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The same home...
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Future Circular Collider Study - SCOPE

CDR and cost review for the next ESU (2018)

Forming an international
collaboration to study:

* pp-collider (FCC-hh)
~16 T = 100 TeV pp in 100 km

—> ultimate goal defining
Infrastructure requirements

« e*e collider (FCC-ee)
as potential first step
ECM=90-400 GeV

: Schematic of an
\ 80 -100 km
4 long tunnel
N
 p-e (FCC-he) option
e 80-100 km infrastructure

IN Geneva area 3



FCC-ee 1, FCC-ee 2, 11.9m} |IP 30 mrad
FCC-ee booster (FCC-hh footprint)

ee Booster

Lepton beams must cross over through the
common RF to enter the IP from inside.
\ Only a half of each ring is filled with bunches.

FCCee_t_74_11_by2_10.sad
.. fec_ring_roundracetrack_lhc_99.983_14.3_000_ring.svy
e e e e o B LA w
«— FCC-hh
- FCC-e- -
- FCC-e+

= ArC (L=16km,R=13km)
== Mini-arc (L=3.2km,R=13km)
== DS (L=0.4km,R=17.3km)

== Straight
Coll 2.8km Coll 2.8km
J Extr 1.4« FCC-hh Exctr 14 k D Common = Common
o e RF (tt /1 RFt
layout () y (tt)

PRI PR
1000 1500

Max. separation of 3(4) rings is about 12 m:
wider tunnel or two tunnels are necessary

Hﬁ G EF
e 2mainlIPsinA, G for both machines

« asymmetric IR optic/geometry for ee ~ —
to limit synchrotron radiation to detector
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Sharing the FCC experimental caverns
(Prelim. layout as of FCC-Rome meeting)
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FCC-eh requires an additional ERL
but profits from the -- then existing --
FCC-hh,

and, perhaps,

from considerable RF of the

-- then dismantled -- FCC-ee

FCC-eh
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M. Benedikt
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(EED))

A particular view of the big picture

Particle Physics before LHC | Particle Physics before FCC

Andrea Wulzer
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Complementarity

Proposed physics topics to be used in the study of
synergy/complementarity among experiments at FCC-hh/ee/eh

precision studies
higher dimension operators
° ° composite Higgs
H IggS PhyS I CS rare and exotic decays
multiple Higgs production
extra Higgs bosons

Dark matter

Inte rface With C05m0|0gy baryogenesis

right-handed/(almost) sterile neutrinos

WW scattering

Electroweak Sym. Breaking suersymmetry

extra dimensions
composite models

rare H,ZW,top decays

Flavour Changing lepton flavor violation

extra vector-like fermions

Extensions of the SM 5U(2). models

leptoquarks

Perturbation theory, structure functions
QCD Modelling final states

« o . precision measts (m,,my,m,,a,0(m;),sin?6,,.R,...
EW/SM precision issues higher-order EW corrections

W,Z triple and quadruple couplings

top (anomalous) couplings

charm/bottom flavor studies



(EED))

Higgs Physics

The only known spin = 0 elementary particle
We must study it as well and thoroughly as we can

I
WW

[H =42 MeV

LHC HIGGS X5 WG 2011

—
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Aram Apyan
Michelangelo Mangano
Biagio Di Micco

Fady Bishara

Ennio Salvioni
Masahiro Tanaka

Gilad Perez
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ZH Tree level Z coupling

The LHC is a Higgs Factory !

Difficulties: several production mechanisms to disentangle and
significant systematics in the production cross-sections o, .
Challenge will be to reduce systematics by measuring related processes.

Ci>¢ 0P%eVed oc G, (8 )(8)?  overall normalization by I, required
I, this is also true for FCC-hh and FCC-ep

HF2012 summary Physics-- Alain Blondel 16-11-2012 Fermilab
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ZH - putp~X  IC

—e— Sig+Bkg
Sig

— Fit to Sig+Bkg

----- Fit to Bkg

FCC-ee
H signal in missing mass

total rate oc g,,,?

277 final state « g,,,*/ 'y,

‘ =» measure total widthI',, and g,,,

] €Mty recoil = invisible width

120 130 140 150 ‘funny recoil’ = exotic Higgs decay
Meecoil (GEV) easy control below theshold
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| Z -> I+l- with H -> anything |

CMS Simulation
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The ability to measure the Higgs cross-section .,
without seeing the Higgs is crucial for this.
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imimiii All backgrounds
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(Fco)
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Forward jet

c’ep%H->bb observed oc o-prod (gwa )Z(gH@)Z
L'y

becauseI', 5 ,,~ 0.6 I',, sensitivity to g, is
reduced by factor 1/(1-0.6) =2.5
0.4% meast of x-section—=> 0.5 % on g, coupling

=>» for complementarity study,
suggest to include bb, cc in global fit with ee results

simillarly for HH result
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SM Higgs rates at 100 TeV

Nioo Nioo/Ns | N1oo/Ni4
gg — H | 16 x 10° | 4 x 10* 110
VBF 1.6 x 107 | 5 x 10* 120
WH 3.2 x 108 | 2 x 10* 65
ZH 2.2 x 10% | 3 x 10% 85
tHH 7.6 x 108 | 3 x 10° 420

Nioo = Tlo0Tev X 20 ab™!
® Huge production rates imply: Ne = Tgrev x 20 fb
Ni4 = O147ev X 3 ab~!
e can afford reducing statistics, with tighter kinematical
cuts that reduce backgrounds and systematics

® can explore new dynamical regimes, where new tests
of the SM and EWSB can be done

HF2012 summary Physics-- Alain Blondel 16-11-2012 Fermilab



(G=D)

*) from tt threshold loop
**) from ZH threshold loop

EHXY

LZ

WW

YY

ZY

tt

bb

TT

CC

SS

pp

uu,dd

ee

HH

B Rexo

L'y

FCC-ee |
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6.2%

H-> py?
ee->H 100%?
30%**)
<0.45% inv
1%
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<|%?
1% ?
1% ?
(0.5%)
1.8%
2% !
>% ! some
< [0%?

NB 1. for yy or pu FCC-hh can normalize to H-> ZZ which is very well measured at FCC-ee
NB 2. for tth normalize to ttZ and use top couplings to y,Z measured at FCC-ee
For FCC-hh need to ascertain the effect of pile-up of 200/1000 events.
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Object reconstruction and performances

4+ Particle Flow Reconstruction

* Using charged hadrons, muons, electrons and calonimeter towers to 4 020
build particle-flow objects ©0.18C Delphes Simulation B

« Tracks from pile-up are rejected if [Zo — Zpv| > /02(Zo) + 02(Zpy) 0.16— e Howiges ey
+ Jets 0.14;—::::32:;30 HH—s WW,bb —;
* Anti-Kt (Fast Jet) algorithm 0.12] —Pile-up = 900 RMS [GaV] =

+ particle-flow objects as inputs 0.1 - Fi’-;ggﬁ E

«+ R=04 0.08 - ' E

« Jet Area pile-up correction: = corrected . 0'065 E

« private calibration to particle level P =pr" —p-JetArea 0'045 E
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Tl T
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+ Missing Transverse Energy

» Anti-Kt (Fast Jet) algorithm
* negative vector sum of Jets, after pile-up correction and calibration
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B.DiMicco  Preliminary studies on hh = VVbb decay channels 6



GED)

Complementarity breaks degeneracy in EFT space (e.g.,
ttH vs ggH vs ttZ)

How to fit rare Higgs channels on a map? Light weakly- |
coupled new physics? W.i.Progress

PDF measurements @ ep useful to control PDF uncertainty
for Higgs precision program and new physics tests? tgbe ascertained

Independent alpha_S(Mz) measurement @ ep improves EW |
precision tests @ ee? to bg ascertained

LHC/ILC Higgs complementarity [Peskin 1312.4974] :
BR(yy)/BR(ZZ) @LHC plus Kv @ILC => K. YES!
Something similar @ FCC?

1/20/2017 Alain Blondel Physics at the FCCs 18
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EWPO AT FUTURE COLLIDERS"

® Dimension six SMEFT (EWPD):
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(CECON

Message Michelangelo

® Theoretical progress proceeds at astounding pace, thanks to the

current and future needs of the LHC can we expect the same once
FCC,. will have its needs?
e As we approach the few-% level in systematics, several relevant

effects appear:
e finite m¢p CcOrrections
® higher-order EWV corrections

e PDF

® While these will require the development of new techniques, input
from data (eg for PDFs, validation of HO calculations, ...),and a lot of
sweat and blood, it is reasonable to assume that the TH systematics
will have reached by the start of FCC-pp the level of

® % for absolute rates

® sub-% (per mille?) for shapes and ratios (eg ttH/ttZ vs pt(H,Z))

8




G

® Being optimistic in the assumptions about TH syst’s when exploring
the potential of FCC to perform precise Higgs measurements, will
expose much more clearly the value of theoretical progress, and will
be a very strong motivation and incentive to work hard on this
progress!

Remarks

e This will also set higher standards for the detector performance

Michelangelo

This is the right attitude!
can we synergize?

EW precision measurements will need full three loop (exponentiated)
to match 10 precision on sin26°ff_, 0.5 MeV on m,,, 0.1 MeV on m,, T, etc...

Synergy between theory and experiment and accelerator



(G )
Comprehensive Complementarity
In supersymmetry this is the “stop squark”.

FCC-ee FCC-hh
Coloured and charged, stops And show up directly at hadron
modify Higgs couplings: colliders:
2000 5 e R e CL; Exclusion
\Iu';mg: -0 ] 10000/~ Vs =100 TeV — Boosted Top 1
: Higgs couplings 20 CL. - _ j Ldt = 3000 fo! — Compressed
1500 HL-LHC (dotted) ~ —| -
. ILC 500 (solid) . | Egyspkg = 20% 107
— ILC 1000 (dashed) =
% CEPC (solid) 4 % L Egys,sig = 20%
9 L FCC~ee (solid) O] 2
£ 1000 =~ 5000 10
. RS
10°
500 e
i 10
| | | | | | | | 1 1 1 | | | | |
500 1000 1500 2000 02000 4000 6000 8000 10000
m- [GeV] ~(GeV
1412.3107 ‘ my (GeY)

FCC-ee: Indirect, but more “spectrum independent”, for a model.
FCC-hh: Direct confirmation, but direct might be hidden.
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€ Systematic Complementarity

Thus returning to the third notion of
complementarity: “Different FCC Colliders
enhance the exploratory power of one another,
when a measurement at one reduces a
systematic uncertainty in another.”

One can see that the estimated FCC-ee determination,
from runs at the Z-pole and at higher energies, of

Aag(M7) ~ 40.0001(0.08%)

Would reduce systematic uncertainties in BSM searches
at FCC-hh, both direct (e.g. extra dimensions) and
indirect (e.g. Higgs couplings).

-- need to understand how measurement of R, would reduce model dependence of
extraction of a from R, 4 -- also meast from Ws.

-- FCC-eP can also contribute at level of 3 104
1/20/201 Alain Blondel Physics at the FCCs 23



(G
Systematic Complementarity

Thus returning to the third notion of
complementarity: “Different FCC Colliders
enhance the exploratory power of one another,
when a measurement at one reduces a
systematic uncertainty in another.”

PDF's a similar story at FCC-eh Camarda.

Gluon-Gluon, luminosity Tidy = s @, )+ (1 2)] Gluon-Gluon, '"m'“OS'R&deSCU

! L |
NNPDF30 1.08 FCC_only_1140
L ogr. % FCC_HERA

\'S = 1.00e+05 GeV
1.04

1.02
0.98
096 [ <2% For 10 GeV<Mx<1 TeV
>15% for Mx<50 GeV 0.94 <5% for Mx<10 TeV
0.92
107 (Gev] 10° 10 09 100\ gevy 10° 10

Improvement in low-x predictions for FCC-hh.

12012917 3 comprehensive assesstheRtBf ipacte McCullough :
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Higgs as a source of pure gluons (FCC-ee)

m FCC-ee H(gg) is a "pure gluon” factory:
H- gg (BR~10% accurately know) provides
0(200.000) extra-clean digluon events:

— High-precision study of gluon radiation & g-jet properties g

G. Soyez, K. Hamacher, G. Rauco, S. Tokar, Y. Sakaki

Handles to split degeneracies

. | | | | _

H—’gg vs Z— qq s - KA H — gg Pj::ila?mgg) |
Rely on good H—+gg vs H—bb separation; s+, Herwig? -
mandated by Higgs studies requirements anyway? = >°' * with mMDT

'z 2r .5 H+"'!|'-1=+++++++ .

Z—bbg vs Z—qq(g) T |
g in one hemisphere recoils against two b-jets in e Moy a, 8
other hemisphere: b tagging ad Y T il

o | | | i S

Vary jet radius: small-R = calo resolution ° LT '
(R ~ 0.1 also useful for jet substructure) — Check N"LO antenna functions

Vary Ecy range : below my : radiative events — Improve ¢/Q/g discrim. tools

— forward boosted — Octet neutralization? (zero-charge

(also useful for FFs & general scaling studies); gluon jet w/ rap-gaps)

Scaling is slow, logarithmic = large lever arm — Colour reconnection? Glueballs ?

— Leading n's,baryons in g jets?
FCC Phys. Workshop, CERN, Jan. 2017 27/31 David d'Enterria (CERN)
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S Another example of Synergy
ummary while ee covers a large part of space very cleanly,

its either ‘white’ in lepton flavour or the result of EWPOs etc
Observation at FCC —hh or eh would test flavour mixing matrix!

m Systematic assessment of heavy neutrino signatures at colliders.

m First looks at FCC-hh and FCC-eh sensitivities.

m Golden channels:
m FCC-hh: LFV signatures and displaced vertex search
m FCC-eh: LFV signatures and displaced vertex search
m FCC-ee: Indirect search via EWPO and displaced vertex search

| FCC-hh able to
J test all flavour
1 combinations.

Best sensitivity to 107° Good sensitivity re-
16]° from displaced —_— FCC-ee ach from FCC-hh &
vertex searches at | 10~11¢ T~ o FCC-eh.
the FCC-ee. 10 50 100 500 1000

M [GeV]

detailed study required for all FCCs — especially FCC-hh to understand feasibility at all




FCC Long Lived Particles will be hunted actively!

displaced vertex from ... that near-perfect
charged . . .
particles LLP decay is so background rejection
spectacular... is possible!

{

Multi-layer
tracker in the roof

Scintillator
surrounds
detector
Surface .7
— L 4
Srll(:L':ltfaLl: R ‘ High-energy
CE) LLP ". muon from LHC
) ATLAS e Cosmic Rays
— QCD hadrons :
or CMS . ’ stopped in rock (charged particles)
- LHC beam pipe
| |} |
100m 200m
NB this is recent — there was no mention of this at the kick-off meeting Curtin

in Geneva!



<<EQ; )) Dark matter searches

‘sterile neutrinos’

‘invisible Higgs’ decay work in progress: what systematics are needed at FCC-hh to match
the e+e- measurement. Can one improve on either (tag ZH with Z-> light quarks + inv)

‘LSP searches etc...” FCC-ee unbeatable for SUSY like couplings
— do we understand the gaps etc...?

1/20/2017 Alain Blondel Physics at the FCCs 29



[',and I, Iinvisible are the most efficient way
to explore SM-mediated DM at colliders

(Giudice)
Fermion DM coupled to the Z
lﬂéllll T T T 117 |z_ |; |||||||E F T T T T T TTT
: _ s =8Tev. ] 10E sy =8Tev
- - JLat=[195f°V7 - 1 E Ldt=195f!
B I 27 Afs =14TeV 1 = - Vs =14TeV
M; l |Ldt = 300 fb P ,—: i l: _I"Ldt — 300 fb-
E _— Tk | LUX2013
= —  LUX 2013 = - Ly
] =y K {t
g - £ \ !
= 107! | E& 107 E - —_1 thermal
" S = abundance
= ', p -
() S P | ) L I
thermal abundance Ciow |
1[:]'_ E |
1{] 7 _3 1111 1 1 III'II”.l 1 1 1 IIIIII_,..,
1:_} 10 10 10° 10°
DM mass in GeV DM mass in GeV
i

Will improve these by large factors!
AN, =0.0004? ALy iy /T <0.19%

from e+e->Zy

20.01.2017 30



Y g

How do things scale?*®

— ' IIII ||ll| I I I
> —
= _ i
T o &
I E ° . g
o0 i 3 i
- ‘ Sss. ; -
10_2 . A * |
E B \".__‘ E
— ---®-- default - e -
| e default . 0 ]
10—3 E— ’ 1% URC. 3. ) —E
- 1% unc.and no exp sys. ‘ o =
u ---@-- NoOsys 3 -
- .
FCC-ee >
-4 |
10 - BR(H— ZZ— vvwv)
:lllll lllll 1 1 lllllll 1 1 llll[ll 1 L lllllll L 1 lllllll L 1 lllll.I
10" 1 10 10? 10° 1Q* 10°

Luminosity (fb
Cross the SM neutrino wall at FCC with < 1 ab™!
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Complementa rity table to be completed and revised!

Proposed physics topics to be used in the study of
synergy/complementarity among experiments at FCC-hh/ee/eh

precision studies
higher dimension operators
° ° composite Higgs
H IggS PhyS I CS rare and exotic decays
multiple Higgs production
extra Higgs bosons

Dark matter

Inte rface With C05m0|0gy baryogenesis

right-handed/(almost) sterile neutrinos

WW scattering

Electroweak Sym. Breaking suersymmetry

extra dimensions
composite models

rare H,ZW,top decays

Flavour Changing lepton flavor violation

extra vector-like fermions

Extensions of the SM 5U(2). models

leptoquarks

Perturbation theory, structure functions
QCD Modelling final states

« o . precision measts (m,,my,m,,a,0(m;),sin?6,,.R,...
EW/SM precision issues higher-order EW corrections

W,Z triple and quadruple couplings

top (anomalous) couplings

charm/bottom flavor studies



We are making significant progress towards a demonstration that

The combination of the FCC machines
offers outstanding discovery potential
by exploration of new domains of
-- both direct search,
and
-- precision

-- at high energy and

-- at very small couplings



Qﬁ:ccj Synergy and Complementarity

On wednesday we had this rather inspired exchange:

Complementarity is like «you have the bread and | have the ham» MMcC
Or rather « you have the steak and | have the barbecue» MLM

But Synergy is when we take the bus together to go eat at the same place! AB

Conclusion:

Complementarity can be very painful without synergy!

LETS WORK TOGETHER TOWARDS THE CDR!



