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‘ Overview

Run plan: why so many energy points, & why so much data ?

« The compelling case for four interaction points

« Ey calibration: what is required, & what are implications for operation ?

« Monochromotisation: the motivations for & challenges of a run at E,, = 125 GeV

« The machine-detector interface, with some words on beampipe radius
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‘ FCC-ee: baseline run plan
(according to Conceptual Design Report)
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Flexibility required (within reason) for order in which each sample is collected.
Here discussion will proceed (mostly) ordered by E,, — this is not a proposal !



‘ FCC-ee: baseline run plan
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Why 4 years and ~150 ab™! at & around the Z pole ?

With the discovery of the Higgs, all particles of the SM have now been found.
Very precise measurements of their properties & behaviour, e.g. through electroweak
observables at (& above) Z pole, will stress-test self-consistency of theory.

A rich array of measurements awaits,
for example lineshape parameters:

LEP
uncertainty

2200 keV
2300 keV

Current FCC-ee ©
estimate

100 keV (106 1)
25 keV (105 1)

mg

rZ
These measurements will unavoidably
remain systematics limited (foreseen stat.

uncertainty ~4 keV for both), but will require
significant time and attention to get right.

Year-1 of Z run will not yield the final result !
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‘ Why 4 years and ~150 ab™! at & around the Z pole ?

Wit _ _ ld.
Ver Legson_s from hlstqry: a puzzling E, hctroweak
obsd calibration test during 1993 resonance
scan required second scan campaign
Arid in 1995 to understand... 7
fOr € 4715 % 8- e« RDP
_ —r r [ r 1t Tt [ 1 1 T [ T T T 7] I. LA '. T = — Tid
E [ August 29th 1993 (After Tide correction)] - oo T:dz and NMR rise 1999
L J 6 -
= [ s ] w6
& [ TR A £ .0
8 am0p D19 , T e b _ 5 o ‘/ D&@ﬁ%ﬁ:ﬁqﬂ
a 'yt 54 o g
mle | J— st . o0 *
V4 = e :
g 4r05F L b ),\ 1 3 g
rz ## _ M\
L Expected evolution 1 7!
The 700 00 600 1000 1400 1800 2200 200 ?j E, = 50.0 Ge\} ______
rem Dyt e [N
. . . . . El d ti [h ]
uncqd ...with full validation only coming in 1999. apsecime ThotE
sign .
- . - 94
Year-1 of Z run will not yield the final result E_ [GeV]

28/6/21

Physics requirements on FCC-ee
Guy Wilkinson



Why 4 years and ~150 ab! at & around the Z pole ?

Many Z observables have very small intrinsic experimental systematics, which will be
further reduced, & may become sub-dominant, with hard work & data-driven studies.

e.g. forward-backward lepton asymmetries (on-peak & off) (A';B), lepton-to-hadron
ratios (R,), tau-polarisation asymmetries (Azg' ), b-specific observables (AgB, R,).
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[JHEP 02 (2016) 053.
JHEP 11 (2017) 164]

Why 4 years and ~150 ab™! at & around the Z pole ?

g DELPHI 93 — 95
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https://arxiv.org/abs/1512.05544
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Why ~150 ab! @ Z ? Flavour-physics opportunities

For a flavour physicist more is never enough ! There are always important
measurements that will remain statistics limited. Baseline will deliver a b sample
that will be x15 Belle Il (+ B, B, & \,) & highly complementary to LHCb upgrades.

- ettty
— 120 —
A frequently’shown plqt, g | BOK* T [Fooea] -
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& 1o . signal &
_ ~ [ involving ; 1 o
(however there are very nice more S 8o B—D.(1v)X q e
recent studies, e.g. B.—1v. See < [ decays 1 &
Tues parallel and arXiv:2105.13330) s S
:
Unique possibilities at FCC-ee ! 2
(o)
(o)
« Example of a measurement
that LHCb can’t really do; ) ¥ U S
- - - - 2
« Z samples achievable at linear colliders (if any) Mgy GeV/e

will be too small for frontier b physics, in this mode or in almost any other.
However, no cause for complacency:

« Having smaller samples would be uncomfortable (& larger would be fantastic!)

c.f. LHCb has ~5000 decays in the sister BO—K*uu study [PRL 125 (2020) 011802].
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Why ~150 ab! @ Z ? Flavour-physics opportunities

Tau physics leadership passed from LEP, to B factories, & then to Belle Il. FCC-ee
will deliver 3-4 x more taus than at Belle Il, with equally clean environment & boost.

Outstanding opportunities to push lepton-universality tests in muons vs taus
(essentially G measurement with taus) to new frontier of precision !
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Also probe for LFV in tau decay, e.g. T—uuu to 1010 — very important

in context of hints for lepton-universality violation in LHCb data & elsewhere. 0



‘ Why 5 x 1012 Z% ? Direct searches

FCC-ee will be a discovery machine, both through indirect searches (e.g. precision
EW, Higgs and flavour physics), but also for direct searches for non-SM phenomena.

e.g. 90% CL exclusion limits for heavy neutral lepton
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10 — 5
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10_12 | Ll 1 L
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FCC-ee Z-pole running will have enormous potential in searches for LFV decays,
heavy sterile neutrinos, axion-like particles etc. In all cases integrated lumi is key !
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‘ FCC-ee: baseline run plan

— T I [ T [ |
'__;m Z (88-94 GeV) * FCC-ee (2IPs)
'E = ILC (TDR, up1, up2)
&) + CLIC (CDR, up)
% 107 +  CEPC
T W'W (157-163 GeV) I
F ‘\ ~0.20 ab™! around
E threshold for m,, over one year
E 10 over two years
— Ecm calib. crucial tt (350 GeV)
108 WW produced tt (365 GeV)
1 | @so e 4 | | |
100 150 200 250 300 350 400
s [GeV]
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Why 2 years and 12 ab! at W*W- threshold ?

Threshold scan of 12 ab1, taken at 157.5 and 162.5 GeV will yield a statistical
precision on my, of 0.5 MeV. Provided E,, can be controlled at similar, or better,
level, this will give order of magnitude improvement on best hopes of LHC.

|1 3/07/2002

— T ' T '
8 201 LEP  PRELIMINARY 7
g YFSWW and RacoonWW
<
o)
10+ -
"‘108 W’s 17 =L-
at FCC-ee 1
0 : . |1é0 1é.5 200 | 205
160 180 200
Vs (GeV)

T T
ATLAS o my
= Stat. Uncertainty
— Full Uncertainty
LEP Comb. Py 80376133 MeV
Tevatron Comb. Py 80387+16 MeV
LEP+Tevatron a 8038515 MeV
ATLAS FCC-ee @-80370+19 MeV
precision ——> Will also be greatly

Electroweak Fit ‘ 80356:8 MeV 4~ improved by FCC-ee

| | |

80320 80340

l |
80360 80380 80400 80420
m,, [MeV]

Data very valuable for other studies, e.g. V, from flavour-tagged jets, aocp(My?)
from BRs... Furthermore Zy return events will provide 10-3 determination of N,..
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‘ Why measure my, to ~0.5 MeV ?

Best possible precision on my, required to perform critical closure test on SM.
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Note, it's not only m,,, we need to improve, but also indirect prediction & also m,.
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‘ Why measure my, to ~0.5 MeV ?

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

—
S : o
o — 68% and 95% GL contours il M comb. + 1o g
O - vl e m, =172.47 Gev o0
= 80.5 — [ Fitw/o M, and m measurements 1l - 5 =0.46 Gev P —
.=§ B Fit w/o M, m and M, measurements _[ii — 0 =046 ©050, , GeV A

Current sensitivity on predicted value limited by auxiliary parameters.

mw = 80.3584  £0.0055,, = 40.0025,, +0.0018,
+0.0020,,, + 0.0001,,, 1o, 0040themry GeV
— 80358  +0.008,,  GeV.

All of these (my,,, Mz, Agep, As, My) will be greatly improved at FCC-ee !

T F \&5\"' wh \\3\;‘-/ \\i\@ 4 B RS .
- .-|" 1 1 1 /| 1 1 * 1 1 1 L I =': | | | I A ; . | | | |_

140 150 160 170 180 190
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Note, it's not only m,,, we need to improve, but also indirect prediction & also m,.
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‘ Going to higher energies: m.

m, known to ~0.5 GeV. Significant improvement needed for m,, closure test.

November 2017

E 1 - l T T T T | | ]
a 0.9 - ttthreshold - QQbar_Threshold NNNLO 3
c 7 F ISR+ FCCee Luminosity Spectrum .
S 0.8 |- — default- m* 171.5 GeV, T, 1.37 GeV =
bod - m, variations = 0.2 GeV ]
®» 0.7 [ —r, variations = 0.15 GeV T
206 :
o - : —
p— - =
©05 = E
04 -
03F _ _ o=

» = simulated data points .

02 F 20 fb™' / point =

T F preliminary ]

01 based on EPJ C73, 2530 (2013)
0 | 1 | ! | | ] | ] | | ]
340 345 350
s [GeV]

Multi-point threshold scan with 20 fb-t / point will determine m, to <20 MeV
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Status of closure test after Z progamme,

W*tW- and tt threshold scans

my, (GeV)

80.38/—
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80.35— —— FCG-ee (Z pole)
B —— FCC-ee (Direct)
S o <7 1 (i LHC (Future)
80.34 F e @ C " N T LHC (Now)
"""" Z pole (now)EPS + m 4
AL —— Standard Model
8033 e 1 1 | WL i 1 1 | T . I & a4 4
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Myp (GEV)
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‘ FCC-ee: baseline run plan

— | ' 1 [ 1 |
c;m Z (88-94 GeV) * FCC-ee (21Ps)
'E = |LC (TDR, up1, up2)
O ; CL‘ ~1.5 ab at 365 GeV.
5{: 102 »  CE| over four years, primarily
-, W'W (157-163 GeV) for Higgs physics, but also
> valuable for top studies
E e—— 200k HZ events
o (240GeV) | | 50k WW—H events
— 6
E 10 =5 ab® at 240 GeV |_ 106 tt events
- over three years it (350 GeV)
10% HZ produced tt (365 GeV) 1
and 25k WW—H 300 Gevy |
1 | (250 GeV) | _ | |
100 150 200 250 300 350 400
s [GeV]
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‘ Why study Higgs at two energies ?

Cross section (fb)

Central goal of FCC-ee: model-independent measurement of Higgs width and
couplings with (<)% precision. Achieved through operation at two energy points.

rf—'T_Sab-lat24OGeV III]I?TIITI]III“I!II’IIT1
- 10°HZ events ———r—
25k WW—H events =
: ~—— WW —>H

200 - Total

150

lllllllllllllllll

1.5 ablat 365 GeV
200k HZ events
50k WW—>H. events

100

50

—

lllllIIII|II1I|IIII|IIIIII

—e

-
-
- e
1 l 1 1 l 1 1 1 l 1 1 1 I | 1 1 I 1 1 1 l 1 1 1

O 1 1 1 1 1 1
200 220 240 260 280 300 320 340 360 380 400
s (GeV)

Sensitivity to both processes very helpful in improving precision on couplings.
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‘ Why study Higgs at two energies ?

Central goal of FCC-ee: model-independent measurement of Higgs width and

High precision achievable for all couplings; good complementarity to HL-LHC:

Collider HL-LHC [LC2sp CLICsgp LEP324p CEPCasp FCC-eepqp+365

Lumi (ab™1) 3 2 1 3 5 S240 + 1.5345 +HL-LHC
Years 25 15 8 6 7 3 +4

5Tw/ Ty (%) SM 3.0 4.7 3.6 2.8 2.7 1.3 1.1
Sguzz/guzz (%0) 1.5 0.3 0.60 0.32 0.25 0.2 0.17 0.16
Seaww/guww (%) 1.7 1.7 1.0 1.7 1.4 1.3 043 0.40
Sgnnn/ gemn (%0) 3.7 1.7 2.1 1.8 1.3 1.3 0.61 0.56
Sgnee/ ghee (T0) SM 2.3 44 2.3 22 1.7 1.21 1.18
SgHgs/ gHge (T0) 2.5 22 2.6 2.1 1.5 1.6 1.01 0.90
Sgree/ gree (%0) 1.9 1.9 3.1 1.9 1.5 14 0.74 0.67
Sgtmm/ grpup (%) 43 14.1 n.a. 12 8.7 10.1 2.0 3.8
Sguyy /gy, (%) 1.8 6.4 n.a. 6.1 3.7 4.8 39 1.3
Senu/gne (%) 34 - - - - - - 3.1
BRgxo (%) SM < 1.7 < 2.1 < 1.6 <12 < 1.2 < 1.0 < 1.0

Relative duration of 240 vs 365 GeV runs an interesting optimisation question
in context of sensitivity to Higgs self coupling (see 2 IP vs 4 IP discussion).

\~ K4
-

Sensitivity to both processes very helpful in improving precision on couplings.
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'How many interaction points ?

FCC-ee design as presented in CDR
foresees two interaction points.

Physics requirements on FCC-ee
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'How many interaction points ?

FCC-ee design as presented in CDR
foresees two interaction points.

However, there are strong physics-
driven arguments for evolving to
a four interaction-point layout.

Key points (there are others):

 More data, sooner;

« Systematic robustness
with redundancy;

« Better physics coverage.

We will restrict ourselves to a single
example for each.

Physics requirements on FCC-ee
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‘ Why 4 IPs? More data, sooner

Key example: discovery of trilinear Higgs coupling essential for characterising Higgs
potential. FCC-hh can measure it to better than +/-5% through double-Higgs prod".
However, FCC-ee has indirect sensitivity through precise x-section measurements.

FCC-ee, from EFT global fit

+ + T —  5/abat 240 GeV |

e Z e Z 002k —— 10.2/ab at 350 GaV ]
|| UL - +1.5/ab at 365 GeV | —
‘ > D N R0 Geyaone 1 |3
~ \ L N N el >
3 L 0.01F aé=t |F
e ‘h e ~h I =
) ooo:— 3
- _ ST 8
| s
-0.01 FCC-ee-alone, E
- 2 IPs, baseline =

-0.02¢ run plan
4 -2 0 2
(5K/1

Baseline running strategy & 2 IPs gives +/- 42% on K, , & +/ 34% with HL-LHC.

4 IPs both increases sample sizes, & allows initial stages of FCC-ee programme
to be completed earlier, freeing up time for longer high-energy operation.

A very important lever (among several) for enabling discovery before FCC-hh !
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https://arxiv.org/abs/1809.10041

‘ Why 4 IPs? Systematic robustness

; 40 | AEo[MeV]: 12 7 001 128 —~0 01
With only two experiments, —
Important systematic effects s 20 ¢
risk being overlooked. o b
20 |
At LEP, it was inspection of 1991 40 | ng,' ALEPH OPAL DELPH 3

individual m, results from each
experiment that led to appreciation
of effect of 'RF sawtooth’ L3 oraction comection
[PLB 307 (1993) 187].

ALEPH —— ¥

On a ring containing only L3 & OPAL OPAL —e——o ——

(or ALEPH & DELPHI) this would
have been much harder to spot. DELPHI =

m, [GeV] 91160 91.170 91.180  91.190  91.200
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https://www.sciencedirect.com/science/article/pii/0370269393902109

‘ Why 4 IPs? Better physics coverage

Having four detectors allows for a wide range of technological solutions that can
fully exploit wide and rich physics possibilities of FCC-ee programme.

e.g. for flavour physics require PID over wide momentum range and calorimetry
with good energy resolution for soft T1° reconstruction.

Such a design... ...great for this.... ...less good for this.
y(m) __. - BaBar i 5
£ B—D(mmmO)K| |9
e 1R
L 1 1©
L 11O
[ 1N
Ehiat N
| aomin ol
L =
L (@)
® 1 2, .8
s.(GeV-7/cY)
= =507 LHCb } ;
g = 600 B—D(KK)K 5
s b
~400 } B
3 N
L 200 =
z 2
= : =
5;) 60 70 80 90 100 110 120 130 140 1-50 - 5200 5400
Meecoi (GEV) m([K+K_]DK_) [I\’IGV/CZ]
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https://arxiv.org/abs/hep-ex/0703037
https://arxiv.org/abs/2012.09903

‘ Requirements on E,, knowledge

Painstaking work required at LEP to ensure E,, knowledge was sufficient
for flagship EW measurements. Even more stringent goals set at FCC-ee.

% (9@)
£ = LEP 1.7 MeV 1.2 MeV 9 MeV
'S L ’
5 £ FCC-ee 100 keV 25 keV 300 keV |o?)ﬁe:;sty |
£ 2 (current estimate) !

(Control of E,, at this level is also necessary to keep the associated systematic
< statistical uncertainty for sin?6,, from Az , agep(M;) & many other observables.)

What were the main challenges that existed at LEP ?

* Precise measurement of E, through Resonant Depolarisation (RDP), but only
in a few fills, before or after collisions. E.,, knowledge limited by modelling of
time evolution between measurements. FCC-ee requires a change of strategy !

« Beam polarisation not available at WW threshold, so RDP not possible.
This problem should not exist at FCC-ee thanks to reduced energy spread.

* knowledge of E,, spread also plays a role for FCC-ee I'; & aggp(m;?)
26



‘ Some mechanisms of
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[see arXiv:1909.12245]

‘ Requirements on E,, knowledge

E.y calib. must be a central consideration in FCC-ee design & operational strategy.

* RDP quasi-continuous: perform on pilot bunches for e- and e* several
times an hour (overhead: for Z running need to spend ~1 hour at
start of fill with wigglers on to allow polarisation to accumulate)

— removes to 15t order all E, time-variation issues that plagued LEP.

« fge change to keep beams centred in quadrupoles to suppress residual
tidal effects on E,; furthermore beam-beam offsets must be minimised
to suppress dispersion-induced biases on E,.

* Investment in instrumentation & detailed logging of all machine parameters.
Willingness to devote machine time to calibration studies (at LEP >50 full
days taken in this manner from 1993 onwards).

Experiments must do their part: continual accumulation of Z—|*I- events enables
relative energy changes, crossing angle, and energy spread to be monitored.

Physics requirements on FCC-ee
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https://arxiv.org/abs/1909.12245

's-channel Higgs production and
monochromatisation

An intriguing possibility, under evaluation and not in CDR baseline, is to devote a
few years operation at E,,=m_,=125 GeV to measure Yukawa coupling to electrons.

But cross-section is tiny...

...& effectively decreased
further through ISR and
because Higgs width (~4 MeV)
small compared to E.,, spread.

Note that natural E,, spread for
colliding beams is ~100 MeV.

This must be reduced by < 1/10:
the monochromatisation challenge !

1.6
1.4

1.2

=
O
=

IIITII]TT[I1TI[ITTII1T]I]III[]ITI

(3)

With ISR
With o, ~ 4 MeV
With o, ~ 8 MeV

125.08 125.085 125.09

125.095

l125.1| l
Ecum [GeV]

Also need good knowledge of m, (~ I'y), good E,, knowledge, & high E,, stability.

Physics requirements on FCC-ee
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“The monochromatisation challenge

Introduce horizontal dispersion and collide head on to reduce E,, spread.

~ energy)

E.-
(arrow length
—l ~200 microns
—

Alternatively live without cavities, and
rely on good vertex resolution to account
for correlation between x and E,,.

Require crab cavities to achieve
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'The monochromatisation challenge

However, dispersion increases horizontal emittance and reduces luminosity.
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An interesting optimisation problem, when event rate is so low.
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“The monochromatisation challenge

Studies still underway — likely require several years to reach SM value at 30.
However, can do vastly better than any other machine. Also, motivation for 4 IPs !
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Final remark: operation at E,=125 GeV is also valuable for accumulating radiative
returns to the Z and improving sensitivity to the number of neutrino families.


https://arxiv.org/abs/1912.11871

‘ Machine-detector interface

Careful attention must be paid to MDI layout so as not to limit performance.
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Agreed boundaries between machine & detector + conditions largely satisfactory:
« 2T solenoidal field at Z (possibility of 3T at higher energies under study)
* Low angle acceptance down to 100 mrad. This small value desirable because:
- Minimises impact on energy-flow measurements;

- Helps keep systematics manageable for high
statistics cross-section measurements. 33


https://arxiv.org/abs/2105.09698

‘ Beampipe radius

An item where gains can still be made is beampipe radius, as radius of first
measured point is crucial in determining secondary vertex resolution.

CDR design with r,,=15 mm, and hence rg ~ 17 mm, will limit performance.
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https://arxiv.org/abs/2104.04421
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwiuouOz5q_xAhX1D2MBHXb2AL8QFjABegQICRAE&url=https%3A%2F%2Findico.cern.ch%2Fevent%2F965346%2Fcontributions%2F4070750%2Fattachments%2F2125772%2F3578978%2Flg-fccee-flvtagging_20201019.pdf&usg=AOvVaw2396pXofBXB9QKHMaqdi_F
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwiuouOz5q_xAhX1D2MBHXb2AL8QFjABegQICRAE&url=https%3A%2F%2Findico.cern.ch%2Fevent%2F965346%2Fcontributions%2F4070750%2Fattachments%2F2125772%2F3578978%2Flg-fccee-flvtagging_20201019.pdf&usg=AOvVaw2396pXofBXB9QKHMaqdi_F
https://arxiv.org/abs/2106.01259

‘ Beampipe radius

Variation in secondary-vertex resolution vs ry,,, for two different decays [Donal Hill]:
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News since CDR: updated MDI design incorporating r=10 mm beampipe
(see Boscolo et al., arxiv:2105.09698). This is an extremely welcome development !
Let’s continue dialogue to optimise performance.
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https://indico.cern.ch/event/1041514/contributions/4374957/attachments/2260517/3836735/Vertex_resolution_studies_MDI_meeting.pdf
https://arxiv.org/abs/2105.09698

‘ Summary

Very high luminosities available at FCC-ee over a wide range of
energies present enormous discovery potential, through indirect
means (i.e. super precise measurements of EW, Higgs and flavour
observables) and through direct searches;

There is a growing conviction that four interaction points will
add robustness and breadth to the physics programme;

The opportunity for precise knowledge E.,, is a huge asset,
and must be intrinsic to machine design and operation plans;

The merits of an ete- — H run are under evaluation. Interest
challenges for monochromitisation vs luminosity and ECM calibration;

The current MDI design is generally good for physics; we welcome
continued progress in reducing the beampipe radius, exploring 3T option
for high-energy operation, suppressing beam-related backgrounds etc.
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Backups
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Expected uncertainty contour for S & T parameters

Constraints on S & T parameters from global fit to EW precision observables.
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