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Why Higgs precision?

After Higgs discovery, still many open questions:
* Is the Higgs composite or fundamental?
* Is there more than | Higgs
* Does it generate light fermion masses? What about neutrino masses!?
* does it couple to dark matter?
* nature of the Higgs potential
- and its relation to the EWPT

Model bb cc gg WW 711 ZZ vy L4 L4
1 MSSM [40] +4.8 -08 -08 -0.2 +04 -0.5 +0.1 +0.3
2 Type Il 2HD [42 +10.1 -0.2 -0.2 00 +98 00 +0.1 +9.8
3 Type X 2HD [42] -02 -02 -02 00 +78 00 0.0 +7.8
4 TypeY 2HD [42] +10.1 -0.2 -02 00 -0.2 00 0.1 -0.2
5 Composite Higgs [44] 64 -64 -64 -21 -64 -21 -21 -64
6 Little Higgs w. T-parity [45] 0.0 00 -6.1 -25 00 -25 -1.5 0.0
7 Little Higgs w. T-parity [46] -78 -46 -35 -15 -78 -1.5 -1.0 -7.8
8 Higgs-Radion [47] -1.5 -15 +10. -1.5 -1.5 -15 -1.0 -1.5
9 Higgs Singlet [48] 35 35 35 35 -35 -35 -35 -35

*  Model independence, Higgs width
» Light couplings (charm, muon)
* Invisible decays

Need to go beyond the LHC
precision measurements:
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The FCC project

ee-collider (FCC-ee) (2/4 |Ps):
as an EWK factory:

Vs =90 GeV (5 10127’ - 4 yrs)
Vs = 160 GeV (108 W - 2 yrs)

‘
» o
s Sehematio of an : . /s =240 GeV (105 H - 3 yrs)
5, lona e .' + /s =365 GeV (5 10'2top - 5 yrs)

pp-collider (FCC-hh):

defines infrastructure requirements

|6 T — 100 TeV in 100 km tunnel
30 ab-! integrated lumi

2 1019 Higgs (200x LHC)
3 107 Higgs pairs (400x LHC)

CDRs and European Strategy documents have been made public in Jan. 2019
https://fcc-cdr.web.cern.ch/

CERN-FCC-PHYS-2019-0001
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FCC-ee Higgs couplings (part |)

Precise knowledge of center of mass allows for:
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Higgs recoil mass measurement — production cross section:

» 10¢ Higgs produced @ FCC-ee

* rate~gz2 — 0gz/lez ~0.2 %
8 528 Provides absolute and model independent

+  Then measure ZH = 777 measurement of gz coupling in et+e-
» rate~gz4/ Ty = Olu/Th ~ 1%

* Then measure ZH — ZXX
* rate~gz2gx ¥ Iy — 6gx/gx ~ | %



FCC-ee Higgs couplings (part Il)
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* vwH — vvbb ~ gw?2 g,2 / I'H
» vvbb / ( ZH(bb) ZH(WW) ~gz4/ =R
[ 1 precision at 1%
- Then do vwH =2 vwWWW ~gw* [ 4
R/ vwWWW ~ gw* [ gz*
gw precision to few permil

Running at the top does not simply add statistics
it exploits complementary production mode to improve
constraints

llllllllllllIlllllllllllll

T e —— — N

®
o)
®
=

WWY fusion added value

BR expected precision with 2 IPs

Vs (GeV) 240 365
Luminosity (ab™") 5 R
d(cBR)/eBR (%) HZ wvv H HZ wvv H
H — any +0.5 +0.9

H — bb +0.3  +£3.1 | £0.5 0.9
H — cc +2.2 +6.5  £10
H — gg +1.9 +3.5 4.5
H— WTW- +1.2 +2.6 3.0
H — 727 +4.4 +12 +10
H— 77 +0.9 +1.8 +8
H — vy +9.0 +18  £22
H— pp~ +19 +40

H — invis. < 0.3 < 0.6

For 4 IPs, expect:

x |.7 luminosity / statistics
x |.3 in expected precision

- bb/cc/gg/WW

Limited for:
* rare decays MU,YY, ZY

- HH

Abundant statistics and high precision for:




Mass, cross-section and Higgs self-coupling and electron Yukawa

Events/ (0.2 GeV)

Higgs recoil method for simultaneous extraction of Higgs mass and ZH cross-section

Why measure Higgs mass:

O(10 MeV) need for permil precision of gz and gw - ~e e \ :
O(I'xH = 4 MeV) can constrain electron Yukawa ) *\\h ) R

Defines stringent detector constraints

:

\s =240 GeV FCC-ee

x ty L=5ab"’
1800 eg'e > ZH — u'n + X
'6°° " Sg sk ~150 MeV | ArXiv 1711.03978
1400 4'3: ~— Sig. + Bkg. Fit . E FAIV .
1200 | T e in ATLAS/CMS 0'020;
P N 0.015]
600 ; +++H’+*M+ ~6MeV S
400 [ttt Mt . o Hﬂhmmﬁ*m#*“*+’*+*++++Hf++++u,*+++ 0.01 0:'
o NP AP 1 NP P 11111‘1 — ——————————— e_+e____)v_-‘7h__.
920 122 124 126 128 130 132 134 13 138 140 0.005
M, oo [GEV]
0000 50— 450 50
Stat-only results JS[GeV] 1
IDEA Am , (MeV) Ao (%) . . .
’ also allows to indirectly measure the Higgs self-
Nominal 6.70 1.07 Coupllngs
FullSilicon 9.01 1.12
with 2 IPs, can reach OKk) ~ 40% (33% if
3T 5.78 1.06 .
combined to HL-LHC)

» could reach Ok) ~ 25% with 4IPs

€ q, C, b> T

s-channel production with beam mono-
chromatisation at v/s = 125 GeV
+ ISR+FSR leads to 40% + with beam
spread ~ ['Hanother 45%
» plus potentially uncertainty on the

Higgs mass

»+ can hope for ye < |.6 ye (SM) with 4 (2)
years of running with 2 (4) IPs

e* Yukawa limits. e'e’— H, s = 125 GeV

1 2 3 4567 10

20 30 100 200
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Complementarity FCC-ee/hh

_ HL-LHC()  FCC-ee
. dH / TH (%) SM (**) 1.3
Large rates for rare modes and HH production at FCC-hh Sqrzz | Qrzz (%) 15 0.17
OgHww / gHww (%) 1.7 0.43
. Higgs self-coupling OgHbb / GHbb (%) 3.7 0.61
OQHcc / GHee (%) ~70 1.21
* top Yukawa OQHgg / GHgg (%) 2.5 (gg->H) 1.01
. . e e OgHtt / QHrr (%) 1.9 0.74
+ Higgs — invisible SGHuy / Gruu (%) | 4.3 9.0
» rare decays (BR(uL), BR(ZY), Need to OQHyy / vy (%) 1.8 3.9
ratios, ..) measurements will be improve OgHtt / Hitt (%) 3.4 B
> OgHzy / gHzy (%) 9.8 —
statistically limited at FCC-ee SgHHH / G (%) 50 |
BRexo (95%CL) = BRiw<2.5% <1%
At pp colliders very large rates, but we can only measure:
Oprod BR(i) = Oprod i/ T'H Measurements of ratios of BRs at hadron colliders:
from ete-
/
— we do not know the total width BR(H2XX) / BRH—2ZZ) = gx? [ gz*2

We can “convert’ relative measurements into

In order to perform global fits, we have to make model-dependent . \
absolute via gz thanks to ete- measurement

assumptions



Ratios of BR(H—XX) / BR(H—ZZ)

g(13 TeV) o(100 TeV) | o(100)/o(13)
ggH (N3LO) 49 pb 803 pb 16
VBF (N2LO) 3.8 pb 69 pb |6
VH (N2LO) 2.3 pb 27 pb |l
ttH (N2LO) 0.5 pb 34 pb 55

N = 20 Billions Higgs at threshold

N = | Million Higgs with pt > | TeV

dulu (%)
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FCC-hh Simulation (Delphes)
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n stat. + syst. -
L =30 ab™
= stat. only
_\ /_
: H—4] -
_ £ =elu i
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

100 200 300 400 500 600 700 800 900 1000
p? [GeV]

T.min

o (BR(H — up) /BR(H — puuuy) ) (%)

llllll | LI lllll l/ lllllll

measure ratios of BRs to cancel correlated sources of systematics:

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

Exploit large Higgs rate rate at large pt

<|% precision on JU,YY, ZY couplings combining FCC-ee/hh

FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
fllllllllllllllIlllIIIIlllllllllllllllllllllll= ? _llllllllllllllllllllllllllllllllllllllllllllll
I _ — stat + syst (cons.) g i — 100 TeV —— stat + syst (cons.)
oL \s =100 TeV | o = [ Vs=100Te o
= stat + syst (optim.) 3 2 . stat + syst (optim.)
- L=30 ab”’ - o L =30 ab
R — stat. only - 1 10 — stat. only =
I ] r f ;
% - |
10 -3 — [~ -
- “— 1
i o=
. g E
. E - .
C B N
1 @ i i}
© _ .

107"

BRH — uu)
BR(H — uuuu)

BR(H —yy)
BR(H — eeuu)

| llllllll

10"

1 lllllll

llllll

- LA

lllllllllllllllllllllllllllllllllllllllllllll- 1|1111[11111|111[111111111]1111111111111111111

50 100 150 200 250 300 350 400 450 500

100 200 300 400 500 600 700 800 900 1000
p?  [GeV] p!' [GeV]

T.min T.min



Top Yukawa (production) and Higgs invisible ()

events / 20 GeV

500

400

300

200

100

production ratio O(ttH)/O(ttZ) = y.? yb?/ geez 2

measure O(ttH)/o(ttZ) in H/Z—bb mode in the boosted regime,

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

assuming g«ez and Kp known to |% (from FCC-ee),

10° FCC-hh Simulation (Delphes)
LI ] 1L I I I LI I L I L L
"_ — ttH _
| V\s=100TeV B tt+jets -
- L=30ab’ B tt+bb -
u B itZ _
i ‘ o
i - 6)’1: / Yt = | %
0 50 100 150 200 250 300

my(H) [GeV]

BR(H—>Inv)

X (inv)

jet(s)

Measure it from H + X at large pt(H)
Fit the E1™miss spectrum

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

Estimate Z— Vv (W—1V) from Z—ee/uy (W—1V)
control regions (high stat).
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Self-coupling at the FCC-hh

J 12 1 T 77 l 1 1 "l I L Ll ' LI I ] 1 1 1 l LI ] I I 1 .'
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FCC-hh Simulation (Delphes)
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FCC-hh Simulation (Delphes)
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Assuming SM couplings.
= scenario || (stat+syst)
== scenario lll (stat only)
= scenario |l (stat+syst)
== scenario Il (stat only)
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Integrated luminosity (ab™)

parameterisation scenario I scenario II scenario III
b-jet ID eff. 82-65% 80-63% 78-60%
b-jet ¢ mistag 15-3% 15-3% 15-3%
b-jet 1 mistag 1-0.1% 1-0.1% 1-0.1%
7-jet ID eff 80-70% 78-67% 75-65%
7-jet mistag (jet) 2-1% 2-1% 2-1%
T-jet mistag (ele) 0.1-0.04% 0.1-0.04%  0.1-0.04%
~ ID eff. 90 90 90

jet — v eff. 0.1 0.2 0.4
M.~ resolution [GeV]| 1.2 1.8 2.9
mpp resolution [GeV] 10 15 20

- Expected precision:

- Combined precision:

@68% CL scenario I scenario II scenario III
bbyy 3.8 5.9 10.0
bbtt 9.8 12.2 13.8
bbbb 22.3 27.1 32.0
comb. 3.4 5.1 7.8

+ 3.5-8% for SM (3% stat. only)

+ 10-20% for A3z =1.5% A3SM

-2A InL
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FCC-hh Simulation (Delphes)
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https://arxiv.org/abs/2004.03505
https://arxiv.org/abs/2004.03505

Summary direct measurements

5 HL-LHC FCC-ee FCC-hh
SMh /T (%) SM 1.3 tho
OgHzz / gHzz (%) 1.5 0.17 toc
OgHww / gHww (%) 1.7 0.43 toc
OgHbb / GHbb (Y0) 3.7 0.61 tbc
SQHoc / GHeo (%) ~70 1.21 thc
OQhHog / OHog (%)  2.5(gg->H) | 1.01 thc
Oghrt / Qe (%) | 1.9 0.74 tho
SQHu / QHun (%) 4.3 9.0 0.65 ()
SGhvy / Oy (%) 1.8 3.9 0.4 ()
OQgHit / gHtt (%) 3.4 — 0.95 (%)
OgHzy / gHzy (%) 0.8 — 0.91 ¢
OgHHH / gHHH (%) 50 ~30 (indirect) <

BRexo (95%CL)  BRiw<2.5% <1%  BRinv < 0.025%

* From BR ratios wrt B(H—4l) @ FCC-ee

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



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

Strong |st order electroweak phase transition (and CP violation) needed to explain large observed baryon asymmetry in our universe
Can be achieved with extension of SM + singlet

Combined constraints from precision Higgs

: : : measurements at FCC-ee and FCC-hh
Direct detection of extra Higgs states

T B S S Real Scalar Singlet Model
- 100 TeV, 30/ab = e I L B L '
100 TeV, 3/ab = N | |
14 TeV, 3/ab == =N f current |
U§3__ 0-100F 1 Lhe
\ \ N i
3 6% i
‘ 5 — 0.010¢
®)) E
1 | | | =
“ . S 0.001l FCC-ee
. 3 palli
0.1 - N | ¢ 9 |
2 = 8 u = = = 8 = s = = 8 = s = = 0 = = u = "= 'C1O_4f g § i
400 500 600 700 800 Oj5l B 1f0. III 1j5 B I2jOI — I2f5
my (GeV) hhh coupling: As/Az sm
B Parameter space scan for a singlet model extension of
ho — hihy  (bbyy + 471) the Standard Model. The points indicate a first order

phase transition.



Conclusions & outlook

* The integrated FCC program allows for ultimate precision in the Higgs sector
- among all proposed future facilities, it is the natural next step for Higgs (and BSM) exploration
* Higgs precision is a guaranteed deliverable for the FCC

* The FCC-ee will produce |-2 millions Higgs in a clean environment (low systematics):
» allows for model independent measurement of Higgs couplings
* exquisite precision in abundant Higgs decay channels

* The FCC-hh will produce 20B Higgs and 30M Higgs pairs
* In synergy with the FCC-ee will provide percent level precision on most Higgs couplings

* very rare decays (H— Uy, £Y)
- ttH (with ttZ from FCC-ee)
+ <5% on the Higgs self-coupling

Join the effort for an exciting future !
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ete-vspp

e+e- collisions

e+/e- are point-like
-> Initial state well defined (E, p), polarisation
- High-precision measurements

Clean experimental environment

- (Almost) Trigger-less readout

- Low radiation levels

Superior sensitivity for electro-weak states

- Circular e+e- colliders can deliver very large
luminosities
- Linear collider can reach higher energies (>1TeV)

u+
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pp collisions

Proton is compound object
- Initial state not known event-by-event
-> Limits achievable precision

High rates of QCD backgrounds

- Complex triggering schemes

- High levels of radiation

High cross-sections for colored-states

High-energy circular pp colliders feasible.
R&D on high field magnets needed.

QEATLAS

EXPERIMENT
http://atlas.ch From

Higgs decay

Time

particles

From
Higgs decay

3

(ATLAS: H > Z2Z* > ppee candidate)

|5



Future et+e- machines

PA (IP)

FCC-ee ot B

134m 10.6m Booster

PB

FCC-ee

PG (IP)

LTB: Linac to Booster

C E P C BTC: Booster to Collider Ring

= ~
et IP1 e\b
1/
Super Synchrotron, S - + =
/ oI Medium-Stage Synchrotron, MSS i/ as® Llnac

P4 Rapid Cycling Synchrotron, p-RSC Proton Linac IP3

BOOSter

Cepe
S € Colligier Ring  IP2
PpC Colliger Ring

- Maximum Ecm ~ 350 GeV (limited by synchrotron radiation)
*  Very high luminosity at low energy (Z >W > H > t)

- Allows multiple experiments

Parameter |z | W | H | t|
160 240 350

Cm E [GeV] 91.2
FCC-ee
L [10%34 cm2s1] 200 28 8.5 1.8
Years op. 4 2 3 5
Int. L/ 2 IP [ab™] 150 10 5 1.5
CEPC
L [10%** ecm2sY] 32 10 3
Years op. 2 1 7
Int. L/ 2 IP [ab?] 16 2.6 5.6

ILC

Damping Rings IR & detectors

e- source

e- bunch
compressor

central region

sqrt(s) 500 GeV
Lumi 4 apb-1

Can reach high energies

High lumi at high energies (ttH, HH, H ...)

CLIC

«
4 Legend
|
==m= CERN existing LHC
Potential underground siting :
e CLIC 500 Gev
esese CLIC1.5TeV
® CLIC3TeVv

Jura Mountains

e+ bunch

compressor

positron
main linac
11 km

1 TeV
8 ab

|6



Machine specs and detector requirements

parameter unit LHC | HL-LHC | HE-LHC | FCC-hh
E.m TeV 14 14 27 100
] km 26.7 26.7 26.7

I peak £ x 1034 cm 25! 1 5 25 30
bunch spacing ns 25 25 25 25
number of bunches 2808 2808 2808 10600
goal [ L ab™1 0.3 3 10 30
Cinel mbarn 85 85 91 108
Otot 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 32.4
peak av. PU events/BC 27 135 721 997

rms luminous region o, mm 45 a7 d

line PU density mm ~} 0.2 0.9 5

time density ps ° 0.1 7 028 15T .

dN¢n /dn|n=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/c 0.6 0.6 0.7 0.76
Number of pp collisions 10" 2.6 26 91 324
Charged part. flux at 2.5 cm est.(FLUKA) GHzcm ™~ 0.1 0.7 2.7 8.4 (12)
1 MeV-neq fluence at 2.5 cm est.(FLUKA) 100 cm ™2 0.4 3.9 16.8 84.3 (60)
Total ionising dose at 2.5 cm est.(FLUKA) MGy 1.3 13 54 270 (400)
dE/dn|n:5 GeV 316 316 427 765
dP/dn|n:5 kW 0.04 0.2 1.0 4.0

High granularity and precision timing needed to reduce occupancy levels and for pile-up rejection

lumi & pile-up

— x6 HL-LHC

LHC: 30 PU events/bc
HL-LHC: 140 PU events/bc
FCC-hh: 1000 PU events/bc

but also x10 integrated
luminosity w.r.t to HL-LHC
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FCC-ee run plan

o 185 physics days / year, 75% efficiency, 10% margin on luminosity

Working point Z, years 1-2 Z, later ww ttAhresholl...
Vs (GeV) 88, 91, 94 157, 163 340 —350
Lumi/IP (1034 cm2s2) 100 200 25 0.8
Lumi/year (2 IP) 24 ab™ 48 ab 6 ab 0.2 ab™
Physics goal 150 ab™ 10 ab™ 0.2 ab™
Run time (year) 2 2 2 1

‘.‘;' 200: | l ; I l — W N — — :
> [ IR WY 1 Z e
e | _ :
E / ﬂ

50| - / .
§ %4..4//1 A

OO

©

s
10 11 12 13 14@
Year

Total : 15 years

Event statistics \s precision

5x10'2 ete” — Z 100 keV
102 etfe” > W*W~™ | | 300 keV
10° ete” — HZ 2 MeV
10° ete” — tt 5 MeV

Transverse polarization (E,,,, calib.),
No longitudinal polarization.

For 4 IPs x |.7 luminosity / statistics

nty

|18



Timeline of the integrated FCC project

i 2 BB 4 BENN 6 BRAN 6 BN 0 AN ... FCC-gg, 10 years

FCC-hh,
~ 25 years operation

~ 15 years operation
Feasibility Study ESPP - N
’ v B FCC-ee dismantling, CE
Geological investigations, infrastructure Tunnel, site and technical & infrastructure
detailed design and tendering preparation infrastructure construction L adaptations FCC-hh. .
. g eae a0y

FCC-ee accelerator and detector
construction, installation, commissioning

FCC-ee accelerator and detector R&D and technical
design

High-field magnet
industrialization and
series production

Long model magnets,

Superconducting magnets R&D orototypes, pre-series

FCC-hh accelerator
and detector R&D FCC-hh accelerator and detector

construction, installation, commissioning

O Feasibility Study: 2021-2025

Q If project approved before end of
decade - construction can start
beginning 2030s

and technical design

O FCC-ee operation ~2045-2060
0 FCC-hh operation 2070-2090++ | E Gianotti




Detector designs

Physics Process  Measured Quantity Critical Detector Required Performance

ZH — ("¢~ X  Higgs mass, cross section A(1/pr) ~2x 1077

Tracker

H — p ™ BR(H — ™) @1 x 1072 /(pr sin §)

H — bb, cé, gqg BR(H — bb, cé, gq) Vertex Tre ~H®10/(p sin®/? f) pm
H—q73, VV  BR(H — qg, VV) ECAL, HCAL ol JE ~ 3 -4%

H — v~ BR(H — ~~) ECAL op ~ 16%/VE & 1% (GeV)

Instrumented return yoke

Double Readout Calorimeter

Scintillator-iron HCAL 2.7 coil

Ultra-light Tracker

MAPS —

\ LumiCal

A A Pre-shower counters

CLD IDEA
+ Consolidated option based on the detector design + New, innovative, possibly more cost-effective design
developed for CLIC o Silicon vertex detector
o All silicon vertex detector and tracker o Short-drift, ultra-light wire chamber
o 3D-imaging highly-granular calorimeter system o Dual-readout calorimeter
o Coil outside calorimeter system o Thin and light solenoid coil inside calorimeter system

+ Proven concept, understood performance

A third concept based on highly granular LAr being proposed as well ...



The FCC-hh detector

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

30 Xo
lat. segm: AnAd= 0.0
long. segm: 8 layers

— - |

———

Fwd ECAL: LAr/Cu
O/E ~30%/VE® | %

lat. segm: AnAd= 0.0
long. segm: 6 layers

Fwd HCAL: LAr/Cu
O/E ~100%/+/E ® 10 %

lat. segm: AnAd = 0.05
long. segm: 6 layers

Tracker: O,1/pt ~ 20%
at 10 TeV (1.5m radius)

— ‘V
e ——
f —— —
— —

—

Central Magnet +
Fwd solenoids

o — -
w—n =)

Barrel HCAL: Sci/Pb/Fe
O/E ~50-60%//E @ 3 %

|| A (ECAL+HCAL)
lat. segm: AnAd = 0.025
long. segm: |0 layers
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H—gluons

4 | | I i
Z(I"I")+H(gg)
35| v H— gg
tt+ Pythia8
3 + Herwig7 —
.I.
o~
= 25 1 with mMDT
I + t + +,t
g ?r R N
Z + ++‘|' +.|.+
S st N P
-
-+ ++ ++
1+ + +4 e +
+
1ol e R
.~ LH angularities ~..-.
0 b—=" | | | s
0 0.2 04 0.6 0.8

- with powerful gluon taggers:

- exploit it as a gluon factory

jet misid. probability
S

i

10*

measure Higgs to gluon coupling

|00k extra clean gluon events
study gluon radiation and jet properties

fuud
TTTTT

FCC-ee Simulation (IDEA)
T ] T T L] ]’ L} | Ll ]’ T L] T ]’ T T T

g tagging

e'e 5ZH,H —>jj

j=u,d,s,c,bg

L 3 ok E.o5 8 L g g w5 | W% .
0.2 0.4 06 08 1
jet tagging efficiency

40% H — gg foro0.12% H — cc
0.01% H — bb

22



H — invisible

SM H— inv. BF

Higgs could be a portal to dark matter or other new physics
In the SM B(H—inv) ~ |03
Use recoil method to reconstruct the Higgs
potential to improve | order of magnitude compared to LHC

Using Z—ee//bb/qq channels

0.01
0.008
0.006
0.004
0.002

-0.002
-0.004

stat. only uncertainty reaches SM sensitivity at the FCC-ee

in the SM B(H—inv) ~ 10-3
Potential for discovery for H— X(inv) with BR ~ 0.5%

- | =
—e'e— ZH FCC-ee Simulation (Delphes) —]
- {s=240 GeV, L=5ab" e
- SM BF H— invis. =0.1% =
—40.125%  +0.22%  +0.244%  +0.373%( +0.095%—
TR T T R
- | | | | E
qq bb ML ee All

H— DM. min. BF for 5¢ discovery

0.022

0.02
0.018
0.016
0.014
0.012

0.01
0.008
0.006
0.004
0.002

Events

i 2} FCC-ee Simulation (Delphes)

ete’—» ZH
Vs=240 GeV, L=5 ab™

0.63%

|

1.1%

1.225%
@

| |
FCC-ee Simulation (Delphes)

1.87%

0.486% o

lllllllll lIlllIlllIll

All

FCC-ee Simulabion (Delphes)

(s =240.0GeV, L=5ab"
Z — uu, Br(H - inv.) = 100%

0
50 60 70 80 90 100 110 120 130 140 150
Missing Mass [GeV]

Vs =240.0GeV, L=5ab"

0 J
50 60 70 80 90 100 110 120 130 140 150

Missing Mass [GeV]

FCC-ee Simulation (Delphes)

s = 240.0 GeV, L=5ab”
Z — bb, Br(H— inv.) = 100%

B ZH(sig)

50 60 70 80 90 100 110 120 130 140 150

Missing Mass [GeV]
See talk A.-Mehta at Liverpool workshop
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Riggs at large pr

pr (GeV)
1010 | I — | T T T L L L l T T T T 106 3 T T T T T T T T T T T T 1T T 1 | LI B I T T 1 I T T 1T
— - - — -1 - 5 = —
N_o(pT,H>pT,ming x 20 ab = N=0(pPru>Prmin) X 20 ab 3 107 E \ c(Pr1>Prmin) (Fb) E
. 5 . - . . B - T.H T,min
Light dots: 10” events/H final state f1=e,u) i Light dots: 10 events/H final state (l1=e,u) | -\ .
..................................... Z?e>7.2 TR 7 o] . Solid: exact mtop dependence
_______________________________________________ - = - . i
.............................................. 10 541—'15 104:_ \\DaSheS:EFT —
:\ ........................................ #M E‘ E N . =
108 — - N N
___________ 4 ] i ~
10 \ g 103 — =~ ~ ; .;““:..,' —
R SRR R R R T vy ] 3 ~ o 9
AAAAAAAAAA -1 \ - - ~ -
. : N(PT > PT, mln) : -~
........... 10 E—\_\\\ZIZV—E 102:_ -~
106 — - ) h ‘\\} . = :
- Solid: gg—> N . E
'~ o~ e N s T - - ] -
..................... Sl N s bb [ 102 :_Dashes. ttH . — ol L N
- Short das "~ 7 - | \ o~ 3 é 3
Dotdash: WH T~._. 7~ [ Dotdash: WH i -
104 [ B I [ S B | [ R B | L1 1\ .1\ i 101 | 1 ] ] ] | ] ] ] ] ] , bb, 1 100 L1 1 | L I [ T B | [ T
500 1000 1500 2000 2000 4000 6000 8000 500 1000 1500 2000
Prmin (GeV) Prmin (GeV) Prmin (GeV)

*  Huge rates at large pr: YY/_%ZI_‘I . AR = 0.1
- > 106 Higgs produced with pt> | TeV .

- Higher probability to produce large pt Higgs from ttH/
VBF/VH at large

. Even rare decay modes can be accessed at large pt * highly granular sub-detectors:

+  Tracker - pixel:10 pm @ 2cm = Onxe = 5 mrad

. Opportunity to measure the Higgs in a new dynamical .
PP 4 88 y »  Calorimeters: 2cm @ 2m — Onxe = |10 mrad

regime

good energy/pt resolution at large pr:

Higgs pt spectrum highly sensitive to new physics.
* O, /p=2%@ | TeV
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Standalone 100 TeV Higgs measurements

- Following the principle of reducing as much as possible the impact of systematics
assumptions on future measurements, additional ratio measurements:

MLM

oc(WH[—=vY]) / 6(WZ[— eTe]) . Gw = g5ww X BR(H — )
oc(WH|—tt])/ o(WZ[—1T]) s

o(WH[—bb]) / c(WZ[— bb]) >

G. = giww X BR(H — 17)
Gy = giww X BR(H — bb)

ud
parton level sty
p’T""" WlelZ[e] W[elH |W[/]Z[e] W[/]H[yY]| OR/R prn | WlelZ[x] WlelH|W[/Z[<x] W[/]H[z<]| SR/R
(GeV)| (pb) (pb) x L x L (GeV)| (pb) ~ (pb) | x&L  xé&L
100 | 21E2 LOE-l1| 13E6 L AE4  |85E_3 100 | 2.1E-2 1.0E-1| 13E5  38E4 |59E-3 0G/G < 1%
150 | 1.0E2 63E-2| 6.0E5  8.7E3 |I.IE—2 DY | 1OB2 oSB2| OOR4  aaRd |77ETS
200 | 5.6E-3 38E-2| 34E4  14E4 |1.0E-—2
200 | 5.6E-3 3.8E-2| 3.4ES 5.2E3 1.4E-2 300 | 2.1E3 1.6E.2
300 | 2.1E-3 1.6E-2| 1.3ES 22E3 |2.1E-2 400 | 98E-4 79E-3 pr" | Wlel+bb W[e]Z[bb] W[el+bb W[e][H | W[{]bb W[/]Z[bb] W[{]bb WI[/]H[bb]| OR/R
(GeV) (pb) (pb) (pb) (pb) xX&, L x€&, L X &, L x€&, L
m[bb] € mz m[bb] € my m[bb] € mz m[bb] € my
200 | 33E-2 25E-2  23E-2 38E-2| 9.9E5 7.5E4 6.9E5 6.6E5 |2.5E-3
300 | 1.2E-2  92E-3  88E-3 16E-2| 3.6E5 5.5E4 2.6E5 2.8E5 |3.2E-3
400 | 55E-3  43E-3  4.1E-3 79E-3| L7E5 2.6E5 1.2E5 1.4E5 |4.5E-3
. : 600 | 1.7E-3  14E-3  13E-3 26E-3| 5.1E4 8.4F4 3.9E4 45E4 |7.8E-3
also: o(Z[vwWIH[—yY]) / 6(Z[wW]Z[—eTe ]) 800 | 6.8E—4 62E—4 S50E-4 12E-3| 2.0E4 3.7E4 1.5E4 21E4 |LIE-2| o




events

events / 0.3 GeV

Self-coupling at the FCC-hh

350

i

FCC-hh Simulation (Delphes)

Vs = 100 TeV
L=30ab"’

bbyy

I ! . Hi!i(x1=1.(;0) x50
YY +jets

B jy + jets

I single Higgs

128 130 13

m,, [GeV]

FCC-hh Simulation (Delphes)

1014 . I L} 1 . l L 1 L} l L) . L) l 1 ) L} T I
— HH(x,=1.00) x20
102 Vs =100 Tev mzz
12 ‘ | FWAY
r bbtt Ztjts
10" BtV
10 I single Higgs

B top pair

BDT

Channels: bbyy (golden channel)

- bbtt

- bbbb
bbZZ (4l)

* Defined 3 scenarios with various

detector assumptions and systematics:

parameterisation scenario I scenario II scenario III
b-jet ID eff. 82-65% 80-63% 78-60%
b-jet ¢ mistag 15-3% 15-3% 15-3%
b-jet 1 mistag 1-0.1% 1-0.1% 1-0.1%
7-jet ID eff 80-70% 78-67% 75-65%
T-jet mistag (jet) 2-1% 2-1% 2-1%
T-jet mistag (ele) 0.1-0.04% 0.1-0.04%  0.1-0.04%
v ID eff. 90 90 90

jet — v eff. 0.1 0.2 0.4
M~ resolution [GeV] 1.2 1.8 2.9
mpp resolution [GeV]| 10 15 20

events

Events/0.1 GeV

2004.03505 [hep-ph]

FCC-hh Simulation (Delphes)

ll"'l]lllllllll‘llll'll'
— HH(x,=1.00) x20

Vs = 100 TeV 77
L=30ab" I single Higgs
Z+bb

bbbb  =me”

-06 -04 -02 0 0.2 0.4 0.
BDTgep

FCC-hh Simulation (Delphes)

—l LI | LI | LI I LI l LI I LI l LI l L | LI | LB
200 D
C ZH — bbal
180 Vs =100 Tev B o5+ 00(H) — bbal
N L =30ab" [ ttH — bbal
160—— —— HH — bbZZ — bb4l
bbZ Z(4l)
120F -
100 -
80 =
60— -
40f =
20F =
Pttt | R R T RN
‘P20 121 122 123 124 125 126 127 128 129 130

m, [GeV]
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https://arxiv.org/abs/2004.03505
https://arxiv.org/abs/2004.03505

Summary of Higgs direct measurements

Observable Parameter | Precision (stat.) | Precision (stat.+syst.+lumi.)
u=o(H)x B(H - vyy) Su/u 0.1% 1.45%
uw=o(H)x B(H - pp) Su/u 0.28% 1.22%
u=o(H) X B(H - 4p) Su/u 0.18% 1.85%
u=o(H)xBH - yup) Su/u 0.55% 1.61%
w=o(HH) x B(H - yy) B(H - bb) SA/A 5% 7.0%
R =B(H - pp)/B(H - 4p) SR/R 0.33% 1.3%
R =B(H - yy)/B(H - 2e2p) SR/R 0.17% 0.8%
R =B(H - yy)/B(H - 2p) SR/R 0.29% 1.38%
R = B(H - ppy)/B(H - gu) SR/R 0.58% 1.82%
R = o(ttH) x B(H - bb)/o(ttZ) x B(Z—>bb) | &6R/R 1.05% 1.9%
B(H - invisible) B@95%CL 1x104 2.5%10+4

OR/R HE-LHC | LE-FCC | FCC-hh

R = B(H—yy)/B(H— 2e2y) 1.7% 1.5% 0.8%

R = B(H—yu)/B(H—4y) 3.6% 2.9% 1.3%

R = B(H—uuy)/B(H—uy) 8.4% 6% 1.8%

R = B(H—yy)/B(H— 2p) 3.5 % 2.8% 1.4%

* Percent level precision on 0 x BR in most rare decay channels achievable only at 100 TeV

* Percent level precision on couplings if HZZ coupling known from FCC-ee (to 0.2%)



Vector Boson Scattering

. g w
 Sets constraints on detector acceptance (fwd jets at N=<4) w ‘ large mww
- Study W+-W+/- (same-sign) channel W \vY;
- 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, Okw /kw = 2%

FCC-hh Simulation (Delphes)
T T I I T T T T T I =)

VBS W, W, Same Sign Cross Uncertainty 2 FT 77

| T T I ]
i — <25 |n|<45 P;>30GeV 5 [ — M- > 500 GeV ]
— |7 <4.0 |n]<6.0 P}>30GeV 51 myy- > 200 GeV -

|n| <4.0 |nj|<6.0 P}>50GeV

[
H
L

w- i VBS - Wi W;

W+

=
N
1

10 -

W+

Relative Uncertainty (%)

W+

5 10 15 20 25 30
Integrated Luminosity ab™?!

Table 4.5: Constraints on the HWW coupling modifier ky;, at 68% CL, obtained for various cuts on the
di-lepton pair invariant mass in the Wy W; — HH process.

ml+

+cout | >50GeV | >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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F. Bishara, R. Contino, |. Rojo
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negligible at
large muH
5 2 2 .
A(VLVy — HH) ~ —(coy — cy) + O(myy /5), | | | |
v high energy behaviour driven by Cyv and Cy, if
A g 0Cauv = 0, grows with E
0 in the SM
T =T ™ " I : 80

10% | — SM . =
? — Oy — 08 —1:

é 10% E — Background - 3 60 |- 7
£ E

< A 40 F g
£ 107 3

e c 20}k _
S 107 2
au

;0—6 e e 0 | | |
2 5 10 20 —-0.02 —-0.01 0.00 0.01 0.02
muph [TeV] 562v

With cv from FCC-ee, 0c2v< 1% .



