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The FCC project
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Within the FCC collaboration (CERN as host

lab), 5 main accelerator facilities have been
studied:

pp-collider (FCC-hh)
defines infrastructure requirements
|16 T = 100 TeV in 100 km tunnel

ee-collider (FCC-ee):
as a (potential) first step

ep collider (FCC-eh)

HE-LHC :
27 TeV (16T magnets in LHC tunnel)

Low E FCC-hh
|00 km - 6T - 37 TeV

CERN-FCC-PHYS-2019-0001

CDRs and European Strategy documents have been made public in Jan.2019

https://fcc-cdr.web.cern.ch/
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Why measuring Higgs @FCC-hh ?

- 100 TeV provides unique and complementary measurements to e+e- colliders:

Higgs self-coupling HL-LHG FCCooo

* top Yukawa Oln/TTH (%) SM 1.3
. S OgHzz / gHzz (%) 1.5 0.17
’ nggs — invisible OgrHww / gHww (%) 1.7 0.43

. OgHbb / GHbb (%) 3.7 0.61
I’al’te decays (BR(“H), BR(ZX)’ OgHce / GHee (%) ~70 1.21
ratios, ..) measurements will be 50Haq / Ghaa (%) 2.5 (gg->H) 1.01
statistically limited at FCC-ee SgHrr / Ghrr (%) 1.9 0.74
OHup / GHup (%) 4.3 9.0

OgHyy / Qryy (%) 1.8 3.9

. . N eed to OgHtt / gHtt (%) 3.4 -

* Assuming, we know production improve ) . ~

L . gHzy / GHzy (%) 9.8

xsec and luminosity, at pp colliders Sqt / G (%) 50 40
we measure BR(i) =T/ ' BRexo (95%CL) BRiny < 2.5% <1%

* By performing measurements of ratios of couplings, (or BRs), FCC-ee allows to “convert” relative
measurements into absolute via HZZ

BR(H—XX) / BRH—=ZZ) =~ gx2 / gz 2

FCC-ee 3



Why Higgs at FCC-hh!?

* Large Higgs production rates (x20-60 cross-section wrt to LHC):
access (very) rare decay modes (eg. 2nd gen,), complementary to ee colliders
push to %-level Higgs self-coupling measurement

* Large dynamic range for H production (in ptH, m(H+X),...):
new opportunities for reduction of syst. uncertainties (TH and EXP)
develop indirect sensitivity to BSM effects at large Q? , complementary to that
emerging from precision studies (e.g. decay BRs) at Q~mn

* High energy reach:
direct probes of BSM extensions of Higgs sector (e.g. SUSY)
Higgs decays of heavy resonances
Higgs probes of the nature of EW phase transition (strong Ist order? crossover?)



Single Higgs production @FCC-hh

' ' o(13TeV) | o(100Tev) | o(100)/0(13) m$> e
Wiz - - ggH (N3LO) | 49 pb 803 pb 16 B
; ; VBF (N2LO) |  3.8pb 69 pb 16
VH (N2LO) 2.3 pb 27 pb I
ttH (N2LO) | 0.5pb 34 pb 55

. Nioo | Nioo/Ns | Nigo/Nia

Expected improvement at FCC-hh: Nioo = Oroomy % 20 ab 7 S H [ 16x10° | 4x 10° i
N = % 20 fb- VBF 1.6 x 107 | 5 x 10 120

- 20 billion Higgses produced at FCC-hh 87 BTy WH  [32x10°| 2x10* | 65

Ni4 = Ol47ev * 3 ab™! ZH 2.2 x 108 | 3 x 10* 85

. . n 8 5
- factor 10-50 in cross sections (and Lx10) |76 <107 ] 3> 107 | 420
* reduction of a factor 10-20 in statistical T I

uncertainties
Factor: 1/100 1/10

Large statistics will allow: reduction in stat. unc.

» 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



Higgs @threshold

SM Physics produced at threshold is more forward

@100TeV

— in order to maintain sensitivity need large
rapidity (with tracking) and low pT coverage

Goals:

*  Precision spectroscopy and calorimetry up to [n| <4
*  Tracking and calorimetry up to |n| < 6
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Kinematics of a 100 TeV FCC

Plot by J. Rojo, Dec 2013
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104

Boosted Higgs at large pt @100 TeV

Huge rates at large pr:

- > 106 Higgs produced with pt> | TeV
. Higher probability to produce large pt Higgs from

ttH/VBF/VH at large
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- Even rare decay modes can be accessed at large pr

Opportunity to measure the Higgs in a new dynamical

regime

- Higgs pt spectrum highly sensitive to new physics.
- Reduce backgrounds, a smaller systematic

uncertainties
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* highly granular sub-detectors:

+  Tracker - pixel:10 pm @ 2cm — Onxe = 5 mrad
*  Calorimeters: 2cm @ 2m — Onxe = |0 mrad

+ good energy/pr resolution at large pt:

.« 0,/ p=2%@ | TeV

30—

1500

AR = 0.1




MLM, D. Jamin, C. Helsens, G. Ortona, MS

Top Yukawa (production) N
tth — tt

t
» production ratio O(ttH)/0(ttZ) = y:? yb2/ geez 2 ﬂ{ + >‘n‘n<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 — ttbb

t R4
* assuming gw«z and Kp known to 1% (from FCC-ee), IZ + >nn<t 7+ >mm<t
t < t

— measure ycto | %

. . . FCC-hh Simulation (Delphes)
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To do:

* Further assess systematics related to ttbb background modelling
+ Explore use ttH / ttZ in tttt decay mode



Higgs decays (rare)

» study sensitivity as a function of minimum pt(H)
requirement in the YY, ZZ(4l), pp and Z(ll)y channels

* low pt(H): large statistics and high syst. unc.
* large pt(H): small statistics and small syst. unc.

* O(1-2%) precision on BR achievable up to very high pr
(means 0.5-1% on the couplings)

FCC-hh Simulation (Delphes)
_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_

. ? - {s=100 TeV — stat. + syst. + lumi |
- measure ratios of BRs to cancel 3 P stat.+ syst.
o = stat. onl
correlated sources of systematics: to- B

* luminosity
- object efficiencies

- production cross-section
(theory)
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To do:

* 1% lumi + theory uncertainty

- prt dependent object efficiency:

. de(ely) = 0.5 (1)% at pr — o0

+ Sg(M) = 0.25 (0.5)% at pr — 0

8 (BR(H — up) / BR(H — nuuw) ) (%)

10

10

107"

du/ (%)

FCC-hh Simulation (Delphes)

E_from FCC-ee /

_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
L E - 100 TeV — stat. + syst. + lumi |
stat. + syst.
L=30 ab™
— stat. only

10 =
1E =

10—1IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
50 100 150 200 250 300 350 400 450 500
p'll-".min [GeV]

FCC-hh Simulation (Delphes)
lllIllllilllllllllllllllllIIIIIIIIIIIIIIIIIII-
i s =100 TeV — stat + syst (cons.)
E — stat + syst (optim.) 3
L=30 ab™ .
— stat. only

BR(H — uu)

BR(H — uupu)

vl b b b s ban s baa s Lyaa o I3

50 100 150 200 250 300 350 400 450 500

p:min [GeV]

- Exploit specific signatures of various production modes (categorize)



Higgs decays

o(WH[—=vy]) / 6(WZ[— ete]) — > Gw = g2ww X BR(H — v7)
o(WH[—1t]) / 6(WZ[—TT]) ——»  Gr=ghww X BR(H — 17)
o(WH[—bb]) / 6(WZ[— bb]) ——+ Gy =_guww X BR(H — bb)

also:  G(ZIWIH[—=yY]) / 6(ZIWIZ[— eTe])

- Boosted Higgs studies:
in hadronic channels (H—bb/cc/WW)

+ exclusive decays H—=(J/W) p/ W / Y (resolved/boosted)

0G/G < 1%

arton level study




Higgs pair production at the FCC-hh

FCC-hh simulation
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G. Ortona, MS, MLM

Double Higgs and self-coupling 1200403505
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- Very small cross-section due to negative interference R
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Dra/;,. .
Higgs self-coupling (combination) ~"7ar,

FCC-hh Simulation (Delphes)
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To do: study in
the context of
a global EFT fit

(here K fit)

G. Ortona, MS, MLM
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Figure 14. Expected precision on the Higgs self-coupling as a function of the integrated luminosity.
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F. Bishara, R. Contino, J. Rojo

negligible at
large muH
S -
A(VLVy, — HH) ~ —(coy — C%/) + O(m%‘//s)a . . . ,
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Conclusions & outlook

- Large statistics (109 Higgs bosons) open up a whole new range of possibilities,
allowing for precision in new kinematic regimes, and rare decay channels —
complementary to FCC-ee

- Measuring ratios of couplings (or equivalently BRs), allows to cancel systematics
(1% precision on “rare” couplings within reach after absolute HZZ
measurement (@ FCCee)

-+ Higgs-self coupling can be measured with Ok = 3-5% precision at FCC-hh
(best achievable precision among all future facilites)

* Many more interesting studies to be done, not discussed in this talk:

» gauge boson pair production at large mass (to study anomalous couplings)
- differential measurements: Higgs ptin the multi-TeV, as a probe of BSM physics
* exclusive decays



Backup



The FCC-hh detector

Tracker: 0 ;/pt ~ 20%

at 10 TeV (1.5m radius) Central Magnet +

Fwd solenoids

Barrel ECAL: LAr/Pb

O/E ~10%/~/E ® 0.7 %

30 Xo
lat. segm: AnAd= 0.01
long. segm: 8 layers

o —

- — -
- —

- —
— —

Fwd ECAL: LAr/Cu ||Fwd HCAL: LAr/Cu ki A bt
G./E ~30%/VE ® | % G/E ~100%/VE ® 10 % - ECAL °HCAL) ’

+
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Higgs decays: YY - ZZ - £Y - UM

* 1% systematics on (production x luminosity), meant as a reference target. Assumes good

theoretical progress over the next years, and reduction of PDF+s uncertainties with HL-LHC +
FCC-ee.

* e/Jly efficiency systematics (shown on the right). In situ calibration, with the immense available
statistics in possibly new clean channels (Z— ppy), will most likely reduce the uncertainties.

* All final states considered here rely on reconstruction of my to within few GeV. Backgrounds

(physics and instrumental) to be determined with great precision from sidebands (~infinite
statistics)

SO e A A A A A R R
* Impact of pile-up: hard to estimate with today’s analyses. =L e b
— Focus on high-pt objects will help to decrease relative impact 3 Bl B
) Fl R N S ---p(eons) ]
of pile-up [ A R R D R
12_'-" _ | : | | | | |
10 f ‘|-‘ o : . " . _— :
, . , L e e o
* Following scenarios are considered: I AN R I T N WO A
. 65tat — stat. only (|) (signa| - bkg) N e T s e _—
* Ostt , Oeff — stat. + syst. (I) R S
*  Ostat , Ocff ,Oprod = |% — stat. + syst. + prod (lll) P, [GeV]



H—invisible

* Measure it from H + X at large pT(H)

» Fit the Eymiss spectrum

X (inv)

L X (inv)

*
*

’0
< H

jet(s)

» Constrain background pt spectrum from Z—VV to the % level using NNLO QCD/EW to
relate to measured Z,W and Y spectra (low stat)

* Estimate Z—VV from Z—ee/JJ control regions (high stat).
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A.Sznajder, MS

Vector Boson Scattering

» Sets constraints on detector acceptance (fwd jets at N=4) w ’ Iarge mww
* Study W*-WH- (same-sign) channel W wW
+  Large WZ background at FCC-hh -

*  3-4% precision on W W_ scattering xsec. achievable with full dataset (only 30 HL-LHC)

* Indirect measurement of HWW coupling possible, dkw /kw = 2%

FCC-hh Simulation (Delphes)
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Table 4.5: Constraints on the HWW coupling modifier xy;, at 68% CL, obtained for various cuts on the
di-lepton pair invariant mass in the W; W; — HH process.

ml+

+eut | > 50 GeV | > 200GeV | > 500GeV | > 1000 GeV
Ky € [0.98,1.05] | [0.99,1.04] | [0.99,1.03] [0.98,1.02]
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Detector and systematic uncertainty

assumptions

» FCC-hh baseline detector performance studied in full simulation:

- parameterised in DELPHES:

- pile-up is not directly simulated (would result in overly pessimistic

performance)

- assumes necessary measures (hardware, software) will be taken to recover

pile-up performance

- assumes |00% trigger efficiencies, but object efficiencies parameterised in

Delphes.

T =jet ID | %

b-jet ID 0.5%

e/p ID 0.25%

y ID 0.5%
Luminosity 0.5%
HH (TH) 0.5%
ttbar norm. (TH) 0.5%

single H norm. 0.5%

scenario (I)

scenario (I1)

2.5%

| %

0.5%

| %

| %

| %

| %

| %

scenario (11I)

5%
2%

| %
2%
2%
1.5%
1.5%

1.5%

Process
HH, tt, H

HH, tt, H
HH, ZZ, Z+jets, ttV,

++\/\/ H
HH, H, jij¥, ¥Y¥ii
All / i, y¥jj, QCD

HH
21

tt

H

Note: assumptions from Phase Il YR marked in "red"



Higgs Self-coupling and constraints on models
with |st order EWPT

Strong |st order EWPT (and CP violation) needed to explain large observed baryon asymmetry in our

universe

Can be achieved with extension of SM + singlet

Direct detection of extra Higgs states

< 100 TeV, 30/ab =—
100 TeV, 3/ab —
100 | 14 TeV, 3/ab —

500 600 700 800
m-, (GeV)

h2 — hlhl

400

(bbyy + 47)

Combined constraints from precision Higgs
measurements at FCC-ee and FCC-hh

Real Scalar Singlet Model
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