( Energy Calibration and Polarization Workshop
18-27 October

Aims:
-- take stock of the requirements from physics
-- Check that the questions are all clear and well posed.
-- describe baseline running scheme, look for show-stoppers
-- Establish performance in terms of possible frequency of measurements and precision
-- Create tables of parametres for wigglers, polarimeter, depolarizing kicker
-- systematics between resonance and beam energy, center of mass energy etc...
-- large work!
-- go back to LEPI tables and study extrapolation
-- establish additional instrumentation and measurements
-- establish need and,eventually, solution for supplementary monitoring.
-- NMR, Spectrometer, Moéller scat.,
additional measurement in the polarimeter etc..
-- RF phase measurements, saw-toothing etc...
-- energy spread/bunch length measurements
-- other effects (interferences with resonances etc...)
-- produce draft0 of write-up for CDR



ECC
@y 18 October

15:00-15:15 introduction, welcome, goals and technicalities
15:15-16:00 requirements from W and Z physics and higher energies
presentation: Blondel/Azzurri
questions/ discussion
16:00 coffee
16:30 -17:30 present status of FCC-ee optics, correction schemes, emittance and imperfections
open questions
presentations:
Katsunobu Oide,
Sandra Aumon
Daniel Sagan
17:30 - 18:00 transverse polarization performance estimates with or without wigglers
requirements on corrections, open questions.
presentation: Eliana
guestions: all

discussion and action items
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Thurday 19 October

15:00 - 15:30 experience on precise energy calibration from Novosibirsk
presentation |. Kopp,
15:30-16:00 experience from precise energy calibration at LEP:
presentation:Guy Wilkinson
guestions: all
16:00 coffee break
16:30-17:00 describe baseline running scheme with wigglers
and systematic errors as they stand
presentation: Mike Koratzinos
guestions: all
17:00-17:30 Energy calibration by resonant depolarization: depolarizer settings,
time it takes to do a calibration (1st time or as monitoring) hardware needed
presentation: Jorg Wenninger + others (RF)
17:30-18:00 tables of parametres for wigglers, polarimeter, depolarizing kicker, etc..
presentations: Attilio Milanese, Jorg Wenninger

Discussion and action items



Q Friday 20 October

15:00-15:30 systematic errors on the E_CM energy calibration — theoretical issues
presentation: Bogomyagkov
qguestions: all
15:30 — 16:00 simulation tools for polarization and energy calibration Des Barber
qguestions: all
16:00 coffee break
16:30 -17:00 Spin Simulations with the Bmad Toolkit
presentation David Sagan

17:00- 17:30 measurements of RF phase and saw-toothing at FCC-ee
presentation: Mike Hildredth, Wolfgang Hofle, Helga Timko

17:30 -18:00 determination of beam energy spread with and without beamstrahlung
from data: Patrick Janot
18:00-18:30 determination of energy spread from beam parameters, bunch length, beam sizes
etc.. : Mike Koratzinos
discussion with Thibaut Lefevre will take place tuesday morning.

18:320 discussion and acenda for the next week.
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Monday 23 October

15:00 summary of actions from 1st week, plan for second week 15m
Speakers: Alain Blondel (Universite de Geneve (CH)) , Jorg Wenninger (CERN)
15:15 a new measurement technique for 10-6 beam energy at the Z 30m
Speaker: Serguei Nikitin

discussion

16:00 coffee break

16:30 supplementary monitoring :NMRs 20m

Speakers: Jorg Wenninger (CERN) , Michael Guinchard (CERN)

16:50 supplementary monitoring Spectrometer (possibly within polarimeter) 30m
Speaker: Nickolai Muchnoi

17:20 discussion and action items on

need and,eventually, solution for supplementary monitoring.

points raised in previous sessions. questions: all and action items
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Produce DraftO of CDR

will use overleaf (cern report format)
This allows collective editing.
The first template has been produced:

https://www.overleaf.com/11630130cmkmfpvyhhgb#/44005491/

Uses bibtex (INSPIRES provides the record of each publication you want to refer to)

Use standard LaTeX with the cernrep style file.
The web interface ensures that everyone benefits from the same format advantages.

A pdf copy of the cernrep tutorial is uploaded.

We will have a tutorial tomorrow mornin% at 9:00 in room 376-1-020
10/18/2017 Alain Blondel Physics at the FCCs 6
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CE=E=D Resources

you find enclosed in the meeting header a number of resources:

AcademicTraining-FCC-ee-Janot.pdf

FCC-ee parameter update - 6 October 2017.pdf
FCC-ee parameter update - 6 October 2017.pptx

& link to overleaf CDR LaTeX working place

10/18/2017 Alain Blondel Physics at the FCCs 3



CEERD FCC-ee Requirements on
Beam Polarization and Energy Calibration

Alain Blondel, University of Geneva

EPOL group:

A Milanese, K Oide CERN/KEK, T Tydecks, J Wenninger, F Zimmermann, CERN
D Barber, W Hillert DESY

E Gianfelice-Wendt, FERMILAB

A Blondel , M Koratzinos, GENEVA

M Hildreth, Notre-Dame USA

| Koop, N Muchnoi, A Bogomyagkov NOVOSIBIRSK

Some references:

B. Montague, Phys.Rept. 113 (1984) 1-96;

Polarization at LEP CERN Yellow Report 88-02;

AB. Beam Polarization in e+e- CERN-PPE-93-125 Adv.Ser.Direct.High Energy Phys. 14 (1995) 277-324;
Spin Dynamics in LEP  http://dx.doi.org/10.1063/1.1384062

Precision EW Measts on the Z Phys.Rept.427:257-454,2006 arXiv:0509008v3

for FCC-ee: arXiv:1308.6176 ; arXiv:1506.00933 ; arXiv:1705.03003



http://arxiv.org/abs/hep-ex/0509008v3
http://dx.doi.org/10.1063/1.1384062

(GEED)

Context:
FCC-ee run plan

from P. Janot in

recent Academic
Training lecture

10/18/2017

Luminosity goals and operation model

a The FCC-ee physics goals require at least
+ 150ab™atand around the Z pole (v/s~91.2 GeV)

+ 10 ab* atthe WW threshold (v/s~161 GeV)

+ s5ab™atthe HZ cross section maximum (v/s~240 GeV)

+ 0.2 ab? at the top threshold (v/s~350 GeV) and 1.5 ab* above (1/s~365 GeV)

2 Operation model (with 10% safety margin) with two IPs
+ 200 scheduled physics days per year (7 months — 13 days of MD / stops)

+ Hibner factor ~ 0.75 (lower than achieved with KEKB top-up injection, ~0.8)

+ Half the design luminosity in the first two years of Z operation (~LEP1)

+ Machine configuration between WPs changed during Winter shutdowns (3 months/year)

Working point Z, years 1-2 Z, later Ww HZ tt threshold 365 GeV
Lumi/IP (cm2s?) 100 200 13 7 1.6 1.3
Lumifyear (2 IP) 26 ab® 52 ab™ 7.8 ab? 1.8 ab* 0.4 ab* 0.35ab™*

Physics goal 150 10 5 0.2 1.5

Run time (year) 2 2 1 3 0.5 4

a Total running time : 12-13 years (~ LEP)

T

Patrick Janot

Academic Training
11 Oct 2017

Longer shutdown: install 74 RF CMs
LEP Record: 32 in one shutdown !

32
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Beam polarization is directly useable in lepton colliders
-- no polarized structure functions etc...

At Electroweak Scale there are two main uses
-1- transverse polarization for energy calibration by resonant depolarization

-2- e+e- longitudinal polarization combinations
-- as a way to control the spin of the e+e- system

Both can be used to improve precision measurements.



observable

M,

MeV/c2

I

MeV/c2

Physics

Input

Ap (T)
(no Aa!)

o O,

Unitarity of
PMNS, sterile v’s

B

Ap, g3 Ao
(T,s)

Ap, g3 A
(T,S)

Ap, &; &, Aa
(T, s, V)

Input

18/10/2017

Present
precision

91187.5
+2.1
2495.2
+2.3

20.767 (25)

2.984
+0.008

0.21629 (66)

sin%0°f
0.23098(26)

sin%0,°f
0.23099(53)

80385
+15

173200
+ 900

FCC-ee stat

Syst Precision AL
Z Line shape 0.005 MeV E_cal
scan <10.1 MeV
Z Line shape 0.008 MeV E_cal
scan <+0.1 MeV
Z Peak 0.0001 (2-20) Statistics
Z Peak 0.00008 (40) ->lumi meast
Z+y(161 GeV) 0.001 Statistics
Z Peak 0.000003 (20-60) Statistics, small IP
Z peak, sin20,ff 4 bunch scheme
Long. polarized | +0.000006
sin20,,°ff E_cal &
+0.000006 Statistics
Threshold (161 0.3 MeV E cal &
GeV) <0.5 MeV Statistics
Threshold scan ~10 MeV E_cal &
Statistics

Challenge

QED corrections

QED corrections

QED corrections

QED corrections
to Bhabha scat.

Hem. correlations

Design
experiment

QED corections

Theory limit at 50

MeV?
12

R



Beam Polarization can provide two main ingredients to Physics Measurements
F [MeV]

4717 44717.5 44718 4471B.5 44719
UL B B e s s e e B

1. Transverse beam polarization provides beam energy calibration
by resonant depolarization

- low level of polarization is required (~10% is sufficient) _ AN ¥

- at Z & W pair threshold comes naturally os - +

— at Z use of asymmetric wigglers at beginning of fills : y
since polarization time is otherwise very long. : +

—> could be used also at ee — H(126) (depending on exact m, !)

- use ‘single’ non-colliding bunches and calibrate continuously
during physics fills to avoid issues encountered at LEP

- this is possible with e+ and e- Compton polarimeter (commercial laser)

- should calibrate at energies corresponding to half-integer spin tune

- must be complemented by analysis of «average E_beam» to E_CM relationship

Aim: Z mass & width to ~100 keV (stat: 10 keV) W mass & width to ~500 keV (stat : 300 keV)

Pﬁnnl/ Pini‘tiul

_0.5 -I L ‘ 11 1 | 11 1 I L1 1 I 11 | | 1 1
101,45 101481 101482 101.483 101.484

v

For beam energies higher than ~¥90 GeV can use ee —> Zy or ee &> WW events
to calibrate Eg, at +5-10 MeV level: matches requirements for m,, and m,,, measts



Beam Polarization can provide two main ingredients to Physics Measurements

2. Longitudinal beam polarization provides chiral e+e- system
-- High level of polarization is required (>40% )
-- Must compare with natural e+e- polarization due to chiral couplings of electrons (15%)
or with final state polarization analysis for CC weak decays (100% polarized) (tau and top)

-- Physics case for Z peak is very well studied and motivated:
A 5 APO(f) etc... (CERN Y.R. 88-06)
figure of merit is L.P2 --> must not lose more than a factor ~10 in lumi.
self calibrating polarization measurement *-> spares

-- uses : enhance Higgs cross section (by 30%)
top quark couplings? final state analysis does as well (Janot arXiv:1503.01325)
enhance signal, subtract/monitor backgrounds, for ee—>WW , ee —>H
-- requires High polarization level and often both e- and e+ polarization
=» not interesting If loss of luminosity is too high
-- Obtaining high level of polarization in high luminosity collisions is delicate in top-up mode



CECD)
45 GeV

80 GeV
Oide optics with Q,=0.1, Q;=0.2, Q;=0.1 Oide optics with Q,=0.1, Q,=0.2, Q,=0.05
100 : : . - 100 :
T Linear
g 80 | * + + * ;; | ++ " - o\-?- 80 L S'TROS
S 60} Ny S 60|
T | I T ©
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2 <5 2, S 25 Q@ 7 75 7 7 s 7 2
a*y a*y

At the Z obtain excellent polarization level
but too slow for polarization in physics
need wigglers for Energy calibration

At the W expectation similar to LEP at Z
- enough for energy calibration

18/10/2017 Simulations by Eliana Gianfelice 15



( ﬁgg EUROPEAN ORGANIZATION FOR PARTICLE PHYSICS

CERN EP/98 40
CERN SL/98 12
March 11, 1998

Calibration of centre-of-mass energies at LEP1 for precise
measurements of Z properties

The LEP Energy Working Group
R. Assmann'', M. Bage'-®!', R. Billen'', A. Blondel?!, E. Bravin'!, P. Bright-Thomas!-bP!,

T. Camporesi'’, B, Dehning!!, A Drees®™ | G. Duckeck®, J. Gascon™ , M. Geitz', B. Goddard!!,
C.M. Hawkes®' | K. Henvichsen'' . M.D. Hildreth®', A, Hofmann'' . K. Jacobsen' ', M. Koratzinos®!
M. Lamont!!, E. Lancon™ , A, Lucotte®, J. Mnich"', G. Mugnai'!, E. Peschardt!!, M. Placidi®’,
P Pazo'®, G, Quast™, P, Renton'™ | L. Rolandi'’, H. Wachsmuth!', P.S. Wells'!, J. Wenninger!!,
G. Wilkinson '™ | T, Wyatt'", J. Yamartino! 2, K. vip!®-s!

Abstract

The determination of the centre-of mass energies from the LEP] data for 1993, 1994
and 1995 is presented. Accurate knowledge of these energies is erucial in the measure

ment of the £ resonance parameters. 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 nnexpectedly large
enerpy rise during physics fills. This pew effect is accommodated in the modelling of
the beam-energy in 1995 and propagated to the 1993 and 1994 energies. New resualts
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
years., In particular the interaction-point specific corrections to
energy in 1995 are more complicated than previously: these arise from the
tied 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 presentecd. 16

18/10/‘ This significantly improves the precision on the ¥ width.

very different from the previous
the centre-of-mass
o ol
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Figure 20: Polarization slgna.l on 2 October 1991, showing the localization of the depola_nzxng frequency
within the sweep. 7

Top: d:sp]a.y of data points; with the frequency sweep indicated with vertical dashed lines. The full line
represents the result of a fit with starting polarization (—4.9341.)% , polarization rise-time (60:{: 13) mxnutes,
asymptotic polarization (18.4 3= 4.1)%.

Bottom: expanded view of the sweep period, w1th t.he individual data sets dlsplayed (there are 10 sets per
point); The frequency sweep lasted 7 data sets. The corresponding beam energy is shown in the upper box.
Spin flip occurred between the two vertlca.l dash-dotted lines.

13/ J.U/AUJ./ 17



LEP TidExperiment
11 Nov. 1992
2|f:"‘-?-';'l".'-‘.'!wl""'l'"r"'l"‘li
“.l:w e —
ppm — Tide prediction : —strain/a,
) {from G.E. Fischer)
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Figure 23: Beam energy variations measured over
24 hours compared to the expectation from the tidal
LEP deformation.

10/18/2017

Beam Energy (MeV)
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Many effects spoil the calibration if it is performed

outside physics time

-- tides and other ground motion

-- RF cavity phases

rerchisteresis effectscand environmental effects (trainsizetc)



F
Modelling of energy rise by (selected) NMR sampling of B-field is excellent !

% 8- * RDP
= ,[ — Tide
—. [ © Tide and NMRrise (Experiment
w 5F from 1999)
- — 5 :_
"lg-"7 i Elgzhjiﬂl_p r_D
= 4 - EFJ D'j b
= e ey
O 3 QZEFI;

’ /A

1 : \

S

4 F E, = 50.0 GeV

| . | . | . | . | . 1

0 | 1 2 3 4 5 6
Elapsed time | hours |

by 1999 we had an excellent model of the energy variations...
but we were not measuring the Z mass and width anymore

18/10/2017 — we were hunting for the Higgs boson! 1
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We have concluded that first priority is to achieve transverse polarization
in @ way that allows continuous beam calibration by resonant depolarization
(energy measurement every ~10 minutes on ‘monitoring’ single bunches)
- This is a unique feature of circular e+e- storage ring colliders
- baseline runnig scheme defined with monitoring bunches
- the question of the residual systematic error requires further studies of the
relationship between spin tune, beam energy at IRs, and center-of-mass energy
=>» targetis 100keV at Z and W pair threshold energies

‘Do we want longitudinal polarization’?
we will discuss this in the following.



FEk. Requirement on the beam energy spread for the Z width

correction is quadratic
if requirement is that

The LEP centre-of-mass energy spread op,.,, induces a shift 6o in the measured cross section contribution to width
(e) proportional to its second derivative with respect to energy: -
oo ! “ error is <50 keV

20) | then the requirement is

12 Energy spread

d*c

do = —0.5 1E2 TEcm

This in turn affects the measured width of the Z resonance. A spread of 55 MeV' requires a correction to the

measured Z width of about —4 MeV. This correction is essentially the same for all four LEP experiments

and the corresponding error is fully correlated. Because the energy scans were approximately symmetric cSE 66E

around the resonance peak, the effect on my is negligible. 10 MeV =+ 0.5 MeV a
For the 1993 scan, og,.,, was evaluated with a 10% uncertainty, from measurements of the length -

of the luminous region in the LEP experiments. The resulting error of 1.0 MeV on I'z was the single | 30 MeV =+ 0.25 MeV

largest systematic error on this quantity. The main systematic error originated from the uncertainty in

the incoherent, synchrotron tune Q™. 60 MeV =+ 0.12 MeV
The precision has been improved by a factor four for the 1995 scan, and retroactively for data Challenging'

taken in 1993 and 1994. This improvement comes from a direct measurement of 1" from the synchrotron :

side-bands of the depolarizing resonance and an improved theoretical calculation of the expected beam- | ga@ discussion on fnday

energy spread. In addition, the relationship between beam-energy spread and centre-of-mass energy spread

in the presence of opposite-sign vertical dispersion has heen investigated and corrected for. Full details

of the analysis can be found in [28].

10/18/2017 Alain Blondel Physics at the FCCs 21



Polarization (%)

EXPERIMENTS ON BEAM-BEAM DEPOLARIZATION AT LEP

R. Assmann*, A. Blondel™, B. Dehning, A. Drees®, P. Grosse-Wiesmann, H. Grote, M. Placidi, R. Schmidt,

F. Tecker', J. Wenninger

» With the beam colliding at one point, a polarization level of
40 % was achieved. The polarization level was about the

T T ' i ' ] same for one colliding and one non colliding bunch.
40 - o¢ Bunch | e : 7] + [t was observed that the polarization level depends critically

' e<¢ Bunch2 : .}' M 1 ©on ihe synchrotiron tune : when ¢}, was changed by 0.005,
ELNS o8 W ¢ ] the polarization strongly decreased.

i $ “* B4 : .
20 [ r’ % # | ] experiment performed at an energy of 44.71 Ge'V the polar-

i I % I_’ Bunch 2 collidin ] tzation level was 40 % with a linear beam-beam tune shift of

i o ? o E 1 about 0.04/IP. This indicates, that the beam-beam depolar-
10 3 . : 1 ization does not scale with the linear beam-beam tune shift

: } : { at one crossing point. Other parameters as spin tune and
o t ; svnchrotrom mine are alen of imnortance

..... [ PP B 7. W PP B
22:00 2460 02:00 04:00 0600 03:00 10.0 LEP:
Daytime This was only tried 3 times!

Best result: P =40% , & =0.04 , one IP
Figure. 3. Polasization level during third experiment

FCC-ee

Assuming 2 IPand £’ = 0.01 =

reduce luminosity, 101°Z @ P~30%
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Input
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B
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Input
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Present
precision
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+2.1
2495.2
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+0.008
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sin%0°f
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sin%0,°f
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Syst Precision AL
Z Line shape 0.005 MeV E_cal
scan <10.1 MeV
Z Line shape 0.008 MeV E_cal
scan <+0.1 MeV
Z Peak 0.0001 (2-20) Statistics
Z Peak 0.00008 (40) ->lumi meast
Z+y(161 GeV) 0.001 Statistics
Z Peak 0.000003 (20-60) Statistics, small IP
Z peak, sin20,ff 4 bunch scheme
Long. polarized | +0.000006
sin20,,°ff E_cal &
+0.000006 Statistics
Threshold (161 0.3 MeV E cal &
GeV) <0.5 MeV Statistics
Threshold scan ~10 MeV E_cal &
Statistics

Challenge

QED corrections

QED corrections

QED corrections

QED corrections
to Bhabha scat.

Hem. correlations

Design
experiment

QED corections

Theory limit at 50




Measuring sin20,,ff (m;)
sin20,,%ff = + (1- g/9,)

9v = 9. * 9r

arXiv:0509008
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012

visible Z decays visible Z decays 5.10%0

muon pairs 10% beam 90% 30%
polarization

AAHH (stat) 310° AA; (stat) 4.2 10° 4.510°

A, (MeV) 0.1 2.2 ?

AA" (Egy ) 9.210° AA (Ecy) 4.110°

AA 1.0 10° AAL, 5.9 10°

Asin2@'ept 5.910° 7.510° 6106 +?

All exceeds the theoretical precision from Aa(m,) (310) or the comparison with m,, (500keV)

But this precision on Asin?0%t,, can only be exploited at FCC-ee!




MMeasured P_wvs coset_

S
A_T_.EPH+

The forward backward tau polarization o
asymmetry is very clean. f
Dependence on E,same as A ; negl.

At FCC-ee

DELPHI +

3 +

/\I CNLI Aatn 1N -1 fON - A T A~ 1)

Already syst. level of 6 10~0n sin20¢ff,, =

no umversality
,,,,,,,, umiversality

P I I T A A B A A A B A

much improvement possible D

. . . -1 -0.8 -0.& -0 _4 -0.2 [u] 0.2 O 4 L 0.8
by using dedicated selection cosO,-
e.g.tau=> m v to avoid had. model e Oty Tn martial areots me S e vl e nbt Yoresred for raiiarion,

iiriem e enee or pure photon exchange. The solid curve overlays Equation 4.2 for the LEFP wal-
ues of A, and A.. The dashed curve overlays Eqguation 4.2 under the assumption of lepton
mmiversality for the LEPF wvalue of 4,

ALFPH DELPHI L3 OPAL
a4 a4, L a4, i &4, a4 A,
ZFITTER 00002 00002 | 0.0002 0.0002 | 00002 0.,0002 | 00002 00002
7 branching fractions || 0.0003 0.0000 | 0.0016 00000 | 00007 00012 | 00011 0.0003
two-photon bg 00000 00000 [ 00005 00000 | 00007 0.0000 | 000000 00000
had. decay model 00012 00008 | 00010 00000 | 00010 00001 | 00025 00005

Table 4.2: The magnitude of the major common systematic errors on .4; and 4. by category
for each of the LEP experiments.




Concluding remarks
1. There are very strong arguments for precision energy calibration with transverse
polarization at the Z peak and W threshold.

2. Given the likely loss in luminosity, and the intrinsic uncertainties in the extraction of
the weak couplings, the case for longitudinal polarization is limited

=» We have concluded that first priority is to achieve transverse polarization
in @ way that allows continuous beam calibration by resoenant depolarization

- this is all possible with a very high precision, both at the Z and the W.
calibration at higher energies can be made from the data themselves at sufficient level.

- the question of the residual systematic error requires further studies of the
relationship between beam energy and center-of-mass energy
with the aim of achieving a precision of 0O(100 keV) on E_CM
-- for the width (and peak cross-section) measurement the energy spread must be measure«



spares



Longitudinal polarization at FCC-Z?

Main interest: measure EW couplings at the Z peak most of which provide measurements
of sin20%rt, = e2/g? (m,)
(-- not to be confused with -- sin?0,,, = 1- m 2/m 2

Useful references from the past:

«polarization at LEP» CERN Yellow Report 88-02

Precision Electroweak Measurements on the Z Resonance
Phys.Rept.427:257-454,2006 http://arxiv.org/abs/hep-ex/0509008v3
GigaZ @ ILC by K. Moenig



http://arxiv.org/abs/hep-ex/0509008v3

S

Ac: “A+rDe __,3 / EWRCS

relations to the well measured
5 : ) G m, o
2 - s - .
~ , EA =2 at flr'st ozr'deQ.ED

S ’ S Ap = a/m (Myp/Mz)

)1}
™M

- a/4n log (m,/m;)>?

€, = COSZGW a /97 Iog (ﬂ’\h/ﬂ'\z)2

o

8\!b =20/13 o /= (mfop/mz)z

complete formulae at 2d orde
including strong corrections
also are available in fitting codes

Ml .o ZFITTER , GFITT




Extracting physics from sin20%¢,,

1. Direct comparison with m,

sind Va6 lt. ol (M) A 4
- — 9 3
2 Gemy I+Be 1= =55
Uncertainties in m,,, Aa(m,), my, etc....
Asin20%rt, ~ Aa(m,) /3 = 10° if we can reduce Aa(m,) (see P. Janot)
2. Comparison with m,/m,
Compare above formula with similar one:
_ el (ME) 1
sin20,, cos20,, = (2 G& m3 gt
w w z 1—(- C‘oo‘GwA _,_2:“%;5 r G2 )

Where it can be seen that Aa(m,) cancels in the relation.

The limiting error is the error on my,.
For Am,= 0.5 MeV this corresponds to Asin26%“rt,, = 10-



Assume for now ONE experiment at ECM=91.2

Luminosity «baseline» with beta*=1mm : 2.1 103¢/cm?/s =2 pb'l/s,
Sigma_had =31 1033cm? = 6.5 10! qq events/10’ year/exp.

Consider 3 years of 107 s
2 10'2Z-> qq events (typical exp at LEP was 4.10°)
410117 bb

10 Z-> up, tT each



Will consider today the contribution of the Center-of-mass energy systematic errors

Today: step |, compare

ILC measurement of A ; with 10°Z and P,_=80%, P, =30%

e+

FCC-ee measurement of A;**and AP (t) with 2.1012Z



Comparing A; (P) and A ; (up)

(geL )2_(geR )2

Both measure the weak mixing angle as defined by the relation A, = ( - )2+( - )2
g IR

with (¢, ) =% -sin20%t,, and (g°g ) = -sin26%et,, A, ~ 8(1/4 -sin20'e% )

AR = A
A= % A, Alu =% Aez

-- AgH* is measured using muon pairs (5% of visible Z decays) and unpolarized beams
-- Ay is measured using all statistics of visible Z decays with beams of
alternating longitudinal polarization
both with very small experimental systematics

dA g

. =7.9
asin?g'ert

-- parametric sensitivity A _ 1.73 vs
asin?g'ept, =



Measurement of A

electron bunches | <= 2 3 4=
positron bunches 1 2= 3 4=
cross sections o d) o3 o4
event numbers N1 No N3 Ny
=8 | == Gu(l - I,_C Al,l{ )
oy = ou (1 + PYL AT R
o3 T Ogy
cq = oull — PP P + (PP — P7e ) A R 1

Verifies polarimeter with experimentally measured cross-section ratios

AALR — 0.0025 with about 10° Z° events, -

statistics AA; =0.000045 with 5.101°Z and 30% polarization in collisions.

Acin2B eff (ctat) = O(2 10-6)



Will consider two sources of errors

-- statistics
-- uncertainty on center-of-mass energy (relative to the Z mass)

main inputs taken from
arXiv:hep-ex/0509008v3 precision measurements on the Z resonance
Phys. Rep. 427:257-454,2006

there are other uncertainties but they are very small for A,
This is a lower limit estimate for A ; the systematics related to knowledge of
the beam polarization (80% for e-, 30% for e+) should also be taken into account


http://arxiv.org/abs/hep-ex/0509008v3

—_0

Arp from fit

=R TTTTTH QED corrected

* average measurements

AFB”‘l

E_ [GeV]

CIn



visible Z decays 1012

muon pairs 1011
AAHH (stat) 310°
AE,. (MeV) 0.1
AAH (Ecyy ) 9.210°
AA 1.0 10°
Asin?@'ert 5.910°

visible Z decays

beam 90%

polarization

AA; (stat) 4.210°
2.2

AAR (Ecpm) 4.110°

AA R 5.9 10°
7.510°

But this precision on Asin?0%t,, can only be exploited at FCC-ee!

A @ FCC-ee

5.10%0

30%

4.5 107
?

610° +?

All exceeds the theoretical precision from Aa(m,) (310) or the comparison with m,, (500keV)



MMeasured P_wvs COSGT_

The forward backward tau polarization -: [ arers ¢ ]
asymmetry is very clean. s o 1' 7
Dependence on E,, same as Az negl. : ]
At FCC-ee St -
02 - ]
/\I CNL Aa+a 1N -1 1ON - IANTrr A~ 1) B i
Already syst. level of 6 10°0n sin20¢ff, = —— nomvSRIY :
much improvement possible S O U
by using dedicated selection cosO,-
e.g. tau=> mv to avoid had. model e Oty Tn martial areots me S e vl e nbt Yoresred for raiiarion,
e ot e T D e T o B e oo,

mmiversality for the LEPF wvalue of 4,

ALFPH DELPHI L3 OPAL
d.A; 5.4, a4, a4, 5.A, a4, aA . 8.4,
ZFITTER 00002 00002 | 0.0002 0.0002 | 00002 0.,0002 | 00002 00002
7 branching fractions || 0.0003 0.0000 | 0.0016 00000 | 00007 00012 | 00011 0.0003
two-photon bg 00000 00000 [ 00005 00000 | 00007 0.0000 | 000000 00000
had. decay model 00012 00008 | 00010 00000 | 00010 00001 | 00025 00005

Table 4.2: The magnitude of the major common syvstematic errors on 4, and 4. by category

for each of the LEP experiments.



0.23099 + 0.00053
0.23159 + 0.00041

0.23221 £ 0.00029
0.23220 + 0.00081
0.2324 + 0.0012

0.23153 +£ 0.00016

x’/d.of:11.8/5

Ao = 0.02758 + 0.00035
m,= 178.0 + 4.3 GeV

0.23

’ r r
0.232

sin29

lept
eff

I
0.234
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Going through the observables

the weak mixing angle as defined by the relation
gy () (o)

(4 (geV )2+(geA )2 (geL )2+(geR )2
with (geL ) =¥ -sin20%rt,, and (geR ) = -sin2@trt,,
A, ~ 8(1/4 -sin2@'ert ) very sensitive to sin20'ert,, |

Or
ALR = Ae measured from (Gvis ,L- cyvis,R) / (Gws L- GVIS R)

§ 5In~

( total vE{b{Ie gosi}sﬁﬁt%ﬁ h_adg.'f'_"g#l# + 1T, QSS nb) for 100% Left Polarization

A= WAIA = HAE T5

Op — 05
lpr = o p
F+0g
\ _ L —Trm 1
S o + or {|Pel}
_ {lor—ol. — (O —oB)R 1
Apprrr =

(o +oglL + (o + og)r {|Pel)

o f
-!I'I]



