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This presentation contains material from:

Michael Benedikt, Daniel Schulte, Werner Riegler, Michelangelo Mangano
Martin Aleksa, Ana Henriques, Clement Helsens, Jana Faltova, Coralie Neubiser, Anna
Zaborowsk, Tony Price, Phil Allport, Sergei Chekanov
Jim Brooke , Simone Bologna, Paris Sphicas
llaria Besana, Francesco Cerultti
Zbynek Drasal, Estel Perez Codina, Philipp Roloff, Lucie Lienssen, Konrad Elsener,
Marcello Mannelli
Herman Ten Kate, Matthias Mentink, Helder Pais da Silva, Erwin Roland Bielert
Michele Selvaggi, Heather Gray,

Phil Harris, Tristan du Pree
Benedikt Hegner, Andreas Salzburger, Julia Hrdinka, Valentin Volkl, Joschka Lingemann

and others ...
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Reading material

* Volume 1: SM processes (238 pages) arXiv:1607.01831
« Volume 2: Higgs and EW symmetry breaking studies (175 pages)  arXiv:|606.09408
« Volume 3: beyond the Standard Model phenomena (189 pages) arXiv:1606.00947
+ Volume 4: physics with heavy ions (56 pages) arXiv:1605.01389

« Volume 5: physics opportunities with the FCC-hh injectors (14 pages) arXiv:1706.07667

Now available as a CERN Yellow Report
e https://e-publishing.cern.ch/index.php/CYRM/issue/view/35/showToc
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Summary: European Strategy Update 2013

Design studies and R&D at the energy frontier

....'to propose an ambitious post-LHC accelerator project
at CERN by the time of the next Strategy update”

d) CERN should undertake design studies for
accelerator projects in a global context,

« with emphasis on proton-proton and electron-positron high-
energy frontier machines.

 These design studies should be coupled to a vigorous accelerator
R&D programme, including high-field magnets and high-
gradient accelerating structures,

 In collaboration with national institutes, laboratories and
universities worldwide.

 http://cds.cern.ch/record/1567258/files/esc-e-106.pdf

strategy adopted at Brussels in May 2013, during exceptional session
of the CERN Council in presence of the European Commission
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Future Circular Collider Study — SCOPE

Forming an international
collaboration to study:

* pp-collider (FCC-hh)
- main emphasis,
defining infrastructure

~16 T = 100 TeV pp in 100 km
~20 T = 100 TeV pp in 80 km

Schematic of an
. 80 -100 km
« 80-100 km infrastructure “ Jorg

In Geneva area

4
|
i

« e*e collider (FCC-ee) as
potential intermediate step

p-e (FCC-he) option
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(<§CC >) FCC-hh mtegratlon and optlons

‘g:{"" ’ v al Image © 2013:DigitalGlobe
LHC "HE-LHC”  FCC-hh (alternative) | FCC-hh (baseline)

27 km, 8.33 T 27km, 20 T 80km,20 T 100km, 16 T

14 TeV (c.m.) 33 TeV (c.m.) 100 TeV (c.m.) 100 TeV (c.m.)
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FCC hh:

pushing the energy frontier

The name of the game of a hadron collider is energy reach

E Bdipole X pbending
Cf. LHC: factor 3-4 in radius, factor 2 in field - factor 7-8 E

- 100 TeV

Access to new particles (direct production) in the few TeV to 30 TeV
mass range, far beyond LHC reach.

Much-increased rates for phenomena in the sub-TeV mass range
—increased precision w.r.t. LHC and possibly ILC
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Hadron collider comparison

parameter

collision energy cms [TeV] 100 27 14 14
dipole field [T] 16 16 8.33 8.33
circumference [km] 97.75 26.7 26.7 26.7
beam current [A] 0.5 1.12 1.12 0.58
bunch intensity [10%] 1 1(0.2) 2.2 (0.44) 2.2 1.15
bunch spacing [ns] 25 25 (5) 25 (5) 25 25
synchr. rad. power / ring [KW] 2400 101 7.3 3.6
SR power / length [W/m/ap.] 28.4 4.6 0.33 0.17
long. emit. damping time [h] 0.54 1.8 12.9 12.9
beta* [m] 1.1 0.3 0.25 0.20 0.55
normalized emittance [um] 2.2 (0.4) 2.5 (0.5) 2.5 3.75
peak luminosity [10%* cm2s-1] 5 30 25 5 1
events/bunch crossing 170 1k (200) ~800 (160) 135 27
stored energy/beam [GJ] 8.4 1.3 0.7 0.36
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Luminosity assumptions

The present working hypothesis is:

: peak luminosity baseline: 5x103*
: peak luminosity ultimate: < 30x1034

- integrated luminosity baseline ~250 fb-1 (average per year)
- integrated luminosity ultimate ~1000 fb-1 (average per year)

An operation scenario with:

- 10 years baseline, leading to 2.5 ab-1
- 15 years ultimate, leading to 15 ab-1

would result in a total of O(20) ab-1 over 25 years of operation.
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Just as a reminder : FCC-ee

The money plot:
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a Ultimate precision with
+ 100000 Z [second (!)
e 17 /secondatLEP
+ 310000W /hour
e 20000W in 5 yearsatLEP
+ 15oo Higgs bosons [ day
® 10-20 times more than ILC
+ 1s5ootop quarks/day

... In each detector




Alignment Shafts Query Alignment Location
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Shallow implementation
-~ —auensy * ~ 30 M below lakebed
X — Lake =
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Current layout

A mmm | DS
« Two high-luminosity - Lsep NEew features:

experiments (A & G) Exp m—L_arc
_ Inj. + Exp. Inj. + Exp. Overall length 97.75 km
« Two O_ther experiments \ T / Economy length 2.25 km
combined with injection (L & B) 2k
- _ m Injections upstream side
« Two collimation insertions . of experiments

- Betatroncleaning (J) J || Bcoll  «— o8km — extractuonl[ D

Momentum cleaning (F) « Avoids mixing of
o _ 1.4 km extraction region and
« Extraction insertion (D) high-radiation
* Clean insertion with RF (H) / l \ collimation areas
RF Exp. o-coll
. . . ~ =
acs ijitzgle Wi ERC orses "\G"’F Fixing this layout for CDR
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FCC-hh tunnel

6000

Basic layout following LHC concept
« 6 minner tunnel diameter

«  Main space allocation:
1200 mm cryo distribution line (QRL)
1480 mm installed cryomagnet
1600 cryomagnet magnet transport
>700 mm free passage.

3700
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FCC-hh: high-field magnet R&D

« FHC baseline is 16T Nb;Sn technology for ~100 TeV c.m. in ~100 km

Develop Nb;Sn-based 16 T dipole technology (at 4.2 K?),

- conductor developments

- short models with sufficient aperture (40 — 50 mm) and

- accelerator features (margin, field quality, protect-ability, cycled
operation).

Goal: 16T short dipole models by 2018/19 (America, Asia, Europe)

 In parallel HTS development targeting 20 T (option and longer term)

Goal: Demonstrate HTS/LTS 20 T dipole technology:
« 5Tinsert (EUCARD2), ~40 mm aperture and accelerator features
e Outsert of large aperture ~100 mm, (FRESCAZ2 or other)
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Series
> tests

(1200 magnetsty)
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from 2023/24
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Stored beam energy: 8 GJ/beam (0.4 GJ LHC) =16 GJ total
= equivalent to an Airbus A380 (560 t) at full speed (850 km/h)

» Collimation, beam loss control, radiation effects: very important
» Injection/dumping/beam transfer: very critical operations
» Magnet/machine protection: to be considered from early phase
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One of the most critical elements for FCC-hh
« Absorption of synchrotron radiation at ~50 K for cryogenic efficiency (5 MW total power)
» Provision of beam vacuum, suppression of photo-electrons, electron cloud effect, impedance, etc.

FCC Beamscreen prototype for test at ANKA:
External copper rings for heat transfer to cooling tubes

> |

L 1/ FE
Remember: synchrotron radiation —AE « E —
mn

CE/RW Future Circular Collider
\ Filip Moortgat

NS



There are relevant, well defined questions, whose answer can be
found exploring the TeV scale, and which can help guide the
evaluation of the future colliders. E.g.

® Dark matter
p is TeV-scale dynamics (e.g. WIMPs) at the origin of Dark Matter ?

® Baryogenesis
p did it arise at the cosmological EW phase transition !

® EW Symmetry Breaking
p what’s the underlying dynamics? weakly interacting? strongly interacting ?
other interactions, players at the weak scale besides the SM Higgs ?

® Hierarchy problem
P “natural” solution, at the TeV scale?
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pp at 100 TeV opens three windows:

w Access to new particles in the few—30 TeV
mass range, beyond LHC reach

= |mmense rates for phenomena in the
sub-TeV mass range =

increased precision w.r.t. LHC

w Access to very rare processes in the sub-TeV
mass range =

search for stealth phenomena, invisible at the LHC
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Cross section evolution

Total cross section and Minimum
Bias Multiplicity show only a
B TeV 14 TeV 33 TeV 100 TeV .
10° LHC Lhe HE LHC VLHC 10° modest increase from LHC to
= : : ; FCC-hh.

The cross-section for interesting
processes shows however
significant increase !

track density @ 90° ~ 1.6 x LHC

| | i- ) >
Ko —"Fpg| PP (PR) — " (inel), n=0
= 5 EPOS LHC
o = — - QGSJET 1104 e
=° - PHOJET 1.12 e
T 10 PYTHIA 6.428 (Perugia 350 tune) - =
PYTHIA 8.17 (Monash tune) ..~ | .-~
5 A
,-/'
4 5’
',} " @ CMS (p-p INEL) !
: oF * ALICE (p-p INEL)
: v‘/" ' = UAS (p-p INEL)
-5 T | ;r'" | II;I:FMIf Hiu:||:-.Eu||-:-|Jsr-n]‘3I|:|ls.iy _5 & v ISR (P“p INEL)
10 102 102 10° 10* 10°
\'s [TeV] s (GeV)
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PDF

CT14
NNPDF3.0
PDF4LHC15

Top quark production

o(nb) | Oscae(nb) (%) | dppr(nb) (%)
we | IS (| 0E O
wale| B8 pamg| o e
34733 | 1% (i | £0690  (£1.7%)

Oot( 100 TeV) ~ 35 x Oeor(14 TeV)

* = about 10'? top quarks produced in 20 ab™

* rare and forbidden top decays

* |0'2 fully inclusive W decays, triggerable by “the other W”
* rare and forbidden W decays

* 3 10" W—charm decays

* |0'""W—tau decays

* |0'2 fully charge-tagged b hadrons
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Higgs production rates

Nioo Nioo/Nsg | Nigo/N14
gg — H | 16 x 10° | 4 x 10* 110
VBF 1.6 x 10”7 | 5x 10* 120
WH 3.2 x10% | 2 x10% 65
ZH 2.2 % 10 | 3 x 10° 85
ttH 7.6 % 10° | 3x 10° 420

Nioo = G101y % 20 ab™!
Ng = ogtev % 20 fb!
Nis = Gl41ev X 3 ab™!




lnln T T T | T T T T T T T T l T T T T
N:g(pT.H}pT.mlnB x 20 ab"
. ) 5 . _
H at large pr | e ot O e e o
................................. L ¥ 50 B 518
2121“, .......... =1
2 Pata p R NP
L . 108 |- L _
Lesson: Hierarchy of production channels O
changes at large p1(H): = - € e
DﬁShESttHM ..... .E.h.ﬁ.-,.q_.q_ ...... bb-
® g(ttH) > g(gg—H) above 800 GeV - Short dash: VBF "~ o TN~ ]
Dotdash: WH e P
e GO(VBF) > o(gg—H) above 1800 GeV © m" | C T S
104 N [ B | [ T R | I T
500 1000 1500 2000
PT,min (GEV)
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Higgs couplings @ FCC

ee [240+350 (41P)1 pp [100 TeV] 30ab-! ep [60GeV/50TeV], 1ab-1

0.15%
0.19% )
0.42% ® 0.2%
0.71% !_g 1.8%
0.80% E
0.54%
6.2% <1%
1.5% <0.5%
<1%
~13% 1%
~30% 3.5% under study
H-=py, under study
H->¢y, under study
< 0.45% < 0.1%
1%

- detailed study, stat+syst

- rather detailed, stat only (understood/limited/negligible theory syst)
- parton level 5 and B (from ratios, negligibleTH syst, small exp syst)
= very preliminary estimates of exp/th syst (not stat-limited)
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FCC-hh as a precision machine

One should not underestimate the value of FCC-hh standalone precise “ratios-of-
BRs" measurements:

* independent of Os, mp, mc, [iny systematics

* sensitive to BSM effects that typically influence BRs in different ways. Eg

BR(H—YY)/BR(H—ZZ¥) BR(H— pp)/BR(H—ZZ*)
loop-level tree-level 2nd gen’n Yukawa gauge coupling
BR(H—YY)/BR(H—Zy)

different EW charges in the loops of the two procs

Higgs decays to BSM, affecting ['tot, would impact [y, (if weakly interacting), or BRyy (if charged),
or o(gg—H) (if colored) = detectable from various production and/or decaysratios

Future Circular Collider
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The Higgs potential

After spontaneous symmetry breaking:

A
AhEn? + S0t + Ahon?

!
mi = Qkhg \Jl " '\ h
3 b

The strength of the triple and quartic couplings is fully fixed by the
potential shape.

1) it is the last missing ingredient of the SM, like the
Higgs boson was the last missing particle, we need to
prove that things really behave like we expect;

Why s It relevant? 2) It has implications on the stability of the Vacuum;

3) It could make the Higgs boson a good inflation field
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Di-higgs production at pp colliders

NNLO with full top mass *NLO mi = e

Standard Modelg
g

mp = 125.09 GeV o(fb) scale unc. (%) PDFunc. (%) as unc.

b xh* i A h Vs =7 TeV 771 +40/-57 +34 +28
i t.b _a_( ) Vs =8 TeV 1117  +41/-57 + 31 +26
i \\ EERERCVAS 3791 +43/60 + 21 +23
MR q . vOREEREREAN 4500 +44-60 + 21 + 22
g v h triangle

EEEEREAE 2066 +15.1-125 +5.8/-5.0
VEERUONCS 1748 +51/65 +17 +20

box
Higgs decay branching fraction

4b a 1800
WWhbb =

1bb = 1350
NWWW N

ZZbb 5 90

yybb
VVWW 450
0
0 0.1 0.2 0.3 0.4 0 25 50 75 100

Highest possible energy pays Vs [TeV]
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HH discovery channels at 100 TeV

B S/sqrt(B) B S/B (%)
80 * vvbb looks to be the golden channel;

* need to reach maximal accuracy in this channel
simulation, implementing pile-up simulation and
stronger fake estimate;

* detector design should be driven by minimisation of
systematics on It;

* More work needed on WWbb to fully exploit its
potentiality;

yy bb bb bb 4lbb  WWbb, 21 WWhbb, 1l
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H selfcoupling determination
Contino, Englert, Panico, Papaefstathiou, Ren, Selvaggi, Son, Spannowsky, Yao

- overall rescaling of background rate ng — rg X npg using “medium” calorimeter resolution

Ao (pp = hh)

For Ags = 2.5% the precision on A3 is dominated
a(pp — hh)

- uncertainty on signal rate Ag =
by the theory error on the signal: A)\; ~ 2Ag

A3 Ag=0.00 | As =0.01 | Ag =0.015 | Ag =0.02 | Ag =0.025
rg = 0.5 2.7% 3.4% 4.1% 4.9% 5.8%
rg =10 3.9% 4.6% 5.3% 6.1%
rg = 1.5 3.9% 4.4% 5.0% 5.7% 6.4%
rg = 2.0 4.4% 4.8% 5.4% 6.0% 6.8%
rg=3.0 5.2% 5.6% 6.0% 6.6% 7.3%
Tab H-30

Results updated/confirmed with improved analysis by
M.Selvaggi, https://indico.cern.ch/event/613 195/

Cw Future Circular Collider
\ Filip Moortgat

N/ S



Invisible Higgs decays

Escapes detector
MET

(100 TeV)
s(iatev) — 20 A Jet
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Invisible Higgs decays

Constrain bg pt spectrum from Z— VvV to the % level using NNLO
QCD/EW* to relate to measured Z—ee,W and Y spectra

/; ;“ll] RS | ]lll"l 3+ ll‘l"l ' 1 lfll”] LI ’lll”l T ' IVITHI LI Ill"j:
c B i .
? - & = P.Harris at FCC wshop,
= : =
T 10 E . :- E updated at Feb 21
oc - .. . Physics WG mtg
o & ‘. :
10—2 E e B=
- e default - =
_ e default no exp sys. = & -
B SM
10—3 3 1% unc. = v _:?' BR (H—’4V)
- 1% unc. no exp sys. ' -
j % NOsys A
- FCC-ee
10 = BR(H— ZZ— vvwv)
;ulll dedad lllll. - L..l.l.ll.lll S— | L.lllll el Lllll. L L.A,Lllll,. . llv“ll
10" 1 10 10 \93 . 10° 10°
uminosity (fb

SM sensitivity with lab™!, can reach few x 10~ with 30ab-"
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SUSY reach

95% CL Limits
14 Tev, 0.3 ab™
B 14 Tev, 3ab™

5 o Discovery
100 TeV, 3 ab”
B 100 TeV, 30 ab™

0 5 10 15 20 25
Mass scale [TeV]
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tan 5

B soH0/A° —bbTT MSSM Higgs @ 100 TeV

T bbHYA? —bbtt
- t(t)HYA? —¢(t)tt

B - oty
T tbH* —tbtb
1. 2.

20.

o
s

50. 50.

40.

0 B LHC3ab!
= o B LHCO0.3ab!
10. 10.

=
5. — 30 ab™!
% —3 ab™!
I. VAR N AN o W A - =11 =1 & i
0.5 1 2. 5. 10. 20.
my [TeV ] my,. |TeV] F' H 88
N. Craig, ). Hajer, Y.-Y. Li,T. Liu, and H. Zhang, ). Hajer,Y.-Y. Li,T. Liu, and J. F. H. Shiu, Ig M-
arXiv:1605.08744 arXiv:1504.07617 H
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Sensitivity to ttbar resonances

Auerbach, Chekanov, Proudfoot, Kotwal, arXiv:1412.5951

— 10°E
2 - pp (s=100 TeV 7 o ii g, —t
n B i ~#- PYTHIA LO x 1. -4 PYTHIA L
T det:ﬂJab‘ Ox13 °
; = "=+ 95% CL " 95% CL

1035—

10%

10

1 §_ -.--u---r...........'.....
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Direct exploration of the high-mass scale

collider: LHCl14 SLHC LC800 CLIC3

New particle % 100! lab! 500fb' 1ab!  FCChh
squarks [TeV] 2.5 3 0.4 1.5 15
sleptons [TeV] 0.3 - 0.4 1.5 1.51%
Z' (sm coupiings) [TeV] 5 7 8 20 30
2 extra dims Mp [TeV] 9 12 5-8.5 20-30 ?
TGC (95%) (1; coupting) 0.001 0.0006 0.0004 0.0001 ?
U contact scale [TeV] 15 - 20 60 100?
Higgs compos. scale [TeV] 5-7 9-12 45 60 ?
CLIC Physics TDR First estimates, tbc
* 75 = Lots of work to be done to examine the
physics opportunities of FCC-hh
Rule of thumb for mass reach in direct searches at See e.g. Salam and Weiler,
hadron colliders, at equal integrated luminosity: —

M each (100 TeV) ~ Mreach (14 TeV ) x 0.7 x (100 / 14))
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No-lose theorems?

25 years ago, there was a strong selling point for the LHC : the no-lose theorem
for the Higgs (mH < 1000 GeV).

Now we don’t seem to have such a clear no-lose theorem for new physics ... or do
we?

It's worth to to think of ways to put upper limits on the mass of new particles ...
even if it's with some caveats.

Examples:
upper limit on stop (from requiring that mH=125 GeV)
wino/higgsino (from relic density in the universe)
gluino (from proton lifetime bounds)

and we have a possible no-lose theorem for models of Electoweak Baryogenesis
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DM overclosure upper limits:

Dark Matter at 100 TeV = Mwre<18TeV (03) =

wino: m=3 TeV
higgsino: m=1.1 TeV

o R . thermal WIMP
« Wino LSP leads meta-stable chargino ( 7 =0.2 nsec)
« ¢cT ~ 6 cm — directly detectable mono-jet disappearing track
« chargino tracks disappear in the tracker. \ | A s
wino Collider Limits
m 100 Tev

higgsino

Hl 14 TeV

ATLAS Simulation Preliminary

mixed (ﬁ!rpﬂ
mixed (B/W)
gluino coan.

stop coan.

squark coan.

ATLAS-CONF-2017-0

« Latest preliminary LHC limit : 430 GeV

arXiv:1404.0682
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Dissapearing track reach

Discovery sensitivity reach ~ 3 TeV
10

Significance

Pure Wino LSP

0 1 | 1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | 1 1 | 1 1 | L1 1 1
1.6 1.8 2 2.2 24 26 28 3 32 34
Chargino mass (TeV)

Green band : number of BG scaled by 0.2—5.
The center corresponds to the factor 1

~0.5 TeV higher sensitivity with 30 ab!
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Higgs mass in the MSSM:
(dominant one-loop)

mi < MZ|cos2B|* +

e Mg = 5 TEV

Mg ey = 10 TEV
Mg oy = 15 TeV

— Mg, = 20 TeV

M, [GeV]

_|IIII|IIII|IIII|I II|IIIIllllllllflllIII|IIII|IIII|_

FeynHiggs 2.10.0

-10 05 00 05
XM, [GeV]

25 -20

10 15 20 25

4 M2\ X2 X2
In%? [“" (m—%) oz (1 - —w;)]

Can one derive an upper bound
on the stop mass from the
measured m, value?

m,, =125 +/- 1.5 GeV ?
(th. uncert.)

> Mg =0.5-9TeV ??

—> that’s possibly outside of the
LHC reach but within the FCC-hh
reach!!

Also: Badziak et al., arxiv:1411.1450




Stop @ 100 TeV

Exclusion for pp — Tt — ttyy

< 10000F lirmi 2
g (s=100Tev preliminary|i o &
B s -1
~.. gooo|_ | Lt =3000 b &
= | £55 = 20% wdl 5)
i N O
6000 r___FTf;A 21
LHcE: 650 Gev gk | i
(ATL cONF-2013-024) |- K 1
LHCI4: .4 Tev L 1::@10
(ATL-PHYS-PuUB-2013-0li) 2000 :
1102
02000 10

4000 60009W 8000
M- (GeV)
t (Exclude ~9q Tev Sto?p)

Discover ~7 Tev Stop! (~ 100 events)
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Upper limits on SUSY from proton decay

10°

Precise Gauge Unification

One can derive upper limits on the gluino and
wino mass from lower bounds on the proton
lifetime, under the assumption that unification
of gauge couplings is precise in the MSSM (i.e.
with no or highly suppressed threshold ‘
corrections). |- [

10%

10?

M, [TeV]

With the current lower bounds on the proton sl

10° 10? 102 103

lifetime, one gets an upper limit of 120 TeV on Mj [TeV]
the gluino mass and 40 TeV on the wino mass.

The next generation of nucleon decay experiments will improve this limit with a
factor 10. That would set upper limits of ~10 TeV on the gluino mass and ~3 TeV
on the wino mass. That’s within the reach of the FCC-hh!

Pokorski, Rolbiecki, Sakurai, arxiv:1707.06720
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Minimal stealthy model for a strong EW phase transition:

Curtin, Meade, Yu, arXiv:1409.0005

the “nightmare scenario” 8

1 1
Vo= —p?|H2+ N\H|* + 5;1%32 + Aus|H|*S? + Z,\ss‘ °

Unmixed SM+Singlet. 4
No exotic H decay, no H-S mixing, no EWPQ, ... < ? : ’

Two regions with strong EWPT

Only Higgs Portal signatures: npfrturbati
h*—SS direct production N feat
Higgs cubic coupling

0(Zh) deviation (> 0.6% @ TLEP)

= Appearance of first “no-lose” arguments for

classes of compelling scenarios of new physics FOC hh Higsself<couping
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B anomalies

LHCb (and also Belle) have reported anomalies in their measurement of B > K
decays (P5’ and the ratios of BRs into muons vs electrons).

If these deviations turn out not to be statistical fluctuations, or caused
by insufficient understanding of the SM predictions, they could point to
new physics such as Z’ or leptoquarks (LQ).

Such new particles could be heavy and be beyond the reach of the LHC.
Allanach/Gripaios/You studied the sensitivity of future colliders, making rather
conservative assumptions. They find:

* All Z’models can be covered with FCC-hh (most also with HE-LHC)
» Leptoquarks up to 12 TeV can be covered with FCC-hh (extendable to 21

TeV if strong coupling for single LQ prod.) while masses up to 41 TeV
could explain the anomalies

Allanach, Gripaios, You, arxiv:1710:06363
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Bottom line

The previous examples indicate that a strong physics case can be made for a
100 TeV collider.

Two of the previous examples are less than 3 months old ... still a lot of room
for new ideas.
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A detector design?

For the Conceptual Design Report, we were asked to come up with a
detector design which that could enable us to fully exploit the physics of 100
TeV pp collisions

The design that follows is rather conservative and is meant only to
demonstrate that such a detector can be built.
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Towards defining the FCChh detector
Physics constraints

Kinematics of a 100 TeV FCC

LA i B B R N L B B L S ML I AL

: 20 TeV Z* E

. . 10 FCC 100 TeV - e

»  Physics will be more forward é ¥ ameveaug L

S [ LHC 14 TeV E

§ 3 ST 3

less for “high pT” physics 5 ok ::;gs i ,_..: ',,:;"' ? _

more for “low pT” physics (W/Z/Higgs, top) oY, low?*le*/ A

0E T

in order to maintain sensitivity in need large / ey ,.., iy

rapidity (with tracking) and low pT coverage e mm"'amwu',
— precision muon up to |n| < 4 008

— calorimetry up to [n| < 6 [ pri>25 Gev |
— Can we deal with |k pile-up will at large rapidities? F
au- 2 4
Contino et al. ‘ ‘ [n| max jet |
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A detector design?

6T, 12m bore solenoid, 10Tm dipoles, shielding coil 4T, 10m bore solenoid, 4T forward solenoids , no shielding coil
-> 65 GJ Stored Energy -> 14 GJ Stored Energy

-> 28m Diameter —_— -> Rotational symmetry for tracking !

-> >30m shaft -> 20m Diameter (= ATLAS)

=> Multi Billion project -> 15m shaft

- x 1 Billion project
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A reference detector design

4T 10m solenoid
Forward solenoids
Silicon tracker

Barrel ECAL Lar

Barrel HCAL Fe/Sci
Endcap HCAL/ECAL LAr
Forward HCAL/ECAL LAr

a.t=n F=n 20=n [rri] n=0.5 =1 n=15

2.8=n n=2.5
E=n =
2.E=n n=35

¢ == === == 3 B
LY e . > o £
BORLECCOICOCCI BITIOL BRI FLELSI LI OL @ 8 T o 2 2 3 4 56 7 8 910111213 14 15 16 17 18 19 20 21 22 23 24 25

eI 1
B
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Comparison to ATLAS & CMS

P recision chambers

{MDT) Barrel toroid 4
Trigger chambers coil m
{RPC)
y[m]
m— ‘1310_____ !
-8 8 ! '
. ;
- B f'
........ 5
+ 4
i s 3
PP n Tt T | E i
'\-\.f'\-\.'\-\.‘-\..'\_-\'\-\.'\-\: R el bt [ R I ]_.&rc,alll:lr_E2
S RAEEan SRE = T T T T T T :
Wa T T 1
I.fl.-'.-'.-'.-'..-'.ll.-'.-'.-'.-l'.-'.r JJm:_LTQ_cEEEEin

20 18 16 14 i 4 2

oL —]
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Current detector baseline

» Detector magnet system

Today’s baseline:

B

4T/10m bore 20m long Main Solenoid 4T Side
- Solenoids - all unshielded
14 GJ stored energy, 30 kA and 2200 tons
" system weight

— Alternative challenging design:

4T/4m Ultra-thin, high-strength Main Solenoid allowing
positioning inside the e-calorimeter,
- 280 MPa conductor (side solenoids not shown)
& ! Tracker 25 0.9 GJ stored energy, elegant, 25 t only,
Ee— but needs R&D!

» Detector performance evaluated in first simulation studies
- fed back into parameterised physics smearing simulation

- full simulation/reconstruction chain being developed
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Magnet systems under consideration

Twin solenoid with dipoles
(min. shaft diameter 27.5m)

Partially shielded solenoid with dipoles

Unshielded solenoid with dipoles
(min. shaft diameter 16.3m, if rotated under
ground)

Twin solenoid with balanced conical solenoid

Unshielded solenoid with balanced conical
solenoid




Reference detector

* 4T 10m solenoid
* Forward solenoids
* Silicon tracker
 Barrel ECAL Lar

—e+  Barrel HCAL Fe/Sci
 Endcap HCAL/ECAL LAr
 Forward HCAL/ECAL LAr

This is a reference detector that ‘can do the job’ and that is used to define the challenges.
The question about the specific strategy for detectors at the two IPs is a different one.
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Charged particle dose?

o Barrel muon chambers: ~300 cm2s? to ~500 cm2s™

1I_CIJ

o
1600 3 DT LW TR T R » 5
1400 1l ay 8
1200 [ N i 3
"='1000 * | - 2
= 800 i 4 B 10° 3
=] )
600 6
400 ey " =
200 — . 1 . Q
O TN l l l | ! - . -l [ g
0 500 1000 1500 2080 2500 3000 3500 4000 E
Central tracker: z [cm] o Endcap Muon Chambers: 104 cm2s™ O

o firstIBlayer (2.5 cm): ~1.2 10*° cm2s™?
o external part: 3108 cm2s?
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Neutron background?

1600
1400
1200

"£1000

2. 800

T 600

400

i =
=il L

— L

0 500 1000 1500 2000\ 2500 3000 3500 4000

Central tracker:
first IB layer (2.5 cm ): ~5-6 107 cm2
external part: ~5 10%5 cm™
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z [cm]

Forward calorimeters:

o maximum at ~510*® cm for both
the EM and the HAD-calo

o 10*cm=2atR=2m

1 MeV neutron equivalent fluence [




Comparison to ATLAS/CMS?

ol c\ghoo Jl o Jfe
........ [ bl | | | | | |
| Bl ) The forward calorimeters are a very
e P i RN [ V- o] o - large source of radiation (diffuse
ENNNRENNNNNNRIN rererercorervi W Wi s neutron source).
20 18 16 14 12 __n /8 6 4 )

In ATLAS the forward calorimeter is inside
the endcap calorimeter, in CMS the forward
calorimeter is inside enclosed by the return
Yoke.

For the FCC, the forward calorimeter is
moved far out in order to reduced radiation
load and increase granularity.

-
38
33

EEEENey——
N

-> A shielding arrangement is needed to
stop the neutrons to escaping into the
cavern hall and the muon system.

2.5 =

L | |
[ o e B o VRN e Ny |

m]s —
[]ES#SESSSISOSQ[BITIa[EI#IE[SII[OI Q 8 T o 2 b &£ 21
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2000+

Tracking performance

n=1.2
last outer barrel layer

n=1.9
last outer layer

n=2.4
first fwd layer

=TT L B

O_EELILL%:]::::::::::::i;;;:::::::ZZII:I::::::-‘::::I:: _______ “__.h_“_“_”“—_: , all_gmel Iaversi

0 2000 4000 6000 8000 10000 12000 14000 16000
—_ 3
Erenas OQuter |=° 2E . ¥ o AT
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10*30 1 1 1 | 1 1 | 1 | 1 1 1 | | 1 | 1 | 1 | 1 | | | 1 | |
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Timing detector(s)?

— Compare FCC-hh scenario to HL-LHC conditions (PU~140), using e.g. CMS Ph2 upgrade layout

HL-LHC scenario @ PU=140 FCC-hh scenario @ PU=1000

CMS Ph2 Upgr. tracker Tilted layout
Fraction of tracks being unambiguously assigned to PV @95% CL: <p, >=140 Fraction of tracks being unambiguously assigned to PV @95% CL: <p, >=1000
c : c ‘ - : -
o 1k j : : : h=) B
= — = -
© b AT o : PRI o
& AR EIE P -1 90% & 90%

0.6 : : 0.6
i Single particle study: o | Single particle study:
041 p,=1GeVic, no timing 0.41 p,=1GeVic, no timing
[ ------ p,=5GeV/c, no timing ; : : : H === p,=5GeV/c, no timing
H e p_=10GeV/e, no timin : : N [ s p = imi
0.2H Pr e S— N e 021 p,=10GeV/c, notiming |
{ —— 8t="5ps, nreflects 520 | —— 8t=5ps, nreflects 20
H ——— 5t = 10ps, 1 reflects 520 j i | : H —— 8t = 10ps, 7 reflects 520
00 0.5 1 1.5 2 2.5 3 3.5 4 00 1 2
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ca lo ri mEt rY Talks J. Faltova, C. Neubdser

Ell st
EI o I ATLAS ECAL barrel
E Steel

) 27

| 7

3 ; 5 Wavelength Shifting Fiber
%@fﬁb B Scistillator  Steel
e Lemd Ocp g ey
2 /
5
1
t

Barrel HCAL in Fe/Sci similar to ATLAS Tilecal

Barrel ECAL, Endcap ECAL/HCAL, Forward
ECAL/HCAL are in LAr technology, which is

intrinsically radiation hard. ~ 11 A FCG-hh HGAL, pion resolution:
oE/E =43%/VE ®2.7%

LY

# - cryostat3

Silicon ECAL and ideas for digital ECAL with MAPS
are being discussed. Goal energy resolution of 10% / sqrt(E) ® 1%
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Muon performance

p+=3.9GeV enters muon system

p;=5.5GeV leaves coil at 45 degrees Three ways to measure the muon momentum
1) Tracker only with identification in the muon system
2) Muon system only by measuring the muon angle where it exits the coil
3) Tracker combined with the position of the muon where it exists the coil
2\0’ dppe (%)
'_'Mn
o
&
= With 50um position resolution
. ;A .
X(m) and 70purad angular resolution
10% 9 we find (n=0):
0 R Bmasansas e <10% standalone momentum
= 160 [T Heat, support i
140 B icsawe ] resolution up to 3TeV/c
120 | Bllcaose 3 2 <10% combined momentum
F77] Ecal Cryostat, LAr 3 - .
g S conl oot A1 resolution up to 20TeV/c
80 [ wacker -
60 material assumed?
40 for mUItIpIe j PR e ‘sm ix10' By
s scattering k 3TeV/c 20TeV/c
5 : - All within reach of ‘standard” muon system technology W. Rieg]
o 05 1 15 2 25 3 - RIegier
n
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Trigger/DAQ?

Example: ATLAS Phase?2 calorimetry will
be digitized at 40MHz and sent via optical
fibers to L1 electronics outside the cavern
at 25TByte/s to create the L1 Trigger.

Muon system will also be read out at
40MHz to produce a L1 Trigger.

Reading out the FCC detector calorimetry
and muon system at 40MHz will result in Question:
200-300 TByte/s, which seems feasible.

Can the L1 Calo+Muon Trigger have enough
40MHz readout of the tracker would selectivity to allow readout of the tracker at a
produce about 800TByte/s. reasonable rate of e.g. IMHz ?

Un-triggered readout of the detector at 40MHz would
result in 1000-1500TByte/s over optical links to the
underground service cavern and/or a HLT computing
farm on the surface.
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CERN roadmap and FCC planning

1980 1985 1990 1995 2000 2005 2010 2015

WM Construct.  Physics | Upgr
LHC BESEM:EAD) - Construct. Physics

Project
Kick-off meeting: 11t Nov. 2013 (Daresbury)

2020 2025 2030 2035

CDR and Cost Review 2018

2018

star[_

FCC a4

Kick-off meeting February 2014 ﬂdy

CDR and Cost Review for 2018
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Draft schedule

20 22 24 26 28 30 32 34 3 38 40 42

[} [} [} 1 [} [} [} [} [}
"W Technical Design Phase b Strategy Update 2026 — assumed project decision
[ [ T : ] ] | ] ]
Dipole short models
" Dipole long models
"q-', O arpofle AU
=i
(=2}
S 16 T dipoles preseries
2 16 T series production |
- Civil Engineering FCC-hh ring
S CE TL to LHC LHC Modification
- Installation + test FCC-hh
3 | CE FCC-ee ring +.injector I
o N
'8
|
dllatlo e ee
o
I
|
Ll
-
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Conceptual Design Report

1-PHYSICS , 3 - Hadron Collider Comprehensive Req uired for end 2018,

Hadron Accelerator Injectors Technologies asin put for Eu ropean
Collider

Summary Infrastructure  Operation  Experiment eh Strategy Update

: : « Common physics
. 5 - Lepton Collider Comprehensive summary volume

Physics Lepton Accelerator Injectors Technologies
opporionites B Collider « Three detailed volumes

across all

scenarios Summary Infrastructure Operation Experiment FCChh. ECCee. HE-LHC

6 7 - High Energy LHC Comprehensive « Three sum mary

E:E;y Accelerator Injectors Infrastructure volumes FCChh,

LHC FCCee, HE-LHC
Summqry Refs to FCC-hh, HL-LHC, LHeC
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Conclusions

« The HEP community needs to think carefully about the
next large project it wants to undertake

 The FCC project, with its ee and hh components, offers
an excellent physics potential.

* Next goal i1s to write a Conceptual Design Report by
2018, which can be used as an input to the 2019
European Strategy discussions

 Many possibilities to contribute, both for theorists and
experimentalists
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The challenge:
answering the big questions

® What’s the origin of Dark matter / energy?

® What’s the origin of matter/antimatter asymmetry in the
universe?

® What’s the origin of neutrino masses?
® What’s the origin of EW symmetry breaking?
® What’s the solution to the hierarchy problem?
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