Direct agep(mM,) measurement at FCC-ee
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https://arxiv.org/abs/1909.12245
https://arxiv.org/abs/2106.13885

Introduction (see all other talks today)

o Today, agegp(m,) is determined from oy (0) with the well-known running formula

aqep (0)
1 — Aay(m2) — Aal?) (m3)

had

aqep(my) =

¢ Its uncertainty is dominated by the determination of the hadronic vacuum polarization

2 fo’e}
Aal(ljm)d(m%) - amz/ R’Y(S) ds
4

S m2 S(m% T S)

e Ry(s)is the hadronic cross section normalized to the dimuon cross section in e*e~ collisions

> Relies on measurements at low centre-of-mass energies 1/s
e Most recent/precise evaluation (DHMZ'1g) gives Aa, .4 (M,?) =(276.10 £ 1.0)-10~*

aghp(my) =128.946 £0.013 = 2% ~10x 10"

07

See presentations from B. Malaescu, A. Keshavarzi, F. Jegerlehner, H. Meyer
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Motivation for a direct measurement at v/s = m, ?

o Systematic uncertainties are entirely different
¢ No running from low energy to my

¢ No need for low-energy measurements

o Ogep(mz?) dominate the parametric uncertainties on the SM prediction for sin?0y,

¢ Today’s precision EWPO Fit to the SM (and nothing else)

Direct measurement -
sin® 6y = 0.231488 £ 0.000029,,,,,,, &+ 0.000015,,, + 0.0000354xp

2 peff __ a1 Es .
sin® Oy, = 0.23153 £ 0.00016 + 0.0000104 = 0.000001,,,,, % 0.000047heory
= 0.23149 £ 0.00007¢o¢al,

¢ Direct measurement will be improved by two orders of magnitude at FCC-ee

Direct measurement Parametric uncertainties will need to drop accordingly
FCC-ee prospects for mz, my,,, as(mz), my are good
8 2 ‘H ¢ [l N P! ! .
sin” Oy = 0.23153 £ 0.0000015 Need to improve aqgp(mz2) as much as possible
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Spoiler alert - FCC-ee prospects

7T

o Parametric uncertainties on other FCC-ee observables

NN
R

Observable present FCC-ee from from Comments FCC note in preparation
value + error Stat. | aqgep (m3)|sin®650 Uploaded to the agenda
my (keV) 91186700 + 2200 4 N.A. N.A. Input
Gp(x10™°) 1.166378 + 0.000006| N.A N.A. N.A Input
l/aQED(m%)(x 10%)| 128952 + 14 3 N.A. N.A. Input; from ALE off peak
Must measure o.,:p(M-) with
.. 2 peff 6 It pol,'r QED Z
sin“fyy (x107) 231480 + 160 1.5 10.5 N.A. from ALp and Apg' at Z peak h ibl - -
Possible alternative input the best possible precision
~
my (MeV) 80350 + 15 0.250 0.547 0.078 |
Iy (keV) 83985 + 86 0.2 0.53 0.076 stat. based on muon pair statistics

NB cleanest determination of p parameter

For the other EW observables,
| use sin20y ¢ as alternative input,
much better measured at FCC-ee

R% (><103) 20767 £ 25 0.06 0:17 0.025 ratio of hadrons to leptons
determination of strong coupling constant

R, (x10°) 216290 + 660 0.3 0.42 0.06 ratio of bb to hadrons
test of N.P. coupled to 3d generation

Iy (keV) 2495200 £ 2300 4 28 4 From Z line shape scan
Beam energy calibration

A. Blondel, 07/22
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First attempt: the ete~ — u*u~ process

o Production cross section (improved Born approx.)
2

) RN RRRE 3
a et w* — C_V’ % 10° ; !n — Total ;
S @ = — Yy exchange 3
v, Z = cz(v* +a?)* x s g F \ ——Z exchange | ]
X I S : —2v interf.  |...
(s —m3)?+miry  F — 3
T 2¢,cz0% X (8 —m3) i .
- 212 212 = | 3 - N o U
e W (s —mz)” +mzly = 3
4 4 m2 G 1 e e e S S, =
Cy = ?QQED<S), cz = ?2—Z7%, a=—5, v=ax (1 — 4sin® Ow), e s
7"' = -
(~—0.037) i T
10 ™ e N =
¢ Zexchange proportional to G2 5050 70 B0 o0 T00 10720 T80 40150
(s (GeV)
¢ vy exchange proportional to a?(s e
Y g€ prop _ () Sensitivity to oggp(s)
¢ Interference term proportional to a(s) G
e Largest sensitivity below the Z pole with the y exchange term
> Extrapolation issue, not a “direct” measurement, not (yet) in the baseline programme
e Absolute cross section measurements challenging to the required precision
> Absolute luminosity determination, absolute selection efficiency / acceptance simulation
P. Janot Direct agep(mz) measurement at FCC-ee

14 July 2022



Q

Tree leve

A

Gi(s) =G+I+2

P
FB —

O.F

pp

First attempt: the ete~ — u*u~ process

—FE () o< G1(s) x (1 + cos? ) + G3(s) x 2cosb, =
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FB,0 T

422G+ Z°

Proportional to o.qep(s)

*

Direct measurement of aggp(My)

N\« Maximal close to the Z pole -

1.0

Angular distribution and forward-backward asymmetry

0.8

E AR o= (3/4).x 4% /( a® +0?)? .0, 016, e

100 110 120

In the vicinity of the Z pole, the slope of A is proportional to a.ggp(my)

e A is aself-normalizing quantity (no uncertainty from luminosity measurement)

If properly handled, the selection efficiency also disappears in the ratio (see later)

P. Janot
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FCC-ee target : Statistical uncertainty

o Statistical uncertainty on A

1 — Ab#?
o (4rp) =/ T:;B-

a Variation of Az with a

" +§a_2 7 dZ_O dJ 7 dg 2G S A — P
FBTOFBO T 402G+ 2 da” da a da  «a N
Mpp 13a*3(Z2-G) — (Aos — Ann )X Z—-G y 1 S A = gmaxtma _az:ms
2 2 FB FB,0 A ; :
Aa  a4dv (G + 2) Z+G « . e 2ootacy om AL 1 FoG 0 = O‘gn‘e“ye-éar ....... N
——  4lps

A AA%% Z + g AA Z +G 1050~ ""60 70 80 90 100 110 120 130 o s
= AP _ APE o o
0 Arp AFB,O 2z - g App Z g

VJs_=87.9 GeV | | V/s,=94.3 GeV
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Extracting a(m;) from A.g: two methods

o From two measurements Agg(s_) and A(s,)

o Extract two values of a AApglag) =A (s, a5) - A(s, a)

S. Jadach

a_ = aqQep(s—) and oy = aqQep(s4)

0.5694
¢ Runfrom s, to m;: two determinations of o,

1 1 S4
— = — + Blog —|
oy Ot my

0.5693

0.5692
¢ Solve for ay = a(my) exactly

: 1 ] oo s 4 0.5691 .
- - (—5 4+ +£> ,  where ¢ = 08 5—5+/my ~ (.045, '
ayp 2\ a_ o logs_ /sy 0,560 E
o Solve directly for o, from AAgg = Apg(s_) - Agg(s,) 0.5689 , J 5 : L o
+ Quasi-linear dependence, solve iteratively (exactly) yeyy " L% nre (M;)?'m
UGS Co = %qep

a Inboth cases, almost exact cancellations for correlated effects at s,
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Parametric uncertainties

a At (improved) born level, the asymmetry depends on my, IT', sin?6y, ¢, G (and +/s)
¢ These parameters will be measured precisely at FCC-ee

e Except Gi, which is already very precisely measured

¢ The corresponding parametric uncertainties are negligible wrt the statistical error (3:10~)

e The Z mass is entirely correlated with the absolute 1/s determination (next slide)

> Negligible effect

Observables Present value FCC-ee stat. e)lzs.cs-;:t. Aa/a
my (keV) 91 187 500 + 2100 4 100 -
I (keV) 2 495 500 * 2300 [*] A 25 5-107
sin20yy cfr (x10°) 231 530 + 160 1.5 ? 10-6
Gg (x109) 1166 378.76 +0.51 - - 5-107

P. Janot
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Experimental uncertainties

o Centre-of-mass energy calibration (with resonant depolarisation)

¢ Ats=s,,the energy dependence of AFB can be approximated as

e Error propagation

AR (s,mz) o (s — myz)/(smy)

AML 1 2 2 D = \/g = 17,
7 Arp) \/(s+m%—\/§mz)20—g+(8+m%+ 5mz)? 22
App Vsmz, D > Y = (s +mg)/2.
e Dominant term : point-to-point calibration uncertainty D
olay) o (@) © 40 keV
= = D g o(a _
PO TPt Gith Dy = /55 —myg| or 0) IV
O+ + To  VS+ T VS- |gGev
Method 1 Method 2
¢ Related uncertainty : 6-107°°
P. Janot Direct agep(mz) measurement at FCC-ee 10
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Experimental uncertainties

o  Centre-of-mass energy spread (~0.12% around the Z pole)
¢ On average, modify the asymmetry as follows

AME ()0 exp—(‘/_ \/q) p
up (

25402

Tl )CXP_(\/;siW VEE) d\/s

A (s2) = - 45000

e The steep slope of 6, tends to increase (decrease) the average /s above +/s_ (below v/s,)

¢ The energy spread tends to decrease the difference Agg(s,) - Agg(s_) by about 103 (relative)
e With a similar relative effect on a(m,)

¢ This effect is two orders of magnitude larger than the statistical uncertainty
e It must be corrected for, e.g., by a measurement of the centre-of-mass energy spread
> Typically with a precision better than 1% to reduce the uncertainty on a(m;) to 105 ujlﬁ

7IT\
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o  In-situ measurement of the centre-of-mass energy spread with the same events! N

Experimental uncertainties

¢ Energy spread = relative longitudinal boost x, = p, ™5/ /s

1% precision

¢ Full spectrum obtained from p directions and E,p conservation e

zrycosf +x_cosf
cos(a/2) + |z cos0+ + x_cosf—|

Ly =

FsinfT sinpT .
Ty = — - - - o = 2arcsin
sin 6+ sin ot — sin ~ sin p~

sin (¢~ — ¢T) sin 6T sin 6~
sin ¢~ sin 8~ — sin ™+ sin 6+

e Method also provides absolute directions wrt the beams
e Requires ~0.1 mrad angular resolution or better
e Good ISR description needed: to be checked

o Even better: it is an event-by-event measurement of /s
e Automatic self-calibrated energy scan

every 10-20 seconds

One million dimuon events

Events

- — Spread (no BS)

—— Spread (BS)
Oy = 0.1 mrad
— With ISR

10%

10%E

—— Asymmetry = = 0.1%| |

2l gl
1075

2 3 4 5
Longitudinal Boost, X,

> Gives the possibility of measuring Agg(s) around s, and s_ without +/s-spread-related uncertainty

x107°

P. Janot
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Experimental uncertainties

o  Selection efficiency and acceptance : getting rid of it experimentally

¢ Attree level, the angular distribution of u* reads

dN=* 3 * c=cos0Ointhe pucm frame
X {g (1 + c2) o A(s)c} x €(c) «  A(s) = asymmetry parameter (=Agg)

dc &(c) = event selection efficiency

¢ The selection efficiency €(c) is eliminated in the charge asymmetry Ag(c)

Nt(c)— N~ (c 3
Aqg(c) = N+Ec; n N—gc; = |A(s) = k(c)Ag(c), with k(c) = gl —{;C

e Average over all c values returns the optimal statistical precision on A(s)
2 Singularity at c = o can be avoided by rejecting these events, which carry no information on A(s)

e Electric-charge-dependent efficiency can be measured in situ with T&P method (e.g. at the Z)

o Other experimental uncertainties are found to be negligible

¢ Charge inversion, tau background, angular resolution (at tree level), etc.

P. Janot Direct agep(mz) measurement at FCC-ee
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Theoretical uncertainties

o Impact of missing higher orders on A, prediction from A. Freitas (2016)

Current status: full 1-loop for g, g%/, Spox
Bardin et al. '99 (ZFITTER 6.21)

Relative impact on A5 (s2) — AFg(s1)
for /s = 88 GeV, /55 = 95 GeV:

g%, 1-loop: 2 % 104
g5 1-loop: 1 x 1073
Spox 1-loop: 1 x 1073

________

________

Expected impact of future corrections (order of magnitude):

O(«) ~2x 1073 (known)

O(aas) ~ 7 x 10™%  (current techniques)
O(aaf) ~2x10™%  (current techniques)
O(Nya?) ~2x 104  (current techniques)
O(agos) = i 10 (new methods)

O(a2as) ~7x10"° (
O(N]?a3) ~2x107> (1
O(Nsa3) <107° (speculative)
(’)(Nfazag) ~ 1075 (

new methods)

1ew methods)

speculative)

¢ Two- and three-loop calculations needed to match missing orders with statistics
e These are estimates only — need to perform the actual calculation to know for sure

> In particular to evaluate the level of cancellations in A(s,) — A(s_)

P. Janot

Direct a.qep(mz) measurement at FCC-ee

14 July 2022




Theoretical uncertainties

o Initial state radiation : several consequences on Ay measurement
¢ Smear the centre-of-mass energy spread distribution
e Will need to check if the current knowledge of ISR suffices for this purpose
¢ Reduces the centre-of-mass energy to s™ = s (1—2x,)
e Modifies in turn A(s) to A(s*) ; Solution: measure A as a function of s* (self-calibrated scan)
¢ Modifies the angular distributions from the two muons with longitudinal boost x,
e Solution: Boost back to the centre-of-mass energy frame (with the knowledge of x,)

¢ Result: [ Apg-Arg(SM) 1/ Agg as a function of 1-s”/s exhibits large measurement biases

. . . : \s. =87.9 GeV ) Vs, = 94.3 GeV
e Biases originate from o 4 EC o 4 E1O
Sm 3 ||~ o(64) = 0.0mrad ‘\(m 3 E_ _*_—+%*—_+_—' —_+_
= ISR angular distribution = .. < S —f—_+_
> Several ISR photons iE ] e g Flites
. fy——p——f————t— 11T 1 E
> Muon angular resolution BEE 9 i e — |
3 3 s W T
> Beam energy spread f :
2 2 F
not shown here E i o o E [— o(04) =00 mrad
( ) S E . % + ]]- + _+_ * -3 E | —— o(0.4) =0.1 mrad
-4 B Y T B L R e B i B e ><10'3 -4 S D T D TP D, DO P T )(10'3
P Effects common to s+ and S_ 00 01 02 03 04 05 06 07 08 0.?-5‘/15.0 00 01 02 03 04 05 06 07 038 0.?_5715.0
P. Janot Direct agep(mz) measurement at FCC-ee 15
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Theoretical uncertainties

o Initial state radiation (ISR): consequences mitigated for a(m,)
¢ Biases on Agg are two orders of magnitude larger than statistical target

e They appear to be universal at both centre-of-mass energies
> With perfect cancelation in the difference A(s,) — A(s_)

IFF muon angular resolution better than 0.1 mrad

Aag/a,

x10™

— 0o(6,¢) = 0.0 mrad
— 0(6,¢) =0.1 mrad

N W h

/] =W PP PR PR PRI PRI PRI PR P P x10°

o
o
o
—

02 03 04 05 06 07 08 09 1.0

1-s'/s

P. Janot
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Theoretical uncertainties

o Final state radiation (FSR)

¢ Mostly collinear
e Effect on the muon direction (and the determination of s*) very much suppressed

¢ Symmetric around the muon directions at all orders in a
e Effect on A; expected to be unmeasurably small on average

¢ Residual tiny biases on the asymmetry parameter independent of /s
e Expect exact cancellation anyway in the difference AA = A(s,)—A(s_)

P. Janot

Direct a.qep(mz) measurement at FCC-ee
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Theoretical uncertainties

a Initial-final state radiation interference (IFI)
¢ Angular distribution modified with another totally asymmetric function

i S. Jadach

IFI=Q, xQ,_orQ,,xQ,, >0 IFI=Q,,xQ, orQ, xQ,, <0
INZ oo ey o {3 e?) £ A ) x 12 15,5, )] x e(e)
Tordor (3:8€) X g c s¥)c $:8" €

e Here, fis supposed to be an odd function of c*, without any loss of generality
> The even part, if any, can safely be absorbed in the normalization factor, which disappears in the ratio

P. Janot Direct agep(mz) measurement at FCC-ee
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Theoretical uncertainties

o Angular distributions and charge asymmetry distributions (here for 1-s*/s <104) N

Angular distributions

.

Charge asymmetries

+_ S * *2
N N Kf+ A withn*:§1+c

A — —
TNt EN- k*+Af 8 c*

K*AQ°" # A and k*AQ°T = A

T~

on _ Wfon T A g g = e+ 4
@ K* + Afon @ K* + Afoff
P. Janot [
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0.2

0.0p=

107 events

0.2m
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“\Q;M
0. Mnﬂ

-O'—E?.O 0.8 -0.6 0.4 -0.2 00 02 0.4 06 08 1.0

107 events produced with KKMC by Scott Yost and Staszek Jadach

Vs = 91.2 GeV

0.4]

0.2)m

0.0
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-0.4
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107 events

1-s*ls <104

0 -0.8 -0.6 -04 02 00 02 04 0.6 08 1.0

7l \
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0.6 7
107 events /"’
0.4= - —
o
02k -"f
0.0f= 4
/ IFI Off
i IF1O
0.4 n
/“/
'o'ﬁ.o -0.8 -06 -0.4 -0.2 0.0 0.2 04 06 0.8 1.b

0.6

0.4p=

0.2
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-0.24

- \._ - ’./;

-0.
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Theoretical uncertainties

o Isit possible to fit the IFl function f away from the data ?

From MC only
on __ poff
*foff+A fon_foff ( f ) Q
— on
T K+ Afor 1 — fonfost 1 — AonAoff
o 03r
: — V5=94.3 GeV - 0.2:— — V5=94.3 GeV
A — g*Aon - — (5=91.2GeV - — 5=91.2GeV
f — Q 0.1 — V5=87.9 GeV 0.1 — (5=87.9 GeV
on — ! ) -
AAOD _ fox - .
Q o o
Also from data : :
and hypothetical A -01f 1-s*Is < 107° 0.1 1-s*/s < 107°
-0.2— -0.25 Also from data
From MC only and hypothetical A

¢ Fitto the function

_0311 - - lllljllllllllllllllllllljl
’ -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 ¢*

|J
-0.3—+

llJJlllllJlllllJllllllJJllllllJLlll
-08 -06 -04 -02 0 0.2 0.4 0.6 08 ¢*

(a+ bc*?) x log[(14¢*)/(1—c*)]| ¢ o  Jpoe y i
g o e - B ﬁﬁﬁ#lﬂ gﬁ*lﬁﬂﬁ $
(with non universal a and b) . fﬁé’;éﬁﬁ&m ﬁ iiﬂ: ﬁﬁ#ﬁ f
3% 06 04 02 0 02 04 06 08 pr 0NTT08 06 -04 02 0 02 08
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Theoretical uncertainties

o Re-inject the function f as obtained from the hypothetical A value Ap — f
. . . . *

o Determine (iteratively) a new value of the asymmetry parameter Awith A = K 1 QfA |
;3 0.5: (2;0.02_ Q
< 04f 1-s*/s < 10°° <3:§ - + Al

03 seey 1 te I go'mi
e
= = ‘I‘ v
*E sorzeev " E # +3|: Jr+ ﬁi :t
of R —0-01_—
_01E- i - o+
OE -0.02[— T
-02F f5=87.9 Gov - — 5=94.3 GeV
—0.32— = *~——‘-“‘+++-—-Jr++"-‘-*-——* = - _0.03:_ — (s=87.9 GeV +
~0.4F -
= C log, (v,) %
-0.5= 4—0|8 08 04 02 0 02 04 06 08 s ‘°'°4-9‘4' B . S e -lsg ) Iog10(1 5'/s)
;% _Ei% Mﬁﬂﬁﬁ}%? ;% O'Oé wmjﬂﬁﬁ%iﬂ:
E%% . . . . . . From MC Only 01_—Fr()m MC on|y . ‘ . . log, (v,) |Og (1_5*/5)
"8 06 04 02 0 02 04 06 08 ~013g 8 7 6 5 4 3 ) 10

C*

e Biases due to the imperfections of the functional form for f(c*)
2 Cancellationin A(s,)—A(s_) atthe level of 105 or less

P. Janot Direct agep(mz) measurement at FCC-ee
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Theoretical uncertainties
o Absorbing biases in the difference AA = A(s,)—A(s_)

0.04 -
21:!0'03 i_ — Average: (-6.4 = 4.5) x 10™* —
& o02f- ; AA — AAggne = (—6.4 +4.5) x 107*
< e
<1 0.01—
OE_Jr IJrJrI | IJFI JrJrJr L L m e AA compatible with input value
N Jrl ' TR L "'_I_ T4+ T T (would need more statistics)
—0.01:— +
; .

logo(1—s"/s)
1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 l 1 I'vl r‘l

~0.04
% -8 -7 -6 -5 -4 -3 -2 - —_ -6
" o_4:10“?' AAON AAOFF - (52 i 87))(10
:% 8:2 %: —— Average: (5.2 = 8.7) x 10°® -+ al - :
s o , R AA with IFl on = AA with IFI off
< -01E 4+ .
= 235 From MConly T T logio(l-s's) = AA with ISR off
0 s 7 - 5 . -3 -2 (within statistical target)
P. Janot Direct agep(mz) measurement at FCC-ee
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Theoretical uncertainties

o Does it mean that no theoretical effort is needed for IFI prediction ?

NOT AT ALL'!

¢ The previous plots about IFI (slides 16 — 19) were produced at generator level
e No /s spread
e No muon angular resolution

¢ These two experimental realities affect the calculation of s* and mix with IFI (also ISR)

e Which in turn will create more biases on the determination of f(s*,c*) and A(s*)

> Though we might still expect cancellations in the difference AA = A(s,)—A(s_)
TO BE CHECKED THOROUGHLY'!

¢ The determination of sin20yy .« relies only on the asymmetry parameter at /s = mZ

e No difference is at play in that case to cancel the ISR and IFI biases
> ISR/IFI need to be predicted with a precision suited to match the 1.5x10°® statistical target on sin?0,y

P. Janot Direct agep(mz) measurement at FCC-ee
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Summary after this first feasibility study

o  Adirect measurement of a,p(m;) with dimuon events at FCC-ee is statistics limited

Negligible exp’tal errors

Negligible parametric errors

ISR and IFl seem under control
e To be checked in full detail

Bottleneck today is Agy, prediction

e FuUullNNNLO needed?

Type Source Uncertainty

Fieam calibration 6 x 1076

FEheam spread <1078

Experimental Acceptance and efficiency negl.

Charge inversion negl.
Backgrounds negl.

myz and I'z 5 X107"

- .2 —6

Parametric s;; Ow ;z 18_7
QED (ISR, FSR, IFI) Z 107°

Theoretical Missing EW higher orders few 1074
New physics in the running 0.0

Total Systematics < 107°

(except missing EW higher orders) | Statistics (1 year, 4 IP) 3x107°

o Afull analysis is now needed with all effects (and correlations) studied together

¢ Until now, effects have been studied either in isolation or in pairs

P. Janot
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Q

Outlook — Shopping list for newcomers

Implement a full analysis beyond this feasibility study
¢ And publish a paper! ( \ F C C

Check with full simulation / reconstruction

Go to the full statistics to unveil other issues

¢ 1072 dimuon events!

Measure asymmetry parameter off-peak with more channels

¢ Repeat with di-tau events
e tdirection from the decay vertex position ? (check t angular resolution)

¢ What can be done with di-electron events ?

Study indirect measurements with low-angle Bhabha events (Lumical)
¢ Measure Aay,4(t) See, e.g., : (OPAL), (L3)

P. Janot Direct agep(mz) measurement at FCC-ee
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