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Evolution of the mass of some fundamental ”bricks” of the S

M with time
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The SM complete, electroweak sector over-constrained
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Baseline FCC-ee operation model (2 IPs)

D [ reewasartars’ . rceemanaes | INtegrated luminosity goals for Z & W physics
ﬁ i ' :l“j;j:;’e) | 150 ab! around the Z pole (~100 at the pole)
© PN S " CEPG (Baseline, 21P5) - — 10 ab'! around the WW threshold
> : W 16T GV 86 10T e 1 (4 IPs investigated)
g | HZ (240 GeV): 1.7 x 10% cms” -
T T N | epaps:
3 R 0.6 fb! around the the Z pole
i (365 GV 31 x 1T ems™ ] 2.4 bl around the WW threshold
L 0 e _
e ' e —= Also important for WW physics!
Vs [GeV]
Working point Z, s 1-2 | 7, later W HZ tt
Vs (GeV) /88,91, 94 157, 163 240 340-350 | 365
Lumi/IP (103 cm~2s~1) |/ 115 230 28\ 8.5 0.95 1.55
Lumi/year (ab—1!, 2 IP) 24 48 6 1.7 0.2 0.34
Physics Goal (ab™1) 150 10 5 0.2 1.5
Run time (year) 2 2 2 3 1 4
10 HZ 100t
Number of events 5x 102 Z 108 -+ +200k HZ
25k WW — H | +50k WW — H
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EW Physics Observables at FCC-ee

TeraZ (5 X 10** Z) OkuWWw (102 WWw)
From data collected in a lineshape energy scan: From data collected around and above the WW
* Z mass (key for jump in precision for ewk fits) threshold:
« Z width (jump in sensitivity to ewk rad corr) * W mass (key for jump in precision for ewk fits)

W width (first precise direct meas)
RW = I-‘had/]‘—‘lept (as(mzz))

* R, = hadronic/leptonic width (a.(m?,), lepton
couplings, precise universality test )

* peak cross section (invisible width, N, ) r.,r,, I, (precise universality test )

* Agg(up) (sin®04, 0qep(m;?), lepton couplings) Triple and Quartic Gauge couplings (jump in

* Tau polarization (sin?6,, lepton couplings) precision, especially for charged couplings)

* Ry R Agg(bb), Agglcc) (quark couplings)
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I- Determination of Z mass and width

The exact choice of the off-peak energies for

m,, I, is not as crucial at FCC-ee* as at LEP
because of the huge statistics

But instead the exact choice is crucial for oqep(my),
which is driving the choice of:
Vs_= 88 GeV & Vs, =94 GeV (slide 13)

a ,—; | /z_\v
Z30[ ALEPH {2
- DELPHI |/ \
L3 flf4“f¥'
- OPAL A\
20 - I A\
| ¥ \
| average measarements, [/ Wy
error bars increased |/
by factor 10 /
10 / N
' /\I‘:y Vs, Vs,
0_-.——1.. e l P ll
86 88 92 92 94
E,, [GeV]

Vs

>

* nevertheless + 1 GeV (LEP) sub-optimal for I,

Most critical systematic uncertainties:

* Center-of-mass energy and energy spread

* Luminosity

Requirements on the detector are not crucial , nevertheless:

* the control of the acceptance over Vs is important

e angular resolution < 0.1 mrad

* momentum resolution Ap; / p;?< 4 10> GeV!
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Bea m energies a nd CrOSSin g a ng |e (FCC-ee Polarization and Center-of-mass Energy Calibration)

Beams are transversely polarized below 165 GeV (Sokolov-Ternov effect)
and their energies are continuously measured with resonant depolarization on single
non-colliding bunches
Around the Z pole Avs = 100 keV is achievable —

Am, = 100 keV

Beam crossing angle (o = 30 mrad) , energy spread (90 MeV) can be measured with
e* e -> ut w events copiously produced at all energies. = AI',= 25 keV
From E-p conservation:

(v = 2 arcsin

sin (¢~ —

wt)sin " sin 6~

sin @~ sinf~ — sin ™ sin 0+

Vs = 2/ Ee+ E,- cos /2

One million dimuon events

Gp "~ 100 prad

X

xycosOt +x_cosh™

YT

with

Ty

F sin OF sir

1T

~cos(a/2) + |y cosOF + x_cos 6|

sin 01 sin ot — sin 0~ sin g~

One million dimuon events

[2] T T T
g 106 - . - d : BS_) g - | —— Spread (no BS) : : :
@ [ | — oSpread (no : : : > - B : : o |
& [|— spread (8S) L H10° Spreiag : n?r)ad -~ 5 mins
- = 0.1 mrad -~ 5 mins = Oay = : : :
L %o z f : E| — with ISR : 0.1%
— With ISR 3 : 0 3 raéd | | —— Asymmetry = = 0.1%| 3 :
105 | Asymmetry =+ 0.1% PR e H B : ‘ — 3 3
e 10 |
A . Ao s 1 : |
0.3mrad | o ‘ § |
Ao = ——.| 3 O./s Ny . |
N T 10° : :
V S Tap == | |
103 L f 4[‘? | Ly | P N T ‘;\’,\" = )(‘]O_3 102 L1l ! L1l : L1l : [N B : L1 11 L1l ! L1 ><'1043
29 292 294 296 298 30 30.2 304 306 308 31 5 4 3 -2 0 1 2 3 4 5
Crossing Angle, « (rad) Longitudinal Boost, X,
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Measurement of luminosity

The reference process is small angle Bhabha scattering

Realistic goal for theoretical uncertainty from higher order for low angle Bhabha is 0.01%"
(Blondel, Jadach & al., arXiv:1812.01004) — already at mid-road : 0.04 %

Target A£Z,,. = 0.0001, A£=5 107 point-to-point

—— reduction factor 8 in uncertainty on number of light neutrino families, N,* (AN, = 0.001)

*0.01% uncertainty also reachable with 1.4 ab™ e*e” -> vy, theory uncertainty already at this level
— control of large angle Bhabha contamination

accuracy of = 1 um required on luminometer internal radius

clever acceptance algorithms (a la lep), independent from beam spot position
should be extended to beams with crossing angle.

‘O 0
1 I

< 27 > yZ(inv)
_vZ - ee uu
** Measurement of N, with similar precision provided by Zy, Z -> vv (above the 2) N, = r.
Systematics on vy selection, luminosity, etc cancel in the ratio [e, u (SM)
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II- Partial widths ratios

R =T,/T.,4=0,/ 0.4 is a robust measurement, necessary input for

a precise measurement of lepton couplings and (o (m,))

Exploiting FCC-ee potential requires an accurate control of acceptance, particularly for leptons

e acceptance uncertainties, subdominant at LEP, need factor 5 reduction to match
5.10°goal on R/’

* corresponds to 0.00015 absolute uncertainty on o (m.,?)
* knowledge of boundaries, mechanical precisions, can be reached by exploiting 40 years of
improvements in technology

* fiducial acceptance is asymmetric at FCC-ee :
30 mrad X-angle causing a boost in transverse direction,
which can be measured event by event for e*e’, utu~
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Z decays to individual quark flavours can be selected when the decay products can be
efficiently tagged.

Z->bb

Measurement of b-tagging efficiency (g¢,) & R, with double tagging

fraction of single tag: F; = Ry, (€,-€,45) + R, (€c-€ygs) + €yds R,=CF,%2/F,
—

fraction of double tag: F, = R, (C,€2,-€2,4s) + R, (€2.-€2,4) + €245 g, =F,/CF,;

LHC detectors and current taggers can reach 3 x LEP b-tagging efficiency at same c and uds suppression
in a harsher environment — sizeable improvement expected at FCC-ee

 statistical uncertainty from double tag sample

* systematic uncertainty from hemisphere correlations becomes dominating
FCC-ee projections conservatively consider reduction of that uncertainty from = 0.1 % (LEP) to = 0.03 %

Other sources such as gluon splitting and nasty sources of correlations can be studied with data @LHC

(e.g. momentum correlations, which can be suppressed by keeping b-tagging efficiency flat in momentum)

Improved measurement also in the charm sector
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FCC-CDR presentation — R. Tenchini
https.//indico.cern.ch/event/789349/

Expected precision on normalized partial widths

R¢ =0/ Gp.q

Statistical uncertainty  Systematic uncertainty improvement w.r.t. LEP
R, (Ry) 10~° 5x107° 20
R, 1.5 x 107° 10~ 20
R. 1.5 x 107° 3x10* 20
Ry, 5x 107° 3x10* 10
R. 1.5 x 1074 15 x 10~ 10

relative precisions
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Ill- Asymmetries, T polarization, couplings and sinZ0

ff_ ~ ff
ff _Of — 0O

Forward-backward asymmetry: A —ﬁ—ﬂ_l_ unpolarized e beams
2gVf gAf 2gVf  gAf . _1 g
ff~ 3 2 =1 \
attheZpole A ("= % A, A with A = (gVF)2+ (gAf2 "1+ (gi/gAf 2, Sin O =5 (1 - gA:)

Arg "= (1 —45in?04)> —— Asin®0 = 5 10 (at least)
uncertainty driven by knowledge of Vs (point to point energy uncertainties)

* assumes muon-electron universality

Tau polarization can reach similar precision without universality assumption

v Grr+Ogr— O —O
(rather measures e-t universality) _ . Apol= —ER+ "BR Bl Bl — _ g
< No e Giot

Ao (1+cos?0) + 8/3 AFBpol cos T+/
(1+cos20) + 8/3 AFB cosf

it measures £, & A,, which used as input to Agg o** — €, [, T couplings separately
(together withI'e, I'u, I')

P. (cosB) = ApgP0! =

* huge statistics —— improved knowledge of T parameters (Br, decay modeling)
* use best decay channel, e.g. T -> pv (very clean) ——, detector performance for y / ©° mandatory
—_—D ASinzeeff = 6 10-6

As 0°°, Agg o provide input to quark couplings
(together with ', T")
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Expected precision on coupling ratio factors
FCC-CDR presentation — R. Tenchini

ﬂ; https.//indico.cern.ch/event/789349/
Statistical uncertainty ~Systematic uncertainty improvement w.r.t. LEP
A. 5.x 107 1.x107* 50
A, 2.5 x 107 1.5 x 10~* 30
A 4. x 1073 3. x10~* 15
A 2 x 1074 30 x 10~* S
A, 3x 1074 80 x 10~* 4
sin” Gy (from muon FB) 10~7 5.x 107° 100
sin® Gy .7 (from tau pol) 1077 6.6 x 1076 75
relative precisions but for sin20
Expected precision on vector and axial neutral couplings

fermion type Ja G

¢ 1.5 x107* 25x 1074

7 25x107° 2.x 1074

T 0.5x107* 35x10~*

b 1.5x1073% 1x 1072

C 2x1072 1x1072

1-2 orders of magnitudes improvement w.r.t LEP, depending on the fermion
(still need to explore the potential for the measurement of the s quark coupling)
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(Patrick Janot,

IV- e.m coupling: direct measurement of aqep(m;?)

JHEP (2016) 53
arXiv:1512.05544

Agght

s-mZ
~ Agg, o' + Qqep(Ss) 25

rm
B

A

corrections required
toreach3 105 -—

8070 80 o j00 110

— NO sensitivity to oqep |

work on EWK theoretical

Jlllllllllllllllllllllllllllllll lllll .

120 130 140 150
Vs (GeV)

Z exchange dominant

AAggt/ Apgt(s) <0
AAggH/ AggHt (s,) > 0

large cancellation of
systematic uncertainties
combining measurements
below and above Z peak

Now o.qep(M?;) from the running of oo — Ao/, = 1.1 104
N M — NgHH

2

f(Sinzeeff)

Aa’QED/ Olqep = AA g [ Agh

ola)ia

120 130 140
V= (GeV)

150

o(a)/a for 1 year of\running at any Vs

Type Source | Uncertainty |
E}cam calibration 1x107°
FEpeam spread <1077
Experimental Acceptance and efficiency negl.
Charge inversion negl.
Backgrounds negl.
myz and T'z 1x107°
Parametric sin? Gy 5x 1076
Gy 5x 1077
QED (ISR, FSR) < 107"
Theoretical Missing EW higher orders, QED(IFI) @2;;/>
New physics in the running 7
Total Systematics 1.2 x 107°
(except missing EW higher orders) | Statistics 3x107°

for 3 10 relative
uncertainty
oN Olqep:

Vs_=87.9 GeV
Vs, =94.3 GeV
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V' W mass and Width More in Marina’s talk (Paolo Azzurri,Marina Béguin, E.L.)

wfrom WW cross-section from WW direct reconstruction
gk m,=80.385 GeV I',,=2.085 GeV — 2% v Rawmass : 2
S 9 S ~ . . .
§ S ] my=79.385-81.835 GeV, I,=2.085 GeV = 125 v ig E:]Zr:]jtl.cc rﬁscahng
© 8 % 1.8 ! o
7%_[::] My=80.385 GeV, I',=1.085-3.085 GeV E igtﬁi v : ?ﬁrg?]i’lzar:;?; ;
oF- O 14
E S F CLD.Detector
= 1.2F
- 'g £ v WW — qqqq
L i - E : M
3 > %%
i —-_ 0.6[ i ;
2 - 04: v v
- S 0 1 H
E N ot e
= ! , , . , > 0.2¢ AMy S /1.7 ab" @365 GeV
c 1 1 1 A A 1 A A s il 1 1 1 E L L L L L L L H L i )
156 158 160 162 !1554 (GeV) w 0 160 180 2(;0 220 240 260 280 3(;0 320 340 3f|30 380
i E {5 [GeV]
-y
@ Vs, = 157.1 GeV, Vs, = 162.3 GeV, f=0.4 ‘\',' o
s 22¢ —
-— (] F V¥V Raw mass
AM,,, = 0.62 MeV (210 MeV @ LEP2) F| io [V
- s 1.8¢ ¥ 2C Kinematic Fit
AFW - 1.5 Mev < 'E f]g 16 * _ Threshold method
. O 14 i
Systematics control to: 8 CLD Detector v
E WW - qquv
(] 1E
* AE;<0.35 MeV (4 10°) < o |
E oo i
* Agle, AL/L< 210" G oy v
Fy \4 AWy oo/ 1220 @ 1626 GeV
3 0.2 Awsa/ 220 @ LGN
* Acy<0.7fb (2107) R R
s [GeV]

£ from Bhabha (requirement similar to Z pole) = Stat.helps in reducing LEP syst.(fragmentation, jet mass...)

e AvVs=300keV @ 162.6 GeV
* Need to use Zy & ZZ events to control Vs at Vs > 200 GeV (no resonant depolarization)
or/and measure mW @ threshold to determine Vs above threshold
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VI- W decay Branching Fractions

Winter 2005 - LEP Preliminary B Q (m2 )
_ ) _ Winter 2005 - LEP Preliminary 9 _3(14+ =22 W/ Z |V/|2
W Leptonic Branching Ratios 1-B T . - Y
23102/2005 q i=u,c;j=d,s,b
ALEPH 4 10.78 = 0.29 W Hadronic Branching Ratio
DELPHI =] 1055 0.34 I ] KM . .
ks s 10.78+ 032 assuming CKM unitarity
—ev - 104
;L\LE:)::N e . 10'?:; 0{;121 ALEPH o 67.13 = 0.40 Aquq/quq 10
DELPHI ng 10.65 = 0.27 DELPHI i | 67.45 = 0.48 —_— Aas = 97'[3/2 Aquq = 0.0002
L3 —A— 10.08 = 0.31
OPAL “ —t 10.61 = 0.35 L3 i B 67.50 =+ 0.52
LEP W—>pv . 10.59 + 0.15 OPAL | 6701« 061 . . .
. . e o with Br,, & o (ind.) precisely measured
b3 = ll8e: 048 CKM unitarity tested at 10 level
OPAL 1. 11.18 = 0.48 LEP 3 67:48 + 0.28
LEP W—tv 11.44 + 0.22 indf = 15.4 /11 ) .
ind =6.3/9 Flavour tagging of jets
i /T sl i 66 68 70 — W coupling to b & c quarks
/vo (ERNE Br(W—>hadrons) %] (Veor V)
Br(W—lv) [%)]
|‘ Br., >Br,,, Br,, (2.86) | @FCC-ee, Also rare W decays can be probed

lepton universality test at 4 104 level

at the level of 10”7 probability

N,

Decay mode relative precision | B(W — ev) | B(W — uv) | B(W — 7v) | B(W — ¢q)
LEP2 1.5% 1.4% 1.8% 0.4%
FCC-ee 3-10~4 3-10~4 4.10~4 1-10~4
. . . (“FCC-ee Physics,
excellent control of jet reconstruction and lepton id are needed : ”
I -contaminations in signal channel (t -> e,u v) Experiments and Detectors”
to control cross-contamina g L coming soon)
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. . o o (Jiayin Gu)
VIl- Probing the TGCs at high precision | ., qscs WWyy, WW2Zy possible)

precision reach of aTGCs at FCC-ee (68% CL)

W~ . . . . 0.0015 B 240GeV 5/ab only -1
very important implications i Il 365GeV 1.5/ab only 1
. I M FCC-ee Full program
on BSM phyS|CS I light shade: global fit
W dark shade: individual fit
4 < 0.0010}
Re)
@ LEP2,TGCs constrained at few % level 3
@FCC-ee, di-boson process will be measured = 00005
@ 161, 240, 350, 365 GeV with much higher £ '
BSM — Si _
£SM — £EFT - £SM + Zi A2 Oi 0.0000 &
Focus on CP-even dimension 6 operators v
— Ouw = ig(D*H)'o*(D"H)W®
Lroc = T (38,7 8Ky, K, Mgy 1) Hw = ig(D" )T" (D"H)W,
invari Sic, = 5g,7 - tan2(0,,) 5k, b, =, | o = i
gauge invariance — 0k =0g,"-tan*(0y) ok, A, =&, | o, = Lo, werwd oo
. . . A\V4
In the semi-leptonic channel: ifc. =1 95% CL reach on the new physics scale at FCC-ee
S i~ 5F — B 240GeV 5/ab only
iti 5G Slabo
TGCS senSItlveﬁ-— = ??)(l ?\(/ : u]/la;?mgg'l;):m
to Multi-TeV 41 | sdlld‘shade: giobal fit
energy scale ;

N,/ |ci| [TeV]
N

N e e e e e e e e e ———— 0

Onw Ons Osw
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Conclusions

FCC-ee has a considerable physics potential:

With 5 1012 Z around the Z pole and 108 WW at and above the W-pair production threshold
a large number of electroweak observables (only a sample of them in this talk!) will be
measured with unprecedented statistical precision (1 to 2 order of magnitude w.r.t.
present measurements). Large statistics also impacts systematic uncertainties: theory
(parametric uncertainties) & detector (data-based studies, trading with statistics)!

In order to fully exploit this potential,
the systematic uncertainty must match the statistical uncertainty

* The beam energy calibration is the dominant source of systematic uncertainty for a
number of observables

AE,, = 100 keV @ the Z, 300 keV @ the WW threshold

other effects (beam energy spread and asymmetry, etc..) under control at required level

* Luminosity uncertainty critical for all measurements related to the Z cross-section
absolute accuracy = 10, relative (point to point) = 10
requires precision of construction and metrology at the level of 1um (internal radius)

* Also required: control of acceptance, lepton id, good y/n® separation (granularity),
flavour-tagging
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Conclusions

A lot of interesting and challenging work both

* for experimentalists (new strategies & solutions). A unique opportunity to develop
creativity and skills in detection techniques, analysis!

* for theorists (higher orders calculations; on the good track to match experimental
uncertainties)

For more informations:

CDR (mainly Vol.2)

“Your Questions answered” arXiv:1906.02693

FCC-ee Polarization and Center-of-mass Energy Calibration (soon out)
talks @ FCC-week 2019
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W & Z

Observables

Table 3.1: Measurement of selected electroweak quantities at the FCC-ee, compared with the present

precisions.
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
'y (keV) 2495200 + 2300 8 \0{ From Z line shape scan
25 Beam energy calibration
R? (x10%) 20767 + 25 0.06 |0.2-1.0 ratio of hadrons to leptons
acceptance for leptons
o (my) (x10%) 1196 =+ 30 0.1 |04-16 from R7 above [41]
Ry, (x10°) 216290 + 660 0.3 <60 ratio of bb to hadrons
stat. extrapol. from SLD [42]
agad (><103) (nb) 41541 + 37 0.1 4 peak hadronic cross-section
luminosity measurement
N, (x10%) 2991 £ 7 0.005 1 Z peak cross sections
. Luminosity measurement
sin®6% (x10°) 231480 + 160 3 2% from AK% at Z peak
1-2 Beam energy calibration
l/aQED(mZ)(x103) 128952 + 14 4 small from AL off peak [32]
AEB, 0 (x 104) 992 + 16 0.02 1-3 b-quark asymmetry at Z pole
from jet charge
A%%"T (x10%) 1498 + 49 0.15 <2 |1 polarisation and charge asymmetry
T decay physics
myy (MeV) 80350 + 15 0.6 0.3 From WW threshold scan
Beam energy calibration
I'w (MeV) 2085 + 42 1.5 0.3 From WW threshold scan
Beam energy calibration
o (myy ) (x 10%) 1170 + 420 3 small from R}’ [43]
N, (x10%) 2920 + 50 0.8 small ratio of invis. to leptonic

in radiative Z returns

from
CDR- Vol 1
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