 06 08

1

e'e* - bb cos O ee’ - bb 5 cos 6
P, ,.=(-0.8,+0.3) | Lum = 900 fb" P, .=(+0.8,-0.3) [ Lum = 900 fb
Source e e —cc e et —bb
P-,+(—0.8,+0.3) | P +(+0.8,-0.3) | P-,+(—0.8,+0.3) | P ,+(+0.8,—0.3)
R, Az | R, Af'p R, Az | R, A
Statistics 0.18% 038% | 027% 0.52% | 0.12% 024% | 023% 0.70%
Preselection eff. | <0.01% 0.12% | 0.02% 0.16% @ <0.01% 0.08% | 0.06% 0.12%
Background 0.01% 0.01% | 0.02% 0.02% | 0.01% 0.01% | 0.06% <0.01%
heavy quark mistag | 0.11% <0.01% | 0.06% <0.01% | 0.12% <0.01% | 0.22% <0.01%
uds mistag 0.03% <0.01% | 0.02% <0.01% | 0.08% <0.01% | 0.14% <0.01%
Angular correlations | 0.10%  0.10% | 0.10% 0.10% | 0.10% 0.10% | 0.10% 0.10%
Beam Polarisation | <0.01% <0.01% | 0.02% 0.01% | <0.01% 0.01% | 0.03% 0.15%
Systematics 015% 0.16% | 0.12% 0.19% | 0.18% 0.13% | 029% 0.22%
Total 024% 041% | 030% 055% | 021% 027% | 037% 0.73%

Roman Pdschl

Arxiv:2306.11413

Excellent agreement between predicted
and reconstructed distributions

Additional complication in continuum
compared with Z-Pole:
Rejection of ISR events)

14
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B arxiv:2306.11413
1 G
){105 ILD m0.14‘é—pl[lllllll T 11 T 11 T 11T II-IIII-IIII-II
m LI | | LI LI LI L | | L I L I | L I-I_l_l_ ‘u_) — =4
o f - E :
= - - c - d
£0.25 - . = ©012 - — \whizard 2.8.5 LO i
B —— Whizard 2.8.5 LO ] B s J
L . - R t d d .
- —+— Reconstructed and corrected - 011 econstiicted and cormects —
0.2 — ‘ . - - fitto reconstructed g
i S fit to reconstructed i - i
- - 0.08 = o
0.15 I~ . i i
§ i 0.06 - -
= :_ _: 0.04 :- AFB™ _:
- A—FB:;F“=IGG.& 0.4 (stat.)% _ 8 AFB[", =LALEL Rt ]
0.05 AFBq =] 0.02 AFB™ I
N AFB™ i g £0_99.9+ 0.5 (stat)%
- —_—re2_99.9+ 0.4 (stat)% AFB[, i
| | | | |AFB|_i'_';I I I I = Ll Ll | L1 | L1 1 | Ll 1l | Ll 1 | Ll 1 I Ll 1 I Ll 1 I L 1
U L1 L1 L1 L1 L1 1 L1 1 L1 1 L1 1 L1 1 L1 1 _1 ; —0_6 _0.4 -2 0 .2 0.4 D_ : 1
-1 -08-06-04-02 0 02 04 06 08 1 e =2 . % 08
ee’ - ct cos 6
ee’ —¢cc cos 6 P .=(+0.8,-0.3) | Lum = 900 fb"'
P...=(-0.8,+0.3) | Lum = 900 fb™
 Full simulation study (with ILD concept)
. Long lever arm in cos B_to extract from factors or couplings
15

ECFA PREC Working Meeting - November 2023

Roman Pdschl



%) Cob Go

Iréne Joliot-Curie

Laboratoire de Physique

Polar Angle Distribution PhD thesis

Y. Okugawa
See also talk at
Paestum
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[ A — 800

wh
i 1 1 1 I -.E
|I . | Gerraled n
—f—— Recorsinucted @ E : IE "
........... Eareraled FE i

] Genmted x
——}—— ReconsTucied &

Eritrie

7OOR

-

........... Generated Fit

-||T-|||'|-|-|-|-|-'_II

BO0O _..,,..ér.. , = Recorsincied Fi RE) NIRRT COINBEY &0 . = Psconsirucied FR
ririsfe i i i i i
:
400 ool ...;..-......-;.
et sian i U
00 200 '_'_.}:_'_:_'..i___ " R HAENE: [ NS, ikt
- -1 % : L - B
Pt : . b i i : i : H i
v o CETRT E s wiifurs 1 virife Jurntvaraif I
L8] )| IR ST RISEeH IR EE SISESE S s RIS R o TR s | 100 .-.g-:-!..-._...::-!'....:-:.{..-.'.::.::f.-:.._:-.. - g el ey i‘_‘_

E."l'l‘l I'I-'l.-il'l'lil'li'i.l-'i:Ii'l.ll.l:Ill.i'lllii.'l'l.i'l'l'l- 0 lili.l'lI'i.ll.Iil.l-'lii'l'l'lilll'iii-ll"l ;li ll-l. L
-1 08-06-04-02 0 02 04 06 08B 1 -1 08 06-04-02 0 02 04 06 08 1
[en]- ] ©osh

(a) (b)

Figure &: ¢ polar angle distribution for the u and d mixed samples with (a) left-handed and (b) right-handed
electron beam.

16/ 26
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On the Z-pole Above the Z-pole

e |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 e Interpretation of result is greatly supported by precise input
* the photon does not “disturb” from Z pole

ECFA PREC Working Meeting - November 2023 17

Roman Pdschl



%) Cob Go

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

Running on Z pole “GigaZ” Radiative return at higher energies
+
Elﬂs | | I"'I"'I'"I"'I"'I"'I"'I"'E C 7 f_ m2Z:1_|B|S
= Z . 1+ ‘B‘
% 04l . _ g — | sin(67 + sin 05)
% : ce ﬁ-hadrons e' ISR f Sil’l 91 + Sin 92
o
J 5 2400 X10°
107 F E g 2200—|(P_P,)=(-0.8,+0.3)
£ 2000 after all selection cut
1800—| — All Events
2| CcEsr 1600~ | — Background Events
10 E_““H[%I'II-',I' —g 1400~
i PETRA | M TP ] 12005_
| KEKB A RN d 1000 — |
PEP-11 o 800—
0 _|||I|JEP|I||LI|£PI|I|_ eooi— [
0 20 40 60 80 100 120 140 160 180 200 220 400? i
Centre-of-mass energy (GeV) 2005‘ T L“i_:_f_‘_._L
9 00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
* Around 5x10° Z events (250xLEP) ‘
« ~10° events at 250 GeV with 2ab™
« With beam polarisation
~30x250 = 7500 LEP! « Beam polarisation
oman Poech] ECFA PREC Working Meeting - November 2023 18
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Partial fermion width:

Ny (9%)2 + (Q?)2 « Sensitive to sum of coupling constants
= = T I * Avalilable at linear and circular colliders
Nhaa 3 ;21(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
- €0.P ~A

1 oL—oR (9F)* — (97)° o
:Ae: N2 R2N1_4S].n Qeff
Pess.|oL + oR (9;7)* + (95%)

Arp = |

Forward-backward asymmetry:

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

op —0p 3 . | . .
A{?B = = -A.As for P, =0. « Available at circular and linear colliders
OF + OB « 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
« Direct and model independent measurement of A,

Af _(or—oB)L—(0F —0B)R _ —%Af

FBLE — (gp + o)L+ (oL + 01)R
ECFA PREC Working Meeting - November 2023
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(95.)° — (925)° _ 29y /9ea

with ge,/ge, =1 — 4sin® 8

(G224 (92 14 (gev/gen)?

How to determine Ae?

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

1 op—or _ gpol _ (or —a)r — (0r —01)p

ALR = = =
FB (o, +0)F+ (6, +0))B

O —O0ORB 3
Af o p— —ABA fOI‘ Pe — O
Pesr.lorL +or ) B op+op 4 !

Available at LC 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 PREC Working Meeting - November 2023
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(0+++0—+—-04-—0——)(—04+ +o0—y —04—+0—)
(C+++0—y+04—+0__)(—O44++0—r+04_ —0__)

Blondel scheme: Ajp =

* Blondel scheme independent of polarimeter precision

S 20 1"' « Assumes perfect spin flip for polarised beams
% 18 - S : — » Residuals must be monitored by polarimeter
- E ' _0 g _3 » Residual uncertainty of AA _ = 0.5x10" seems possible
o I\/Ioenlg Snowmass 01 B « The more positron polarisation the better
7 & — Exactly 109 e S « Don't forget energy dependency (dALR/dVs ~2x10°/MeV)
~ : - - 1 MeV precision on Vs seems possible (see above)
12 : - =
i See alse TESLA TDR ; . Precision AA _=1x10" is a realistic assumption for GigaZ
I E= arXIv hep-ph/05071011 ]
8 | ’ | ] . —
| > |0sin?0g ~ 1.3-107°
¢ k R :
4 =
: « Radiative return
2 : T ] - Mainly limited by statistics AA _ = 1.4x10™
001030303 05 0 o7 08 o051 - Beam polarisation better than AA = 0.5x10" (More processes available)

p* » Energy dependence much weaker than on Z-pole

ECFA PREC Working Meeting - November 2023 2
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« Z pole running of ILC will improve significantly precision w.r.t.
LEP/SLD

* Precise measurement of Sin29£ff_
I"—C/Z":'°'e « Around 13 times better than LEP/SLD and a factor three
better than current world average

—

Uncertainty
2
1 IIIIIIr 1 IIIIII|

LEP/SLC _ _ _ _
I - Considerable improvement of fermion asymmetries A,

e e.g.: arXiv: 1908.11299
« AA /A~ 5x107 (compare with AA /A ~ 214x107 today)

« AA/A ~ (5@5)x10™ (compare with AA /A~ 404x10” today)

* For completeness note that a statistical error of 10-4 has been
assumed for A, and 3x10* for A_

1072

1073
1074

10° )
 Main error source

. « Knowledge of beam polarisation
A, sifd, A R, A R A A A « QCD corrections that dilute forward backward

i asymmetry (arXiv:2010.08604) not considered but about to
be looked at (once more)

ECFA PREC Working Meeting - November 2023 22
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From Slide 7 it follows

OA; O X Og : ~ /
— = -2 @ — with A=App, A andx =PFP.s¢, A
Af 1 . FB eff. e

e 0, ./P_.=5x10*assumed for ILC (most likely pessimistic)
- 0, = 0.000022 absolute error (see Alacaraz Slide 9, https://indico.fnal.gov/event/51940/)

« =>g, /A _=0.00002/0.1511 ~ 1.4x10*
Systematic errors on “analysis power” A_and P__ may considered to be comparable

» Dilution due to QCD effects on A_.. Effect can be controlled at AA_.~70 (arXiv:2010.08604)

 Using “current theoretical knowledge”
e =>0, /A ~0.0001/0.1 ~ 107

AFB
 QCD dilution is independent of beam polarisation and may influence A'in the same way as A_,

 Arelative error of 10 would be the dominant error source in both cases
 Remark: In 2019 | have used Table 2 of https://arxiv.org/pdf/hep-ex/0410042.pdf which in turn (on QCD corrections) made use of
Table 15 of http://cds.cern.ch/record/426819/files/ep-2000-016.pdf and references therein
« At the time | went through the papers and references and have indeed supposed, with some reasoning, that the QCD corrections

will become subdominant w.r.t. the error on polarisation
ECFA PREC Working Meeting - November 2023
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10

stat + syst unc. [%]

107"

1072

10°°

LeZLbZ LeZ'LbZ' :
LeLb = QeQb + ———BWZ + Z ———BWZ
_ . S“wcw — STWCTW
: ILD Preliminary -
:_ HE |L.C250, 2000 b _ - | v
g ILC GigaZ s ILC250 SM GigaZ New resonances
- [_]LEP1 .
= E e Couplings are order of magnitude better than at LEP
E E « In particular right handed couplings are much better constrained
§_ E  New physics can also influence the Zee vertex
. - e in 'non top-philic' models
L [  Full disentangling of helicity structure for all fermions
eL e 0> Reg only possible with polarised beams!!

Figure: A. Irles

Roman Pdschl
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Example: b couplings and helicity amplitudes

102

T T TTT

I

10

Number of Standard Deviations
|

|IIIII|

Djouadi et al., arxiv:hep-ph/0610173

Peskin, Yoon 4, arXiv:1811.07877

- Hosotani et al., arXiv:1705.05282

Peskin, Yoon 5, arXiv:1811.07877

arxiv: 1905.00220

e Spectacular sensitivity to new physics in
Randall Sundrum Models with warped extra dimensions

« Complete tests only possible at LC
* Pole measurements critical input
e Only poorly constrained by LEP

* Pole measurements will (most likely) influence
also top electroweak precision program
* (t,b) doublet

Z \Z-Pole
(@)

Roman Pdschl

(©)

Z-Pole

Q Q Q
eFIbR eRbL eLbL

QeLbR

ECFA PREC Working Meeting - November 2023
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* |LC is electroweak precision machine
* Electroweak parameters are limited by systematics, not statistics
. High precision measurements of M, I, M, I, ,/// and sin®0%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
e Clean model independent measurements due to beam polarisation
« 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
« Theoretically (not discussed)
* Need at least NLO electroweak predictions (and MC programs) for correct interpretation of results
e q

ECFA PREC Working Meeting - November 2023
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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 gglnu 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 PREC Working Meeting - November 2023

Roman Pdschl

27



Backup



[ J
. o
"DJ“Cg__ab Oblique parameters C
Contributions for different fermion species Vs AW AY p
HL-LHC 15x 107 20x 10~ -0.97
x10° . ILC250 34x10° 24x10° -0.34
60 p——T—— , ———T——7 ILC500: e*c"—> ff 3 ’ _ _ E
- - [LC500 1.1 x10° 0.78x10™ -0.35
40 4 " [LC1000 0.39 x 107 0.27 x 107> -0.38
- 1 = 500 GeV, no beam pol. 2.0 x 10— 12x10 -0.78
20 C - —b
> O0oF 4 ¢ L . .
- - « Beam polarisation essential to disentangle effects from W and Y
- 4 — €
-20 3 1 —combined  ° 'LC250 outperforms LHC
-40 _ _ e ILC500 and above outperforms e+e- machines
- o dx10°8 w/o polarisation (at 4ab™)

Roman Pdschl
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Uncertainty driver a_

@.

des 2
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Current status

Baikov fpro—1 n
Davier PD-
Pich : e
Boito Q)
SM review ‘ﬁ

'l " i & & 'l " L i " + i s 4 " " & ']

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

ABM ;—.—ﬂ'
BBG —e—
JR

NNPDF
MMHT

- |suonouny
3in1oNAs

uolje|lyiuue -o+9

ALEPH (jetstshapes) | i
OPALgs) [ | *
JADE(jgs) | o
Dissertorizp bt
JADE j)
DWm ——
Abbate (1) e :
Gehrm.

{c:l ! : 4 5 + ! 5 i ! 4 5 " & ! + & & + !
!..I; 1 electroweak

....... \emiws', . precision fits
CMS b . ll hadron
(ttcross section) - . collider

0.11 0116 012 0125 0.13

Dominated by lattice QCD

Prospects Z-running
[T Present Siiﬂ fit |

T | : T T T T T
¢ el fitter|s
[ Prospects for ILG/GigaZ '

—_—————— e e e e e e e —

20

_______________________________________________________

10° Z

u_ 1 1 1 1 1 1 1 1 1 1 . . 1 1 1 1 1
0.112 0.114 0.116 0.118 0.12 0.122 0.124 0.126
arxiv:1512.05194 ag(M)

05

[
(4]
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

Slide made
in 2016!

Electroweak fit with updated EWPQO and theory uncertainties

6 a (M) ~ 0.0007 for 10°Z
6 a (M) ~ 0.0003(16) for 10*Z

Prospects Lattice

5a_(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
?3 95%CL exclusion as common metric in generic Z' searches
2 e V=500 GeV, L=4000 fb”

é? 50 discovery » ALR introduces an “ad hoc” SU(2) , and

Vs=250 GeV, L=2000 fb a Z' with orthogonal couplings to the fermions
95%CL exclusion

/s=250 GeV, L=2000 fb’ » X, ¢, n are linear combinations of bosons appearing
Sc discovery in Grand Unified Theories with couplings orthogonal to the SM

—h. —h
no =
I Y O O B B

10

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

SSM ALR ¢ v n

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

=

107 - ‘

ghzz Ghww Ghyy

Roman Pdschl

Sgigi[%]

B HL+ILCe W ML

545,11 nchdng Gaa=Z 81 naar collidans
L
Dark/Light: SMEFT

ECFA WG1 - March 2022

1L
LI B HL+CLICy o B HL+

B HL+FCCoss

Perfect EWPOQ) / SMEFT, obal fi

{107

107

107

69a16c
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Electroweak couplings of heavy quarks

des

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 A7 g ee->bb@250 GeV

ST :
Ab I o | dol/dcosOb 3 _ doR/dcosOb
E 5 4 7 |
0c | 5 5 = 5 5 - l:
A| ; 6
Ob E E : : ; - :
A | o B e > 5
o| i i i i - :
Rc ; : b : : § 5 | 4 ¢
0 5 ' : 3
Fab ﬁ. I.- I !
‘ ’ 1} 2 |
e Is tension due to underestimation of errors or b 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)

ECFA WG1 - March 2022
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WCyp Energy Frontier Electron-Positron Collider Projects C“

beam .
. . Ldt for H R&D ph
\/S polarisation I or riggs pRase

0.1-1Tev ©789% 20001 @230 CeY, TDR completed  vokada
e+: 30% 4000 fb-1 @ 500 GeV in 2013
s 00, R
90 - 240 GeV <~ 0::_: 0% 5600 fb-1 @ 240 Gev “PR icr??g{%ted oetalls see talk by
-ssocer T8, IRRIZEIEY R

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 Poschl Possible future project at CERN
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EFT: Two distinct observations

Observables at fixed mass m High energy tails of distributions
(e.g. Z pole of Higgs decays) (e.g. Drell-Yan Productions
o ~ |1 c6m2‘2 o ~ 1 CﬁE2‘2
osmy A2 osm A2

Increasing UV scales probed in EFT Increasing UV scales probed in EFT

achieved solely by increasing the achieved solely by increasing the
measurement precision energy scale of measurement precision

c, ~ (9%)°

Typical experimental precision 0.1-1% Typical experimental precision 10%

A. Falkowski, Journée Grands Accél., LAL 38
ECFA PREC Working Meeting - November 2023
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® Polarized beams play a crucial role in disentangling the two
spin structures

2ma?, m%  2kg E?
o= — 2+ 14+ 2a + 2
3 (s—ml) V52 T my) 9

The a and b coefficients depend on beam polarization:
1

i QEL — (§ = Sfu) 3 ar = —CH
€r € 2 2
L*R 9 Sw S — mz
br = c;(1+ T )(Beww)
€_8+ Qzr = (—-‘ii) ; Gr = —CH
B 8§ — mz
br = c(1 — Z)(8eww)

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

ECFA PREC Working Meeting - November 2023
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Bacinon NMeulting Muoan Neukhing Tau
Moss =0 =0

Elackron Muon
A 105.7

QUARK

“ | @

Up Chanmm
faas: 5 1 500

)

]
Do Sirange
B 140

Elementary Scalar? Composite object>

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

| | AL _do 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
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80.60 | 1 | | I I 1 1 | I I | l | I L ¥ 1 I 1 1 T
- experimental errors 68% CL .
: LEF2/TevatiofEHE iy |« Precise Top (and W) mass
| — LHCfinal: dm, = 0.5 GeV, 8M,, =10MeV | |  crycijal to test compatibility
80.50 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
2 H .
= 80.40 * LHC may not reach sufficient

discriminative power

A lepton collider will for sure

SMIM , =125.09 + 0.48 GeV T
80.30 | ™ H = MSSM L

SM, MSSM Eiiiiis
Heinemeyer, Hollik, Stockinger, Weiglein, Zeune "16

| 1 1 1 I I l 1 I | I 1 I 1 | 1 | | | | I I 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,

NN —

0936 338 340 342 344

| 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) 1381 State

- Decay of top quark smears out reserances i, awell defined way

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 b B [ L e R R e o
. 2000 fb @ 250 Gev "—C :‘_....',o“:
@0000— ! N, T g ILD preliminary - T
- 1 109 Gu¥ ~ 5555 e -
S 1 IW e — _
A : | B B I
= 7% GeY 5 Gav -1 . :
% - e B 107 B e o ommtgn s ot 25
1 - e W= - D e e OPAL EurPhys.J. C27 (2003) 311:329
i 18 GaV M s S
C —
b B <2 bechgreanas 1 "N P S ST

100 150 200

Mrecoii (GGV)’CZ) 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 | 47
091,/ 91
arxiv-1505.06020 soon Light top partners Alternative 2
see also: arxiv:1608.07537 ° e
arxiv:1503.01325 Statistical error:
ILC Precision Vs ~ 500 GeV
L =500 fb
10% -+ >
RS with Z-7Z’ Mixing SM
—— - | | ® | | - 095/ 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

Roman Poschl ECFA WG1 - March 2022
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Vs [GeV]

10° = FCC-hh
= SppC
- () HE-LHC
® L
10* =
= @ LHC13 HL-LHC
B LHCS FCC-eh
3 Tevatron ll .
10 - Tevatron | HL-LHeC HE-LHeC
- O
O® CLC O
B HERAlg HERAII CEPC ILC  FCC-ee
~  SLC-LEP|
" Full bullets: Completed, running or TDR, Open bullets: CDR
L1 L1 | L1 L1 | L1 1 1 | L1 L1 | L1 L1 | L1 L1 | L1 L1

1980 1990 2000 2010 2020 2030 2040 2050
Year

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

ECFA PREC Working Meeting - November 2023
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