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High energy hadron machines
p[TeV/c]=03B[T]R[km]

Pros:
e relatively democratic initial states, strong and electro-weak force /;
e high center of mass, thanks to ~ small synchrotron power loss ’ ]
(me/mp)4

o caveat: at 100 TeV it becomes significant!
e high luminosity up to high energy

Cons:
e large backgrounds compared to lepton machines (o > a,, , ), from
o high Q2 physics (di-jet, ttbar ...) ’
o ‘“simultaneous” p-p collision (pile-up)

Discovery machines for heavy new states
* Also suited for precision (thanks to high rates)



Variants
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Main challenge: high field superconducting > 14 T magnets , high PU

FCC-hh CDR cost: 17 BCHF (24 BCHF if standalone) - to be revisited
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e Baseline FCC-hh design: B =14 T (Ns = 84 TeV)
e New conductor NbsSn supports higher fields due to its larger critical current density
and critical field
o HTS ? far from required specs still ... — needed for higher energy (120 TeV)
e Wider coils (50-55 mm vs. 30 mm in LHC dipoles) are needed to maintain a
conservative 400 A/mm? overall current density.
e This design demands 2—-2.5 times more conductor material than in LHC dipoles.
o 4.7k magnets (cost will be addressed in the ESPPU ~ 10 BCHF)
e Still intense R&D required to reach 15-16 T (including safety margin)
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Mass reach scaling

How does the reach for observing a a new state of mass M (e.g BSM Higgs, ... ) scale from
14 TeV to 100 TeV ?

Assume we need the same number of events at 14 TeV and 100 TeV to claim discovery:

# events (v/s2 = 100 TeV) = # events (v/si = 14 TeV)

(M2/ M) ~ (s2/ s1)'2 [(si/s2)(ZL2/Z))] N2a+))

\ =1 | assumes:

* largea

MIOOTeV/ MI4TeV ~7 + large luminosity

As expected, mass reach scales linearly with +/s



Cross section scaling

How does the rate of a given process (e.g. single Higgs production) scale from 14 TeV to 100 TeV

/ parton luminosities

cross-section (v/s = 100 TeV)
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High energy hadron machines

o [nb]

+ Total pp cross-section and Minimum
bias multiplicity show a modest
increase from 14 TeV to 100 TeV

— Levels of pile-up will scale basically
as the instantaneous luminosity.

+  Cross-section for relevant processes
shows a significant increase.

— interesting physics sticks out more !

e  he' HE LHC iy
10° ; : . . 10°
10°f- ol +10°
107 4107
10 +410°
10°F —410°
12:% :pj'e:c‘* ) %12:
1 3 g1
10° - 410
10E‘ : Y 10
1&" (n.iwi E 1
1075 { 10"
10°F {10°
10— : : 4 10*
10_5: 1 H " | MCFM + Higgs European Stratedy E« 10_5
10 8 [TeV] 102
Rate of increase from 14 TeV to 100 TeV:
+ ggH xI5
- HH x40

—_—

ttH x55

reduction of x10-20 statistical uncertainties



Physics at threshold

SM Physics is more forward @ 100TeV

normalized event rate

If we want to maintain high efficiency in
states produced at threshold need large
rapidity (with tracking) and low pt coverage

— highly challenging levels of radiation at large

rapidities
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Boosted topologies at multi-TeV energies

The boosted regime:
— measure leptons, jets, photons, muons originating ~ 40-50 TeV resonances

Tracking: (p) . Calorimeters: o (E) ~ i B
5 P BL2 E \/E@

- Tracking target: 0/ p = 20% @10 TeV
- Muons target: 6/ p = 10% @20 TeV
- Calorimeters target: containment of pr = 20 TeV jets

FCC-hh Simulation (Delphes) . FCC-hh Simulation (Delphes)
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Boosted topologies at multi-TeV energies

min. distance to resolve two

partons

[ 8R=2m/p, ]

ATLAS Preliminary - Simulation-

Pythia Z'— tt, t - Wb {8200
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ex for top:
p,=200GeV — R~2
p,= 1Te&Vv — R~04

Pr =

10TeV — R~0.05

At 10 TeV whole jet core within 1 calo cell
o neutrals possibly un-resolvable
m B field “helps” with charged
o PF reconstruction will be severely affected
m Total jet energy OK, calo does good job
m reed to be studied and rethought for

Naive approach:
o use calo for energy measurement
o tracking for substructure identification

in CMS:

Tracking — AR ~ 0.002
ECAL — AR~0.02
HCAL — AR~0.1 10



High p. flavor tagging

«  The boosted regime:

— measure b-jets, taus from multi-TeV resonances

- Long-lived particles live longer:

ex: 5TeV b-Hadron travels 50 cm before decaying
5TeV tau lepton travels 10 cm before decaying

— extend pixel detector further?
- useful also for exotic topologies
(disappearing tracks and generic BSM
Long-lived charged particles)
* number of channels over large area can get too high

— re-think reconstruction algorithms:
* hard to reconstruct displaced vertices
- exploit hit multiplicity discontinuity

B-hadron

> A
2*pixel pitch

Only 71% 5 TeV b-hadrons
decay < 5th layer.

e displaced vertices

Perez Codina, Roloff [CERN-ACC-2018-0023]

Traditional tagger vs hit multiplicity tagger
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A detector concept that does the job ...

30 Xo

long. segm: 8 layers

Barrel ECAL: LAr/Pb
o /E ~10%/VE ® 0.7 %

lat. segm: AnAd = 0.01

Tracker: 0,;/pr ~ 20%
at 10TeV (1.5m radius)

Central Magnet +
Fwd solenoids

Fwd ECAL: LAr/Cu
O/E ~30%/VE® | %
lat. segm: AnAd= 0.01
long. segm: 6 layers

Fwd HCAL: LAr/Cu
O /E ~100%/VE® 10%
lat. segm: AnAd =~ 0.05

long. segm: 6 layers

Barrel HCAL: Sci/Pb/Fe

O /E ~50-60%/E ® 3 %
Il A (ECAL+HCAL)
lat. segm: AnAd = 0.025
long. segm: 10 layers

23 m

y FUTURE
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Challenges

e Large dynamic range
High occupancy (1000 PU)
o Timing (3 ps resolution)
e High data rates
o 10x data vs HL-LHC
e High radiation
o 3e18 1MeV neq/cm2

R&D should continue after HL-LHC

12



Higgs at 100 TeV vs HL-LHC and FCC-ee

+ 100 TeV provides unique and complementary measurements to ee colliders:

* Higgs self-coupling
* top Yukawa
* Higgs — invisible

* rare decays (BR(uM), BR(ZY),
ratios, ..) measurements will be

statistically limited at FCC-ee

Large rates for rare modes and HH production at FCC-hh

Need to
improve

HL-LHC FCC-ee

OlH/ TH (%) SM 1.3
OQgHzz / QHzz (%) 1.5 0.17
Sgrww / gHww (%) 1.7 0.43
OQgHbb / GHbb (%) 3.7 0.61
OQgHce / OHec (%) ~70 1.21
8GHag / GHag (%) 2.5 (gg->H) 1.01
OgHtt / gHrr (%) 1.9 0.74
OgHup / GHup (%) 4.3 9.0
OGHyy / GHyy (%) 1.8 3.9
OgHit / gHtt (%) 3.4 -
OQgHzy / gHzy (%) 9.8 -
OgHHH / gHHH (%) 50 40

BRexo (95%CL) BRinv < 2.5% <1%

— complementary to e*e-




Higgs complementarity with lepton machines

At pp colliders we can only measure:
Uprod BR(|) = Uprod ri / rH

— we do not know the total width.
In order to perform global fits, we have to make model-dependent assumptions

Instead, by performing measurements of ratios of BRs at hadron colliders:

BR(H—=XX) / BRH—ZZ) =~ gx2 / gz2

from e+e-

We can “convert” relative measurements into absolute via gz thanks to e*e-
measurement

— synergy between lepton and hadron colliders

14



Higgs production in hadron

machines

W e o(13TeV) | o(100TeV) |o(100)/0(13)
Wiz ggH (N3LO) 49 pb 803 pb 16
a 7 VBF (N2LO) 3.8 pb 69 pb 16
VH (N2LO) 2.3 pb 27 pb I
ttH (N2LO) 0.5 pb 34 pb 55
HH (NNLO) 40 fb 1.2 pb 30

30M Higgs pairs

Expected improvement at FCC-hh:

+ 20 billion Higgses produced at FCC-hh

+ factor 10-50 in cross sections (and Lx10)

* reduction of a factor 10-20 in statistical

uncertainties

Large statistics will allow:

+ for % - level precision in statistically limited rare channels

(MM, ZY)

in systematics limited channel, to isolate cleaner samples in

regions (e.g. @large Higgs pt) with :
higher S/B

smaller (relative) impact of systematic uncertainties

w/z

w/z*

> 10M Higgs boson with
pT(H) > 500 GeV

15



H IggS ra re deCayS * 1% lumi + theory uncertainty

* prdependent object efficiency:

- d¢g(ely) =0.5(1)% atpr o0

- study sensitivity as a function of minimum pr(H) + dg(n) =0.25(0.5)% atpr 2o
reqUirement in the W’ ZZ(4I)’ uu and Z(")Y FCC-hh Simulation (Delphes)
i ¢ P ey ey
channels X=py.Z(l) 1 Goorey  smeomoum ]
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* low pr(H): large statistics and high syst. unc. Lx = uy,Z(l) of — st ony
* large pt(H): small statistics and small syst. unc.
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high pt (means 0.5-1% on the couplings : ]
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L T T NN
B, 150V
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BR (up,yy,2Zy) / BR(H—ZZ)

* measure ratios of BRs to cancel correlated sources of systematics:

* luminosity

- object efficiencies

* production cross-section (theory)

* Becomes absolute precision measurement in particular if combined with H—=ZZ measurement from
e*e-(at 0.2%)

& (BR(H — pp) / BR(H = pupp) ) (%)

10*

FCC-hh Simulation (Delphes)
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. f . + 0(100TeV)/o(14TeV) =~ 40 (and LxI0) g°°°t° =S gm>"<//h
nggs Sel -Coupllng %400 in event yields and x20 in precision 9 o) e il g

2004.03505 [hep-ph] FCC-hh Si (Delphes)
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2|
83 0.85 09 0.95 1 1.05 11 1.15 k;z ® Expected Precision: k jé\
X g
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bbtt 9.8 12.2 13.8 ——
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+  Combined precision:
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FCC-hh
T
Assuming SM couplings.
— scenario Il (stat+syst)
=+ scenario Il (stat only)

g
H

1

+ 3.5-8% for SM (3% stat. only)
+ 10-20% for A3=1.5% AssM 5
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new studies on-going !
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exploring more detector
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Summary Higgs measurements

. HL-LHC FCC-ee FCC-hh
S / Th (%) SM 1.3 tbd
OQrzz | grzz (%) 1.5 0.17 tbd
dgHww / gHww (%) 1.7 0.43 tbd
8gHbb / G (%) 3.7 0.61 tbd
8QHcc / QHee (%) ~70 1.21 tbd
8QHgg / QHgg (%) 2.5 (gg->H) 1.01 tbd
Sghrr / G (%) 1.9 0.74 tbd
SQHu / Qrup (%) 4.3 9.0 0.65 ()
SQryy / Gryy (%) 1.8 3.9 0.4
Sght / gt (%) 3.4 — 0.95 ()
SQrzy / Grzy (%) 9.8 - 0.91 ©
BgHHH / Grrn (%) 50 _~30 (indirect) 5

BRexo(95%CL) = BRmw<2.5% <1% BRinv < 0.025%

* From BR ratios wrt B(H—4l) @ FCC-ee

** From pp—ttH / pp—1ttZ, using B(H—bb) and ttZ EW coupling @ FCC-ee
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The energy frontier

High mass resonances stops
FCC-hh / HE-LHC Simulation (Delphes)
Q* -5 jj L L T T 17T L | 1 T 1 S‘ 9000 F T EF T F ] TR LI R L N B B ]
s= -100 Tev - (.3. 8000 ;_ FCi) Simulation . = Nominal _i
(5 =27Tev . r {s=100TeV, 30 ab == Conservative |
Ly, — 5 o Discove 7000} E
Vs =100 TeV - 01 alb-1 = é - ]
Vs =27TeV l 25ab’ 6000 - E
Z'goq —tt 15 abj r s B
Vs =100 TeV ] 30 abb" : 5000~ P il
(s =27Tev l 100 a 4000 E 3
Gy —> W'W z ]
fs =100 Tev I 30002_ ]
Vs =27Tev . E E
i = 2000F :
Vs =100 Tev _ [E
Vs =27Tev - 1000F
Ziggm = T : 9
“f: 100 I: | % 2000 4000 6000 8000 10000
s=27Te .
0 10 20 30 40 50 rnf [GeV]

Mass scale [TeV]

Challenges: multi-TeV collimated top, W, T highly collimated.
Tracking is the key highly segmented calorimetry
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WIMP dark matter - disappearing track analysis

Nearly degenerate

chargino-LSP

Radius [mm]

. %* decaying into %O+t

high-p; charged particle
interacting with TRT material

low-p; charged particle scattered
in materials resulting in badly
measured track py

reconstructed track
———— true particle track

Default layout (Concept Design Plan)

Discovery significance

Alternative layout

FCC-hh, Vs = 100 TeV, 30 ab™ 5 = 1
20: T ; ——T—] 3 20 fC‘C 'JLET 100 TeV, % ab’ I _
18F = € 18t Default layout, <u> = 200 3
E = o C Alternative layout, <u> = 200 7
16 - = 16 Default layout, <u> = 500 -
E 3 5 E Alternative layout, u>=500
— — 7 [ K
14f . 2 14 g
. _‘ [ — hoa -
122 ] 3 12: Higgsino B
10 - 8 10F =
F 7 (o] F J
8 = 8L B
F Wino 3 F 3
6F — 6 3
N} Default layout, qu>=200 . 3 4F 3
r Alternative layout, <u> = 200 = C 7
of Default layout, <u> = 500 = 2 =
E Alternative layout, <u> = 500 3] 0 C i ! ! | 7
= | = A N P RE—— )
0 800 1000 1200 1400

4-layer track A

FCC inner tracker

5-layer track

. FCCinner tracker v3.03 in FCCSW-0.8.3 T b
- 8 wf

B asof-
=E 5-layer track &
3001 i 0o
E —‘“ﬁ — b
200 4-layer track 200~
150 \~—F 150
o | N
I E—w s

v , Eoy
~1000 -500 [ 1000 ~1000
z [mm]

z [mm]

PR S SRR PSR ST S RN SR R T SR S
2500 3000 3500 4000
Chargino mass [GeV] Chargino mass [GeV]

observed relic density

« M =|TeV Higgsino can be discovered
« M = 3TeVWino can be discovered
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Scenarios
name F12LL
Dipole Field (T) 12
Vs (TeV) 72
current (A) 0.5
PU 600
SR power (MW) 1.3
2 beams
Lumi/yr (ab-1) 1

Limiting factor: 5MW synchrotron power ~ ' s

F12HL

12
72
1.12
3000

29

F12PU

12

72

1.12

1000

2.9

1.3

F14

14

84

0.5

600

24

0.9

D)

X/

F17

17
102
0.5
700

5.2

0.9

FUTURE
CIRCULAR
COLLIDER

F20

20
120
0.2
150

4.0

0.35
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(Preliminary) sensitivity to various scenarios

Higgs SM precision BSM reach

700 Tev CDR If there is a cross-over, physics is better at the lower

Coupling precision it 80 TeV 120 TeV energy collider! (assuming you can handle the pile-up)
BGrvy / Grivy (%) 0.4 0.4 0.4 |
Bgriuu / Grun (%) 0.65 0.7 0.6 v DM/ Change in | Change in
Sghizy / grzy (%) 0.9 1.0 0.8 Scenario E Lumi/ Cross- | Compress | stop mass | Z’ limit
name nergy |Lumilyear|  over EWK |limit [TeV]| [TeV]
30— 125 | 40—
~always
. . . FI2LL |[72Tev | 950 | ~2 ~26 ~9.6 ~30
Higgs self-coupling (scenario |) ~ 3-4% worse
FI2HL | 72TeV | 2000 fb! | ~3TeV ~32 ~10.4 ~32
~125
. FI2PU | 72TeV | 1300 fb-! ~28 ~10.0 ~31
assuming same detector performances © GeV
Fl4 |8aTev | 9s0f | 2Ws | g ~10.8 ~34
worse
F20 [120TeV| 370fb! | ~25TeV | ~25 ~12.6 ~42
Eliott Lipeles
Preliminary conclusions:
For Higgs physics and lower mass new resonances, luminosity can make up for energy (for the WIMP DM still in reach at

highest energies it is much harder) 80 TeV



FCC CDR:
Eur.Phys.J.ST 228 (2019) 6, 474
Eur.Phys.J.ST 228 (2019) 4, 755

FCC-eh

Px

e 60 x 50000 GeV?
e 3.5 TeV ep collider Operation: 2050,
e cost (of ep): O(1-2) BCHF
e concurrent Operation with FCC-hh
Nélo _ [ Fcc-he
106 [ LHec BSM
- O HERA 2
S =
10°F 7
F
0 Programme
M 03]
e Proton physics
oF o Beyond HERA and LHeC
0 F e Higgs and Top physics program
L e BSM (lepto-quarks, HNLs, ALPs)
10 4 ;;_é vl gl _5.'1 sl gl ol g o4



xg(x, Q’=1.9 GQV’)

FCC-eh - Proton structure

low-x - Gluon distribution — high-x
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x

+ Explore low-x regime :

- Saturation?

+ Transverse Momentum Dependent
(TMDs)

 Generalized parton distribution
functions (GPDs)

99 luminosity
V§=13TeV |y|<2.5

#50 NWPOF4.0-notop (68 c.\+10)
50 M (ol top data) (68 C..+10)

[
°
&

NNPOFA.0 (68 1410

8
g0.95
Probe the proton structure with color gor
neutral states =

myx (GeV)

Full determination of all parton flavour to
unprecedented precision (low and high-x)

parton-parton luminosities (/s = 100 TeV)
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FCC-eh - SM, Higgs, Top

CC DIS single-top quark production NC (yp) top-quark pair production

Vud Vus Vub
V=|Vy V.V,

Vi, ~1% "
Via Vi (Vi)

Sl

(5% today)

Vud Vus Vub
V= Vcd ‘/cs Vcb |V

mb ts,td

|<0.04

Charged current

Interplay between pp and ep
(shown here: LHeC & HL-LHC - similarly for FCC-hh/eh)

8x/%

|
:
:

:

:

:

:

d |
- N

w
WHL-LHC ®LHeC mpprep

Complementarity between pp and ep
e ep: bb, WW, ZZ, cc
* pp-gg, TT Y

___ FCC-eh/LHeC
Higgs@FC WG — e

Neutral current

Hcc to
few ~ %
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Conclusion V CIRCULAR
> COLLIDER
e High energy proton colliders are very “inclusive” facilities for physics
o probes many different initial states, both for both EWK, colored particles

o measurements at threshold and beyond thanks to large rates, high mass exploration

e Key physics benchmarks channels studied set the requirements for detector design
o physics reach
o detector design and technologies, R&D
o optimisation of the machine layout
o reconstruction , object identification, PU removal
o software, Al ...
e FCC-hhis an order of magnitude more complex than HL-LHC
o main challenges identified, most likely will be overcomed given timescale
m radiation hardness, amount of data real challenge
m it will be the next generation hadron machine, BUT R&D should not stop after
HL-LHC
e synergetic with other proposed future facilities
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: : y FUTURE
Organisation ) CIRCULAR

e General group: fcc-ped-hh-espp25

— main group, general monthly meetings announcements

Coordinators:

Christophe Grojean (DESY/CERN), Michelangelo Mangano, Matthew McCullough, Michele Selvaggi

(CERN)
e Physics analysis group: fcc-ped-hh-physicsperformance-espp25

— physics analysis focussed monthly meetings (will be announced soon)

Coordinators:
Birgit Stapf (CERN), Angela Taliercio (NorthWestern), Sara Williams (Cambridge)
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FUTURE
Useful references Y( \ CIRCULAR

> COLLIDER

Physics at the FCC-hh CERN-2017-003-M

FCC-hh CDR CERN-ACC-2018-0058

FCC-hh Yellow Report (extended CDR) CERN-2022-002

Physics potential of a low-energy FCC-hh CERN-FCC-PHYS-2019-0001

Hiogs Physics Potential of FCC-hh Standalone CERN-FCC-PHYS-2019-0002

FCC-hh Detector Requirements CERN Seminar

29


https://e-publishing.cern.ch/index.php/CYRM/issue/view/35
https://cds.cern.ch/record/002651300
https://e-publishing.cern.ch/index.php/CYRM/issue/view/154/120
https://cds.cern.ch/record/2681366?ln=en
https://cds.cern.ch/record/2681378?ln=en
https://indico.cern.ch/event/1335302/attachments/2730999/4756583/fcchh_seminar_cern.pdf
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High energy hadron machines

To compute reach, we assume we need to observe
given number of events:

N=0Z i

dimensional analysis 10°

o~ Lparton (T) - Opartonic g 10

\ ~ . 10°
1/ M2 2

|/t 2 3 10

assumes mostly 10"

T=x1x2=M2/5s produce at threshold 102

< :integrated luminosity

Lparton : parton luminosity

LHC parton luminosity distributions

T b | T
MSTW2008NLO -
Vs = 14, 40, 60, 80, 100 TeV 3
a9 3
—aqq 2
3 L~Il/xa ]
E 100 4
L 80 -

60

E a0 3
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Mass reach scaling

How does the reach for observing a a new state of mass M (e.g BSM Higgs, ... ) scale from

|4 TeV to 100 TeV ?

Assume we need the same number of events at 14 TeV and 100 TeV to claim discovery:

# events (v/s2 = 100 TeV) = # events (v/si = 14 TeV)

(M2/ M) ~ (s2/ s1)'2 [(si/s2)(ZL2/Z))] N2a+))

\ =1 | assumes:

* largea

MIOOTeV/ MI4TeV ~7 + large luminosity

As expected, mass reach scales linearly with +/s
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Machine and detector requirements

parameter unit LHC | HL-LHC | HE-LHC | FCC-hh
E.n TeV 14 14 27 100
circumference km 26.7 26.7_ 26.7 97.8
peak £ x 1034 cm—2s~! 1 5 25 30
bunch spacing ns 25 25 25 25
number of bunches 2808 2808 2808 10600
goal [ L ab™! 0.3 3 10 30
Cinel mbarn 85 85 91 108
i mbarn | 111 111 126 153
BC rate MHz 31.6 31.6 31.6 32.5
peak pp collision rate GHz 0.85 4.25 22.8 324
peak av. PU events/BC 27 135 721 997
rms luminous region o, mm 45 57 57 49
line PU density mm ! 0.2 0.9 5 8.1
time PU density ps! 0.1 0.28 1.51 2.43
dNeh /dn|p=0 7 7 8 9.6
charged tracks per collision N¢p 95 95 108 130
Rate of charged tracks GHz 76 380 2500 4160
<pr> GeV/e | 0.6 0.6 0.7 0.76
Number of pp collisions T 2.6 26 91 324
Charged part. flux at 2.5 cm est.(FLUKA) GHzcm ™2 0.1 0.7 247 8.4 (12)
| I MeV-neq fluence at 2.5 cm est.(FLUKA) | 10"°cm™ | 0.4 3.9 16.8 | 84.3(60)
~Total 10n1sing dose at 2.5 cm est.(FLUKA) MGy 1.3 15" 54 270 (400)
dE/dn|,_s GeV 316 316 427 765
dP/dn|,—s kW 0.04 0.2 1.0 4.0

rad. levels

— x50 HL-LHC

108 cm-2 MeV-neq
@25cm!

33



Radiation tolerance

Tracker: - o HL-LHC = 20x LHC
first IB layer (2.5 cm): ~ 6:10"‘cm™° FCC =30 x HL-LHC
HL-LHC rad. tolerance limit @ R=27 cm: ~ 10'%cm~?
external part: ~ 5-10"%cm™?

IH”-‘\.—U w -"‘f '.\\\u'.".,'-a:l;\' v T.‘)I"".' !Oq‘_"l"'." o

0 500 1000 1500 2000 2500 3000 3500 4000
z [cm]

1 MeV neutron equivalent fluence [cm'2]

Forward calorimetry:

-2

maximum at ~ 10'® cm

A hadron fluence > 10'6 cm2 is very challenging for silicon sensors
* This limit is reached already @ 27 cm from the beam pipe

+ Dedicated R&D needed to push the limit of radiation hardness (LHCb Upgrade Il) 34



Pile-up rejection

E
2
2-nd layer 1R -, 07|
) i
() = 1000 10°F
BP [ () =1 g
Z
Beam spot =+ L 10
; : ;
e %00 g o aep 1
I I E|
i 95% CL | g
_ | | 1 @ St
ghw_ T I ﬂ , —dt=15ps : : ! E. 102 ——
= ool 1 | 1 oo 1 —at=5ps 1 [ L B —_—
ik "+t £ 4] 7 ; ‘ 8
. ﬁ+ H M WT TN < A ooy
21 ”M o e
“;* ]L o j %1“ 9% no timing
,o,+1_ ﬁ+ﬁ + | +1+ Jt=25 ps
LTS B A 6t=5 ps
Z [mm]

¥ ."’..
;—/f".
i Multipl¢ scattering limit
0 1 2 T R W

M

e p=10GeV/c, no timing

Effective Pile-up @qum:woo as Estimated @95%CL for Tilted Layout

p,=1GeV/c, no timing
p,=1GeVic, 3=25ps

GeV
1 c

p,=1GeV/c, 3=5ps

p,=5GeVic, no timing

CMS ph2 @PU=140: p, =1GeV/c, no timis

CMS ph2 @PU=140: p =1GeV/c, 81=25ps

With PU density = 8 mm-! need dzo ~ 100 um resolution in track longitudinal impact parameter
— at large angles this corresponds to beam-pipe contribution alone !!!

High resolution (~ 5-10 ps) timing information needed !!
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Calorimeters

liquid argon absorbe

L
ul-‘,;:'g{\t"(’l‘ — ///
/

Y 5
; | ECAL HCAL :
-

=

-

////; I A Sourcetubes

15cm Sem
'Ylﬂ

E

= H
g

z B

£ |z

E |B

g =

- |3

= f
o e (R

g 2

cryostat —@&

10cm

+  ECAL:LAr + Pb technology driven by radiation hardness

« HCAL: FCC-hh Tile Barrel +Ext. Barrel
+  Organic scintillator + Steel, R/O with WLS fiber + SiPM [ siPMs+readout |
* LAr in the forward (Dose > 10 MGy) wis N

Fibres

+ Design goals:

10-25 cm

+ High longitudinal (7+10 layers) + transverse
segmentation (x4 CMS and ATLAS)

*  Particle-flow compliant

+ standalone PU rejection ]_.
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Muons

< 10%f T T T TIIT] s o A 5 ™7

2 E H 1
St muons

\Q_'- [ .. = standalone 70 urad Bot /A

c‘; oo tracker A n=0.: 7

[ —— combined MS limit T 1

—— combined 25 um / :

L.....——combined 50 um.. . il 4 YA

combined 100 um / /
10 w7 43 /%:

i
il | T |

10° 10
P, (GeV/c)

x(m)

op/p = 10%
@20 TeV

0, /P (%)

* pT =4 GeV muons enter the muon system
+ pT =5.5 GeV leave coil at 45 degrees

50—

40

30

20

[ ——500GeVic -

LA LN L L B I B

— 10 GeV/c
100 GeV/c
—— 200 GeV/c

—1TeVic
—2TeVic

10 TeV/ic
o simulation 100 GeV/c

0 0.5 1 1.5 2 25

!

Calo + Coil = 180-280 Xo

+ Standalone muon measurement with angle of track exiting the coil

* Target muon resolution can be easily achieved with 50 um position
resolution (combining with tracker)

*  Good standalone resolution below |n| < 2.5

* Rates manageable with HL-LHC technology (sMDT)
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Data rates and trigger

g W7
z E muons
Y L Inl<2.5 ]
Parameter Unit LHC | HL-LHC | HE-LHC | FCC-hh | - “’2;_ ) : E
bE cross-section mb 0.5 0.5 1 2.5
bb re:)te . MHz 5 25 250 750 105— c,b,W,Zt E
bb p7 > 30 GeV/c cross-section ub 1.6 1.6 4.3 28 | .
bb p7 > 30 GeV/c rate MHz 0.02 0.08 1 8 &
Jets T8t > 50 GeV/c cross-section [341] ub 21 21 56 300
Jets pl" > 50 GeV/c rate MHz 0.2 1.1 14 90 | il = r b
Phase II: | PP PO PO IR M IS
0 10 20 30 40 50
« ATLAS/CMS readout calorimeters/muons P, threshold (GeVic)
@40MHz and send via optical fibres to Level |
trigger outside the cavern to create L| trigger . FCC-hh:

decisions

*  CMS reads out (part of) the tracker at L1 50 Tb/s

*  Full detector readout @ |MHz (5Mb/event)
*  @40MHz it would correspond to 200 Tb/s

high transverse
momentum

top sensor

1.6 -4.0mm
le——>1

bottom sensor

low transverse
momentum

+ At FCC-hh Calo+Muon would
correspond to 250 Tb/s (seems
feasible)

*  However full detector would
correspond to |-2 Pb/s
* Seems hardly feasible (30 yrs

from now)

*  How much data can be
transferred out, without spoiling
the performance?
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Road to |% precision on the self-coupling ?

[MLM, Ortona, MS]

OKj (stat) ~ 2-3%

[Taliercio et al.]

Photons
energy/momentum resolution
Homogenous LXe calorimeter ?
MR:“/S cm, Xo ~ 2.5 cm
3%IVE SO eV
Eff - low misID e
Pile-up rejection (~ 10 ps timing) wWe

(B-)jet energy momentum resolution

Intrinsic HCAL resolution,
Calorimeter segmentation for optimal particle-flow
Timing for pile-up rejection

* Flavor Tagging

* Close to IP (radiation damage !!!) (1/d)

* ~@lcm — lel9 | MeV neq/cm?
* Light vertex detector (1/X0)

* but power/cooling needed to extract data
* target single point resolution ~ 10 pum x 10 pm maps ~ lel5 | MeV neq/cm?
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Top Yukawa , H—bb boosted

t
+ production ratio O(ttH)/O(ttZ) = y.2 yv2/ gz 2 I " >,m,,,<t H
* measure O(ttH)/o(ttZ) in H/Z—bb mode in the boosted T H =

regime, in the semi-leptonic channel
+ perform simultaneous fit of double Z and H peak
*  (lumi, scales, pdfs, efficiency) uncertainties cancel out in ratio ttZ

t A
- assuming gez and Kp known to 1% (from FCC-ee), IZ % >m<‘ o >m'nw<t
T s T

— measure ycto 1%

«10° FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
> ; e S 270000 T T
- —ttH 1 r —ttH ]
© 5001 ys = 100 Tev . . S E Vs =100 Tev — 3
% I L=30ab’ B b . =60000F L=30ab” -
g + .tz 1 s [ ]
s op E $50000F Sy./ % ]
L E — < 7
N . [ Ye/ Ye = | (-] ]
300 ] 40000} - I t
- ] : ] compliemen
N ] 30000~ - .
~E E : : H
- ] 20000k E usSing ATT
100 ] r E
i ] 10000 B
100 150 200 250 300 % 50 100 150 200 250 300
m;(H) [GeV] my(H) [GeV]

~a
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Direct search vs HH

+ Strong Ist order EWPT needed to explain large observed baryon asymmetry in our universe
+ Can be achieved with extension of SM + singlet

S f extra Hi - Combined constraints from precision Higgs
reck qetacton ol exira LIgRs Stakes measurements at FCC-ee and FCC-hh

__Real Scalar Singlet Model

1) L] L] 1] LA B B BN S S S B T T
=z 100 TeV, 30/ab — =
100 TeV, 3/ab — ! current
100 14 TeV, 3/ab — zN 0 100l
R i HL-LHC
N
i
10 >
____________ = 0.010}
[@))
£
1 o L
8 00011 FCC-ee
| 5 |
v 8 8
N 1 1
0.1[..l....l....l....i.... - §10_4’ g g E
400 500 600 700 800 05 70 5 20 25

m, (GeV) hhh coupling: Asz/As sm
Parameter space scan for a singlet model

ho — hi1hy (bE’y’y + 47) extension of the Standard Model. The points

indicate a first order phase transition. 41



. . FUTURE
New possible studies Y( \ GiRCULAR

>~ COLLIDER

e Exploring new ideas to reduce dependence on detector assumptions and systematics:
o H->WW, bb, cc, 1t
o use ratios/double ratios
m focus on boosted regime/similar production modes
e Forrate, object, lumi (partial or total) cancellations
o study tradeoff between boost (syst) and statistics

Single ratios: double-ratio:
o  WH(YY)/ZH(YY) - Ky
: H(bb,cc,tt)/Z(bb,cc,tt
o WH(YY)/ WZ(ee) -~ K, ( Ve )~ < /x
e WH(bb,cc,rr) / WZ(bb,cc,tr) -~ «,, ber” “uZ
e ZH(bb,cc,T)/ZZ (bb,cc,Tv) - k, , . R, 48)/2(uu, 40
e ttH(bb,rT)/ ttZ(bb,TT) -~ K, in ggH, VH? pT(H)min ?

exploit absolute model independent K, , ttZ measurements from FCC-ee 42



HHVV coupling

A(VLVy — HH) ~ < (coy — ) + O(miy /3),

e~
0 in the SM

10* |

do /dmpy, [fb/bin]

10? —_\_\_|_‘

T T |
— SM .
— cov =038

== Background

5 10 20
mpp [TeV]

Posterior Probability

Bishara, Contino, Rojo

negligible at
large muH

high energy behaviour driven by Cav and Cy, if

dCyv = 0, grows with E

0.02

80
60 | -
40 .
20 - o
0 L L L
—-0.02 —-0.01 0.00 0.01
602v

With cv from FCC-ee, dc2v< 1%
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Guiding principles for FCC-hh detector YC CIRGULAR

N/

COLLIDER

Guiding principles were machine constraints and physics requirements

This generic detector serves as a starting point for:
o benchmarking physics reach of the machine
o identify: challenges of building such an experiment
o topics where R&D needed

Most likely, this is not “THE OPTIMAL” detector.

Maybe the optimal route will be to have several detectors optimized for
specific signatures (low? vs high lumi)

Also, expected improvements in technology may lead to more ambitious
and less-conventional approaches of detector concepts in the future
o most of the challenges common to any high energy/high luminosity
project.
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1912.09962

Experimental challenges for jets R ST R LL

(at threshold) A

0<mi<13

s ’30 ™ T T :_
L F FCC-hh simulation s = 100 TeV E
&~ F ) iets ]
8 25F QCDWds)jets  ..g. \opoctuster,clec.noise
= E antik .R=04

~

e relative impact of PU is large on:
o jet energy resolution and scale
o HF-tagging (b/c-tagging) s

[ Barrel E+HCal
RN | —

N: .
e PU subtraction techniques ’ bl
o charged hadron subtraction , Eectve POt @Pl o100 2 Estimated @95%CL for Tited Layout
m timing information (5-10 ps resolution) %102_(»:% 15
e forward! § e 20
o Residual: Y s e —®
m area-subtraction B O N L - I
m PUPPI reconstruction ' .
m advanced graph based-ML




Color Singlets (W/Z/H)

-0.000717
-0.001207
0.007865
0.008631

Entries 178 Entries 73 Entries
mean : -0.001669 Mean x -0.004114 Mean x
lean y -0.003647 Mean y 0.006156 Mean y
RMS x 0.0321 AMS x 001112 AMS x
RMSy 0.03495 RMSy 0.007278 RMSy
= F 1 s 1 s
< C . < r . < C .
R -1 [ -1 B
ot gluon jet w0 o3 quark jet w0 o3k Vjet
r 2 2 B K =
02 e p2f 100 gof
r 10° . 10°
0.1 0.1+ 01
r 10* o 10*
o - 10° oF K 10° o
C 6 <]
01 il 01F 1 01
£ 107 107
02 0.2F 0.2
o® o®

130 Tev RS—»gJ « +30 TeV Rs—qu - +80 TeV RS-V

1 11 11 1 1
-03 —02 —01 0 01 02 03 10 03 -02 —01 0 01 02 03 10 -03 —02 —01

1l
0

L
01 02 03

A¢

[Pierini]

102

e Gluon/quark jet looks the same at 50 GeV and 5 TeV (QCD is ~ scale invariant)

e Color Singlets look like taus (do not radiate, a part from occasional QED/EWK shower)

(©)

high mass, highly isolated, highly collimated tracks
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Boosted Color Singlet ID

[Pierini]

Boosted Z- q g
Quark jet
Gluon jet

~ isolation variable

. 552
Mw py(flow) = %;TT

Probability (a.u.)

0 01 02 03 04 05 08 07 08 09 1
P-FLOW1

Loss in performance, but no show stoppers
Very simple heuristic based , can probably do much better with today’s techniques
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Boosted Colored Resonances

Track- based jet Mass

L FCC detector, {s=100 TeV - top jet

ParticleFlowJets :
== gluon jet
- antirk; (WTA),R=4 ml/ p"“

0.1F 7sTev<p™<t00Tev = uds jet

0.05

1

UE, ISR, PU

0 - L h
0 200 400

jet

600

M charged pj_?l / p-I?harged [GeV/cZ]

uds mis-tag rate

—

—
|

—
-

10°

N

3

Very simple heuristic algo

i . {5 =100 T

| FCC detector, \s =100 TeV 1206eV < m < 200 Go¥
anti-k; (WTA), R=4m, / P,

E 5.0TeV<p <7.5TeV

29

— 1,/ 1, (trk)
----- 7,/ T, (calo)
— D, (trk)

e Multi TeV top radiates FSR at a typical scale angular scale ~m / pT (deadcone)
e Large cone FSR can spoil mass by adding Am ~ m,,, €ven for 1 GeV emission
o — use shrinking cone algo by reclustering with R ~ 4m/pT

o use tracking for substructure
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Maltoni, MS, Thaler [1606.03449]

The deadcone effect for massive colored res. £ oo oo =
2 0.03 —~:
§ 0.02 ; :N"z;\ stable top
FSR in soft and collinear limit : Z =
001 |- =
OE—‘; ! 1 1 1
0 2 4 6 8 10
! (120’ ~ - 1 62 902 0?
cdzde2  w T (62 + 62)2
m
HDZFZ
MG5aMC (NLO)
" R TRV

e effect can be observed at HL-LHC

e rather than treated as a nuisance can
be exploited for top tagging at multi TeV
energies

for the top can be pretty large angle

a1 i ¥ I iy
3 2 -1 0 1 2 3
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Summary

e Circular ee (FCC-ee/CEPC)
o small boost, small background, well known initial state
o Huge statistics 10" jets of any flavor (including tau’s)

study jets (Q vs G), HF jets and calibrate taggers in data

e Linear ee machines (ILC/CLIC)
o Low to moderate boost/backgrounds

e High energy lepton (u-Col) and hadron collider (FCC-hh)
o atthreshold:

SM Physics is forward, challenging machine backgrounds (PU, BIB)
e precise tracking/timing

o Hyper boosted regime (p; > 10 TeV)

calorimeters cannot resolve substructure
tracking is key
new handles:

e [solation for color singlets

e deadcone radiation
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Higgs invisible X (inv)

+ Measure it from H + X at large pr(H)
* Fit the Ermiss spectrum * H
* Estimate Z—VV from Z—ee/J control regions

* Constrain background pr spectrum from Z—Vv to the % level using NNLO QCD/EW to jet(s)
relate to measured Z,W and Y spectra

- |BR(H—*inv) = 2.5 104

——— LHeC/FCC-eh (BSM)

—
>
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LHeC/FCC-eh (BSM) 12

P

] — MEG:©%=|6,6,|

i DELPHI:0%=(0 |2

| — ATLAS(LNC):0%(6, |*
—— LHCb:@?%=|6, |?

Highest reach for Heavy
—— LHeC(LFV):0%=|6,6,|

OG- eV el Neutral lepton searches
LHeC(displaced):0?=6,6, (H N LS):

FCC-he(displaced):0?=|6,6,,| e on g-l ive d
HL-LHC(LFV)«10":0°=|6,6,|
: : i FCC-hh(LFV)+10-:0%=(6,6, * prom Pt
10 100 1 000 164 1 05 rrrrr LHC-13TeV(Z- p e)+10-2:07=|6,6,|
my [GeV]

’ RICh BSM physics programme for FCC-eh
Lepton-quarks
« LFV processes
« Anomalous couplings
+ Contact interactions ....



