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FCC—ee projections

-- FCC-ee run configurations
-- primary physics processes probed

-- the precision of Electroweak
Precision Observables at FCC-ee

-- aTGC and trilinear measurements

)

OVERVIEW

FUTURE CIRCULAR COLLIDER (FCC) - 3D Schematic

Underground Infrastructure - Single Tunnel Design
John Osborne - Charlie Cook - Angel Navascués

I FCC Tunnels
sm— Experimental points
s Access points

EFT fits

-- defining the EFT bases
-- fits in the EFT framework

-- correlations between the EW and
Higgs sectors

-- comparison with other proposed
colliders
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THE COLLIDER

Operating energies, luminosities and physics goals.



RUN CONFIGURATIONS

Comparison between the different proposed collider and runs (@ The FCC-ee has a very comprehensive )

program at several energies to probe

® Z-pole [8 ab™1]

CEPCq unp01qrized‘ @ Ww Threshold [2.6 ab™2] EW, H]_ggs and top physj_cs_
@240 GeV [5.6 ab 1]
Circular Colliders _ c :
o ® Z-pole [150 ab-2] -| ® Z p(?le r}m 1§, by far, of the highest
FCC-ceq unpolarizedg :% EZCGEEO}E%Z ab1] luminosity: improvements over LEP/SLD
@350 GeV [0.2 ab 2] J measurements by several orders of
@365 GeV [1.5 ab 1] .
(-80%. 30%) @250 GeV [0.9 ab 2] magnitude.
2% @350 GeV [0.135 ab 1] ) )
(F80%, +30%) @500 GeV [1.6 ab 2] @ Higgs program at several energies:
y— . .
Lepton Colliders BR300 ©250 GeV [0.9 ab~1] possible to make measurement of the
¢ e ® 350 GeV [0.045 ab’1] trilinear coupling.
@500 GeV [1.6 ab 1]  \_ J
i @250 GeV [1 ab 1]
ILCq (-80%,0%) @350 GeV [0.15 ab1]
_ @500 GeV [2 ab 1] . :
(+80%,0%), Particle production @ FCC-ee
(80%.0%) @250 GeV [1 ab 1]
e ®350 GeV [0.05 ab™*]  Phage Run duration (years) Event statistics
Linear Colliders ®250 GeV [2 b_’ 500 GeV [2 ab™*]
¢ unpolarizedy ©320 Gev E@.g abqu
@500 GeV [4 ab 1] FCC-ee-Z 4 3 x 10!2 visible Z decays
i @380 GeV [0.5 ab™1] 8
( 80%,@%). ®1.5 TeV [2 ab-2] FCC-ee-W 2 10° WW events
(LICg  (780%,0%)q, ®3 TeV [4 ab™?] FCC-ee-H 3 106 ZH events
(80%,0%) @380 GeV [0.5 ab 1] FCC-ee-tt(1) 1 tt threshold scan
e ®1.5TeV [0.5 ab™* ] FCC-ee-tt(2) 4 106 tf events

@®3 TeV [1 ab™1]
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FCC-ee
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@ Z-pole

®1Ww Threshold

@ 240 GeV [5 ab™1]

@350 GeV
@365 GeV [1.5 ab™1]

@388 GeV [25 ab™ 1]
@91 GeV [100 ab 1]
@94 GeV [25 ab 1]

@®157.5 GeV [6 ab™1]
@®162.5 GeV [6 ab™1]

@8 energies [25 fb™* each]

I IHIH|

T

Year 4

HZ (250 GeV) : 1.5 x 10* cm2s'®

T T

-V Z(91.2 GeV) : 4.6 x 10% cm2s™!

1 W*W (161 GeV): 5.6 x 10% cm2s™!

Year 15

Year IOI
tt (350 GeV) : 3.8 x 10** cm?s!

(365 GeV) : 3.1 x 10*

T

FCC-ee (Baseline, 2 IPs) T

ILC (Baseline)

CLIC (Baseline)
CEPC (Baseline, 2 IPs) —

102

RUN CONFIGURATIONS
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Primary production modes
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SM input

EWPO MEASUREMENTS

’ Observable present value * error | FCC-ee stat. | FCC-ee syst. | Comment and dominant exp. error|
my, (keV) 9118670042200 5 (100 ) Z line shape scan; beam energy calibration
I'z (keV) 2495200£2300 8 100 Z line shape scan; beam energy calibration
RZ (x10%) 20767425 0.06 0.2-1.0 ratio hadrons / leptons, lepton acceptance
g (my) (X104 1196£30 0.1 0.4-1.6 from R above
R, (X106) 2162904660 0.3 <60 ratio bb/hadrons, stat. extrapol. from SLD
Opaq (X10%) (nb) 41541£37 0.1 4 peak hadronic cross section, luminosity meas.
N, (X103 29917 0.005 1 Z peak cross sections, luminosity measurement
sin?0%H (x109) 231480+160 3 25 from ALY at Z peak, beam energy calibration
1/aqep(mz) (x103) 128952414 Small from A% off peak
A’,—f'é’ (X104 992116 0.02 (13 ) b-quark asymmetry at Z pole, from jet charge
AP (x104) 1498449 0.15 <2 1 polarisation, charge asymmetry, T decay physics
mwy (MeV) 80350%15 (06 ) 0.3 WW threshold scan; beam enetgy calibration
'y MeV) 2085+42 1.5 0.3 WW threshold scan; beam energy calibration
ag (mw) (X104 1170+420 3 Small from R}V
N, (X103) 2920%50 0.8 Small ratio invisible to leptonic in radiative Z returns
mep MeV) 1727401500 20 Small tt threshold scan; QCD etrors dominate
Iop MeV) 1410£190 40 Small tt threshold scan; QCD errors dominate
Atop/ Aion 1.240.3 0.08 Small tt threshold scan; QCD errors dominate
ttZ couplings +30% \0.5-1.5% ) Small from Ecy = 365 GeV run

List of EWPO measurements and sensitivities projected for FCC-ee
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FCC-ee will redefine “precision”
for Electroweak Precision

Observables!

[ systematics dominated]

|

statistics dominated ]

W and top mass measurements
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DIBOSON MEASUREMENTS

Decay mode relative precision | B(W — ev) | B(IW — uv) | B(IW — 7v) | B(W — qq)
LEP2 1.5% 1.4% 1.8% 0.4%
FCC-ee 3-1074 3-107* 4.10~* 1-.10~*
FCC-ee ete™ — WW semileptonic channel all angles .. a
240 GeV only 365 GeV only 1.0 B LEP-2 (WW)
uncertainty | correlation matrix uncertainty | correlation matrix - M Higes
- [ LEP-2 + Higgs
01,z OKky Az 01,z 0Ky Az f
g1z || 112x107%| 1 008 -090 || 139x10*| 1 -057 -0.80 031
0K 8.6 x 1074 1 042 || 8.3 x 10 1 0.10
Az || 12.3 x 1074 1 || 11.9 x 10 1 5 0.0! ]
240/350/365 GeV 161/240/350/365 GeV ,
uncertainty | correlation matrix uncertainty | correlation matrix B
0g1,z OKy Az 0g1,z OKky Az |
691,z || 8.1 x10~* 1 -028 -0.87]| 81x10™* 1 -0.28 -0.87 ~10. . B
Ok, || 5.2x 1074 1 012 | 52x10* 1 -0.12 -1.5  -1.0  -05 0.0
Az 7.9 x 1074 1 7.9 x 1074 1 08z

)

A. Falkowski et. al. arXiv:1508.00518
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TRILINEAR HIGGS COUPLING

FCC-ee can measure the trilinear using

two energies.

Bounds competitive with those from
higher energies at linear colliders
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EFT FITS

Blending EW, diboson and Higgs precision physics.



EFT BASIS

Basis of operators in an EFT 4
@

Any theoretical framework comes with some

On = L0,/ H?|)? Occ = g2|HPGA GAmv assumptions and an EFT is not an exception!
S /J;I/
W Oww = g2 HPPWe, Wan Oy, = Yu|H|?GLHug + h.c.  (u—trc) ® However, it is a consistent framework to
Opp = ¢%|H|?B,,, B*" Oy, = yalH*qLHdR + h.c.  (d—1b) relate physics in at different scales for
% Oyw = ig(DFH) 0" (DVH)W?, | Oy, = ye|H!lpHer + h.c. (e —7.p) different productions and decays.
% Opp =ig (D"H)'(D"H)By, Osw = g19€ac WY W2 Werk @ In the absence of a coherent UV-completion,
B Oy = 7579( HTaaﬁu H)D"W, Op = %( HTE) H)0"B,, & x an EFT framework can miss the correlations
& Oy — gg Hio" HWS, B O — i a5 Gty between different operators in any basis
— v — p : .
O = %(HTEL)HV : = Z-Hfaaﬁ;HnganL ﬁiﬁ ® An EFT is an attempt to minimize “model
Ou = (L"01) (L1 yulr) Ope = i HTHZ Hépler assumptions”, not to completely remove it.
. _ . _ ® A global fit has to be able to incorporate
Onq =iH TmH " Opu = iH Tﬁ“HumuuR mgasurements in different sectorsplike the
O/Hq :iHTa“ﬁuH(jLU‘W“qL OHd :iHTEHCiR’}/“dR ,

Higgs and EW, simultaneously.

@® An EFT fit and a “«” fit should present the

. - , . same physics results if the Higgs and EW
# not present in the modified-SILH’ basis sectors are decoupled (as it is with current

% not present in the Warsaw basis \ measurement). D
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GLOBAL FIT

® HLLHC+LEP2

® + FCCee

® + FCCeh

® + FCChh

. 68% orob. uncertamties 1~ HEPiili 100 ¢ |t 68% prob. uncertaintics
lo bounds on Higgs couplings from
FCC-ee projections. Fit performed in
19 ~ :
2
[%) =
1 S |
- . 0.10 |
eff eff eff eff 0.01
GHuy  GHrr  GHee  GHet  Guob  Ghw  Ghyy 9Hzy OGHgg 9YHHH 91z Ok, Az Ky Kr Kc Kt Kb Kz Kw Ky Kzy Ky

Collider HL-LHC | ILCy5, | CLIC3gg | LEP344 | CEPCyy FCC-66240+365
Lumi (ab ) 3 2 1 3 5| 5240 | +1.5565 | + HL-LHC
Years 25 15 8 6 7 3 +4
8Ty /T (%) SM 3.6 4.7 3.6 28| 27 1.3 1.1
S9uzz/guzz (%) 1.5 0.3 0.60 0.32 025] 02 0.17 0.16
Sgaww/gaww (%) 1.7 1.7 1.0 1.7 1.4] 13 0.43 0.40
S9un/grnn (%) 3.7 1.7 2.1 1.8 1.3] 1.3 0.61 0.56
89t1ce/gr1ce (%) SM 2.3 4.4 2.3 22| 1.7 1.21 1.18
S9t1gs/9t1gg (%) 2.5 22 2.6 2.1 150 16 1.01 0.90
Sgutt/gutt (%) 1.9 1.9 3.1 1.9 15] 14 0.74 0.67
Sgrpp/ gy (%) 43| 141 n.a. 12 87| 10.1 9.0 3.8
Sguyy /9uyy (%) 1.8 6.4 n.a. 6.1 37| 48 3.9 1.3
6gmee /gnee (%) 34 - - - - - - 3.1
BRpxo (%) SM| <1.7| <21| <16] <12|<12| <10 <10])

(FED))

® HLLHC

® + FCCee ® +FCCeh = +FCChh

Ayan Paul — EPS 2019 — Ghent. e




HIGGS—EW INTERPLAY

]J. de Blas et. al. arXiv:1907.04311

loc bounds

Correlation between the Higgs and EW
sector without a Z-pole run

Z-pole @ FCC-ee

Z-pole run exact EW measurements

With current EW measurements

240 GeV

240 & 365 GeV

03<|p| <05 M 05<|p|<06 MW 0.6<|p|<08

B 08<|[p <10

----- - +p

with Current EW measurements: with Z-pole run:

: ; Improved EWPO measurement is crucial! = CERC @ 2aneL B a i ouy
Egg @ FCCco % 240 & 365 GeV = Focee % 240 & 265 GeV e

Correlation < 50% o Correlation > 50% O Perfect EW




Higgs couplings

eff. Higgs
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FCC—ee vs. OTHER FUTURE COLLIDERS

B HL-LHC S2 + LEP/SLD
Bl CEPC Z/WW/240GeV
B FCC-ee Z/WW/240GeV

Bl FCC-ee Z/WW/240GeV/365GeV

H ILC 250GeV (¥ A@YLeRY

l ILC 250GeV/350GeV
Il ILC 250GeV/350GeV/500GeV
| P(e”,e")=(0.8,£0.3)

Il CLIC 380GeV 4@EEel

B CLIC 380GeV/1.5TeV
B CLIC 380GeV/1.5TeV/3TeV
P(e™,e*)=(70.8, 0)

light shade: CEPC/FCC—ee without Z—pole

A CEPC/FCC-ee without WW threshold
Y perfect EW U perfect EW&TGC

lepton colliders are combined with HL-LHC & LEP/SLD
imposed U(2) in 1&2 gen quarks .

Ll

—
q:“

NAlVA AR,

oK,

69, 7

: | Ratios, real EW / perfect EW |
- J. de Blas et. al. arXiv:1907.04311
| W ooy s oo oqf  oo% o oo o
| Ratios, real EW / perfect EW
5a5f gy f,y 091 2 Oky

1 -- FCC-ee performance
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TRILINEAR HIGGS COUPLING

I—|'°'|—I 68% 95%CL bounds Iepton collider onIy
"l 68%,95%CL bounds, combined with HL-LHC

XXX XXX 88% G bounds (combined with HL-LHC)

bounds on 6k, from EFT global fit

s ===~ 68%,95%CL bounds, 1h only

o . from J. Gu
68%,95%CL bounds, lepton collider only ~0.50 -
HL-LHC |7, *080114TeV(3/ab), LHC WG report
68%,95%CL bounds, combined with HL-LHC

—XXX +X.XX 68%

° CL bounds (combined with HL-LHC)

CEPC|% +0501240GeV/(5/ab) only (CEPC)
*+F—4""* 653,,95%CL bounds, Th only (w/ HL-LHC 1h) & (o0 i 139%240GeV/(5/ab)+350GeV(200/fb)
| FCC-ee| % +0371240GeV/(5/ab)+350GeV(1.5/ab) (FCC-ee)
;: 240GeV(5/ab) only -0.38 *03 FCC—-ee with zero aTGCs

+0.76

240GeV/(5/ab)+350GeV/(200/fb)

ILC {723 +0801250GeV(2/ab) only
+0.44
rose | 240GeV(5/ab)+350GeV/(1.5/ab) S a— 140541 250GeV(2/ab)+350GeV/(200/fb)
ow | 92 *0231 above + 500GeV/(4/ab)
o R -1 1above + 1TeV(2/ab)
|||||||||i|||||||1|l||||
-2 -1 0 1 2 3
5k, (= 22 1) CLIC % *0.281 350GeV/(500/fb)+1.4TeV(1.5/ab)+3TeV/(2/ab)
ASM i :
) . -020 028 | 7hh at 1.4 TeV
Updated with new o 024 binned My, in vvhh (4 bins)

HL-LHC projections

|

—2H”—1|IHOHH1HH2H”3

(( ﬁgg )) 5K ( . _1) Ayan Paul — EPS 2019 — Ghent. e

ASM




SUMMARY

® Precision measurement of both the
Higgs and EWPO interlock the two
sectors.

MEASUREMENTS

@ A globalfit is necessary for a complete
picture of the constraints on all the

Higgs couplings.
® FCC-ee will take Higgs measurements . .
to the precision regime. ® Higher precision from a Z-pole run can
. reduce the cross-talk between the Higgs
® One order of magnitude or more and EW sectors.
enhanced precision compared to _ .
HL-LHC in several Higgs couplings. ® Ideally, all Higgs, EWPO and Diboson
. o measurements should be considered in
® Orders of magnitude better precision a consistent EFT framework.

for EWPO compared to LEP/SLD.

® Measurements made at several energies
from the Z-pole to above the top pair
production threshold

@ GLOBAL FITS
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