P

Mega-linear vs. Giant-circular. INEN
The next big machine for HEP e

F. Bedeschi, INFN
Outline BNL, September 2019

Current physics landscape

Current directions

Higgs factories e+e-

Current status and comments
Key measurements at FCC-ee and comparisons

Detector concepts for circular e+e- colliders
IDEA and Italian driven detector R&D

Conclusions
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Current physics landscape (L s

Higgs properties SM-like.

1 ATLAS and CMS
LHC Run 1

¢ ATLAS+CMS
SM Higgs boson
— [M, €] fit
I 68% CL
| ]95%CL

10 1‘02
Particle mass [GeV]
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Current physics landscape

Higgs properties SM-like.

After HL-LHC precision level of several % Granada 2019

T

FTATLASde C,;MS T e Eﬁf‘TﬁV,I 3090,fb,-1 pevrtlexpe‘rir‘ngnt
: an z A4
- LHC Run 1 w | Total ATLAS and CMS

— Statistical HL-LHC Projection
—— Experimental

S Theory Uncertainty [%]
Tot Stat Exp Th

18 08 1.0 13
1.7 08 07 13
15 07 06 1.2

25 09 08 21

¢ ATLAS+CMS
SM Higgs boson
— [M, €] fit
I 68% CL
| ]95%CL

34 09 11 3.1

3.7 13 13 32

19 09 08 15

Tl ||| \u Iy

43 38 10 17

w PP | . 3 -_— 98 72 17 64

10 102 002 004 006 008 01 012 014
Particle mass [GeV] Expected uncertainty
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Current physics landscape (M™%,

Higgs properties SM-like.
After HL-LHC precision level of several % Granada 2019

DeViatiOIl fI'OIIl SM: 6 ~ \/2/];\42 (s =14 TeV, 3000 b’ per experiment

. Total ATLAS and CMS
i M scale of new physics — Statistical HL-LHC Projection

IM~1-10TeV > 8~6—0.06% it ——

Tot Stat Exp Th
1.8 08 1.0 13

1.7 08 07 13
15 07 06 12
25 09 08 21
34 09 11 31
3.7 1.3 1.3 32
19 09 08 15
43 38 10 17

98 72 17 64

0.02 0.04 006 008 01 012 0.14
Expected uncertainty
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Current physics landscape -

5
di Fisica Nucleare

Higgs properties SM-like.
After HL-LHC precision level of several %
Deviation from SM: 6 ~ v¥/M? v =246 GeV

i M scale of new physics
IM~1-10TeV =2 6~6-0.06%

Need <~ % sensitivity = beyond HL-LHC

Supersymmetry Composite Higgs
(MSSM) (MCHMS5)

MSSM (tang =5, M, =700 GeV) MCHMS (f = 1.5 TeV)
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Current physics landscape (s

No (additional) signs of BSM physics.

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

ATLAS Preliminar
Vs =13 TeV
Reference

AS SUSY Searches* - 95% CL Lower Limits

Model Signature - Mass limit

Oe.pu 2-6jets TS § [2x, 8x Degen] X 2 1712.02332
01

i, G—qt)
mono-jet 1-3 jets 36.1 § [1x.8x Degen]

Oc.p 2-6 jets
3ep 4jets
ee.up 2jets  EP

Oep T-ljots ET
SSeu 6 jets

Inclusive Searches

016,40 3b

6 jets

sh¥ ltiple }=300GeV, BR
¥ =Bl

by, by .
mify)

m(¥)=200
0.23-1.35 =130 )=100GeV

b1by, by—b¥s — bhT|

—WhE! or )

2¢

3" gen. squarks
direct production

mono-jet  E
4b

1h

YT via WW v ATLAS-CONF-2019-008
¥ via Wh 2 7 / NE)=70 Gov | A1 NF-2019.019, ATLAS-CONF-2019-XYZ
5 . ! emiE ) ATLAS-CONF-201
04603 0.12-0.39 m(¥})=0 X
INF-2019-008

2ep Ojets
> SONF-201

1 . 9 0.256 m(@ymg
Ep= 013023 0.29-0.88 BRI
i 0. ¢

Hrbgr, (=
2ep

HHA, H-hGjZC Oep >3b
dep Ojets

prod., long-lived Disapp. trk 1jet ‘ P y 1
¥ ATL-PHYS-PUB-20

Stable g R-hadron Multiple E 4 1902.01636.1808.0409!
Multiple A 710.04901.1808.04

Long-lived
particles

0jets Ef

4-5 large-R jets 36. m(¥ 3 i 2
Multiple e-4, 2¢-5) X mi¥})=200 GeV, bino-like ATLAS-CONF-2018-003
m(¥7)=200 GeV, bino-like ATLAS-CONF-2018-003
1710
BR(T, —be /hy)>20% 1710.05544

06, i)—qf 2b g 1y
DV g fi [1e10< X <168,30-10< 2, <3e-9) 1. BR{f —qu! ATLAS-CONF-2019-006

Muttiple § Wye2ea1e2)
2jets+2b B lgq,bs)

Mass scale [TeV]

BNL, Sept. 2019 3 F. Bedeschi, INFN-Pisa



No (additional) signs of BSM physics.

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

ATLAS SUSY Searches* - 95% CL Lower Limits

Model

. G—qv

»qqW 2Ky

Inclusive Searches

e

Signature

Ocpt
mono-jet

Oept

26 jets
1-3jets

2-6 jets

4jets
2jets
7-11 jots
6 jets
3b
6 jets

JLarim™

i
s

s

36.1
36.1

36.1

36.1
36.1

36.1
139
79.8
139

Mass limit

]
]

I3

[2x, 8x Degen]

[1x. 8x Degan] 0.43

byby, by —b¥Y (T

Biby, by —hPs — bt

11, WYY or k]

3 gen. squarks
direct production

Y Y3 viawz
Yi¥] via ww
¥i¥s via Wh
Yivi viaZpfv
o
OHrbir i—¢

HHA, H-hGjZG

Oept

0-2ep
Tep
Tr+tlep

Oept
Ocp

12e.p
3ep
23ep
ee.qupt
2ep
0-1ep
2ep
27
2ep
2ep
Oep
dep

Multiple
Multiple
Multiple

6h
0-2jets1-2 b
3jetsi1 b
* 2jets b
2¢
mono-jet
ah

1h

2bi2y

Ojets
S
>3b

Ojets

Emis

i

36.1
36.1
139

139

0.23-0.48

0.44-0.59

0:16:0:3] 0.12-0.39

0.256
0.13-0.23

Direct ¥1¥7 prod., long-lived ¥}
Stable g R-hadron

Long-lived
particles

Metastable # R-hadron, Z—qq¥}

Disapp. tri

Kk 1jet

Multiple
Multiple

3

[r{®) =10ns, 02 ns]

et

dep

0 jets
4-5 large-K jet

£

i

FEVY [y # 0,40 2 0]

{m(¥71.200 GeV/ 1100 GeV]

Heavy Gauge Bosons

Leptoquarks

Extra Dimensions

SSMZ/(t)
SSMZ(q4)
LFVZ', BR(ep)
SSMW'(tv)
SSM W'(q4)
SSM W'(v)
LRSM Wa(

lar LQ (pair prod.)

gen. fermions,
lar LQ (pair pro s

en. fermions,
r LQ (pair prod.) gen. fermions,
lar LQ (pair pro

r LQ (pair prod.)

oupling to 2 gen. fermions,
gen. fermions,
gen. fem., B =

oupling to
coup. to 3

htq
excited b quark
excited electron, f;
excited muon, f; =

quark compositene
quark compositene:

o €Mission
ADD QBH (jj) ne

ADD QBH (ep), neo =

RS Gux(qd. 99). kiM:

RS Gl t), k/M, = 0.1

RS Gy A

RS QBH (). ne

RS QBH (ep), ne

non-rotating BH, Mo = 4 TeV, ne
split-UED, p= 4 TeV

ector mediator (xx), g

(axiak)w r mediator (g4), g, =

B
B

B
B=
B

05

Istituto b onale
di Fi

ica Nucleare

Overview of CMS EXO results

CMS

36 fb~! (13 TeV)

1803.06292 (21)
1806.00843 (2j)
1802.01122 (ep)
1803.11133 (£ + EF™)
1806.00843 (2j)
1807.11421 (v +
1803.11116 (2 + 2j|
1811.00806 (27 +2j)
1806.00843 (2j)

7 (2e + 2j)

1808.05082 (21 +2j)
1808.05082 (2 +2j; p + 2j + EF
1811.00806 (27 + 2j)
1806.03472 (2t +b)

1811.01197 (2e+ 2j; @ + 2j + E7™

1806.00843 (2j)
1711.04652 (y + )
1711.04652 (y + j)
1811,03052 [y + 2e)
1811.03052 (y + 20)

1803.08030 (2j)
1812.10443 (21)
1803.08030 (2j)
1812.10443 (21)

1803.08030 (2j)
1812.10443 (2y, 21)
1712.02345 (= 1j + EF™)
1803.08030 (2j)
1802.01122 (ep)
1806.00843 (2j)
1803.06292 (21)
1809.00327 (2y)
1803.08030 (2j)
1802.01122 (ep)
1805.06013 (= 7j(L, y))
1803.11133 (£ + E7™)

. |1712.02345 (= 1j + ET™)

1806.00843 (2j)

iy, fj—=bs

iih, i1—gt
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2ep
1u

Multiple
Muttiple
2jets+2b
2b
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7
)

{47 ~2e-4,2¢.5]
[#,,-26-4, 16:2)

lgq. bs] 0.42

[1e-10< );_“ <1e-8, 3e-10< ";u <3e-9]

0.55

107!

Dark Mattter

watar mediEtor (F 4, g,

Type Ill Seesaw, B. =B, =8
string resonance

[IS050E

, |1901.01553 (0, 1 + =3j + EF™)

O+ =3j+6; 71

1712.02345 (= 1j + E7™)
1810.10069 (4j)

029

03

. |1708.07962 (= 31)

1806.00843 (2j)

01

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included)

10

mass scale [TeV] January 2019
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Current physics landscape (s

.

Higgs properties SM-like.

At current precision level of several %

No (additional) signs of BSM physics.

After intensive searches at LHC

... but SM 1s an 1nsufficient description

BNL, Sept. 2019 4 F. Bedeschi, INFN-Pisa
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Current physics landscape (s
Higgs properties SM-like.
At current precision level of several %

No (additional) signs of BSM physics.

After intensive searches at LHC

... but SM 1s an insufficient description

Prevalence of matter over anti-matter.
3l Not explained by current values of CKM elements

Neutrinos have masses — not acquired 1n the SM.

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

BNL, Sept. 2019 4 F. Bedeschi, INFN-Pisa
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: INFN
Current physics landscape (s
Higgs properties SM-like.
At current precision level of several %

No (additional) signs of BSM physics.

After intensive searches at LHC

... but SM 1s an insufficient description

Prevalence of matter over anti-matter.

3l 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?

BNL, Sept. 2019 4 F. Bedeschi, INFN-Pisa




Current directions e

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

# Linear or Circular

3 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.

BNL, Sept. 2019 5 F. Bedeschi, INFN-Pisa
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e+e- Hi 2285 factories L7 e

The planned machines

BNL, Sept. 2019 6 F. Bedeschi, INFN-Pisa
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Higgs factories

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

energy scale
—CLIC Usually, compared to the
e e+e- circular LHC — which is, as a

machine :
—-FCC-ee 27 km long

—CepC SC magnets (8T)
_ 150 MW power total
* Utl- circular ~ 10 years to build

—u-HF Cost “1 LHC Unit” *

BNL, Sept. 2019 F. Bedeschi, INFN-Pisa



Higgs factories

e e+e- linear
—ILC
—CLIC

e e+e- circular
—FCC-ee
—CepC

e U+~ circular

BNL, Sept. 2019

Requirement: high
luminosity O(103%4) at the Higgs
energy scale

Usually, compared to the
LHC — which is, as a

machine :
27 km long
SC magnets (8T)
150 MW power total
~ 10 years to build
Cost “1 LHC Unit” *

F. Bedeschi, INFN-Pisa



/7
IN N

Fisica rcucloam

International Linear Collider (s

1.3 GHz nine-cell
Nb cavity

Tuner motor and

piezo-actuators
Key facts:

2-phase He supply pipe

20 km, including 5 km of Final Focus
SRF 1.3 GHz, 31.5 MV/m, 2 K

130 MW site power @ 250 GeV c.m.e. .‘\
Cost estimate 700 B JPY = 5.8 B€

’ \ 2K liquid He tank

High-power
coupler port

BNL, Sept. 2019

F. Bedeschi, INFN-Pisa




: INFN
Compact [LInear Collider (T

u

0y ]

o

v v v Klystrons Compact Linear Collider (CLIC) .

472 units, 20 MW, 48 ps ; P 380 GeV - 114 km lCLIF380\
DRIVE BEAM
COMPLEX \ Delay Loop
-~ 20km o/ .

Drive Beam Accelerator

1.91 GeV, 1.0 GHz y
@95m | CR J\

§ \ g &
Decelerators 4 secrorx Decelerator each 87 )
\® \‘ \ - \ Tlme Delay Line ) ) w 'Y . >
‘>>P»)l »?))Pﬁ »?))?l \»?))? ) M((ﬂ( ((((ﬂ(’ ((((§<“ { ({1
T —B‘&El EDs a
km 2.2 km

e~ Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km

BC2

e*Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km
P
~, 11.4km

X Booster Linac
Spin Rotator 9 GeV

éc:: ) ) CAPTION

63’; Pre:lniector Primary e’ Linac CR : Combiner ring
~\ et e*Linac for e* production TA : Turnaround
MAIEO%E@EMX ’\DR )359 m 359 m 0.2 GeV 5 Gev DR : Damping ring
~~ —\«((“%3 PDR : Predamping ring
Target Gun BC : Bunch compressor
BDS : Beam delivery system

- (—=3

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 12 GHz RF 72 MV/m, two-beam scheme
168 MW site power (~9MW beams)

Cost est. 5.9 BCHF (klystrons + 1.4 BCHF)
BNL, Sept. 2019 9 F. Bedeschi, INFN-Pisa




Key facts:
100 km tunnel, three rings (e-, e+, booster)
SRF power to beams 100 MW
Total site power <300MW (tbd)
Cost est. FCCee 10.5 BCHF (+1.1BCHEF for tt)

10

BNL, Sept. 2019
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Circular et+e- Higgs Factories (T s

Key facts:
100 km tunnel, three rings (e-, e+, booster)
SRF power to beams 100 MW (60 MW in CepC)

Total site power <300MW (tbd)
Cost est. FCCee 10.5 BCHF (+1.1BCHEF for tt)
i (“<6BCHF” cited in the CepC CDR)

BNL, Sept. 2019 10 F. Bedeschi, INFN-Pisa




FCC integrated program INFN
inspired by succesful LEP — LHC programs at CERN { #:

Implementation studies in Geneva basin:

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

BNL, Sept. 2019 F. Bedeschi, INFN-Pisa




FCC-ee + FCC-hh

’ o y ) a " arc )
n : : - : n L n L = T = l 15 years operation - = e . [*25 yearsoperaﬂon]
((termn3 ) 1s3 [ wcmn4 Jis4] tHomns J(iss)  ihemms ]\ ]

~

Project preparation & Upds
TR Permis- ”p.dqt?
administrative processes = Permission
i 5 sions :
Funding & govemance strategy Funding

. Gealogical |nvl55t|gat|oln5. Tusis ST B kbl B FGC-eg dismantling, CE
infrastructure detailed design and bk & infrastructure
tendering preparation adaptations FCC-hh

-

) ) FCC-hh accelerator .
FCC-ee accelerator R&D and technical design Rt 0 stcomeriorn conskiion, R&D and technical FC.C_hh ac_celerator ponstmctmn,
installation, commissioning desion installation, commissioning

' &
Detector R&D and s FCC-ee detector FRCI Gy FCC-hh detectar
technical design R&D, construction, installation,
concept development

i construction, installation, commissioning : : LI
collaborations technical design ) commissioning

P
SC wire and 18 T magnet

Superconducting wire and high-field magnet R&D R&D, model magnets

prototypes, preseries

16 T dipole magnet
sefies production

7 G

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

=
o
=
Q
<
=
<
=
<
-
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.
o
-
=
Z
=
=
=
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P
CEPC-SppC: site studies g -

di Fisica Nucleare

WL

THTFEH |

1) Qinhuangdao, Hebeli
ProvinceCompleted 2014)

2) Huangling, Shanxi

Province (Completed 2017) _

3) Shenshan, Guangdong
Province(Completed 2016)

4) Baoding (Xiong an), A % =
Hebei Province (Started “ s s

August 2017) e e -

5) Huzhou, Zhejiang

Province (Started March 1 ]

2018) .' AN ; / Yommen

6) Chuangchun, Jilin Log, ) %,gf
Province (Started May o | ' 2
2018)

7) Changsha, Hunan
Province (Started Dec.
2018)

J. Gao, Granada 2019
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Istituto Nazionale
di Fisica Nucleare

Construction
(2022-2030) _ (2030-2040) Alternatives: ep/eA

Government Approval

= 2019-2021 Big Science cultivation

* Site selection, geological surveys
and cwil engineering design

| * Key technology demonstration &
system verification = 2022 Mol, international collaboration

|* 2021 Release of Acc. TDR + 2023-2027 Tunnel & infrastructure construction

» 2016.6 R&D funded by MOST 2022-2027 Acc. components mass production;
* 20185 1% Workshop outside of China 2028-2030 installation, alignment & calibration,

Operation

2012.9 CEPC-SPPC Concept

« 2018.11 Release of CDR followed by commissioning

+ 2023 Decision on detectors and release of
detector TDRs; 2024-2030 detector construction,
installation and commissioning

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

« 2018.2 1# 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

BNL, Sept. 2019 F. Bedeschi, INFN-Pisa




INFN

S chedules L7 e

Bl v
W

CEPC 240 GeV VA

ILC 250 GeV 500 GeV & 350 GeV

FCC-ee Z 240 GeV 350-365 GeV

cLic 380 GeV 1.5 TeV 3 TeV
LHeC 1.3 TeV

FCC-eh/hh 20/ab per exp. in 25 years

HE-LHC 10/ab per exp. in 20 years

HL-LHC 3/ab

2030
2033

2035

2039 (2044)

D. SCHULTE, Granada 2019
BNL, Sept. 2019

Very optimistic!!!

F. Bedeschi, INFN-Pisa



e*e” Collider Luminosities/IP

FCC - CDR 2018

CepC - Oxford 2019

CepC-2T atZpole

ILC - HK Jan. 2017

ILC - Lumi Upgrade TDR

ILC - New 240 GeV - HK 2018

CLIC in 1% of {s - CERN-ACC-2018-0037
CLIC total - CERN-ACC-2018-0037

T T TTH

Lumingsity x 1
=

I llllll

[
-
-

—4

IILBERLL

|
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Cross section (fb)

—

1 l 1 1 1 Ll l 1 | — l ) — 1 l 1 1 1 l ) I — l i 1 1 l 1 ) —

260 280 300 320 340 360 380 400
Vs (GeV)
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8 TeV 14 TeV . 100 TeV
LHC LHC VLHC

. total....

pp @ LHC RN Very clean production
— In et+e-

TI‘IT] rm'!

HI‘[] lm!lTHll‘llTl‘]l
i

| 110001 - 120001 - éOOO
/s [GeV]
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Higgs factory
10° ete- — HZ

| | | | | V4 i I | |
23456789101112131
Year
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PhYSiCS at FCC-¢e L7 e

Higgs factory —
10° ete- — HZ §
EW & Top factory 8
3x102 ete- > Z §

108 e+e- — WH+W-;
100 et+e- — tt

|1 | L1 ;J S
2 3 4 5 6 7 8 9101112131@
Year

BNL, Sept. 2019 18 F. Bedeschi, INFN-Pisa




PhYSiCS at FCC-¢e L7 e

Higgs factory o
106 ete- — HZ §
EW & Top factory [E
3x1012 ete- — Z 5

108 ete- — W+W-;

106 ete- — tt
Flavor factory

5x10!! e+e- — bb, cc

10! ete- — T+T-

10 11 12 13 14@
Year

BNL, Sept. 2019 18 F. Bedeschi, INFN-Pisa
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. INFN
PhYSICS at FCC-ee L7 e
Higgs factory o
106 e+e- — HZ =
EW & Top factory [
3x1012 ete- — Z 5

108 e+e- — WH+W-;

106 ete- — tt
Flavor factory

5x10!! et+e- — bb, cc 3 4 5 6 7 8 s;”";{j'd 11 12 13 1'@

Year

10! e+e- > T+T-

Potential discovery of NP
ALPs, RHvV’s, ...

BNL, Sept. 2019 18 F. Bedeschi, INFN-Pisa




Hi 225 total width L S

Higgs recoil provides model independent [ =5ab!
measurement of coupling to Z

BNL, Sept. 2019 19 F. Bedeschi, INFN-Pisa
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Hi 225 total width L S

Higgs recoil provides model independent [ =5ab!
measurement of coupling to Z

c(HZ) oc gZHZ

Critical:
i Beam energy spread: SR+BS

#l Detector resolution

BNL, Sept. 2019 19 F. Bedeschi, INFN-Pisa
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Hi 225 total width L S

Higgs recoil provides model independent [ =5ab!
measurement of coupling to Z

c(HZ) oc gZHZ

Critical:
i Beam energy spread: SR+BS

#l Detector resolution

Total width combining with

decays 1n specific channels

o(ee — ZH) - BR(H — ZZ) x &

BNL, Sept. 2019 19 F. Bedeschi, INFN-Pisa
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Higgs COllplin g fits {7

Kappa framework

\ 2, Y 9,
o7 - T i

i f
SM 2
FH Ki;

(6-BR)(i—»H — f) =

BNL, Sept. 2019 20 F. Bedeschi, INFN-Pisa
CLLLLLLLL———_—_——_—_——_—————SSSSSSSSShEEEE



Higgs COllplin g fits {7

Kappa framework

2

Al ") Al
o7 - T i

. f
o-BR)(i—H — — . :

Extension Ny il BRinv measured at FCC-ee
| — (BRiny + BRunt) .
BRunt 100% correlated with I'

BNL, Sept. 2019 20 F. Bedeschi, INFN-Pisa
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' 2
GSM K" F.SM ;

(6-BR)(i—H — f) = N

Extension Ny il BRinv measured at FCC-ee
BRunt 100% correlated with I'

] — (BRim' . 3 BRunt )

EFT framework

Leading order NP effects weighted sum of all dim-6 operators
m 1 59 B&L conserving operators
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M .2 SM .2
o7 - T i

. f
o-BR)(i—H — — . :

BRinv measured at FCC-ee
BRunt 100% correlated with I'

iiiii

EFT framework

Leading order NP effects weighted sum of all dim-6 operators
m 1 59 B&L conserving operators
Includes mnterference with SM operators

Simultaneous fit of Higgs, EWPO, aTGC, topEW |
Fit results projected into effective Higgs couplings X = Ty

BNL, Sept. 2019 20 F. Bedeschi, INFN-Pisa
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Higgs coupling fits

Results limited only by statistics

Collider

ILCas0

CLIC3s0

CEPCay0

FCC-ee240— 365

Lumi (ab™ ")

2

1

5.6

5+ 0.2+ 1.5

Years

11.5°

8

'

3+1+4

1.7 / J.
3.7 /

25 | 2.2
19 /3.5
4.3 / 5.5
1B 7 3%
11. / 11.
3.4 /29

/

0.29 / 0.47
1.1 / 0.48
1.2 / 0.83
2.0 /1.8
1.4 /1.1
1.1 / 0.85
4.2 /4.1
1.3 /1.3
11. / 10.
2.7 / 2.6

0.44 / 0.66
0.75 / 0.65
1.2 /1.0
4.1/ 4.0
1.5/ 1.3
1.4 /1.3
44/ 43
15/ 1.4
11. / 9.8
2.7/ 2.7

0.18 / 0.52
0.95 / 0.51
0.92 / 0.67
2.0 /1.9
1.1 / 0.79
1.0 / 0.70
3.9 /3.8
1.2 /1.2
6.3 /6.3
2.6 / 2.6

0.17 / 0.26
0.41 / 0.27
0.64 / 0.56
1.3 / 1.3
0.89 / 0.82
0.66 / 0.57
3.9 / 3.8
1.2 / 1.2
10. / 9.4
2.6 / 2.6

50. / 52.

28. / 49.

45. / 50.

17. / 49.

19. / 34.

SM

2.4

2.6

1.9

1.2

1.9
SM (0.0)

0.26
1.8

0.63
t') 7

0.27
[ |

0.19
1.0

BNL, Sept. 2019
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Higgs coupling fits (ot

JELLREIRN] {ELVIELINT] I

Results limited only by statistics

® HLLHC+LEP2 ® +FCCee ®m +FCCeh ® +FCChh

68% prob. uncertainties

=)
o
-
o

Q

=
&

pos e v . 5 == = . - =
GHpw  GHrr  GHee  GHet  Gubb  YHw  9Hyy 9Hzy YHgg GHHH 01z

BNL, Sept. 2019 21 F. Bedeschi, INFN-Pisa
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Triple Higgs (s

No direct production (@ FCC-ee
Sensitivity through loop effects

BNL, Sept. 2019 22 F. Bedeschi, INFN-Pisa
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Triple Higgs

No direct production (@ FCC-ec g 7
Sensitivity through loop effects w]

l H I* IGBI‘E-'BI,-EF:'.-ICL blcnulndls,lle;ljt-::;n collliderlor%lyl 0
B 68%,95%CL bounds, combined with HL-LHC

XX XXX 88% CL bounds (combined with HL-LHC)
wunme v« 689 059%,CL bounds, 1h only

from J. Gu

240GeV(5/ab) only (CEPC)

240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)

. . o
i =baa wWwith 7T 1 = ‘e
v 0 WINL ZESTL) &8 A0S

BNL, Sept. 2019 L F. Bedeschi, INFN-Pisa



Triple Higgs (s

No direct production @ FCC-ee

Higgs@FC WG |l di-H, excl. Jl di-H, glob. [l single-H, excl. [l single-H, glob.

All future colliders combined with HL-LHC

L e
FCC-ee/eh/hh

F(-I(-I-eez40 1

F(_I(_I'eegﬁﬁ ;
ILC,

250
IL("SSD 28

ILCogo
CEPC
CLICsq, .
CLIC, .

CLIC,,.

~3000 ;
30 , 50
May 2019 68% CL bounds on «, [%]

BNL, Sept. 2019 F. Bedeschi, INFN-Pisa
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- . . INFN
Higgs coupling comparison (- s

( ¥
1 - Ca e
~ . ;) Ca Ca. ¢
D ~ 5 7y &9.8) 2 é/
=30 R U Ny 7 (“ <0 f‘)" ‘6/

ml I 0 £ I D
Improvement factors

relative to HL-LHC e T Ul |

EEDEENN N
O DEOOOD
.

. S C

I 0 0 0 D I I
-1 O

SMEFT ND (») not measured at HL-LHC
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INFN

E . Istituto Naz 0
l ( " di Fisica Nucleare

Outstanding program of precision EWK measurements
O(10-100) better than LEP precision

Substantially reduce parametric uncertainties in theory

Observable Present value =+ error FCC-ee Stat. FCC-ee Syst. Comment and dominant exp. error

my (keV) 91,186,700 4+ 2200 5 100 From Z line shape scan Beam energy calibration

'z (keV) 2,495,200 £ 2300 100 From Z line shape scan Beam energy calibration

R{ (x10%) 20,767 £ 25 0.2-1.0 Ratio of hadrons to leptons acceptance for leptons
s (mz) (x10%) 1196 + 30 0.1 0.4-1.6 From RZ above [43]

Ry (% 109) 216,290 + 660 0.3 < 60 Ratio of bb to hadrons stat. extrapol. from SLD [44]
‘71‘;;4 (x10%) (nb) 41,541 £ 37 0.1 4 Peak hadronic cross-section luminosity measurement
N, (x10%) 2991 =7 0.005 1 7 peak cross sections Luminosity measurement
sm:Hff( (x10%) 231,480 £ 160 i 2-5 From AL} at Z peak Beam energy calibration
1/agep (mz) (x 10%) 128,952 + 14 Small From \;,ﬂ off peak [34]

A D0
Arp

(x10%) 992 4+ 16 1-3 b-quark asymmetry at Z pole from jet charge

J\‘l‘H " (x10%) 1498 + 49 <2 t Polarisation and charge asymmetry T decay physics
my (MeV) 80,350 £ 15 03 From WW threshold scan Beam energy calibration
I'w (MeV) 2085 + 42 2 0.3 From WW threshold scan Beam energy calibration
as (mw) (x10%) 1170 4+ 420 : Small From R‘W [45]

N, (x10%) 2920 =50 Small Ratio of invis. to leptonic in radiative Z returns

My,p (MeV) 172,740 £ 500 ] Small From tt threshold scan QCD errors dominate

Fop (MeV) 1410 £ 190 Small From tt threshold scan QCD errors dominate

Mop/ )r\,‘ 1.2403 : Small From tt threshold scan QCD errors dominate

itZ couplings k- 30% S5-1.5% Small From Ecy = 365 GeV run

BNL, Sept. 2019 F. Bedeschi, INFN-Pisa



INFN

E . Istituto Nazionale
l ( " di Fisica Nucleare

Outstanding program of precision EWK measurements

-] [EEn] M HL-LHC Hi+lHeC [l HL+HELHC HLHLC HL+CLICasy W HL+CEPC
B HL+ILCsnp HL+CLIC 1500
SMEFTy fit M HL+CLICa0

] Higgrie sl Wi

) [44]
cment

hysics
tion

o —— = - 10-3 tion

gt ot of of of ot g7ol* ol of ™0 o ob

-

g5 Bl 2 e sl ey B Senas s I
Weeoal e 4 Roenae DAiecey HEEIRER = e hoie B e mw et o e
B 4 | TR B g ol ol 5 .
T
Ir

i EpRsEr 2 | § gy B i peii e ety il a by
a* 9" of 9% of gk of gcpc of oL ™o ot

L

ab

F. Bedeschi, INFN-Pisa



EWK examples L e

AL A
- tt threshold - QQbar_Threshold NNNLO
-~ ISR + FCCee Luminosity Spectrum
— default - m{® 171.5 GeV, I, 1.37 GeV
m, variations = 0.2 GeV
I', variations = 0.15 GeV

FCCee W-pair threshold
— m,,=80.385 GeV T,=2.085 GeV
[ m,=79.385-81.835 GeV, I,,=2.085 GeV
(]1m,~=80.385 GeV, I,=1.085-3.085 GeV,

o
© .

c(WW) (pb)

Q0
L
| o
0
-—
O
Q
w
)
)
O
e
(&)

= simulated data points
20 fbo™' / point

W mass/width =2 0.5/1.2 MeV resolution

WW threshold scan/ direct measurements check and improve

Top quark mass/width = 17/45 MeV resolution
tt threshold scan — N3LO, ISR and FCCee luminosity spectrum

BNL, Sept. 2019 F. Bedeschi, INFN-Pisa




o,
O
W
@

my,,
TTTTTTTTTTT

—— FCC-ee (Z pole)

——— FCC-ee (Direct)
LHC (Future)
LHC (Now)

ERARRRE

Z pole (now)EPS + m |

| — Standard Model

BEER

|

178
My, (GeV)
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NP sensitivity from EFT fits (o

From exclusive fits
Reach to several 10°s TeV

|

(01U 0(3) O(I) O(I) 0(3) O(I) O(I)
D 91 [ [3 #q #q $a

Higgs observables

(. & (. (
O¢o O¢w O¢B O¢WBOm Om ()IUOW?)O¢e O¢ql)o¢qy) O% 0) O O O O

BNL, Sept. 2019 26 F. Bedeschi, INFN-Pisa
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e .. INFN
NP sensitivity from EFT fits (s

80

T e

From exclusive fits I | M|
ReaCh tO Several IO,S TCV Q 5OF— o o b

Theory uncertainties S8 E ‘ Ml
Parametric~ exp. precision I
Theory precisionneed  _. Higgs observables
13 loopZpole RS < Mo thunc) |
| 2 IOOp WW ..........................................................................................................................................

.............................................................................................................

( & ( (C
G O¢W O¢B O¢WBO¢D O¢a O¢/U O¢/?) O¢e O¢ql)0¢q7) o¢u O¢d O/ap OT¢ ot'q) 0
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Heavy flavors

Large heavy flavor production at Z pole
Particle production (10°) BY B~ B A,

Belle 11 25 9B mn/a wwa
FCC-ee 400 400 100 100

65

800 220

Very clean, well separated, pairs

BNL, Sept. 2019 27 F. Bedeschi, INFN-Pisa
CLLLLLLLL———_—_——_—_——_—————SSSSSSSSShEEEE



Heavy flavors L~

Large heavy flavor production at Z pole
Particle production (107) BY B~ B! A,

S

Belle 11 27.5 27.5 n/a 65 45

FCC-ee 400 400 100 800 220

Very clean, well separated, pairs

Example: B
(pink) 5~ — L ¥,
Lepton universality red) B, — D, D;K"
in BY — K0 t+r-

Decay mode  B” — K*(892)ete™ B" = K*(892)r"= B,(B") =u'u

Events / (0.02 GeV/c?)

Belle II ~ 2000 ~ 10 n/a (5)
LHCb RunI 150 - ~ 15 (=)

LHCb Uprade ~ 5000 : ~ 500 (50) A i
FCC-ee 000 ~ 1000 ~1000 (100)

BNL, Sept. 2019 27 F. Bedeschi, INFN-Pisa



Direct NP search example: HNL ("'

HNL mix with active neutrino’s
Fully reconstructable decay with W
Small mixing =2 long lifetime

BNL, Sept. 2019 28 F. Bedeschi, INFN-Pisa
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N
Direct NP search example: HNL (ML

I mr-.l ale

-

HNL mix with active neutrino’s
Fully reconstructable decay with W
Small mixing =2 long lifetime

I0cm<ct<100cm
1012 7

10
HNL mass (GeV)

BNL, Sept. 2019 28 F. Bedeschi, INFN-Pisa
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N
Direct NP search example: HNL ("'

HNL mix with active neutrino’s
Fully reconstructable decay with W
Small mixing =2 long lifetime

I0cm<ct<100cm
1012 7

0.0l cm <c¢t <500 cm
1013 7

10
HNL mass (GeV)

BNL, Sept. 2019 28 F. Bedeschi, INFN-Pisa
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INF

° . N
Circular et+e- colliders L~ St
The detectors
BNL, Sept. 2019 29 F. Bedeschi, INFN-Pisa



- IN
Detectors for circular e+e- (L e

di Fisica Nucleare

Requirements:
Constraints from physics (similar to LC .... more or less)
Physics Process  Measured Quantity Critical Detector Required Performance

ZH — (7f~X  Higgs mass, cross section A(l/pr) ~2 x
Tracker R

H — utp BR(H — ™) @1 x 107 /(pT sin f)

H—qq, VV BR(H — gq, VV) ECAL, HCAL '
H — vy BR(H — 77) ECAL Og ~

BNL, Sept. 2019 30 F. Bedeschi, INFN-Pisa
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- IN
Detectors for circular e+e- (L e

5
di Fisica Nucleare

Requirements:
Constraints from physics (similar to LC .... more or less)
Physics Process  Measured Quantity Critical Detector Required Performance

ZH — (7~ X  Higgs mass, cross section A(l/pt) ~ 2 x
Tracker '

H — utp BR(H — p7pu™) @1 x 1073 /(pr sinh)

H — bb, ce, gg BR(H — bb, ¢, gg) Vertex Ors ~ 5@ 10/(psin®? ) um

ot

H—qq, VV BR(H — gq, VV) ECAL, HCAL
H — vy BR(H — v7) ECAL og ~ 16%/ VE @ 1% (GeV)

Additional constraints
i Excellent acceptance and luminosity control
i PID & n° ID for HF/t physics
1 Low B field to avoid emittance blow up

Not present at LC

1 Power pulsing not allowed

BNL, Sept. 2019 30 F. Bedeschi, INFN-Pisa




P

Detector concepts CepC

di Fisica Nucleare

ILD-like (baseline)/S1D-like w/ PF calorimetry & TPC/S1

Particle Flow Approach

BNL, Sept. 2019 31 F. Bedeschi, INFN-Pisa
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INEN
Detector concepts CepC (-

||||||||||

ILD-like (baseline)/SiD-like w/ PF calorimetry & TPC/S1
Alternate detector, IDEA w/ DR calorimetry & Drift Ch.

Particle Flow Approach

BNL, Sept. 2019 31 F. Bedeschi, INFN-Pisa




Detector concepts FCCee (s

CLD (CLIC like): PF calorimetry/Si1

Fe - Yoke

[ s Y1 ESRe 2

Steel - HCAL Steel - HCAL

W-Si ECAL

MHH'
= | T I

BNL, Sept. 2019 32 F. Bedeschi, INFN-Pisa

Si - Tracker




B i

CLD (CLIC like): PF calorimetry/Si1
IDEA: DR calorimetry/Drift chamber

[ s Y1 ESRe 2

Steel - HCAL Steel - HCAL]

W-Si ECAL

Si - Tracker

=] ' AR

BNL, Sept. 2019 32 F. Bedeschi, INFN-Pisa




nnovative Detector for : N/Q
lectron-positron /\ ccelerator e

Basic design guidelines for IDEA

Low 2T field magnet to maximize luminosity at low energy
8 Maximize tracking volume
« Calorimeter outside = thin low mass solenoid = small yoke
Fast, low mass tracker
3 Air cooled VTX detector with fine pitch

3 DCH with small ~ 1 cm cells (much faster than TPC)
8 DCH provides excellent PID with cluster counting

Pre-shower to control y acceptance and compensate for magnet
Dual Readout calorimetry

i Electronics in back = no cooling issues

# Longitudinal segmentation with timing

BNL, Sept. 2019 33 F. Bedeschi, INFN-Pisa
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=

. INFN
Detector solenoid {7 o
2T field solenoid — Rin ~ 2 m

Can be made very thin ~30 cm total = 0.74 X,
(0.16 1) at @ = 90°

3l Calorimeter can be located outside coil
Small yoke thickness 50-100 cm Fe

i Scales with B R? = cost reduction over large coil

Courtesy of H. ten Kate

- Gtobic Strurtursd

Magnetic field in center [T]

Free bore diameter [m]
Stored energy [M]]

Cold mass [t]

Cold mass inner radius [m]
Cold mass thickness [m]

Cold mass length [m]

BNL, Sept. 2019 5 F. Bedeschi, INFN-Pisa



Vertex detector {7 o

BT

Build on ALICE ITS technology
30x30 um MAPS (ALPIDE)

3 5 um spatial resolution demonstrated
2 0.3-1.0% X, (in-out)
2 41-27 mW/cm2 (in-out)

e B & ¥ 4+ ¥ x

BNL, Sept. 2019 7 F. Bedeschi, INFN-Pisa
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Vertex detector {7 o

| B

Build on ALICE ITS technology
30x30 um MAPS (ALPIDE)

i 5 um spatial resolution demonstrated
2 0.3-1.0% X, (in-out)
2 41-27 mW/cm2 (in-out)

New R&D: ARCADIA
20x20 um MAPS
Aim to <20mW/ch
Stiching

Fast readout

BNL, Sept. 2019 7 F. Bedeschi, INFN-Pisa
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I r l< r Istituto Nazionale
di Fisica Nucleare

Drift Chamber: fast, good resolution/dE/dx w/ cluster count

Ultralight chamber (<1% X)) — gas: He 90% - 1C,H,, 10%
3 Lighter than air!

4 m long, drift length ~1 cm, drift time ~400ns, 6,, <100 um
Novel construction with separate gas envelope

Intagrated on all impact parameters
[ 2/ ndf 127.7 /31
A 1099 = 12.7

-0.01546 = 0.00157
0.1062 + 0.0016

21000{— A& o
Drift Chamber (DCH) _ g fo\ [ s 0.07781+ 0.00310

Shielding Solenoid

Beam pipe \

BNL, Sept. 2019 8 F. Bedeschi, INFN-Pisa




Tracker performance L
Tracking system has excellent resolution
BNL, Sept. 2019 8 F. Bedeschi, INFN-Pisa



INFN
Tracker performance (- o

di Fisica Nucleare

Tracking system has excellent resolution

Transparency very important

Track angle 90 deg

—— IDEA

IDEA MS only
——CLD

— — CLD MS only

Track angle 90 deg

Track angle 90 deg
—— IDEA
——CLD

Track angle 90 deg

— IDEA

BNL, Sept. 2019

F. Bedeschi, INFN-Pisa
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PR
Tracker performance L o

Tracking system has excellent resolution

Transparency very important
Excellent dE/dx with cluster counting

Particle separation (3m track)
(cluster conting efficiency = 80%)

.0 mu/pidi/éx
— v/ pl IN /i
PR Fl'x CE,"dl

pifK N/ dx

L]
£
L
v
-—
(o]
=

1.E+00 1.£E+01 1.E+02
momentum [GeV/c]

BNL, Sept. 2019 8 F. Bedeschi, INFN-Pisa




Tracking system performance (" e

Higgs recoil from ZH with Z-> up

Detectors:
— Beam only
— IDEA
= CLD

38 F. Bedeschi, INFN-Pisa

BNL, Sept. 2019
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Tracking system performance (" e

Higgs recoil from ZH with Z-> up

Higgs recoil mass with 0.136% beam spread

66

Detectors:
— Beam only
— IDEA
- CLD

‘.1|nv -

Mean

H->pupu in ZH events

130 132

BNL, Sept. 2019
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: INFN
Calorimeter system (e
H-2>vy =» good ECAL resolution — not extreme
BNL, Sept. 2019 39 F. Bedeschi, INFN-Pisa



Calorimeter system O

H-2>vy = good ECAL resolution — not extreme
WW/ZZ - jets separation =» very good HCAL resolution

JER = 0.3/\E JER = 0.6/\E

CEPC CDR

CEPC CDR

CEPC CDR

BNL, Sept. 2019 39 F. Bedeschi, INFN-Pisa
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Calorimeter system {7

H-2>vy =» good ECAL resolution — not extreme
WW/ZZ - jets separation =» very good HCAL resolution
Good t, ID — Example Z—2> t+1—

Set transverse separation scale

y distance (cm)at2m Minumum distance (cm) at2 m y (cut)

Entries
Mean 6.706
RMS 4 448

T2 pvontnlv

Ay @ 2 m

BNL, Sept. 2019 39 F. Bedeschi, INFN-Pisa
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i. ' 04 15 10 .S'

OOOOUOOOQOOO[
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IS O o) O © O O Alternating scintillating and

Fiber pattern RD52 clear fibers in metal matrix

BNL, Sept. 2019 40 F. Bedeschi, INFN-Pisa
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Dual Readout: Working principle (V' M.

Measure simultaneously:

Scintillation signal (S)
Cherenkov signal (Q)

Calibrate both signals with e-

Unfold event by event f_, to
obtain corrected energy

()4]5 1.0

Alternating scintillating and

Fiber pattern RD§ s clear fibers in metal matrix
BNL, Sept. 2019 40 F. Bedeschi, INFN-Pisa




e
Dual Readout: Working principle ('™

tituto Nazionale
i Fisica Nucleare

d

EM and Hadronic calorimeter in a
single package with all active
sensors and electronics in the back

Calibrate both signals with e-

Unfold event by event f_, to
obtain corrected energy

Alternating scintillating and

clear fibers in metal matrix
BNL, Sept. 2019 40 F. Bedeschi, INFN-Pisa
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INFN

Calorimeter performance (o

Dual readout calorimeter
Build on DREAM/RD52 I 1

experience W AN EE u
P BEEEES BAR

8 Transverse granularity ~2mm &0 & o8 oo @

: : il e @
3l Upgrade to S1iPM readout ggg aus 8snl

_ B aas sEEy
B is 8" B
B @80 BaW

Details in next talk by M. Antonello

BNL, Sept. 2019 9 F. Bedeschi, INFN-Pisa
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Calorimeter performance (e

Dual readout calorimeter S 0 20 50100

S —rIr 1 T T T ]
Build on DREAM/RD52 | + Sciniillation
| NI 5y ---» Cerenkov
cXpericnce - L —e S+ C

i Transverse granularity ~ 2 mm
il Upgrade to S1PM readout

Demonstrated EM resolution |

BNL, Sept. 2019 9 F. Bedeschi, INFN-Pisa




Calorimeter performance

Dual readout calorimeter
Build on DREAM/RD52

experience

i Transverse granularity ~ 2 mm
il Upgrade to S1PM readout

Demonstrated EM resolution

Had. resolution extr. with
GEANT4 due to lat. leakage

Combined (cher+scin) energy resolution e-

%2/ ndf
pO
pi

0.8239/2
0.1028 + 0.002415
0.003132 + 0.0003431

OFEM 103(%

@ 0.3%

E

VE

20

| I — T
v Scintillation
---» Cerenkov

—eo S+ C

@)

P

&y
— = H1%
E +E

g ]

0 l . J .
0.5 04 03 0.2 0.1
Dual readout energy resolution pi- < l /\/E

X2/ naf 12.02/2
po 0.3391+ 0.009275
p1 0.0001045 + 0.001242

ogap  34%

0




Muon Chambers L e
Exploring new mRwell technique
Significantly cheaper and simpler than GEM/Micromegas
No foils to stretch — Just a large printed circuit
Extensive ongoing work to transfer technology to industry

= drifting
E electrons

top copper layer

kapton

resistive foil

BNL, Sept. 2019 42 F. Bedeschi, INFN-Pisa




Detector layout NI

Beam pipe (R~1.5 cm)

BNL, Sept. 2019 6 F. Bedeschi, INFN-Pisa
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Detector layout NI

Beam pipe (R~1 5 cm)
VTX: 5 MAPS layers

BNL, Sept. 2019 6 F. Bedeschi, INFN-Pisa
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Detector layout NI

Beam pipe (R~1.5 cm)
VTX: 5 MAPS layers
DCH: 4 m long, R 35-200 cm

BNL, Sept. 2019 6 F. Bedeschi, INFN-Pisa
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Detector layout NI

Beam pipe (R~1.5 cm)
VTX: 5 MAPS layers
DCH: 4 m long, R 35-200 cm

Outer Silicon Layer

BNL, Sept. 2019 6 F. Bedeschi, INFN-Pisa
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Detector layout NI

Beam pipe (R~1I.5 cm)

VTX: 5 MAPS layers

DCH: 4 m long, R 35-200 cm
Outer Silicon Layer

SCCoil :2T,R, ~2.1m

BNL, Sept. 2019 6 F. Bedeschi, INFN-Pisa
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Detector layout INFN

Beam pipe (Rrvl .S cm)
VTX: 5 MAPS layers
DCH: 4 m long, R 35-200 cm

Outer Silicon Layer I I
SCCoil :2T,R, ~2.1m e ——
Preshower: ~ 1 X, l l
DR calorimeter: 2 m/7 A,

Yoke + muon chamber

BNL, Sept. 2019 6 F. Bedeschi, INFN-Pisa
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Huge potential of physics from FCC-ee (or Cep(C)
Study Higgs x10 better than HL-LHC
EWPO x10-100 better than LEP
=» sensitivity to NP in the 10°s TeV range
Large potential for HF studies complementary to LHC-b/Belle 11

Direct sensitivity to new physics
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Huge potential of physics from FCC-ee (or Cep(C)
Study Higgs x10 better than HL-LHC
EWPO x10-100 better than LEP
=» sensitivity to NP in the 10°s TeV range
Large potential for HF studies complementary to LHC-b/Belle 11

Direct sensitivity to new physics
Can match right time scale immediately after HL-LHC
Setup infrastructure for highest energy with FCC-hh

Gain time for high field magnet development
Same 1nfrastructure could be used for a multi TeV muon collider

Significant activity on detector concepts in progress
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Still many uncertainties — Not clear 1f/which will happen

ESPPU next year will clarify at least the CERN direction
8 Hopefully there will be a decision
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Still many uncertainties — Not clear 1f/which will happen

ESPPU next year will clarify at least the CERN direction
8 Hopefully there will be a decision

As effort for linear was loosing steam, significant new
efforts on circular machines

If CERN or China decides to go ahead proto-
collaborations will form soon
Need to start moving now — Key 1s common detector R&D

The cost 1s significant but not outrageous for a future for
our field — It’s a 70 year program!
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Conclusions (o oo

Let’s do it!
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ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

Extra dimensions
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S
g
S
3
-]
(U]

Model

ADD Gyx +g/q

ADD non-resonant y

ADD QBH

ADD BH high ¥ p

ADD BH multij

RS1 Gy — vy

Bulk RS Gxx — WW/2Z

Bulk RS Gyx — WW — gqqq

Bulk RS gy

2UED / RPP

SSM Z

SSM 2’ - rr

Leptophobic Z* — bb

Leptophobic Z* — tt

SSM W’ = &y

SSMW’' = r

HVT v + WZ — qqqq model B
» WH/ZH model B

(Dirac DM
Wy EFT (Dirac DM
Scalar reson. ¢ — ty (Dirac DM

alar LQ 3" gen
VLQTT — Ht/Zt/Wb + X
» Wt/Zb+ X
+ Wt + )

VLQ QQ — WgWg

Excited quark q

Type Il Seesaw

LRSM Majorana »

Higgs triplet H**
triplet H

Multi-charged particles

Magnetic monopoles

ﬁ. Ui partial data

VE=13TevV
full data

£y Jetsi ET™ [raqm™) Limit

ATLAS Preliminary
Vs=8,13TeV

Reference

J£dt=(32-139) b

T T ™—TT

2.57 TeV

155 TeV
1.67 TeV
M,

m,

LQ mass

560 GeV

870 GeV
400 GeV

mult-charged particie mass 122 7V
237 TeV

L

monopole mass

sl

ey
y.7 TeV

8.6 Tev
8.9 Tev
8.2Tev
9.55 TeV

m(Ng) = 05 TeV, g,

218TeV 7.,
40.0 Tev

10!

10 Mass scale [TeV]

1Tev Jll 5 TeV
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Linear Colliders e+e- Higgs )
FaCtOI'ieS L7 e

LLIEIT LD TRLTTRTH |

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:
2 c.g. factor of 4 for ILC: x2 Nbunches and 5 Hz = 10 Hz

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

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

BNL, Sept. 2019 48 F. Bedeschi, INFN-Pisa
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Challenges of Linear Colliders  n
Higgs Factorles

< Luminosity
spectrum
(Physics)

> 5E/E~1.5% n
ILC
» Grows with E:

40% of CLIC
lumi 1% off /s "
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Challenges of Linear Colliders

Higgs Factories

< Luminosity
spectrum
(Physics)

> OE/E ~1.5% 1n
ILC

» Grows with E:
40% of CLIC
lumi 1% off /s

+» Beam Current

(RF power limited,
beam stability)

>

F. Bedeschi, INFN-Pisa
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Challenges of Linear Colliders
Higgs Factories

lllll

< Luminosity

CLIC 3nm/150nm

% spectrum

= (FILSIES) Record small
% | Challenging e+ DR emittances
< | production (two 0.1 um BPMs
é » OE/E ~1.5% 1n schemes) [P beam sizes
; ILC CLIC higl}- ILC 8nm/500nm
= » Grows with E: current drive

>

40% of CLIC beam bunched
lumi 1% off +/s at 12 GHz

o)
Z
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[Limits of Linear e*e Colliders (e

Both ILC and CLIC offer staged approach to ultimate E

The limits are set by:

Cost
#ILCTDR 1TeV 17 BS
3 CLIC CDR 3 TeV 18.3BCHF

BNL, Sept. 2019 50 F. Bedeschi, INFN-Pisa
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Both ILC and CLIC offer staged approach to ultimate E

Total Facility Site Power Required

The limits are set by:

Cost
#ILCTDR 1TeV 17 BS

i CLIC CDR 3 TeV 18.3BCHF 0 05 1.0 15 20 25
Energy c.m. (TeV)
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—
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o
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=
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=
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<
i
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o

Electric power required
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Limits of Linear e*e” Colliders (- sz

Both ILC and CLIC offer staged approach to ultimate E

Total Facility Length

g
The limits are set by: :
Cost )
#ILCTDR 1TeV 17 BS
i CLICCDR 3 TeV 18.3BCHF . 5 10 15 20 25

Energy c.m. (TeV)

Electric power required
Total length
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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
==Om== CLIC

1%L, /L

<
o0

=
o)

The limits are set by:

Cost
#ILCTDR 1TeV 17 BS

i CLIC CDR 3 TeV 18.3BCHF 00 05 1.0 15 20 25 30
Energy c.m. (TeV)
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Electric power required
Total length
(complication of) Beamstrahlung
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e"e Ring Higgs Factories (s

Advantages:
Based on mature technology (SRF) and rich experience
2 - lower risk

High(er) luminosity and ratio luminosity/cost;
2 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

BNL, Sept. 2019 51 F. Bedeschi, INFN-Pisa
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Power limited regime

Synchrotron radiation power
from both beams limited to 100
MW (P/m=total site power)

- current I is set by power
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. INF
Challenges of e"e ng HE’s (o

Power limited regime

Synchrotron radiation power
from both beams limited to 100
MW (P/m=total site power)

- current I is set by power

3

Ly

- 167r2(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

BNL, Sept. 2019 52 F. Bedeschi, INFN-Pisa
CLLLLLLLL———_—_——_—_——_—————SSSSSSSSShEEEE



pw e Collider progress (o

di Fisica Nucleare

BT

Ionization cooling of muons:
Demonstrated in MICE @ RAL
4D emittance change O(10%)

NCRF 50MV/m1n 3 T field
Developed and tested at Fermilab

Rapid cycling HTS magnets
Record 12 T/s — built and tested at FNAL

First RF acceleration of muons
J-PARC MUSE RFQ 90 KeV

US MAP Collaboration =2 Int’l

Low emittance (no cool) concept
45 GeV e*+e=2>uu : CERN fixed target
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High Energy p 'y Colliders -

Advantages: .
Lepton Colliders

i’s do not radiate / no beamstrahlung Wall Plug Power
il acceleration in rings

1 low cost & great power efficiency

C.M. colliding beam energy(Te\.r']

JP.Delahaye

s || ol ] | PWFA s | PA DLA  sslbemMuon Colider  ssFCC{TLER)
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High Energy p 'y Colliders -

Advantages:

i’s do not radiate / no beamstrahlung
il acceleration in rings

1 low cost & great power efficier

arXiv:1901.06150

~ X7 energy reach vs pp

——————_———"

,uu @ 14 TeV

pp @ 100 TeV
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High Energy p 'y Colliders -

Advantages:

i’s do not radiate / no beamstrahlung
il acceleration in rings

1 low cost & great power efficiency

~ X7 energy reach vs pp

[ Muon accumulator
. . N Used e
New positron driven approach In positrons

1 | | Multi target| < .
‘ \ | Multi IP Line / Extraction | |

. «—-_.__ ;"‘I;;:_!'I_' ]'”1
a Ph i-[!”.[lij}_l__[d

. otons
1 q.gﬁmbeddg# source

Exfr'ac‘r/

| e
‘_}E___ e
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N
High Energy p 'y Colliders -

Advantages:

i’s do not radiate / no beamstrahlung
il acceleration in rings

1 low cost & great power efficiency

~ X7 energy reach vs pp

Muon accumulator
Used / X

New positron driven approach [zl positrons, | i target| -
U ‘ MuH'| Ip Lme Extraction N
Key to Ssuccess: ' ' | | .Ph;;ons il |

"L Enbecisd suires

N . ‘ Exfrac‘r/
i muon production and 6D cooling, g

Test facility to demonstrate
performance implications
1 study LEMMA e+-45 GeV + e- at rest ;'}!_—'— -

# design study of acceleration, detector
background and neutrino radiation
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Istitute Nazionale
di Fisica Nucleare

HE-LHC 27 TeV

Key facts: HE-LHC / FCC-hh* / SppC*

i * follow up after e+e- Higgs factories

Large tunnel —27/100/ 100 km
SC magnets —16/ 16 /12T
High Lumi / pileup O(1035) / O(500)
Site power (MW) —200/500?7 /?
Cost (BCHF) 72/ 17.1 /7

Unexplored possibility: o =
T o
arXiv:1809.00285

Inside of the ring

8 FCC with conventional magnets

BNL, Sept. 2019 55 F. Bedeschi, INFN-Pisa
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HE-LHC timeline o

Timeline dominated by magnet R&D/Production

C HCoDOC B DD BB BB

2020? e 2040?

JOMINISTR Ve pIoGesses

Comsbuton | Anticipated stop of

| E b ) ——— AL AHC program

| CE ano inostruchure design, SP5+ LHC dismaniing, CE work |

. TengeIrD PRGN | Infsiniciue edrbesimen

16 T dipole magnet | 16 T dipole magnet 16 T cipoie magnet | 165 T dipole magnet |
shotondlongmooels | peototypes pressfies | sefies production

Aol (SCSPS = HELHC) constuchon, |
inssal | Thon, COPmESSioning

cfimematonn! svperement cdflobombions !

" detector RAD and concegt geveiopment | Denscion sechnicdl cesigr l

Delactor construction, |
nstloiion, CommeEssioning

Domain Cost [MCHF 2900 Magnets; 260 for
Collider LHC disposal

Injrctor comipler mm 1 TeV beam from SPS

Techmical infrastrocture

L. ROSSI, Granada 2019

g i - = I-l

Total cost
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What lfJUSt 12T ma gnets (P

Somewhat faster - Similar cost —21 TeV

Design & Parameters Opt.
Superconductor Nb;Sn  Develop. & pilots Prototypes [Conntruction
Magnet Eng & Proto Models Prototypes

Industrialization 1st generation 2nd gener.cost opt.
Construction Pre -series Serles
Installation & HW Comm.

L. ROSSI, Granada 2019

BNL, Sept. 2019 57 F. Bedeschi, INFN-Pisa
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What iij.St 12T ma gnets (P rraen

HLH

Somewhat faster - Similar cost — 21 TeV

Design & Parameters Opt.
Superconductor Nb;Sn  Develop. & pilots Prototypes [Conntruction
Magnet Eng & Proto Models Prototypes

Industrialization 1st generation 2nd gener.cost opt.
Construction Pre -series Serles
Installation & HW Comm.

a Cost scaled from 2019 HE-LHC study. If it is of real interest the study could be done
S MCHF
<
=0l Collider 4500 2400 for Magnets -500
= :
Aol [njectors 500 =+ 1100 New optimization TBD 0 +-600
Uﬁ Tech Infr.+C.E. 900 = 1100 Probably is less (< P,) ?(-2007?)
o
% TOT 6100+ 6700 (LHC2008 was 3400) Cosit gorlielots
O optimized as upgrade
ad
—
BNL, Sept. 2019 57 F. Bedeschi, INFN-Pisa
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Readiness’ :
Green Green
NEIBW] - coR NEIIBW : 200-400 MW
Red Red
F3 “Cost” :

Green : < LHC

-: 1-2 x LHC

Red
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Other comparisons o

Higgs Factories Readiness Power-Eff. Cost

ee Rings 240GeV/tt

uu Collider 125 Gev- _
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Higgs Factories Readiness Power-Eff. Cost

ee Rings 240GeV/tt

uu Collider 125 Gev-

Highest Energy
ee Linear 1-3TeV I

pp Rings HE-LHC I
FCC-hh/SppC l

uu Coll. 3-14 TeV -
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— CLIC 3 TeV
ILC 1 TeV

ILC CLIC

1000 3000

4.3 5.9
0.20 4.9
10 28
2.0 2]

ILC 240 ~ 1.6%
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Physics reach driven by luminosity

Success driven by luminosity!

%
o
=
O
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m
=
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o)
=
=
=
=

100xLEP2
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Physics reach driven by luminosity
Success driven by luminosity!

Luminosity relies on complex/sensitive ma

netic optics
- 4 n3 T P T PR TR i Wherl gt sty gl SR (RS, (Bt waslea
Compensating / solenoid : St
solenoii - iae cano oo W B Caeelne e

S -
/"_“\

25

Yoke/Muon

_.---v_--—-‘-LlIl’ﬂii}‘O'S'ify““'T;-ﬁ : FF quads

°s  counter
FTD
200—siT
¢TX _ .
O - = m—

LumiCal Compensating Solenoid Quadrupoles
Cryostat Shielding

2000 3000 4000 5000 6000
Z [mm]
CepC CDR workshop, Nov. 2017 61 F. Bedeschi, INFN-Pisa
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Physics reach driven by luminosity
Success driven by luminosity!
Luminosity relies on complex/sensitive magnetic optics
Large detector solenoid fields affect luminosity

N
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o
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scale of BZ [T]
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