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Current physics landscape

Higgs properties SM-like.

After HL-LHC precision level of several % Granada 2019
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Current physics landscape

No (additional) signs of BSM physics.

1 After intensive searches at LHC = My, > 1 TeV

Overview of CMS EXO results

ATLAS SUSY Searches* - 95% CL Lower Limits

Inclusive Searches
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Current physics landscape

Higgs properties SM-like.
At current precision level of several %

No (additional) signs of BSM physics.

After intensive searches at LHC

... but SM 1is an insufficient description

Prevalence of matter over anti-matter.
1 Not explained by current values of CKM elements

Neutrinos have masses — not acquired in the SM.

Compelling evidence for the existence of dark matter in the
Universe with no candidate particle(s) in the SM.

What new next accelerator to go beyond SM?

4 F. Bedeschi, INFN-Pisa




Current directions

ICFA statement - Tokyo, March 2019:

“ICFA confirms the international consensus that the highest priority for the next global
machine 1s a “Higgs Factory” capable of precision studies of the Higgs boson.

ICFA notes with satisfaction the great progress of the various options for Higgs factories
proposed across the world. All options will be considered in the European Strategy for
Particle Physics Update and by ICFA.

ICFA report — LP2019, Toronto, August 2019:
Worldwide effort for et+e- Higgs Factory

8 Linear or Circular

i Asia or Europe (or elsewhere?)

Recent comments on ESPPU preparations (B. Vachon — LP2019)

Emerging consensus for the importance of a “Higgs factory” to fully
explore properties of the Higgs, EW sector, etc.

Need to prepare a clear path towards highest energy.

5 F. Bedeschi, INFN-Pisa




Higgs factories

e e+e- linear Requirement: high
B luminosity O(1034) at the Higgs
ILC energy scale

- CLIC Usually, compared to the

e e+e- Circular LHC —which is, as a
machine :
—FCC-ee e 27 km long
- CepC « SC magnets (8T)
_ « 150 MW power total

* U+~ circular * ~10 years to build

—u-HF « Cost“1 LHC Unit”"

———— Difficult

F. Bedeschi, INFN-Pisa



Luminosity comparison

e*e” Collider Luminosities/IP

FCC - CDR 2019

LCepl - Chord X116

CepC-27T ai Z pole

ILC - HK Jan 2017

ILC = Lumi Upgrade TDR

ILT = New 240 Ga'V - HE 2018

CLIC in 1% of fs - CERN-ACC-2018-0037
LA hotal - CERMN-ALC- 2008003

F. Bedeschi, INFN-Pisa
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di Fisica Nucleare

Key facts:

100 km tunnel, three rings (e-, e+, booster)
SRF power to beams 100 MW (60 MW 1n CepC)

Total site power <300MW (tbd)

Cost est. FCCee 7.4 (tunnel)+ 3.1 BCHF (machine
(+1.1BCHEF for tt)

1 (“<6BCHF” cited in the CepC CDR)
8 F. Bedeschi, INFN-Pisa




Higgs factory
10° ete- —» HZ
EW & Top factory
3x10%2 ete- > Z
103 et+e- — W+W-;
10° ete- — tt

Luminosity [ab™]

Flavor factory |
5x10!2 e+e- — bb, cc 234567 891011 1213 14@

Year
10! ete- — T+1-

Potential discovery of NP
ALPs, RH v’s, ...
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Higgs production
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Very clean production
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Higgs total width ¢ e
Higgs recoil provides model independent [ =5 ab!
measurement of coupling to Z

o(HZ) « g°;

Critical:

1 Beam energy spread: SR+BS

i Tracking resolution

Total width combining with
decays in specific channels

o

og(ee - ZH) - BR(H — ZZ) x =

[’
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Kappa framework RS EEES

. _ oMK Tk
(0:BR)(i—=H = f)=——g; 5

Extension Ny LA BRinv measured at FCC-ee
el BRunt 100% correlated with 'y
EFT framework
Leading order NP effects weighted sum of all dim-6 operators
m - 59 B&L conserving operators
Includes interference with SM operators
Simultaneous fit of Higgs, EWPO, aTGC, topEW

Fit results projected into effective Higgs couplings K

12 F. Bedeschi, INFN-Pisa
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Triple Higgs

No direct production @ FCC-ec N 7

Higegs@FC WG |l di-H, excl. lll di-H, glob. Jl single-H, excl. -ﬂingle H, glob.

Al tuture colliders combined with HL-LHC

HL-LHC ©
HE-LHC .
FCC-eeleh/hh
FCC-ee,y,
HL-  FCC-ee,..
"‘GESE
ILC,e, i _ _ ;
FC( CEPC ! , .
CLIC g,
CLIC gy,

30
May 2019 68% CL bounds on «, [%]
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EWK examples

FCC-ee (Z pole)
—— FCC-ee (Direct)
(Future)
LHC (Now)
Z pole (now)EPS + m
Standard Model

178
Moo (GeV)
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NP sensitivity

EW fit (Today)
FCC-ee
FCC-ee (No intr. unc)|

From exclusive fits =)
Reach to several 10’s TeV
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Heavy flavors

Large heavy flavor production at Z pole
Particle production (107) BY A,
Belle 11 275 275 n/a n/a 65 45
FCC-ee 400 400 100 100 800 220

Very clean, well separated, pairs

FCC-ee

— —
o N
(@] (@]
| |
| I

Example:

(pink) B” — DfK*t~ i,
(red) B, — D_DYK*°

[e3]
(@)
TT [T T T[T TT[1T

Lepton universality

in BO —» K*0 1+1-

()]
o

Events / (0.02 GeV/c?)

Decay mode B’ — K*(892)ee” B’ = K*(892)<"t B,(B") =Ty 40 '1
Belle II ~ 2000 ~ 10 Wa (5) ook A
LHCb Run I 150 . ~15(-) -
LHCb Upgrade ~ 5000 . ~ 500 (50) oY — " 5 2
FCC-ee ~ 200000 ~ 1000 ~1000 (100) Mg, GeV/c®

18 F. Bedeschi, INFN-Pisa



. INFN
Direct NP search example: HNL (7 sve
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Accelerators

The planned machines

F. Bedeschi, INFN-Pisa




FCC integrated program
inspired by succesful LEP — LHC programs at CERN

[EREEIRRENE BN

Implementation studies in Geneva basin:

Geology

I Quaternary Bl  Molasse
Wildflysch Limestone
Molasse Subalpin B Prealps

baseline position was established considering:
* minimum risk for construction, fastest and cheapest construction
 efficient connection to CERN accelerator complex

« Total construction duration 7 years
» First sectors ready after 4.5 years

M. BENEDIKT, Granada 2019
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FCC-ee + FCC-hh (L Gmonamense

N« N - e : N o KN ) [ o JE o7 JEEY oo RN +1 JE2 43
15 years operation ~ 25 years operation
[ LHC run 3 ][ LS3 ][ LHC run 4 ]| LS4 I[ LHC run 5 ][ LHC run 6

~

P t aration & : E
roject preparation B Update

administrative processes A Permission,
Funding & govemnance strategy Funding

o ( . .
Geological investigations, Turriel sie and Schnical niuscare FCC-ee dismantling, CE

infrastructure detailed design and bt & infrastructure
tendering preparation SRR adaptations FCC-hh

B 4
: FCC-hh accelerator :
FCC-ee accelerator R&D and technical design FCQee apcelerator c.on.strgot[on_ R&D and technical FC.C‘hh agoelerator c.on.strgchon.
installation, commissioning design installation, commissioning

\ ( FCC-hh d A6
Detector R&D and 0o FCC-ee detector 7 GeteCor FCC-hh detector
R&D, construction, installation,

technical design,
concept development construction, installation, commissioning : . Sl
collaborations 19 L technical design y @ commissioning

SC wire and 16 T magnet
Superconducting wire and high-field magnet R&D R&D, model magnets,
y & prototypes, preseries

FCC integrated project plan is fully integrated with HL-LHC exploitation and provides for seamless
further continuation of HEP in Europe.

16 T dipole magnet
series production
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)
CEPC-SppC: site studies -

di Fisica Nucleare

1) Qinhuangdao, Hebeli
ProvinceCompleted 2014)

2) Huangling, Shanxi
Province (Completed 2017)

3) Shenshan, Guangdong
Province(Completed 2016)

4) Baoding (Xiong an), A : oostar | tanas ol
Hebei Province (Started 2\ s e
August 2017) g Gars

(Xizang)

5) Huzhou, Zhejiang AN st
Yunnen

Province (Started March

Anhi
heji
Jengd
gdong

= ¢

L e e
6) Chuangchun, Jilin TN , w
Province (Started May . | e A
2018) \
7) Changsha, Hunan

Province (Started Dec. 2018) » > 2 : J. Gao, Granada 2019

2018)

F. Bedeschi, INFN-Pisa




Istituto Nazionale
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© ©
N v
& &

Pre-Studies
(2013-2015)

SPPC
Alternatives: ep/eA

Construction
(2022-2030)

Government Approval
& *+ 2019-2021 Big Science cultivation ;
2 . . : Operation
o * Site selection, geological surveys
8 and civil engineering design
& * Key technology demonstration &
» system verification *+ 2022 MoU, international collaboration
§ * 2021 Release of Acc. TDR ¢ 2023-2027 Tunnel & infrastructure construction
g * 2016.6 R&D funded by MOST * 2022-2027 Acc. components mass production;
2‘ + 2018.5 1% Workshop outside of China 2028-2030 installatio.n, qlignn1ent & calibration,
=} « 2018.11 Release of CDR followed by commissioning
~

* 2023 Decision on detectors and release of

* 2013.9 Project kick-off meeting
* 2015.1 R&D funded by IHEP
* 2015.3 Release of Pre-CDR

detector TDRs; 2024-2030 detector construction,
installation and commissioning

* 2018.2 11 10 T SC dipole magnet built * 20 T dipole magnet R&D with Nb,;Sn+HTS or HTS

* 15T SC dipole magnet & HTS cable R&D

HTS Magnet R&D Program P X. Lou

F. Bedeschi, INFN-Pisa




Conclusions

/w

.

Let’s do it!

F. Bedeschi, INFN-Pisa
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LHC BSM exclusion (L s

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary
. - (3 Vs =8,13TeV

Model vy Jetst ET™ [Laym) Limit Reference

Extra dimensions
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1.3] Tev
1.34 TeV
64 TeV
1.85 TeV
1.21 Tev
690 GeV

quarks

fermions

560 GeV

1

Vi=8Tev Vs=13TeV Vs=13TeV

2 8
partial data full data 107* ( 'IIS scale [TeV]
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Higgs coupling comparison (- s
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e e Ring Higgs Factories

Advantages:

Based on mature technology (SRF) and rich experience
1 - lower risk

High(er) luminosity and ratio luminosity/cost;
i Up to 4 IPs, EW factories

100 km tunnel can be reused for a pp collider in the future
Transverse polarization (1~ 18 min at tt) for E calibration O(100keV)
CDRs addressed key design points, mb ready for ca 2039 start

Very strong and broad Global FCC Collaboration

F. Bedeschi, INFN-Pisa




m/ry
Challenges of e"e" Ring HF’s (s

Power limited regime

Synchrotron radiation power from

both beams limited to 100 MW (P/
n=total site power) = current I is

set by power

- 3
1672 (m.c?)

Luminosity

Determined by bend radius p,
beam-beam parameter &, beta
function at the IP B,” and power

Beam life ~18 min requires full

energy booster ring
F. Bedeschi, INFN-Pisa




Linear Colliders e+e- Higgs
Factories

Advantages:
Based on mature technology (Normal Conducting RF, SRF)
Mature designs: ILC TDR, CLIC CDR and test facilities
Polarization (ILC: 80%-30% ; CLIC 80% - 0%)
Expandable to higher energies (ILC to 0.5 and 1 TeV, CLIC to 3 TeV)

Well-organized international collaboration (LCC) = “we’re ready”
Wall plug power ~130-170 MW (i.e. <= LHC)

Pay attention to:

Cost more than LHC ~(1-1.5) LHC

LC luminosity < ring (e.g., FCC-ee), upgrades at the cost:
1 c.g. factor of 4 for ILC: x2 Nbunches and 5 Hz - 10 Hz

Limited LC experience (SLC), two-beam scheme (CLIC) 1s novel,
i klystron option as backup

Wall plug power may grow >LHC for lumi / E upgrades

31 F. Bedeschi, INFN-Pisa




International Linear Collider

>// Des

500
S

1.3 GHz nine-cell
Nb cavity

o) v ——‘—___-"‘—-
“ Tuner motor and
piezo-actuators
Key faCtS : . . 2-phase He supply pipe

20 km, including 5 km of Final Focus & Y
SRF 1.3 GHz, 31.5 MV/m, 2 K L{ A
130 MW site power @ 250 GeV c.m.e. \\ “
Cost estimate 700 B JPY = 5.8 B€ e | TN i

2K liquid He tank

F. Bedeschi, INFN-Pisa



Compact LInear Collider At

v v v Klystrons Compact Linear Collider (CLIC) iz z » 7 j,f
472 units, 20 MW, 48 ps ‘( B 380 GeV - 11.4 km (CLIC380) 2 sl

\ 1.5 TeV - 29.0 km (CLIC1500)
DRIVE BEAM \\ 3.0 TeV - 50.1 km (CLIC3000) VAR ey
COMPLEX / ?SEI;V Loop - ~4 OIS, ”7,/ ' :
/ ; f D7 / T 7 ey =P
2.0km /s 9 F N
Drive Beam Accelerator [’ g 2 7 u 1l
1.91 GeV, 1.0 GHz / }‘ [ &
@95 m .
Decelerators 4 sectors Decelerator, each 87 ,'/ / / PLIC@SO
» s Copm? , ,\M) e L
>>?»?) »?))?l »?))P) »?))P) (ﬁ(ﬁ( ((((ﬂ( l(l«ﬁ« ((f y. 0.4 b ;
)0 ) ) ) ) ) ) ) ZBZD:' —4 2B2Dim 3 ; £ ,RL 154 , AT IS
e~ Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km P e*Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km , ? JI § / By g A =
300m 1.4 km /cuc do S gl T N 4
Spin Rotator Boogtérebmac‘) g / i L/ ;"(y"" oy = Y Y|
J—\\\\\\\\\ CAPTION e TN / =)

$

DeF; 389 m Pre-Injector Primary e Linac CR : Combiner ring
e+ e*Linac for e* production TA : Turnaround
MAIgoBMErfg‘( 359 m PDR 0.2 GeV /5 GeV DR : Damping ring
«(((“—a PDR : Predamping ring

Target Gun BC : Bunch compressor

BDS : Beam delivery system

N\ 2 (<<«(“7 : ﬁ' :: \Bfr;a;twon point

Spin Rotator Injector Linac Pre-Injector DC Gun
2.86 GeV e” Linac
0.2 GeV

Key facts:
11 km main linac @ 380 GeV c.m.e. _
NC RF 72 MV/m, two-beam scheme G rrom— _

......

168 MW site power (~9MW beams)

Cost est. 5.9 BCHF (klystrons + 1.4 BCHF)
33 F. Bedeschi, INFN-Pisa



Challenges of Linear Colliders  jnrn

Higgs Factories

Istituto Nazionale
di Fisica Nucleare

|
-

L HD

< Luminosity
spectrum

(Physics) Record small

Challenging e+ DR emittances
| production (two 0.1 um BPMs
> 0E/E ~1.5% 1n schemes) IP beam sizes

ILC CLIC high- ILC 8nm/500nm

» Grows with E: current drive
40% of CLIC beam bunched CLIC 3nm/150nm

lumi 1% off at 12 GHz

—




INFN
Limits of Linear e"e” Colliders (- sz

Both ILC and CLIC offer staged approach to ultimate E

Luminosity Dilution by Beamstrahlung

1.0
—O0—ILC
=O==CLIC

1%L, /L

e
)

S
o)

The limits are set by:

Cost
2ILC TDR 1TeV 17 BS

1 CLICCDR 3TeV 18.3BCHF 00 05 1.0 15 20 25 3.0
Energy c.m. (TeV)

43
S~
53
<
8
>
B
72}
Q
=
=
=)
-
G
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=
Q
g=!
Q
<
—
S 9

Electric power required
Total length

(complication of) Beamstrahlung
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Schedules

— I i
W

CEPC 240 GeV Z
ILC 250 GeV
FCC-ee VA
CLIC 380 GeV
LHeC 1.3 TeV
FCC-eh/hh

HE-LHC

HL-LHC 3/ab

2030
2033
2035
2039 (2044)

D. SCHULTE, Granada 2019

500 GeV & 350 GeV
350-365 GeV
1.5TeV 3 TeV

20/ab per exp. in 25 years
10/ab per exp. in 20 years

Very optimistic!!!

F. Bedeschi, INFN-Pisa



Other comparisons

 F1“Technology -* F2“Energy Efficiency”

Readiness” :

- co- . 200400 MW

Red REd

F3 “Cost” :
Green : <LHC

: 1-2 x LHC

Red

F. Bedeschi, INFN-Pisa




Other comparisons

Higgs Factories Readiness Power-Eff. Cost

ee Rings 240GeV/tt

Ui Collider 125 Gev- _

F. Bedeschi, INFN-Pisa




ILC

CLIC

CEPC

FCC-ee

LHeC
FCC-hh

HE-LHC

cC

CcC

cC

cC

cp
pp

pp

Comparison table

0.25

0.5
1.0

0.38

1.5

3
0.091+0.16
0.24
0.091+0.16
0.24

0.365 (+0.35)
60 / 7000

100

27

1
2.5

5

16+2.6
5.6
150+10
5

1.5 (+0.2)
1

30

20

11

10

4+1

4 (+1)
12
25

20

129 (upgr.

150-200)
163 (204)
300

168

(370)
(590)

149

266

259

282

340
(+100)
580 (550)

Istituto Nazionale
di Fisica Nucleare

4.8-5.3 GILCU +

upgrade

7.98 GILCU

?

5.9 GCHF
+5.1 GCHF
+7.3 GCHF
5G$

10.5 GCHF

+1.1 GCHF
1.75 GCHF

17 GCHF (+7

GCHF)
7.2 GCHF




(ECM/cz )NV2/cx2

ILC
500 1000

15 4.3
0.15 0.20
3.7 10
1.7 2.0

CLIC
3000

o)
4.9
28
2.1

ILC 240 ~ 1.6%

Bedeschi, LFC19, Trento

— CLIC 3 TeV
ILC 1 TeV

F. Bedeschi, INFN-Pisa




