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Additional material:
recent reports on Future Circular Colliders

- FCC CDR:

» Vol.1: Physics Opportunities (CERN-ACC-2018-0056) http://cern.ch/go/Ngx7
 Vol.2: The Lepton Machine (CERN-ACC-2018-0057) http://cern.ch/go/7DH9
 Vol.3: The Hadron Machine (CERN-ACC-2018-0058),_http://cern.ch/go/Xrg6
- Vol.4: High-Energy LHC (CERN-ACC-2018-0059) http://cern.ch/go/S9Gqg

- "Physics at 100 TeV", CERN Yellow Report: https://arxiv.org/abs/1710.06353

- CEPC CDR: Physics and Detectors


http://cern.ch/go/Nqx7
http://cern.ch/go/7DH9
http://cern.ch/go/Xrg6
http://cern.ch/go/S9Gq
https://arxiv.org/abs/1710.06353
http://cepc.ihep.ac.cn/CEPC_CDR_Vol2_Physics-Detector.pdf

The important questions

® Data driven:
e DM
® Neutrino masses
® Matter vs antimatter asymmetry
® Dark energy
o
® Theory driven:
® The hierarchy problem and naturalness
® The flavour problem (origin of fermion families, mass/mixing
pattern)

® Quantum gravity

® Origin of inflation
® ...



We have no guarantees as to where answers to these questions will come
from, and what are the experiments that will eventually answer them.

But there is one question that can only be addressed by colliders,
and future collider efforts must focus on its thorough exploration

\_/ ‘e'
A

V(H) = - 2 |H2 + A |H|*

Where does this come from?



Other important open issues
on the Higgs sector

* Is the Higgs the only (fundamental?) scalar field, or are there other
Higgs-like states (e.g. H%, A9, H*% ..., EW-singlets, ....) ?
* Do all SM families get their mass from the same Higgs field?
* Do [3=1/2 fermions (up-type quarks) get their mass from the same Higgs
field as 13=—1/2 fermions (down-type quarks and charged leptons)?
* Do Higgs couplings conserve flavour? H—=ut? H—=eT? t—Hc!

* |s there a deep reason for the apparent metastability of the Higgs
vacuum!?

* Is there a relation among Higgs/EWSB, baryogenesis, Dark Matter,
inflation?

* What happens at the EWV phase transition (PT) during the Big Bang?
e what’s the order of the phase transition?
e are the conditions realized to allow EVV baryogenesis!?



The importance of the in-depth exploration of the Higgs
properties was acknowledged by the 2020 update of the
European Strategy for Particle Physics:

“An electron-positron Higgs factory is the
highest-priority next collider”



Key question for the future developments of HEP:
Why don’t we see the new physics we expected to
be present around the TeV scale?

® Is the mass scale beyond the LHC reach?

® |Is the mass scale within LHC’s reach, but final states are
elusive to the direct search?

These two scenarios are a priori equally likely, but impact in different
ways the assessment of the physics potential of possible future facilities

Readiness to address both scenarios is the best hedge for the field:
® precision

® sensitivity (to elusive signatures)

 extended energy/mass reach



What the future circular collider can offer

® Guaranteed deliverables:
® study of Higgs and top quark properties, and exploration of EVWWSB

phenomena, with the best possible precision and sensitivity

® Exploration potential:
® exploit both direct (large Q?2) and indirect (precision) probes
® enhanced mass reach for direct exploration at 100 TeV
® F.o. match the mass scales for new physics that could be exposed via
indirect precision measurements in the EW and Higgs sector

® Provide firm Yes/No answers to questions like:
® is there a TeV-scale solution to the hierarchy problem?
® is DM a thermal WIMP!?
® could the cosmological EW phase transition have been |st order?
® could baryogenesis have taken place during the EVV phase
transition?
could neutrino masses have their origin at the TeV scale!?
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(/) guaranteed deliverables: Higgs properties



Sensitivity of various Higgs couplings
to examples of
beyond-the-SM phenomena

arXiv:1310.8361

Model KV Kb Ky
Singlet Mixing ~ 6% ~ 6% ~ 6%
2HDM ~ 1% ~ 10% ~ 1%
Decoupling MSSM  ~ —0.0013% ~ 1.6% ~ —.4%
Composite ~ —3% ~—3=-9)% ~—-9%
Top Partner ~ —2% ~ —2% ~ +1%

=> for evidence of 30 deviations from SM, the
precision goal should be (sub)percent!



The absolutely unique power of ete- & ZH (circular or linear):
® the model independent % measurement of I'(H), which
allows the subsequent:
® sub-7% measurement of couplings toW, Z,b, T
® % measurement of couplings to gluon and charm

e+
p(H) = p(e-e*) — p(2)
=> [ p(e—e*) — p(Z) ]2 peaks at m2(H)
. reconstruct Higgs events independently of the
€ Higgs decay mode!
S btk CMS Simulation
R 18005_ — — :  FCC-ee |
g1600:— ﬁ;ﬂmmm 1 year, 1 detector N(ZH) X o(ZH) X ghzz2
€ 1400 |— ww %
I.I>.l = — Zvv,Zee Wev
i N(ZH[—ZZ]) X
1000}
a:oE— o(ZH) x BR(H—Z2) X
- QHzz2 X QHzz2 / T(H)
600—
400 => absolute measurement
200 of width and coublinas
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Mrecoil = V [ p(e-e*) — p(2) J?



The absolutely unique power of pp 2 H+X:

® the extraordinary statistics that, complemented by the per-mille e*e-

measurement of eg BR(H—ZZ*), allows
® the sub-% measurement of rarer decay modes
® the ~5% measurement of the Higgs trilinear selfcoupling

® the huge dynamic range (eg pt(H) up to several TeV), which allows to
® probe d>4 EFT operators up to scales of several TeV
® search for multi-TeV resonances decaying to H, or extensions of the
Higgs sector

N100 21x10° 4o6x108 3.3x108 9.6x108 3.6x 107

N100/N14 180 170 100 110 530 390

Nioo = Tl00Tev * 30 ab™!
Ni4 = Ol4Tev X 3 ab|
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H at large pr

N=0(Pra>Prmin) X 30 ab™

Solid: gg—>H
Dashes: ttH
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Hierarchy of production channels changes at large pt(H):
® (O(ttH) > o(gg— H) above 800 GeV

® 0O(VBF) > o(gg—H) above 1800 GeV
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Three kinematic regimes

® |nclusive production, pt > 0 :
® largest overall rates
® most challenging experimentally:
® triggers, backgrounds, pile-up = low efficiency, large systematics

B det simulations challenging, likely unreliable = regime not studied so far

®pT 2 |00 GeV :
® stat uncertainty ~few x |0-3 for H—4l, vy, ...
® improved S/B, realistic trigger thresholds, reduced pile-up effects ?
B current det sim and HL-LHC extrapolations more robust

=) focus of FCC CDR Higgs studies so far
B sweet-spot for precision measurements at the sub-% level

®pr2TeV:
® stat uncertainty O(10%) up to |.5TeV (3 TeV) for H—4l, yy (H—bb)
® new opportunities for reduction of syst uncertainties (TH and EXP)
® different hierarchy of production processes
® indirect sensitivity to BSM effects at large Q? , complementary to that
emerging from precision studies (eg decay BRs) at Q~mn

15
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gg— H—YY at large pT
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At LHC,S/B in the H—YY channel is O( few % ) 100 0.2%
At FCC, fOI" PT(H)>3OO Ge\/, S/B~ I 400 0.5%
Potentially accurate probe of the H pt spectrum 600 1%
up to large pt 1600  10%
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d (BR(H — yy) / BR(H — eeuyu) ) (%)
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Normalize to BR(4l) from ee =>
sub-% precision for absolute
couplings

Future work: explore in more depth
data-based techniques, to validate and
then reduce the systematics in these ratio
measurements, possibly moving to lower
pt's and higher stat
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Higgs couplings after FCC-ee / hh

| HL-LHC FCC-ee FCC-hh
S / Th (%) SM 1.3 tha
SQHzz / Qhzz (%) 1.5 0.17 tbd
OgHww / grHww (%) 1.7 0.43 thd
SQHbb / GHbb (%) 3.7 0.61 thd
dghce / Gree (%) | ~70 1.21 tbd
OQHgg / QHag (%) 2.5 (gg->H) 1.01 tbd
SQHrr / et (%) 1.9 0.74 tha
SQHu / Qhup (%) 4.3 9.0 0.65 *)
SGHyy / Gryy (%) 1.8 3.9 0.4 ¢)
Sqhitt / Ghtt (%) 3.4 ~ ~10 (indirect) | 0.95 ()
SQHzy / Grzy (%) 9.8 - 0.9
gt / grnn (%) 50  ~44 (indirect) | 5

BRexo (95%CL) BRinv < 2.5% <1% . BRiny < 0.025%

3>

* From BR ratios wrt B(H—ZZ*) @ FCC-ee
** From pp—ttH / pp—ttZ, using B(H—bb) and ttZ EW coupling @ FCC-ee
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The Higgs self-coupling at FCC-hh nhipsuaniorgiabsi2004.03508
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Figure 13. Expected negative log-Likelihood scan as a function of the trilinear self-coupling
modifier x5 = A3/A3M in all channels, and their combination. The solid line corresponds to the
scenario II for systematic uncertainties. The band boundaries represent respectively scenario I and
III. The dashed line represents the sensitivity obtained including statistical uncertainties only, under
the assumptions of scenario 1.

L —— - R

Syst scenarios

@68% CL scenario I scenario II  scenario III
stat only 2.2 2.8 3.7
o stat + syst 2.4 3.5 5.1
stat only 3.0 4.1 5.6
"X stat + syst 3.4 5.1 7.8

Table 7. Combined expected precision at 68% CL on the di-Higgs production cross- and Higgs

self coupling using all channels at the FCC-hh with £;,,, = 30 ab™!. The symmetrized value
d= (6" +07)/2is given in %.
E—— - -

|. Target det performance: LHC Run 2 conditions
ll. Intermediate performance

‘ﬁ 50 | I“ 1 L L I 1 T 1 1 LI
=3 - Assuming SM couplings. -
{k 45 :_ ) - scenario Il (stat+syst) _:
< — b ==== scenario lll (stat only) -
= a0 &\ —— scenario |l (stat+syst) =
— \ ==== scenario Il (stat only) -
— A\ — SCenario | (stat+syst) ]
351 . ==== scenario | (stat only) 3
30— =
25 =
20 —
15— —
10 =
5
oE

FCC-hh Simulation (Delphes)

lll. Conservative: extrapolated HL-LHC performance, with
today’s algo’s (eg no timing, etc)

Expected precision on the Higgs self-coupling as a function
of the integrated luminosity.

3-5 ab-1 are sufficient to get below the 10% level

=> within the reach of the first 5yrs of FCC-hh running,

in the “low” luminosity / low pileup phase

= => compatible with the timescale for a similar precision

Integrated luminosity (ab™) measurement by CLIC @ 3 TeV



https://arxiv.org/abs/2004.03505
https://arxiv.org/abs/2004.03505

Higgs as a BSM probe: precision vs dynamic reach

L=Lsu+ 43 ZOH

= | (fIL|i) | = Osar [L+ O(u?/A%) + -]

For H decays, or inclusive production, p~O(v,mH)

2 TeV' -
50 ~ () ~ 6% (i) = precision probes large A

e.g.00=1% = N\~ 2.5TeV

For H production off-shell or with large momentum transfer Q, u~O(Q)

O (Q)2 = kinematic reach probes
T \A

large A\ even if precision is low

e.g.00=15% at Q=1 TeV = A~2.5TeV

Precision and extensive kinematic reach provide unique complementarity

and redundancy, crucial to interpret possible SM deviations manifest in
either of these observabes



Example: high mass VV - HH

8 Cy = /
A(VLVy = HH) ~ —(coy — cv’) - where { v vy 8va = (CZV —c
v

Coy = &unvy/! gHHVV

I — 80 . ,

104 | — SM _ >
'E' - coy = 0.8 ,_‘: 60
2  10%L == Background - 2 - -
g _'I_| ,.g
= 1l i o
< A 40 | -
E 1072F — - 0
5 104} w : - |

10—6 L R | N H . 0 1 1 L
1 2 5 10 20 —0.02 —-0.01 0.00 0.01 0.02

™Mph [TeV] 602 v



(/) guaranteed deliverables: EW observables

The absolutely unique power of €ircular ete-:

ete~—> Z ete- - WW T(<2) b(+2Z) c(+2)

5 1012 108 3 1011 1.5 1012 1012

=> 0O(10°%) larger statistics than LEP at the Z peak and WW threshold



EW parameters
@ FCC-ee

Observable present value * error | FCC-ee stat. |FCC-ee syst.
mz (keV) 9118670042200 5 100
[ (keV) 2495200£2300 8 100
RZ (x103) 20767%25 0.06 0.2-1.0
ag (myz) (X10%) 119630 0.1 0.4-1.6
R, (x106) 216290660 0.3 <60
Oiag (X103) (nb) 41541437 0.1 4
N, (X103) 2991+7 0.005 1
sin?0%it (x109) 231480£160 3 2-5
1/aqep(mz) (X10%) 128952414 4 Small
ARD (x10%) 992416 0.02 1-3
AP (x104) 1498:+49 0.15 <2
my (MeV) 80350%15 0.6 0.3
[w (MeV) 2085+42 1.5 0.3
as (my) (X104 1170£420 3 Small
N, (x103) 2920450 0.8 Small
Miop (MeV) 172740500 20 Small
Cwop MeV) 1410190 40 Small
Atop/Asop 1.240.3 0.08 Small
ttZ couplings +30% 0.5-1.5% Small




Precision W physics with pp—tt[ = Wb]

MLM @ SEARCH2016 ATLAS 2020:
— T T | v T v [ v v [ v v v T T v T T
A concrete application: o —@— LEP (Phys.Rept. 532 119)
testing lepton universality in W decays ATLAS P rellrr_unary ATLAS - this result
Vs =13 TeV, 139 fb " Statistical Error
. . : [ Systematic Error
PDG entries dominated by LEP2 data . e— Total Error
w+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c) :
——
ty (6] (10.86+ 0.09) % - .
ety (10.71+ 0.16) % 40192 :
utv (10.63+ 0.15) % 40192 . =
+ .
™y (11.38+ 0.21) % 40173 :
1 1 I 1 1 1 i 1 1 1 I 1 Il 1 I 1 1 1 I 1 1 1 I 1 L 1 I
0.98 1 1.02 1.04 1.06 1.08 1.1
BR(T) / BR(e/p) ~ 1.066 + 0.025 =>~250 R(t/u)=BR(W—1v)/BR(W—puv)
LEP:

can the LHC clarify this issue with its eventual BR(W%TV)IBR(W%“V) =1.066

107 leptonic W decays from the top? ATLAS:
BR(W->1v)/[BR(W- pv) = 0.992

FCC-hh W(et) T1(—Wet)
1012 1012 1011
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(2) Direct discovery reach at high mass: the
power of 100 TeV



Global EFT fits to EW and H observables at FCC-ee

80 —80
" FCC-ee (EW) =
70 - FCC-ee (Higgs) —: 70
B FCC-ce (EW+Higgs) | -
60 ........................................................................................................................................... _— 60
> E
i) B el Bl s s o e s S e RS — 50
— =
(ol e & R I S B o N O B R B SRR & 40
3—.
= 30Nt R L 30
PJo] I | EEISESEE B B B RENRS B Rt S BN IR N B B NESSISI | T 20
10 -1 IJ ----- II ----- 10
0 0

1O 1HO) G O O
O¢o O¢w O¢B %WB%D O¢o ()¢[1)()¢1)O¢b oql)oq) O¢u O O,,¢ O¢ 4 O

Constraints on the coefficients of various EFT op’s from a global fit of (i) EW observables, (ii) Higgs couplings and (iii) EW+Higgs
combined. Darker shades of each color indicate the results neglecting all SM theory uncertainties.

100 TeV is the appropriate CoM energy to directly search for new physics appearing
indirectly through precision EW and H measurements at the future ee collider
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

Good rule of thumb to estimate FCC discovery reach‘
at high mass: scale up by ~6x the LHC potential...

Explicitly verified in many examples, which helped

setting detector performance targets

March 2019 \s=13TeV
Model Signature  [Ldt (b7 Mass limit Reference
33, gt Oeu 2-6jets  EN™ 364 1.55 m(¥})<100 GeV 1712.02382
o mono-jet  1-3jets  Em 364 0.71 m{)-m(¥})=5GeV 1711.03301
2 28, 8-qal| Oe.pu 26jets e 364 I3 2.0 m{¥})<200GeV 1712.02332
g z Forbidden 0.95-1.6 m(¥})=900 GeV 1712.02332
% 23, 3-qqLOX] 3eu 4 jets ) 361 |& 1.85 m{¥})<800GeV 1706.03731
o ee, 2jets  EFP™ 361 g 1.2 m(z)-m(¥})=50 GeV 1805.11381
§ 28, 8qqWZX, Oeqe  7-1ljets FE 361 |z 1.8 mit}) <400 GeV 1708.02794
S 3ep 4jets 361 |2 0.98 miz)-m(¥')=200 GeV 1706.03731
= - y
= gz gt 0-1e.u 3b Ep™ 798 | & 2.25 m(¥])<200 GeV ATLAS-CONF-2018-041
3ep 4 jets 361 |& 1.25 miz)-m(¥)=300 GeV 1706.03731
byby, by—b¥ 1V} Multiple 361 | B Forbidden 0.9 m(¥}1=300 GeV, BR(6V})=1 1708.09266, 1711.03301
Multiple 36.1 by Forbidden 0.58-0.82 m{¥'})=300 GeV, BR(hY})=BR(£{})=0.5 1708.09266
Multiple 36.1 by Forbidden 0.7 m(¥})=200 GeV, m(¥|)=300 GeV, BR{:T} =1 1706.03731
g § hb, By bt = bht) Oe.u 6b Emiss 139 by Forbidden 0.23-1.35 Am(TS,¥1)=130 GeV, m(¥|)=100 GeV SUSY-2018-31
g b b 0.23-0.48 Am(¥3, ¥])=130 GeV, m(¥})=0 GeV SUSY-2018-31
3 !
88 nn, ii-whi! or k) 0-2¢,u O2jets-2b EF™ 361 |7 1.0 m(P)=1GeV 1506.08616, 1709.04183, 171111520
g & i}, Well-Tempered LSP Multiple 36.1 i 0.48-0.84 miE7)=150 GeV. m(¥T)-m(¥1)=5 GeV., 7, ~ i; 1709.04183, 1711.11520
thg fify, fi=%1by, 717G Tr+lepur 2jets/b E;‘.’i” 36.1 j 1.16 m(7,)=800GeV 1803.10178
B i B ok [ 28, Bl 0ep 5 e as1 |e 0.85 m(¥})=0GeV 1805.01649
‘ 7 0.46 mii, &)-mif})=50 GeV 1805.01649
Oee mono-et F= 361 |7 0.43 m(i, £)-mi¥)=5 GeV 1711.03301
i2fy, =0 +h 1-2ep 4b EPs 361 I 0.32-0.88 mi¥})=0 GeV, m(i, }-m(f])= 180 GeV 1706.03986
X1 X5 via Wz 23epn ERs 361 | FERS 0.6 mii})=0 1403.5294, 1806.02293
ee,upt =1 EMs 361 Bl 047 m{EE)-m(E})=10 GeV 1712.08119
A viaww 2e.p Emis 139 | Ky 0.42 mi})=0 ATLAS-CONF-2019-008
XX via Wh 0-1e.u 2b FE 361 | Gi% 0.68 mi¥{)-0 1812.09432
,g X via by v 2e.p Emiss 139 | & 1.0 m(#,#)=0.5(m(¥F)+m(¥})) ATLAS-CONF-2019-008
E L R R i), o (o) 27 Emiss 36,1 ,\"*/A"; 0.76 m(E0)=0, m(7, 7)=0.5(m(¥} }+m(¥}]) 1708.07875
T f’% 1%, 0.22 m{E5)-m(¥})=100 GeV, m(7, #)=0.5(m{t} )+m(¥})) 1708.07875
fLrlig. I—0Y) 2ep Ojets  EFss 139 |7 0.7 miEl)=0 ATLAS-CONF-2019-008
2e.p =1 ENMS 361 i 0.18 mi#)-m(¥})=5 GeV 1712.08119
HH, A—hG {2G Oe.p >3b  EFS 361 it 0.13-0.23 0.29-0.88 BR{E] — h(i)=1 1806.04030
4ep Ojets  EP™ 361 i 0.3 BR(Y] - ZG)=1 1804.03602
'8 o Direct ¥]¥] prod., long-lived ¥y Disapp. trk 1 jet Emis 361 ¥ 0.46 Pure Wino 1712.02118
é % "l 0.15 Pure Higgsino ATL-PHYS-PUB-2017-019
T
DX stable g R-hadron Multiple 361 |z 2.0 1902.01636,1808.04095
S8 Metastable g R-hadron, g—gg¥| Multiple 31 [& [@=tons020) 20524 m(¥)=100 GeV 1710.04901,1808.04095
LRV pp—¥: + X, v —epfeript eLeT Ut 32 | 1.9 A4, =011, Aiopi33/230=0.07 1607.08079
FIXL IR — wwyzieetvy 4ep Ojets  Fpis 361 1.33 m(¥1)=100 GeV 1804.03602
22, 2—qa¥), X - gqq 4-5 large-R jets 36.1 1.9 Large 47, 180403568
E Multiple 36.1 2.0 m(¥!)=200 GeV, bino-like ATLAS-CONF-2018-003
€ i i ¥ = ibs Multiple 36.1 0 m(i?)=200 GeV, bino-like ATLAS-CONF-2018-003
fifi, i —bs 2jets+2b 36.7 0.61 1710.07171
fify, fi—=ql 2e.p 2b 361 |4 0.4-1.45 RN by > 20% 1710.05544
Tu DV 136 BRI(7) —gu)=100%,CoeH ___ ATLAS-CONF-2019-006
1 il L L 1 I L 1 1 l L 1 L 1 L =
*Only a selection of the available mass limits on new states or 107! Mass scale [TeV]

@100 TeV
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s=channel resonances

FCC-hh Simulation (Delphes), |s = 100 TeV

Q* — i

5 ciDiscoveryé
25ab"

W30 ab”

100 ab’”

7', —tt

L' — tt

.
GRS - WW

'y — 1T

' + -
L'y > T7T

0 10 20 30 40 50
Mass scale [TeV]

FCC-hh reach ~ 6 x HL-LHC reach
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SUSY reach at 100 TeV

Early phenomenology studies

95% CL Limits
14 TeV,0.3ab’
P 14 TeV, 3 ab™

5 o Discovery
7100 TeV, 3 ab™
100 TeV, 30 ab™

New detector performance studies

: FCC-hh Simulation (Delphes)

. Vs=100 TeV, 30 ab™
= Expected

s+ Expected=1o -

20 25
Mass scale [TeV]
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(3) The potential for yes/no answers to
important questions



WIMP DM theoretical constraints

—1
For particles held in equilibrium by pair creation 0 h2 N 10°GeV 1
and annihilation processes, (x x < SM) DM My, (oV)
For a particle annihilating through processes 4 5
which do not involve any larger mass scales: <O' V> O L ott / MDM

2 -
M 0.3
SZDMh2 ~ 0.12 % ( bM > <—>
2 TeV 8eff

h* < 0.12

9

wimp
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K. Terashi, R. Sawada, M. Saito, and S. Asai, Search for WIMPs with disappearing track
signatures at the FCC-hh, (Oct, 2018) . https://cds.cern.ch/record/2642474.

DM WIMP searches in the most elusive, compressed scenarios:

Disappearing charged track analyses (at ~full pileup)

FCC-hh, Vs = 100 TeV, 30 ab™

FCC-hh, Vs = 100 TeV, 30 ab™
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The nature of the EW phase transition

(hy =0 » (k) = h(T) Continuous () =0 - (i?) = h(T) Dis‘con’finvuous

M
.\&4&; (b)TtT.
Vih) p ,
(Dc)
2nd grder ross-over st order

0
h h

0

Strong |st order phase transition is required to induce and sustain the out of
equilibrium generation of a baryon asymmetry during EW symmetry breaking

Strong |st order phase transition = (Pc) >Tc

In the SM this requires mu = 80 GeV, else transition is a smooth
crossover.

Since mny = 125 GeV, new physics, coupling to the Higgs and effective at scales
O(TeV), must modify the Higgs potential to make this possible

= Probe higher-order terms of the Higgs potential (selfcouplings)

= Probe the existence of other particles coupled to the Higgs 33



Constraints on models with Ist order phase transition at the FCC

V(H,S) = — 2 (H'H) + X (HH)" + 7 - (H'H) S

b b b
+ 7 S (HTH) 8% + 26% + 315° + 5%,
Combined constraints from precision Higgs Direct detection of extra Higgs states at
measurements at FCC-ee and FCC-hh FCC-hh

Real Scalar Singlet Mode
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order phase transition. (ha~S, hi~H)
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Remarks

® Apparently, adding the self-coupling constraint does not add much in terms of exclusion
power, wrt the HZZ coupling measurement ...

® ... BUT, should HZZ deviate from the SM, AnnH is necessary to break the degeneracy
among all parameter sets leading to the same HZZ prediction

Real Scalar Singlet Model
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hhh coupling: Az/A3 sm
® The concept of “which experiment sets a better constraint on a given parameter’ is a very

limited comparison criterion, which looses value as we move from “setting limits” to
“diagnosing observed discrepancies™

® Likewise, it’s often said that some observable sets better limits than others:“all known
model predict deviations in X larger than deviations in Y, so we better focus on X". But
once X is observed to deviate, knowing the value of Y could be absolutely crucial ....

® Redundancy and complementarity of observables is of paramount importance

® The full, integrated, FCC programme, is the only proposed facility capable of providing
such a complementarity

35



Not covered

Countless studies of discovery potential for multiple BSM scenarios, from

SUSY to heavy neutrinos, from very low masses to very high masses, LLPs,
DM, etcetcetc, at FCC-ee, FCC-hh and FCC-eh

Sensitivity studies to SM deviations in the properties of top quarks, flavour
physics in Z decays: huge event rates offer unique opportunities, that cannot
be matched elsewhere

Operations with heavy ions: new domains open up at 100 TeV in the study of
high-T/high-density QCD. Broaden the targets, the deliverables, extend the
base of potential users, and increase the support beyond the energy frontier
community
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Final remarks

® The study of the SM will not be complete until we clarify the nature of the
Higgs mechanism and exhaust the exploration of phenomena at the TeV scale:
many aspects are still obscure, many questions are still open.

® The combination of a versatile high-luminosity e*e- circular collider, with a
follow-up pp collider in the 100 TeV range, appears like the ideal facility for
the post-LHC era

® complementary and synergetic precision studies of EW, Higgs and top properties
® energy reach to allow direct discoveries at the mass scales possibly revealed by the
precision measurements
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