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The LEP (and SLD) legacy
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Phys. Rept. 427 (2006) 257
‘ The LEP leg acy Phys. Rept. 532 (2013) 119
LEP operated at the Z resonance from 1989-1995, with two high statistics scans in

1993 & 1995, and then at & above the W*W- threshold (161-210 GeV) up until 2000.

ALEPH DELPHI OPAL L3
(319 pubs.) (347 pubs.) (423 pubs.) (317 pubs.)

LEP accumulated ~17 million Z% and ~40k Ws.
During similar period SLD experiment at SLAC collected ~1 million Z%s.
Many papers in searches, QCD, b and tau physics, and electroweak (W and 2).

Let's review Z observables, & what we learned from the LEP/SLD measurements.
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https://arxiv.org/abs/hep-ex/0509008
https://arxiv.org/abs/1302.3415

‘ Key Z° observables
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‘ Making use of the observables

. = ;
 Lineshape parameters e.g. My, ', = .
and also, number of light neutrinos. & 30 ALEPH
- DELPHI
; L3
N, = 2.9840+ 0.0082 L oPaL
RSy
- Effective vector & axial couplings | SRS
e.g. from forward-backward asymmetries or
0f 3 L=
A FB — 7 Ae Af 0 =% 88 90 92 o4
4 E_[GeV]

A = 2 vt gaf gvi = \/ﬁf(Tsf—zofsin%;ﬂ)
gi+gAf ga = +/pr T (e=1inlimit EW

corrections vanish)

« Testing radiative correction structure of the SM, e.g. with S, T, U parameters.

91 GeV revisted - Z physics at FCC-ee
11/9/20 Guy Wilkinson



‘ The achievement of LEP & SLLD

Dramatic demonstration of the validity of the SM, e.g. in the vector & axial couplings.

magnified by
a factor 65
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‘ The achievement of LEP & SLLD

Dramatic demonstration of the validity of the SM, e.g. in the vector & axial couplings.
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Also high sensitivity to the EW loops giving access to unknown parameters....
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Pointing the way to the top and the Higgs

Electroweak corrections present in the observables have a quadratic
dependence on the top mass, and a logarithmic dependence on the Higgs.
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‘ Pointing the way to the top and the Higgs

Electroweak corrections present in the observables have a quadratic
dependence on the top mass, and a logarithmic dependence on the Higgs.

(including LEP2 inputs)
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LEP & SLD Z data ‘measured’ LEP data and SM require something

top mass well before discovery. Higgs-like and within LHC reach !
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‘ Been there, done that

Why re-measure EW observables at FCC-ee, when we did so already at LEP ?

With the discovery of the Higgs, the SM is now complete, and any set
of measurements should be self-consistent. Higher-order corrections
in Z° (and W) observables offer a powerful probe for inconsistencies !

Moreover, almost all measurement programmes in HEP are based on improving
knowledge of things we ‘know’ already — this is fine and well-motivated:

« Higgs programme at ILC/CLIC/FCC-ee aims to improve precision
on already studied observables by x2-10 w.r.t. LHC (plus maybe
see some processes for the first time, e.g. H—ccbar);

* DUNE & HyperK will measure o better by x5 w.r.t. now;
* g-2 will improve (g-2), by factor of 4;
» Future LHCb upgrades will measure CKM parameters better by x10.

However, Tera-Z@FCC-ee can improve EW-observable precision by x20-100+.
Nowhere else in HEP does there exist the opportunity for such a giant leap forward !
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Returning to the Z (& W):
precision EW physics
at FCC-ee

Most of following material can be found in FCC
CDR Vol. 1: Abada et al., EPJC 79 (2019) 474

11/9/20 Guy Wilkinson 12


https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6904-3

‘ FCC-ee: not just a Higgs factory

L vs E,, of a synchrotron means that a very high luminosity Higgs factory (240 GeV)
will be an ultra-high luminosity Z factory (91 GeV). Ditto WW production (161 GeV).
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'FCC-ee: not just a Higgs factory

L vs E,, of a synchrotron means that a very high luminosity Higgs factory (240 GeV)
will be an ultra-high luminosity Z factory (91 GeV). Ditto WW production (161 GeV).
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A remarkable prospect !
(10° higher than LEP 1)

----------------------------------- In 3-4 years will allow for 5 x 10%? Z%s
to be collected, hence ‘Tera-Z’!

N
o

Luminosity [10°* cm2s1]

(with a 4 IP design the number
would be closer to 1013)

HZ (250 GeV): 1.35 x 10** cm-2]
1 Ry e

Nothing comparable is possible at a linear
machine (‘Giga-Z’ would aim to operate at
0.7 x 1034 cm2s1 [arXiv:1905.00220] )
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https://arxiv.org/abs/1905.00220

'FCC-ee: not just a Higgs factory

L vs E,, of a synchrotron means that a very high luminosity Higgs factory (240 GeV)
will be an ultra-high luminosity Z factory (91 GeV). Ditto WW production (161 GeV).

™ . . T  — — ™ T
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W'W (161 GeV): 5.6 x 10*° cm2s!

\ HZ (240 GeV): 1.7 x 10°° cm2s™!

Note also the CEPC project in China.

N
o

Luminosity [10°* cm2s1]

Much of what follows is equally applicable (in
1 =221 principle) to this initiative, but higher luminosity
- would be needed for high quality b-physics.

ISTGEV]
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'FCC-ee: running schedule
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Phase Run duration | Centre-of-mass Integrated Event
(years) Energies (GeV) | Luminosity (ab™ ") Statistics
FCC-ee-Z 4 88-95 150 3 x 10'? visible Z decays
FCC-ee-W 2 158-162 12 10> WW events
FCC-ee-H 3 240 5 10° ZH events
FCC-ee-tt 5 345-365 1.5 10° tT events

Statistical muscle of FCC-ee as a Z factory is unarguable. But is it possible
to improve on systematic control of LEP? Let’s take lineshape as an example
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‘ Challenges of Z-metrology

Outlook shortly before LEP turn on: “The overall conclusion is that at LEP the
Z% mass and width can be measured with relative ease down to ... +/- 50 MeV.
A factor of 2-3 improvement can be reached with a determined effort...”
CERN 86-02 ‘Physics at LEP’, ed. Ellis and Peccei.

Vertical-scale uncertainty E : o | Alsovital Is
dominated by luminosity, = 40} /\ """""""""" 2 understanding
with largely common £ | ALEPH { 1 of shape, in
uncertainty between oL / 1 1 particular effect
experiments. 30 O / ‘\ «—+ Of QED radiative
It was assumed this \ [ /f ' ] corrections.
could be done to ~2%. 20 - K 1 Important, but

i 1 not discussed
Horizontal-scale uncertainty set O renees by factor 10 further today.
by knowledge of collision energy, 10 F  atomri -
also common between experiments. | T |
It was guessed that ~10 MeV = e e My
uncertainty might be possible. T 86 88 20 ]?:2 [Geg\‘;]

cm
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https://cds.cern.ch/record/166310/files/CERN-86-02-V-1.pdf

‘ Challenges of Z-metrology

Outlook shortly before LEP turn on: “The overall conclusion is that at LEP the
Z% mass and width can be measured with relative ease down to ... +/- 50 MeV.
A factor of 2-3 improvement can be reached with a determined effort...”
CERN 86-02 ‘Physics at LEP’, ed. Ellis and Peccei.

Vertical-scale unceff |n fact, the final uncertainties were:

dominated by lumi
with largely commo
uncertainty betwee
experiments.

It was assumed thig
could be done to ~Z

Horizontal-scale un

by knowledge of cohrsrorrerergy—=—cT
also common between experiments.

It was guessed that ~10 MeV
uncertainty might be possible.

oy = 2.1 MeV
Z

or. = 2.3 MeV
Z

How did that happen, and what are
the consequences for FCC-ee?
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EC]TI
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Also vital Is
understanding
of shape, in
particular effect
of QED radiative
corrections.

Important, but
not discussed
further today.
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Luminosity measurement

Lumi measured in QED-dominated low-angle e*e~—e*e” (will remain true at FCC-ee).

LEP was expected to measure lumi to ~2%, but in fact did better than 0.1%.

Enormous theoretical Precision luminometers, e.g. OPAL
Two work, resulting in a with 5 ym tolerances & achieved
ingredients:  LEP-wide correlated excellent understanding ~ ~3 x 104

error of 0.06% of acceptance experimental

Working goal of FCC-ee studies is to get down to 0.01% absolute, 0.001% relative.

Require next_generation The Path to 0.01% Theoretical Luminosity Precision

] ) for the FCC-ee+
luminometers with

1 Mm tolerances... S. Jadach?, W. Placzek”, M. Skrzypek“, B.EL. Ward“ and S.A. Yost,

Anstitute of Nuclear Physics, Polish Academy of Sciences,

...and improved
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8 \\\N\m“\“\“\“\\\“\ (W B ul. Lojasiewicza 11, 30-348 Krakow, Poland

X i 0 Bavior Universi

S \\\\\\\\\\\\\\\\\\\\\\\ \ /) -///// Baylor University, Waco, TX, USA
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[PLB 790 (2019) 314]

Work already underway !

i
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https://arxiv.org/abs/1812.01004

‘ Collision-energy calibration

Knowledge of collision energy leading systematic in mass and width measurement:

m, total uncertainty = 2.1 MeV, of which E,, contribution = 1.7 MeV
[, total uncertainty = 2.3 MeV, of which E, contribution = 1.2 MeV

But much better than anticipated, and < stat. uncertainty ! How come?

E [MeV]
44717 447175 44718 44718.5 44718

High level of precision achieved through g Ty
miracle of resonant de-polarisation (RDP), 52 1 ~++++T+ﬂ+
which is unique to circular e*e- machines. ] e

. L . I == 200 keV
 Wait for transverse polarisation to build up; ; )
» Precession frequency, v, directly ° : +

proportional to E,, : i
—os Lol | | | |

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10148 107481 101.4B2 107483 101.4B4

Ey =2 vy M, 2/ (g, —2)

* Monitor polarisation with Compton scattering from laser whilst exciting beam
with transverse oscillating B field. Find frequency at which depol™ occurs.

Vv
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‘ Collision-energy calibration

Knowledge of collision energy leading systematic in mass and width measurement:

m, total uncertainty = 2.1 MeV, of which E,, contribution 1.7 MeV
[, total uncertainty = 2.3 MeV, of which E, contribution ={1.2 MeV

But much better than anticipated, and < stat. uncertainty ! How/Come? £ MeV]

44717 44075 44718 4471BS5 44719
\

High level ~
miracle Hang on, these uncertainties, though impressive, ++
which i are >> intrinsic uncertainty of RDP. Why so, +
and what are consequences for FCC-ee? = le— 200 keV
« Wait for tr T L
» Precession frequency, v, directly ’ i +
proportional to E, : -

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10148 107481 101.4B2 107483 101.4B4

EbZZVSmeCZ/(ge—Z)

* Monitor polarisation with Compton scattering from laser whilst exciting beam
with transverse oscillating B field. Find frequency at which depol™ occurs.

Vv
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Challenge of E -, calibration at LEP

At LEP RDP could not be performed during physics operation. Time-consuming
procedure carried out at the end of certain fills, involving dedicated optics.
these measurements showed scatter indicating considerable evolution in E,,.

1993 o e . <o 1995
scan o Fid = 5% Moy N = scan

. . =
L]
L] . -

™~ ‘P+2’ points ” ‘P-2’ points

[ day lime [ days]

To calibrate the physics data-taking period, necessary to understand and model
this evolution — a long and painful process that took many years. Ingredients:

» Bright ideas and machine theory;

» Dedicated instrumentation e.g. NMRs in magnets, BPMs etc.;

» Lots of machine time for studies (~50 full days in period 1993-2009);
 Mechanisms parameterised in models, used to calibrate physics data periods.
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‘ Challenge of E -, calibration at LEP

At LEP RDP cq
procedure cart
these measurg

1993
scan

To calibrate thq
this evolution -

» Bright ided
* Dedicated
* Lots of ma
* Mechanist
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Abstract. The determination of the centre-of-mass energies from the LEP1 data for 1993, 1994 and 1995 is
presented. Accurate knowledge of these energies is crucial in the measurement of the Z resonance parame-
ters. The improved understanding of the LEP energy behaviour accumulated during the 1995 energy scan
is detailed, while the 1993 and 1994 measurements are revised. For 1993 these supersede the previously
published values. Additional instrumentation has allowed the detection of an unexpectedly large energy
rise during physics fills. This new effect is accommodated in the modelling of the beam-energy in 1995 and
propagated to the 1993 and 1994 energies. New results are reported on the magnet temperature behaviour
which constitutes one of the major corrections to the average LEP energy.

The 1995 energy scan took place in conditions very different from the previous years. In particular the
interaction-point specific corrections to the centre-of-mass energy in 1995 are more complicated than pre-
viously: these arise from the modified radiofrequency-system configuration and from opposite-sign vertical
dispersion induced by the bunch-train mode of LEP operation.

Finally an improved evaluation of the LEP centre-of-mass energy spread is presented. This significantly
improves the precision on the Z width.

[EPJC 6 (1999) 187]

Time-consuming
kted optics.
Volution in E,,.

‘P-2" points

Istand and model
5. Ingredients:

C.;
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https://link.springer.com/article/10.1007/s100529801030

‘ Some mechanisms
of E,_ variation
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What hope then for E,, calib™ at FCC-ee ?

Surely all these effects mean that there can be no big improvements at FCC-ee ?
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What hope then for E,, calib™ at FCC-ee ?

Surely all these effects mean that there can be no big improvements at FCC-ee ?

Not at all ! In contrast to LEP, build E,, calibration requirements into machine
design and planning from start. And already a great deal of thinking has occurred.

arXiv:1909.12245v1 [physics.acc-ph] 26 Sep 2019
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[arXiv:1909.12245]

Perform RDP ‘continuously’ (~3-4
times per hour). This is done on ~250
out of 16600 non-colliding pilot bunches.

Removes to first order all
time-dependent effects !!!

Measure separately for e* & e-.

Adjust RF frequency at short intervals
to suppress tide-like effects.

Frequent van der Meer scans to
suppress dispersion biases at IP.

Invest in extensive instrumentation
and logging of all machine parameters.
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E -\ uncertainties on lineshape observables

Bottom line: reasonable to expect systematic uncertainties of ~100 keV on M,
and ~25 keV on I',, which are improvements of 17 and 48 respectively on LEP.

statistics| Av/s, 1, | AV S e ptp| calib. stats.- o/

Observable 100keV| 40keV |200keV /v N85 £+ 0.05 MeV
my, (keV) 4 100 28 1
I'z (keV) 4 2.5 22 1 10
sin? 05T x 105 from ARG 2 ~ 2.4 0.1

2
20gen(mg) o (5 3 0.1 0.9 - 0.1
aqQep(my)

absolute point-to-point beam energy spread

And following experience of LEP, not far-fetched to imagine we will do even better.

NB this uncertainty of ', is substantially less than is found in tables in the FCC
CDR, & is due to subsequent work, particularly on use of dimuons (see backups).
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‘ Other Z-related measurements

Statistical uncertainty on agp from one

* Measurement of agep(m,?) from year’s data at a given c-of-m energy.
forward-backward dimuon asymmetry  : e
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L ~ > 2

SJ'T\/EC! S s — m2 10% . : / | =

|:1 + > QED(2 ) 2 o Z:| o~ ::_\::::::'l‘:_:::__://“"' """ i — S— %

m5GE (1 — 4sin” Oy, ) ol \\J \\// 8

Choose off-peak energies to allow ‘ Sp—————— B
for factor ~4 improvement in precision. 5 VU T TV TUUE U T OO T

50 60 70 80 20 100 110 120 130 140 150
\s (GeV)

5 Fits including I, and Rlu. theory uncertainties for FCC-ee scaled by 1/4.
— T T T T T T T

* Improved measurement of docp(Mz?) %, F firccemonea || 1| [Efiterk)]

F  ==== No theo. unc.

Expectation from lineshape 3_: :El'll“d‘:’lh """" """"""""""""" :2"
observables alone (not included: 3f worsowasopooz| | E
T, W decays, jet rates, event shapes...). 2: E
« Improved measurement of N, “: {_._} __________________________ N
As well as measuring number of °';’;§ e /
neutrino families to 0.001 from lineshape  *"* o )

parameters, should be able to do at least as well from
radiative returns (ete—Zy, Z—vvbar) at higher energies (e.g. 161 GeV).


https://arxiv.org/abs/1512.05544

Precision EW physics above the Z

— 2007171 I I T T 1
9,  Zpole | WW HZ Top

> i { x10 %10 <10

: N

w» 150 o
o

=

e

=

.

100

50

IT]IT]ITIIII

ﬁ\\\\\

-y

011 1213 14 15
Years

Let us briefly consider EW opportunities at the W*W- and ttbar thresholds.

91 GeV revisted - Z physics at FCC-ee
11/9/20 Guy Wilkinson 29



Improved knowledge of m; mandatory
for vital self-consistency test of SM

Best possible precision on my, required to perform critical closure test on SM.

; B 1 1 I 1 I I I 1 1 | 1 1 1 I I I: I I 1 I I 1 1 I 1 I'_
[V ~ 68% and 95% GL contours i M comb. + 1o —
O - _ | o m = 172.47 Gev -
— 805 — | Fitw/o M,, and m measurements i -- 5 =0.46Gev - —
Eg L Fit w/o M,,, m and M, measurements il — =046 ©0.50,,, 6V 7]
. [ Direct M, and m_measurements 'E: e _
80.45 — i . —
- g ]

80.4 — =

— M, comb.+1c
80.35 — Mx =80.379 + 0.013 GeV b2 ]
80.3 — . :,: ]
L 4 RUPCIa i - i
- oR.. 6@3 QG?" "tifg%' —
80-25 _ ';;‘)Qr” )\rL l,fb?’.-‘ = :’I‘ i E’._
— \\!\:\," \\?\\*\ \\?\\;\,' \\?\\;\’a?: G fltter 6 _
B I” 1 | 1 | | 1 1 +‘ 1 1 1 L”’ I I:: | | 1 I | 1 1 | | 1 I_
140 150 160 170 180 190

m, [GeV]
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Improved knowledge of my; mandatory

for vital self-consistency test of SM

Best possible precision on my, required to perform critical closure test on SM.

>'
®

myy =

il m, comb. + 1

80.3584  £0.0055,, +0.0025,,, +0.0018,

As well as measuring my, better, but we wish to improve SM prediction.
Current precision limited by knowledge of ancillary parameters.

ED

+0.0020,, £ 0.0001,, = 0.0040,00ry GeV
80.358  £0.008,... GeV.

All of these (my,,, Mz, 0oep, Og) Will be greatly improved at FCC-ee !

8025 — 5o 2 55 € fitter[..]: ]
TR oW Wy Wy =i -
B | | 1 ‘I’“ 1 1 I 1 1 | | 1 I_
140 150 160 180 190
m, [GeV]
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Measuring my, in e*e-— WTW-

Two methods available: measure WW cross-section at threshold, or fully reconstruct
event. Former has fewer systematics, and will probably be the method of choice
at FCC-ee, but lower statistical uncertainty gave latter higher weight at LEP.

13/07/2002 “
| ! | ! |
2091 LEP  pRELIMINARY 7
YFSWW and RacoonWW

Sww (PD)

10

0 : . |1é0 1EI!5 2[|JO | 265
160 180 200
Vs (GeV)
In both cases a leading systematic uncertainty Amy — AEcm

comes from collision energy (yes, that again).
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Measuring my, in e*e-— WTW-

Surely not a problem? Many fewer W’s than Z’s —
statistical precision at LEP a few 104, and E,
myy Ecm measured to 2 x 105 at Z°. What's the worry ?

Growth of beam spread with energy means

AmW _ AECM

depolarising resonances destroy polarisation e ol P s
ang make IgDP impossible ’F E s} @ Spect M Flux Loo
= 130 &) QS D GIObaI Flt
-—Q|70 r~+-~+rrrrrrrrrrr+rr 1 v 1T %
= 60 - . E E," 1
j e - = ot
Q 50 E o 10 s
= w0l E : |
@Q e E = — T ———1——
E 30 ? E wi _10 , < W, Aﬁ_\
oS 20 F Here be Ws ! - 1]
0L @ J, E -20 | —
S Jb o -30
E 40 50 60 70 80 90 100
E, [ GeV ] 40
. . _50 PRTES EES EWE W WA RN SRR Re SRRy PR
...iInstead must use a variety of methods 65 70 75 80 85 90 95 100105110
(e.g. spectrometer) to extrapolate from RDP energies E,[GeV]

to W*W- regime. Very difficult, but it was done [EPJC 39 (2005) 253].
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‘ Prospects for my, at FCC-ee

Furthermore, hadron machines now leading way on m,,. And they will improve.

LEP Comb.

Tevatron Comb.

LEP+Tevatron

ATLAS

Electroweak Fit

Yes, but it is exceptionally difficult,

I
ATLAS

I
o m,

= Stat. Uncertainty
— Full Uncertainty

+
Py 80376+33 MeV

80387+16 MeV

P 80385415 MeV

80370+19 MeV

1

803568 MeV

particularly at LHC (easier at ppbar).

Ultimate precision at HL-LHC difficult
to assess, but indicative value ~5 MeV
(see e.g. ATL-PHYS-PUB-2018-026),
with best prospects if LHeC operates.

|
80320 80340

80360

| |
80380 80400 80420

m, [MeV]
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‘ Prospects for my, at FCC-ee

Furthermore, hadron machines now leading way on m,,. And they will improve.

LEP Comb.

Tevatron Comb.

LEP+Tevatron

ATLAS

Electroweak Fit

| | | |
80320 80340 80360 80380 80400 80420
m,, [MeV]

improve this

| T
ATLAS & my
= Stat. Uncertainty
— Full Uncertainty
Py 80376+33 MeV
FCC-ee goal to ¢ 2038716 MeV

by factor ~25 \ 20385215 MeV

80370+19 MeV

803568 MeV

Yes, but it is exceptionally difficult,
particularly at LHC (easier at ppbar).

Ultimate precision at HL-LHC difficult
to assess, but indicative value ~5 MeV
(see e.g. ATL-PHYS-PUB-2018-026),
with best prospects if LHeC operates.

But we can do much better at FCC-ee,
as polarisation will be possible! This
because ¢ 4
Ep~Ep/p where p is
magnetic bending radius, which is much

larger at FCC-ee than LEP.

Goal will be to perform threshold scan of 12 ab at 157.5 GeV & 162.5 GeV, with
a statistical uncertainty on m, of 0.5 MeV, and E,,-associated error of ~0.3 MeV.
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Future precision on my, closure test

m,, (GeV)

80.37

80.36

80.35

80.34

80.33

u.'vllllllllllllllllllllllllllll

- FCC-ee (Z pole)
- FCC-ee (Direct)

----- LHC (Future)

----- LHC (Now)

""" Z pole (now)EPS +m A
—— Standard Model

1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1

170 172 174 176 178
My, (GeV)

(discussion of m; measurement in backups)
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Observable present FCC-ee |FCC-ee Comment and
value + error Stat. Syst. dominant exp. error

my (keV) 91186700 + 2200 5 100 From Z line shape scan
Beam energy calibration

I'z (keV) 2495200 + 2300 8 100 From Z line shape scan
™ 25 Beam energy calibration

RZ (x10%) 20767 + 25 0.06 |0.2-1.0 ratio of hadrons to leptons
acceptance for leptons

o, (my) (x10%) 1196 + 30 0.1 |04-1.6 from RZ above [41]
Ry, (x 106) 216290 + 660 0.3 <60 ratio of bb to hadrons
stat. extrapol. from SLD [42]

crﬁad (><103) (nb) 41541 + 37 0.1 4 peak hadronic cross-section
luminosity measurement

N, (x 103) 2991 £ 7 0.005 | Z peak cross sections
Luminosity measurement

sin6Sr (% 10°%) 231480 + 160 3 2-5 from AL% at Z peak
Beam energy calibration

1/aqep(mz)(x 10%)| 128952 & 14 4 small from ALp off peak [32]
AlﬁB. 0(x 104) 992 + 16 0.02 1-3 b-quark asymmetry at Z pole
from jet charge

A%%LT (x10%) 1498 + 49 0.15 <2 |t polarisation and charge asymmetry
T decay physics

Expected precision on EW observables

Factor
improvement

~20

~100

~20-100

>10
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Expected precision on EW observables

Observable present FCC-ee |FCC-ee Comment and Factor
value £ error Stat. Syst. dominant exp. error improvement

my (MeV) 80350 £ 15 0.6 0.3 From WW threshold scan ~25
Beam energy calibration

I'vw (MeV) 2085 + 42 1.5 0.3 From WW threshold scan ~25
Beam energy calibration
o (myy ) (x10%) 1170 + 420 3 small from R, [43]
NU(XIO?’) 2920 + 50 0.8 small ratio of invis. to leptonic

in radiative Z returns ~60
My, (MeV) 172740 + 500 20 small From tt threshold scan
QCD errors dominate
['iop (MeV) 1410 = 190 40 small From tt threshold scan
QCD errors dominate
Atop/ )\fgg 1.2 + 0.3 0.08 small From tt threshold scan
QCD errors dominate
ttZ couplings + 30% (0.5 — 1.5%| small From Eqy; = 365GeV run
Systematics are indicative and should improve with more work !
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(theory challenges too! — see

‘ DeteCtOI‘ Chauenges backups & Marek’s talk this pm)

Event rates and radiation challenges modest compared with HL-LHC/FCC-hh.

On the other hand, extreme precision of Tera-Z puts unprecedented demands
on stability of detector & operation, resolution of many components e.g. luminosity
measurement at 10-° (relative), 10+ (absolute), acceptance definition at 10-°,

Early days, but two candidate experiment designs have emerged: in contrast,

CLD = IDEA

| Detector height 1100 cm

Yoke 100 cm

More info in lacopo’s talk this afternoon. Bear in mind that these designs have
been driven by Higgs physics, which has different requirements to EW & flavour.
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FCC-ee as a flavour factory

11/9/20 Guy Wilkinson
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b physics at the Z pole

Z0 environment offers many of the benefits of both the Y(4S) and proton-proton.

Y(4S) pp Z
All hadron species v v
High boost v v
Enormous production x-sec v
Negligible trigger losses v v
Low background environment v v
Initial energy constraint v v

Enormous luminosity will bring 7.4 x 10! bbbar pairs, around 30x larger b yield
than at Belle I, and a similar number to that produced within LHCb in Run 2.

— high precision b-physics programme complementary to LHCb Upgrades

(NB CEPC, with current design, significantly less interesting because of lower lumi)
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b physics at FCC-ee

One good example where FCC-ee can shine, is in B decays involving taus,
where the missing energy makes life extremely difficult at LHCb.

e.g. reconstructing B—K*°t*1-, a priori a very interesting electroweak-penguin
mode, and especially so in the light of the current flavour anomalies.

120

100

(0 0]
o

Events / (0.02 GeV/c?)
3

~
o

20

-
-
L.

0 === 1 L a4 Lo
4.5 5 55 6 6.5
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Tau physics at FCC-ee

LEP and the B-factories greatly advanced knowledge of the tau lepton.
Clear opportunity for further strides forward at FCC-ee.

e.g. lepton universality test through ~4x number of tau pairs as expected at
measurement of BRs and tau lifetime. Belle Il, in (as least) as clean environment
— 17.90- = 1F
= Today (2018) EWE %
; |0'3z [ ]
o 17.85- s Vg
I—; ‘“’E: % v
= 109
- v opu—ey
17.80 FCC-ee 0HE e u—3e s " . & Wwno
|(}-I3:— = HN —eN ecMe
= ¢ T COMET |
17.75- 05 A - 3 St
107 MuZe e i
105301950 1960 1970 1980 1990 2000 2010 2020 2030
17.70—- Year
e — world-best sensitivity for wide range
17 65— of lepton-flavour-violating modes
|
289 290 291

e.g. T—>uup down to O(10°10)

T lifetime [fs]
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Flavour-physics detector considerations

Beampipe radius ~2 cm (3x smaller than LEP) — opportunity for
high performance vertex detectors to enhance flavour & EW physics.

A successful flavour-physics programme demands hadron identification.
no dedicated hadron PID in current designs (although IDEA drift chamber
claims superlative dE/dx will be available through cluster counting).

\ A7

Covering the required momentum
range (up to ~30 GeV/c) probably 18
demands a RICH, and this needs
space. Recall SLD and DELPHI. - |

Something for the UK to think about
(no time this pm for dedicated talk). -

>
>

Calorimetry: requirements for b-
and tau-physics point to high-energy resolution for single 1%, e.g. crystal solution.

Impossible to build a detector that meets all physics requirements. But if a four-IP
layout is adopted, there may be an opportunity for a b-physics oriented experiment.
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Conclusions

91 GeV revisted - Z physics at FCC-ee
11/9/20 Guy Wilkinson

45



‘ Conclusions

The FCC-ee, though originally a project conceived for Higgs studies,
offers extremely exciting opportunities for probing for New Physics
through precise electroweak programme exploiting the Z, W and top.

Z & W programmes are completely unique to this machine, due to the extremely
high luminosity, and the ultra-precise knowledge of the collision energy.

Dominant systematics of LEP programme can be greatly reduced, through
machine design, 215t century detector technology and hard work in theory.

Possibilities in heavy quark and tau physics are no less exciting,
combining many of the experimental advantages of the LHC and Belle II.

Stimulating detector challenges. But Higgs-oriented solutions may not be optimal.

It is serendipitous indeed that a collider project exists which offers this
opportunity, alongside a comprehensive programme of Higgs studies.
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Backups
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‘ Current & future CERN colliders

— photo: J. Wenninger '
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‘ Standing on the shoulders of giants

SUPERKEKB ———* FCC-Z B-factories: KEKB & PEP-II:
|5 BINP c-tau | @ B@ o-tau . Fci'gr:_H double-ring lepton colliders,
L/IP HIEPA c-tau "Wy ¢ high beam currents,
*FCCt  top-up injection
;;10"3 Bepetl DAFNE: crab waist, double ring
o}
DAFNE LEP )
N CESR < s SuperB-factories, S-KEKB: low B *
Z VEPP2000 . .
Sq¢1 I . orTRA LEP LEP: high energy, SR effects
= VEPP-2M %  VEPP-4M o
~ SPEAR2 VEPP-4M, LEP: precision energy
16 « ADONE calibration w. res. depolarisation
DCI KEKB: e* source
ADONE
17 | | o ~ Marica Biagini HERA, LEP, RHIC: Spin gymnastics
0.1 1 10 100 1000

c.m. Energy (GeV)

Combining successful ingredients of recent colliders — highest lumis & energies.
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‘ Awkward questions (not for today)

When would it start ? Not before late 2030s (CEPC has more aggressive schedule).
2038

2021

¢ I o IR ¢ BN o RGN 2 IREN + IREN o IRl e

[ thcmns [ Ls3

Jl thcruns  )(Ls4)[ tHorns (Lss](

LHC run 6

N
Project preparation & Permis-
administrative processes sions
Funding & governance strategy J

Ve

Geological investigations,
infrastructure detailed design and

Tunnel, site and technical infrastructure

construction

15 years operation

~ 25 years operation

1 B3 36 [ 2 B < @) -

Update
Permission,
Funding

FCC-ee dismantling, CE
& infrastructure

tendering preparation adaptations FCC-hh
FCC-hh lerat \( h
: -hh accelerator .
FCC-ee accelerator R&D and technical design FCC—ee ac_celerator C.OH.St”.mtlon’ R&D and technical FCC'hh ac_celerator o_on_strl_Jctlon,
installation, commissioning design installation, commissioning
. \. J
f FCC-hh detect
Detector R&D and FCC_?G deteptor FCC-ee detector - getector FCC'.hh d_etectorl
concept development technical design, construction, installation, commissionin: RAD, UL L B
P P collaborations ’ ’ 9 technical design L commissioning )
'
SC wire and 16 T magnet 16T divol i
Superconducting wire and high-field magnet R&D R&D, model magnets, dIpoe magne
i series production
| prototypes, preseries

How much would it cost ? ~8 GCHF for tunnel (to be re-used by FCC-hh)

~4 GCHF for FCC-ee collider and injector
(~17 GCHF for FCC-hh collider and injector — ouch !)
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Luminosity per facility

1000

T, 100 L
N :
=
(&)
3
(@)
= 10
—

- FCC-ee —+—

CEPC st
ILC
ILC-up.
CLIC =sms
CLIC-up -+-0@---

-
- =1
-
-

.
""""

/ 100

[ oc I-"Synrao,E;;'5
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'FCC-ee: vital statistics

FCC-ee collider parameters

parameter Z ww H (ZH)
beam energy [GeV] 45 80 120 182.5
beam current [mA] 1390 147 29 5.4
no. bunches/beam 16640 2000 393 48
bunch intensity [10"1] 1.7 15 1.5 2.3
SR energy loss / turn [GeV] 0.036 0.34 1.72 9.21
total RF voltage [GV] 0.1 0.44 2.0 10.9
| long. damping time [turns] 1281 235 70 20
horizontal beta* [m] 0.15 0.2 0.3 1
Iverﬁcalbeta*[n"n] 0.8 1 1 1.6
| horiz. geometric emittance [nm] 0.27 0.28 0.63 1.46
| vert. geom. emittance [pm] 1.0 1.7 1.3 2.9
“bunch length with SR/ BS [mm] 3.9/121 3.0/6.0 3.3/5.3 20/25
| luminosity per IP [1034 cm-2s-1] 230 28 85 1.55
'beam lifetime rad Bhabha / BS [min] 68 / >200 49 />1000 38/18 40/18

11/9/20
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GFm% > >
o F_ — _I_
‘ Cross sections ff 67 NG (9vs + 9as)

Measured separately for all charged gvi = /P (T:; — 20k sin® G(Lff)
fermions, providing information on f

vector and axial couplings... 9a = /P I3

= 308 F _

E 1475 | Above peak

Below peak /
l::jll}.l - ,

10.1

306

14.5

| 304

: 25t
‘ B DELPHI 14.2 ]
A L3

* OPAL

¢ 1990-1992 data A
+ # 1993.1995 data 14 b
iypical syst. exp.

10+

302

£4

9.9

luminosity error

30

theoretical errors:
I GED
= hlm.inmlr_\i

89.44 89.46 8948 912 91.25 91.3 9295 92975 93 93.025
E,_ [GeV] E_ [GeV] E_ [GeV]

peak-2 peak om peak+2
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‘ Cross sections — lineshape

Cross secs also allow determination = | =
of lineshape parameters E_c -
bﬁ 30 ALEPH
Mz, T'z, Ohad - DELPHI
[ L3
d
- OPAL

—

[ .4 and [}, for each charged lepton
| § average measurements,
error bars increased

from which can be calculated: by factor 10

[invisibler Ny ag(my?)

10

N, = 29840 4+ 0.0082 ) e S
E_ [GeV]

Also measured are Ry, and R, which are
fractions of hadronic decays that are bbbar and ccbar, respectively.
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‘ Forward-backward asymmetries

Measured for each lepton, inclusively for hadrons, & separately for b & ¢ quarks.

do,,/dcos(0) [nbl

o
o

-

DELPHI 93 — 95

e'e” > u"w(y)

Peak

04

AW

- — AFB from fit

- mmeee- QED corrected
* average measurements

| T T T T T T T T

11/9/20

Guy Wilkinson

. L . | L P -0'4 l I I ] I : l I ’
& ~05 0 0.5 1 38 90 92 94
©
cos(@,. E,_ [GeV.
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‘ Forward-backward asymmetries

Measured for each lepton, inclusively for hadrons, & separately for b & ¢ quarks.

Asymmetry at pole gives = 04
=
=

0f 3 < |
Arg = ZAeAf 0.2
where
vt A
A = 2

2 2
vt T Gaf
involving the vector & axial couplings.

gvi = pi(Ti-2Qsin® 6ly)
ga = Vo T

-04

-0.2

- — AFB from fit

- mmeee- QED corrected
+ average measurements

L 9|4
E_ [GeV]

with p; = 1 in the limit of no radiative corrections (not a good approximation at LEP!).
Off-peak asymmetries driven by y-Z interference (FCC-ee sensitive to agep(m;?) ).



“Tau polarisation

Ae and AT can be

Measured P_vs cosO__

_1II'|III|IIT|II'I|TI|1I'|'III]III|III|III_

o1 L ALEPH + _
measured separately by P DELPHI +
studying kinematic variables 0 L3 .
sensitive to tau polarisation. OPAL +
0.1 |-
(Another way to do this is
to measure observables o
sensitive to longitudinal -
polarisaton of e~ and e* beams,
as was done at SLC. But 0.3 |- o universality
. e il HIIvers ﬂllT}’
such polarisation hard to
arrange at synchrotrons.) 04 el
-l -08 -06 -04 -02 0 02 04 06 08 1
cosB_.
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‘ Retrospective improvements

Indeed, new thinking about effects that will be important at FCC-ee, and were
supposedly negligible at LEP have had some amusing consequences.

e.g. beam-beam effects modifying acceptance

P 4
”Ae‘i'

-

Studied in Voutsinas et al.,

and found to give
a 0.1% bias

T A — PLB 800 (2020) 135078

Also theoretical improvements in various, components of calculation, which
happen all to go in one direction... reduces Bhabha cross-section by 0.048%
& reduces overall uncertainty to 0.037% [Janot & Jadach, arXiv:1912.02067].

One claimed N, =2.9840 + 0.0082 W N, = 2.9963 £ 0.0074
consequence.

“The 20-years-old 2o tension... is gone” !
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‘(Selected) mechanisms of E,_ variation

Q

Q 1l

Energy changes can be induced by changes in AFE 1 AC g% 3
the ring circumference, as this will lead the beam — = ———— 358 %
to sample different fields in the quadrupoles. k a C = £

At LEP 1/a ~ 5000 — even AC/C ~ 10° (~0.1mm) changes gave noticeable effects.

Short-term drivers of circumference change — earth tides:

46480 ey T

1M energy
easured by resonant depolarization

i —_ Tidn;, prediction o AEb = 10 |V|eV
(AC =1 mm)

a

46475

Beam Energy

(MeV) 4470 |

4V

464635
L -

N \ Model tracking RDP measurements
oo s in dedicated ‘tide experiment’ of 1992

Time (hours)

Scary fact: at FCC-ee 1/a 30x larger than LEP, so 300 MeV variations expected !
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‘(Selected) mechanisms of E,_ variation

Q

Q Il

Energy changes can be induced by changes in AFE 1 AC g% 3
the ring circumference, as this will lead the beam — = ———— 358 §
to sample different fields in the quadrupoles. k a C = £

At LEP 1/a ~ 5000 — even AC/C ~ 10° (~0.1mm) changes gave noticeable effects.

Long-term drivers of circumference change — changing level of Lac Leman:

4180 pr e

B 1993 1 1994 | 1995 N T 1
| | T 4175} e 15 1 E
3. : : ] T el e 1997 || 1998 |
< s | | ] ] 3 I -1?4“7
: | | : w2 4160 | EETE A | S ‘G %
IE | | ; 4155 | "vi‘:sh."..‘- S5 | TR
05 F i i ] 4150 - R Bl 1t ‘&‘M v
: | | 4145 | 11 ¥ 1
oF | | 4140 | ENS o' E
r : : il 1 Y I I 1 AP P & |
= 0.5 | :} | H | ma 41755'I"?".I""I""I""I"E BLLAARS RARAE RAREE LALRE RAE
53?2.4_— : : ] 470 | _‘;-t‘ 199952 2000 |
3 . ' ' j 4165 - =& 1F s E
X 3722 I I g : E ]
2 i i j aeol % :
5 sl ! ! . 4185 ‘5{‘ g’i 10 % ﬁa_
. | | - 4150 | W LY f‘s f’i ;
3718 F | | . 4145 |- AL i‘j‘ *r‘f'g
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‘(Selected) mechanisms of E,_ variation

Strange noise and field rises in magnets correlated to time of day and time in fill.

. Found to be due to magnets being ‘tickled’
sl chawmsios L |t 1 by current on beam pipe from passing trains.
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‘(Selected) mechanisms of E,_ variation

Strange noise and field rises in magnets correlated to time of day and time in fill.

_ Noebeciiels Found to be due to magnets being ‘tickled’
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Compelling correlation between current on track, on beam pipe & noise in magnets.
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‘(Selected) mechanisms of E,_ variation

Energy rise modelled with great precision.

(==]
LI B

C . : Model prediction of energy
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‘(Selected) mechanisms of E,_ variation

Energy rise modelled with great precision, in excellent agreement with RDP.

g

E ° - 5:32 Model prediction of energy
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Control of beam spread and crossing angle

With the calibration of E, under control, and other effects relevant for E,, not
discussed here (such as IP specific corrections from RF & synchrotron loss), one
must worry about other issues, such as finite crossing angle & beam energy spread.

Any crossing angle a, will bias

* Vs=2y - cos @/
§ = 2v/ L+ Lie— €Os /2 E.y and needs to be known.
. . E I I I I Glll J
@ Beam energy is not monochromatic, E ol e Sy
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. . CM - f
shift cross-section measurements by _
8, as line shape is (clearly!) not linear. W e ]
[ M ferear i Energy spread
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Control of beam spread and crossing angle

With the calibration of E, under control, and other effects relevant for E,, not
discussed here (such as IP specific corrections from RF & synchrotron loss), one
must worry about other issues, such as finite crossing angle & beam energy spread.

These effects can be controlled to necessary precision through monitoring the
topology of Z—puu(y) events, of which million will be collected every ~5 minutes.

One million dimuon events One million dimuon events
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[related to energy spread]
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‘ Going to higher energies: m.

Currently m, known to ~0.5 GeV. Improved knowledge needed for m,, closure test.

P 1 I T T T T I T T T T Mﬂ7

o] C ]
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0.1 based on EPJ C73, 2530 (2013) _]
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Multi-point threshold scan with 25 fbt will determine m, to 17 MeV (& also measure
width & top-Yukawa coupling). At these energies RDP is not possible, but sufficient
knowledge of E,, will be achievable from reconstruction of WW, ZZ, Zy events.

(True to say that this measurement is feasible for CLIC also.)
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‘ Impact of precision EW observables

Sensitivity of EW observables to non-SM contributions can be expressed
in so-called ‘oblique parameters’ S & T [e.g. Peskin & Takeuchi, PRD 46 (1992) 381].

s 2-0 region
0.10F @ HL-LHC SMat (O’O)
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I ® HL+|LC250
0.05F < HL+«cEPC
" @ HL+FCC,
[ -7 HL+CLIC3g06igaz £
» 0.00fF _-- HL+ILC 250 Gigaz
-0.05}
HEPT
~0.10f s
-0.10 -0.05 0.00 0.05 0.10
T

With current estimates of experimental & theoretical uncertainties.
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‘ Impact of precision EW observables

Sensitivity of EW observables to non-SM contributions can be expressed
in so-called ‘oblique parameters’ S & T [e.g. Peskin & Takeuchi, PRD 46 (1992) 381].

0.10k 2-0 region SM at (0,0)
t @D HL-LHC

[ @D HL+CLIC3g
t @ HL+|LC250
0.05/ @ HL+FCC,,

» 0.00f
~0.05}
HEP[T
~0.10f oo
—0.10 ~0.05 0.00 0.05 0.10

T
Without certain experimental and theoretical uncertainties (but including those

on Mz, 'z, and including current ‘parametric errors’ on m,, doep(M5?) €tc.
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‘An exciting challenge for theory too

Foreseen experimental precision will require corresponding advances in theory.

| 0Tz [MeV] | 0R; [0~ | 6B, [107°] | osinZy, 6 [10~°]

Present EWPO theoretical uncertainties

EXP-2018
TH-2018

2.3 250 66 160
0.4 60 10 45

EWPO theoretical uncertainties when FCC-ee will start

EXP-FCC-ee
TH-FCC-ee

0.1 10 2+6 6
0.07 7 3 7

Theory uncertainties assuming
3-loop corrections & dominant
4-loop corrections available.

Does not look impossible, but requires
resources (estimated 500 person-years) !

“We anticipate that, at the beginning of
the FCC-ee campaign of precision

measurements, the theory will be precise

.05078v2 [hep-ph] 13 Jul 2019
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b physics at the Z pole

LEP demonstrated that ete-—Z° is an excellent laboratory for b physics.

e.g. observation of B, meson observation of B°-B%ar oscillations
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‘ PID through cluster counting

dE/dx is limited to low momentum PID. However better separation is feasible If one
can count the actual ionisation clusters. This is proposed for the IDEA drift chamber,
[Chiarello et al., NIM A 936 (2019) 503], which builds on experience from KLOE & MEG2.

Particle Separation (dE/dx vs dN/dx)

—
o
1

K-p Word of warning —
not from a full
simulation !

# of sigma

& Cluster counting

Also note that any
dE/dx-like PID
has an annoying
blind spot for /K

| separation at low p.
0.1 1 10 100
Momentum [GeV/c]

O = N W s U OO N 0w
I 1 ! | |

If this works well, it will be extremely powerful ! But experiments with Si-based
tracking systems (e.g. CLD) would need another solution if they require PID.
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Tau physics at the Z pole

LEP demonstrated that ete-—Z0° is an excellent laboratory for tau physics.

e.g. tau lifetime vs. BR measurement

Before LEP — a significant problem....
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Tau physics at the Z pole

LEP demonstrated that ete—Z° is an excellent laboratory for tau physics.

e.g. tau lifetime vs. BR measurement

Before LEP — a significant problem....

7 lifetime [ fs |
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...but precision brings clarity.

(note also the dramatic change in the
prediction from BES m_ measurement)
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7 lifetime [ fs |

Tau physics at FCC-ee

Conservatively, order-of-magnitude in lifetime and BRs should be possible

(systematics limited), beyond improvements that B-factories made over LEP.
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Provides powerful lepton-universality tests (new m_measurement desirable).
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Searches for LFV decays and heavy neutrinos

FCC-ee will have high sensitivity to LFV Z° decays. Of particular interest are those
involving 3 generation, e.g. Z°—eT, ut, where current limits are in the ~10-°5-106
range, & can be greatly improved with 5 x 1012 Z% [Abada et al., JHEP 04 (2015) 051].

Direct searches in Z°—vN for heavy right-handed neutrinos N, with masses
below M, will also benefit from the enormous number of Z% available.
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