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Outline

* Where we are (LHC - Run Il)
* Where we will be (Run lll - HL-LHC)...

* Higgs measurements at the FCC-ee:
* Production and decays

* Higgs couplings

- Higgs properties (mass, width)

- Higgs measurements at the FCC-hh:
* rates at 100 TeV vs 14 TeV

» threshold vs boosted production
- Single/double Higgs measurements



Higgs Production and decay at the LHC

production
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Present state of affairs
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Higgs couplings in Run 2

CMS 138 o' (13 TeV)
® Observed +1 SD (stat)
=== +1 SD (stat @ syst) +1 SD (syst)
— 12 SDs (stat @ syst)
— - Stat Syst
Kw —— 1.02+0.08 +0.05 +0.05
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Ky —— 0.92+0.08 0.05 +0.06
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K, — 0.99701 012 T2
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+0.21  +0.19
Su — === 11200  gz0 009
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Parameter value

Today ~ 150 fb-! /exp.

* Kwiz, Kys Kgy Ky ~6-8%
K¢, Kp ~10%

- K, ~20%

- Kzy ~40%

Gauge-Higgs:
lll generation:
ll: next?
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Higgs mass and width
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mH = 125.04 £ 0.12 (stat.) £ 0.05 (syst.) GeV

o(mn) ~ 100 MeV
~ 0.1%




Higgs self-coupling(s)
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Timeline

2025 2045 2070 time
Run 2/3 5 HL-LHC 5 FCC-ee : FCC-hh .
Vs=13-13.6TeV ° Vs = 14TeV : Vs = 240 - 365 GeV : Vs = 100 TeV : og(L)
0.3 ab-! 3 ab! (10 ab-) 30 ab-

we are here
accessed only 5% of the LHC dataset



Differentials (do/dpr)

dcs/d(pTH)[pb/GeV]

Theory/Data
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QCD modelling
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2nd generation at HL-LHC

H—=pup H—cc
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OKu= 4-5% OK.= 100%

— tracker upgrades

low mat. budget
superior vertex detectors
also ZY ...



Higgs at HL-LHC

Higgs couplings ~ few %

Vs = 14 TeV, 3000 fb™" per experiment

| Total ATLAS and CMS

— Statistical HL-LHC Projection

—— Experimental

— Theory Uncertainty [%)]
: Tot Stat Exp Th
Ky = 1.8 08 1.0 1.3
Kyw = 1.7 08 07 13
K; = 1.5 0.7 06 1.2
K= 25 09 08 2.1
Ki = 3.4 09 1.1 3.1
Ky B 3.7 13 13 32
K = 1.9 09 08 15
Ku — ‘ 43 38 1.0 17
Kzy V= 9.8 7.2 1.7 6.4

0 0.02 004 006 0.08 01 012 0.14
Expected uncertainty

Need to go beyond the LHC
precision measurements:

OKx < |% !

Ky ~ 2%

Kt~3%

Kp ~ 5%
Kzy ~ 10%

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

di-Higgs evidence (40)
self-coupling OK) ~ 50%

ATLAS and CMS HL-LHC prospects 3 ab-1(14 TeV)
12— .
= [ SM HH significance: 4o Combingi
c | — Combination
g 10 0.1 <k1<2.3[95% CL] , _
coT 0.5 < k1< 1.5 [68% CL] """ bbyy
99.4% CL 8. % bbre
- "- bbbb
6} -
P bbzz*(4l)
95% CL 4f4 ) LT - bbVV(iviv)
o~
68% CL [
0 B -l \ ,' "
2 1 0 1 2 3 4 5 6 7 8

KA

»  Self-coupling(s)
- BSM Higgs
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Timeline (HL-LHC)

2070 time
' FCC-hh .

2025 2045
Run 2/3 5 HL-LHC 5 FCC-ee
Vs=13-13.6TeV ° Vs = 14TeV : Vs = 240 - 365 GeV
0.3 ab’! 3 ab-!

|

|00% of the LHC dataset

Vs = 100 TeV ' |Og(|_)
(10 ab-) 30 ab-

- abundant decay modes to few % level
- fully differentials in production

- partial |l generation

- Omy ~ 30 MeV and Ol W/l 1 ~ 25%

- evidence for HH production
- direct Higgs BSM reach: x1.5-2

|3



FCC-ee program

15 (207) years of operations

Z WW ZH tt
— 10% =+ v v J v -
‘ED : | | | | ® FCC-ee (2 IPs) (“CEPC50 MW) — Z pOIe ? H pOIe ? WW ZH ttbar
o T o218894Ge) e FCC-ee(41Ps) (Lumix17)  —
g - o ILC (TDR, upgrades) (~C?)
3 B +  CLIC (CDR, 2022) n Vs [GeV] 88-91-94 125 157 - 161 240 350 - 365
©  10% |
g Lumi/ IP 182 80 19.4 7.3 1.33
FZ [10°%* cm? s7]
O
=
g 10 Int. lumi / 87 38 9.3 3.5 0.65
~ 41P [ab™" / yr]
ILC CLIC
1 (250 GeV) = years 4 o 2 3 5
[ | | |
100 150 200 250 300 350 400
/s [GeV] N .. 8 Tera 8 K 300 M 2 M 2 M

Exquisite luminosity allows for ultimate precision:

o 100K Z bosons / second
m LEP datasetin 1 minutes
o 10k W boson / hour
o 2k Higgs bosons / day
o 3k tops/day

| 4



Physics background are “small” in e*e-

Physics processes = G

10° -

cross section [pb]

101 E

1072 E

1073

t-channel ~ log s

10* 5
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9
10° : : : : 3 10
MADGRAPHS. AMC@NLO v3.5.0 108 ,total..‘: g 3 108
=

103 -
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o
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101 E

100 E

ete- =27

ete- - ZH K

=T | = I S .

T T T T T T T SF L i - g-.“- 1 L ';CFMI’ Higgs Europgan ?"’3““.* 3 5

50 100 150 200 250 300 350 10. 10 1 02 10
Vs [GeV] s [TeV]

S/B 10-2 at ete- 10-10 at hadron colliders

FCC-ee offers ideal environment for Higgs physics

large rates ( > |e6 )
clean exp. environment (no UE, Pile-up, low event rate - trigger less)

Large S/B (no QCD background)
Energy, momentum constraints

15



Higgs at the FCC-ee

— ‘e > HZ

250

production mechanisms

200

Cross section (fb)

Higgs-strahlung

l|llllllll|llll|llll|ll

rrrryprrereryprerxrfprrrrprrrrypnri

150
VBF
o - .
V
80 | l 126;01 | 12801 | 13001 l 13201 | l340 360 l 13801 | l400 € V
Vs (GeV)
L = 10 ab- | = 3 b Note on systematic uncertainties vs pp
41P S = 91 06 S = £ 105 - integrated lumi ~ 0.01%
VBE = 4x | 04 VBE = |05 - tagging efficiency, BES < |%

+ TH < 1% (no PDFs, QCD corrections are small)
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FCC-ee recoil method .

FCC-ee simulation
I 11 L | | R | L

s =240 GeV, 5 ab *

> EARIRESARERRRARNRRRS ]
O 1400~ o ZH ]
= T ww ] -
E 1200 — R zz ~ J
S B zv - pw, v 1
i 1000 — I Rare (e(e)Z, vy — pp, ') ] o . : "
3 Higgs recoil mass measurement = ZH production cross section:
800~ -~
- ]
ﬁ ] ,
600 - - - 106 Higgs produced @ FCC-ee
400 — —? * rate ~ gZ 2 5 6gZ/gZ —~ 0.2 %
- ]
]
200 o haaatbnl - o bloa 8y ey Ar s j
tenrl vt oy e [l [ g [T T Tl o —
20 1:122 1rle4 156 1&8 1:I>,o 132 134 136 138 140 Then measure ZH ZZZ
Myec (GeV) * rate ~ gz4/ T 2 O[H/TH ~ 1 %

Precise knowledge of center of mass allows for:
* Then measure ZH — ZXX

» tag the Z by reconstructing pair of leptons * rate~g8z2gx2/Tm = Ogxlgx ~ 1%
« reconstruct the the recoil mass

Provides absolute and model independent

2 | _ 2 Ing In ete-
M2t = 8 — 2v/5Editepton + M tepton measurement of gz coupling in et+e

17



FCC-ee detectors

CLD

12 m

< 10.é6 m >

Well established design

* |LC->CLIC detector-> CLD
Full Si vtx + tracker;
CALICE-like calorimetry;
Large coil, muon system
Engineering still needed for operation with
continuous beam (no power pulsing)

* Cooling of Si-sensors & calorimeters
Possible detector optimizations

* o,/p, o¢/E

* PID(O(10 ps) timing and/or RICH)?

IDEA

Instrumented return yoke

Double Readout Calorimeter

2T coil

Ultra-light Tracker

MAPS

11 m

\ LumiCal

Pre-shower counters

< 13 m >
A bit less established design

* But still 15y history
Si vix detector; ultra light drift chamber w
powerful PID; compact, light coil;
Monolithic dual readout calorimeter;

* Possibly augmented by crystal ECAL
Muon system
Very active community

* Prototype designs, test beam

campaigns, ...

Noble Liquid ECAL based

new

=
-
»
-
el
=

=
"
-

v

10m/2

ey vony

r z(m)
- >
12m/2

A design in its infancy
Si vtx det., ultra light drift chamber (or Si)
High granularity Noble Liquid ECAL as core
* Pb/W+LAr (or denser W+LKr)
CALICE-like or TileCal-like HCAL;
Coil inside same cryostat as LAr, outside ECAL
Muon system.
Very active Noble Liquid R&D team
* Readout electrodes, feed-throughs,
electronics, light cryostat, ...
* Software & performance studies

18



Z(Il)H cross-section and mass measurements

o = _ 1 .
. > 700 fEERe Smsten 18 240 GeN, 102D using uu channel
Cross-section: = [  MuonfnalstteZ(wuH
o o § 600 |— -§-|DEA" L USSR SCIUUIONS. FOUSOIOOON O tracklng AmH AmH
O00zH ~ 0.6% (Kz ~ 0.3 A) 2 1~ DEA perfect resolution ] system (MeV) (MeV)
2 s00[- o< L O WS SN S stat.only stat + syst
L + IDEA CLD silicon tracker 7
400[ . IDEA 2T 3.49 4.27
o FCC-eti Simulation /s = 240 GeV, I1 0ab’ : ]
-4 2F 300 [ ]
% 18l | = wu Stat+Syst.3(c)=0786% | - Perfect 2.67 3.44
) E e*e” Stat.+Syst. §(0) = 0.948 % 200 | { :
1.6 ===+ +e*e” Stat.+Syst. 8(c) =0.609% - N - ] IDEA 3T 2.89 3.97
S W ] [ S
. - o 7 CLD 2T 4.56 5.32
"""""" """""""""""""""""""""" L -- oo | | | ||||||||||| | LF ||||||| .

- (| ‘
?22 123 124 125 126 127 128 129 130 131 132
Recoil (GeV)

B A e o » Why measure Higgs mass:
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" » input for the EWV precision fit

- O(10 MeV) need for permil precision of gz, gw, gzy
* O(I'h =4 MeV) to measure electron Yukawa

|||||||||I||||i||||
(9.98 0.99 1 1.01 1.02

o(ZH— I'M)/o

ref

ToDo: HZZ (all decay) study

— reach target of 1% on [ H Omp ~ 2.9 MeV (stat) + 1.9 (syst)

19



Electron Yukawa

» s-channel production with beam mono-

chromatisation at Vs = 125 GeV

* ISR+FSR leads to 40% + with beam spread ~ I'H

another 45% (0 ~ 280 ab!)

- plus potentially uncertainty on the Higgs mass

q’ C, b? T—

* state-of-the-art ~ 20 with 5 years and 4 |Ps

*+ potentially improve with exclusive ee—gg(cc)

-~

O, n(S) (fb)

B\K spread (MeV)

E Energy spread:
. ——3=0
0.5 . §=4.1Mev
- —-30=7MeV
- 5 = 15 MeV
04 5=30Mev
~ - §=100 MeV
0.3
0.2
R e
0:". I._..l._.l_._l._..l._.l-._l._._l._.l_._l.-._I._.l_.-.-..l._.l-.-l.-.;.-.l-.-l.-.l.._.l-.-l.-.;
124.99 124.995 125 125.005 125.01
/s (GeV)
e Significance e+e-—H, Vs=125GeV
20 V6o
10 | B °°
6 40
S
4
3 30
e 20
1 P 1 L v el 10
1 2 3 4567 10 20 30 100 %00
Lot (ab™)
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Higgs to hadrons at the FCC-ee

Charm-tagging Strange-tagging

FCC-ee Simulation (IDEA)

FCC-ee Simulation (IDEA)

by LE [ e = = I A F '
'_% - e+eqzé:H,H—>jj§ gctagginé 'c% - ee'—>7§-’H,H—>//§ -
®) B j:U,d,S,C,b,g LHC K | 0 B j=U,d,S,C,b,g i
e [ . /” e [~ -
O - _ _ better - o - -
2 B C VS g (3 inner Iayerss) = 9 - -
E IEECLLLLE C VS g (4 inner Iayerfs) . - E - B
D B c vsiud (3 inner layérs) : ‘ E "q's = .
1072 rmmmeved (innerlaydrs) L e/ =
0 m c vsb (3 inner layers) P4 : j = 10—2 = -
P R : : L v z
' . - —— dN/dx + tof (5,230 ps) ]
B . . = — dN/dx + tg_.o.f (6,=3 ps)
10—30 1 1 1 O|2 : "1 ! O A 1 1 1 O|6 4 O"l 1 O|8 1 1 1 1 4 .," l l 'i"" ideal PIDI
: : : . 10 H— S — B S
: : oy 2 4 : : 1
jet tagging efficiency 0 0 0 je(t) tGaggingOerﬁciency
Light tracker, first measurement layer relies on particle ID
close to IP: identify Kaons

- excellent b/c-tagging performance
» crucial to measure and to isolate

clean H—bb/cc/gg samples
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2nd generation (c,s) at FCC-ee

I
=
Ul

loss in precision (%)
N
o

I
N
Ul

—30

Events / 1.20 GeV

FCCAnalyses: FCC-ee Simulation (Delphes)

1013IIIIIIIIIIIIl-lIIIIIlIIIlIIHIIIIIIIIII | [TTT
. IDEA, e*e — Z(vv)H(j)

107 Vs=240.0GeV, L=5ab "’ =

10" —— Hss B ww

10" — Hbb B ZZ 2
10°E Hcc Iz 2
. — Hag B HWW E
107 hee _ Il HZZ

10’ Bl qoH

108

10°

10*

10°

10°

10
1

-—

.
10 0 20 40 60 80 100 120 140 160 180 200 220 240
M, (GeV)
—— H->Dbb
\ —— H - cc
nominal
— (o) . . .
OKc = 1% pessimistic

OKc = 1.3%

Impact parameter
resolution

2 4 6 8 10
IP (do, d7) resolution scale factor

o
1

Strategy

2D fit
(mvis ; mrecoil)
— >

High purity with

optimal detector ?

v

Flavour tagger

strange Yukawa: 20 evidence

decay OM (%) OK (%)
bb 0.3 0.15%
gg 0.8 0.4
cC 2.1 |
SS 100 50

only using Z(vv) final state

\

S
n
n
O 10+
c
L)
0
]
@ —20
|
o
)
2
el
© —30
)
|
n
n
1+ —40
T

—— dN/dx resolution
—— timing resolution (x 30ps)

OKs
resolution pessimistic
6Ks =75%
4 6 8 10

scale factor

Dual Readout ATLAS IO((;‘I://I /S\/E
30%/VE 50%/VE l°
0 1 Vg v

—5 -

2 _10-

c

(®)

8 -15 HCAI_

(]

1 °
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(1))

871 _— Hoobb
— H —>cc

=01 — Hoss

— H-gg

I
w
Ul

1.00 125 150 1.75 2.00 225 250 275 3.00
Neutral Hadron energy resolution scale factor
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FCC-ee vs. Other facilities

Collider HL-LHC | ILCysy | CLICssg | LEP3540 | CEPCosg FCC-e€040_ 46-

Lumi (ab™") 3 2 1 3 5| Bouy | +1.5465 | + HL-LHC
Years 25 15| 8 6 | 71 3] 44

o'y /Ty (%) SM 3.6 4.7 3.6 2.8 2.7 1.3 1.1
8gvuzz/9uzz (%) 1.5 0.3 0.60 0.32 0.25 0.2 0.17 0.16
Sareww /e (%) 170 17 1.0 1.7 14 13 043 0.40
dgunt/9unt (%) 3.7 1.7 2.1 1.8 1.3 1.3 0.61 0.56
8011ce/ Orice () SM 2.3 4.4 2.3 2.2 1.7 1.21 1.18
0Gtee/ Gi1ge (F0) 2.5 2.2 2.6 2.1 1.5 1.6 1.01 0.90
Sanee/auem (%) 19| 19 3.1 1.9 15| 14 074 0.67
59}1}1“/91{““ (%) 4.3 14.1 n.a. 12 8.7 10.1 9.0 3.8
dguyy/auyy (%) 1.8 6.4 n.a. 6.1 3.7 4.8 3.9 1.3
dg11ee/ Guer (%) 34 - - - - - - 3.1
BRyxo (%) SM| <17 <21 <16 <12/ <12 <1.0 < 1.0

For abundant decay modes , FCC-ee improves upon HL-LHC by almost one order
of magnitude

* both energy points (\/s=240 GeV and Vs=365 GeV) are important

This is only with 2 [Ps !!



Timeline (FCC-ee)

2025 2045 2060 time
Run 2/3 ; HL-LHC ; FCC-ee - FCC-hh
Vs=13-13.6TeV ° Vs = 14TeV : Vs = 240 - 365 GeV : Vs = 100 TeV : og(L)
0.3 ab-! 3 ab! (10 ab-) 30 ab-

- OKgbezw < 1%

- evidence for strange Yukawa? (full Il generation Yukawa)
- electron Yukawa!

- OlH~ 1%, 0mH~ 3 MeV
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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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SM physics processes@ 100 TeV

B TeV 14 TeV
LHC LHC

33 TeV
HE LHC

100 TeV
VLHC

10°

108
107
10°

10°
10*

10°

, r;cml’ Higgs Europesn Stratedy 10_5

\'s [TeV]

10°

+  Total pp cross-section and Minimum bias
multiplicity show a modest increase from

|4 TeV to 100 TeV

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

(1000PU vs 200 PU)

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

— interesting physics sticks out more !

Rate of increase from |4 TeV to 100 TeV:

ggH x15

HH x40
ttH x55
tt x30

reduction of x10-20 statistical uncertainties
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Reach at high energies (lll)

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

cross-section (\/s

100 TeV)

cross-section (\/s

—
o
@)

DF luminosity ratio 100 TeV/ 14 TeV
R

P
o

—A

|4 TeV)

100 TeV vs 14 TeV PDF Luminosities, NNPDF2.3 NNLO

~Li /Ly = (s2/ s1)2 = (100 /14)2

o(100)/o(14)
- GG 100 TeV vs 14 TeV PDF luminosities, /3 ggH 15
s QG NNPDF2.3 NNLO
+ QQbar HH 40
QQ
................................................. ttH 55
.............................................. H (pT > | TGV) 400
O § Very large rate increase by increasing
| center of mass energy

II;IZ

H (threshold) H (pt> | TeV)

1 R | 1i| ; 1 ] 1 1 I R S §
My [ GeV|]

NB: this improvement only comes from

the cross-section (neglects integrated luminosity)
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Coupling measurements at ee vs hh

At pp colliders we can only measure:
Gprod BR(|) - Gprod 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 / g2
™S

from e+e-

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

— synergy between lepton and hadron colliders
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Higgs @threshold

SM Physics produced at threshold is more forward @ 100TeV

normalized event rate

— in order to maintain sensitivity need large rapidity (with

tracking) and low pT coverage

FCC-hh Simulation
_I LI | L L | L I T 1T1 I T 171 I 17T I T T | T I:
0.08F p%>3 GeV — 100 TeV
0.07F --13TeV
0.06 - -
0.05F TS =
- - "| -
- ! 1 - H - 47 -
0.04F L L 99 -
0.03F —
0.02F -
0.01 —
0O 1 2 3 4 5 6 7 8
r’max

14

*  Precision spectroscopy and calorimetry up to |n| < 4

normalized event rate

o
—

0.08

0.06

0.04

0.02

FCC-hh Simulation’

T T I T LI I T T I T T l T LI I T

L

p¥'> 25 GeV

*  Tracking and calorimetry up to In| < 6

— 100 TeV

-=13TeV

VBF Higgs
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M, (GeV)

Xmin —~ MZ/ S

Kinematics of a 100 TeV FCC

Plot by J. Rojo, Dec 2013
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FCC-hh Simulation
% 0.25 J_ 1] T 1] l T 1] T 1§ I | T 1§ 1 | I 1 § 1§ 1§ 1§ _I.
— I H — !l *,l'  — FCC .
-—
qc) L w—e CMS-Phase |l g
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Riggs at large pr

pr (GeV)
1010 | I — | T T T T T 1T 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_a(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 (l=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/_%{I_‘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 um @ 2cm — Onx¢ = 5 mrad

. Opportunity to measure the Higgs in a new dynamical .
PP 4 85 y - Calorimeters: 2cm @ 2m — Onx¢ = 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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The FCC-hh detector

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

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

— - |

———

Fwd ECAL: LAr/Cu
0 /E ~30%/VE @ | %

lat. segm: AnAd= 0.01
long. segm: 6 layers

Fwd HCAL: LAr/Cu
oc/E ~100%/VE ® 10 %

lat. segm: AnAd= 0.05

long. segm: 6 layers

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

— ‘V
e ——
f —— —
— —

—

Central Magnet +
Fwd solenoids

o — -
w—n =)

Barrel HCAL: Sci/Pb/Fe
0./E ~50-60%/VE @ 3 %

|1 A (ECAL+HCAL)
lat. segm: AnAd= 0.025
long. segm: |0 layers
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Single Higgs production @FCC-hh

7 q o(13TeV) | o(100TeV) | o(100)/o(13)
ggH (N3LO) 49 pb 803 pb |16
H
W/Z = — VBF (N2LO) 3.8 pb 69 pb |6
VH (N2LO) 2.3 pb 27 pb I
q q
ttH (N2LO) 0.5 pb 34 pb 55
Nioo Nioo/Ns | N1go/N14
gg— H | 16 x10° | 4 x 10* 110
VBF 1.6 x 10° | 5 x 104 120
— WH 3.2x10% | 2 x 10% 65
ZH 2.2 x 108 | 3 x 104 85
ttH 7.6 x 108 | 3 x 10° 420
Factor: /100 1/10

reduction in stat. unc.

Large statistics in various Higgs decay modes allow:

- for % - level precision in statistically limited rare channels (UM, ZY)
» in systematics limited channels, to isolate cleaner samples in regions (e.g. @large Higgs pt) with :

* higher S/B

- smaller (relative) impact of systematic uncertainties

“0000000)
(
g H
y t —_— —
mm@
W/Z
q W/z*
q h N H

Nioo = Olo0Tev X 20 ab™
Ns = OgTev % 20 fb~!
Ni4 = Ol47ev X 3 ab™!
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- Higgs self-coupling
* top Yukawa
* Higgs — invisible

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

statistically limited at FCC-ee

Why measuring Higgs @ |00TeV?

|00 TeV provides unique and complementary measurements to ee colliders:

HL-LHC FCC-ee
On / TH (%) SM 1.3
OQHzz / QHzz (%) 1.5 0.17
Ognww / gHww (%) 1.7 0.43
OgHbb / GHbb (%) | 3.7 0.61
OgHce / QHec (%) ~70 1.21
OQHgg / GHgg (%) 2.5 (gg->H) 1.01
OgHtt / QHrr (%) 1.9 0.74
O9Huu / GHuu (%) 4.3 9.0
OgHyy / Qhryy (%) 1.8 3.9
.NeEd to 6gHu / JHtt (°/o) 3.4 —
improve
OgHzy / gHzy (%) 9.8 -
OgHHH / gHHH (%) 50 40
BRexo (95%CL) BRinv < 2.5% <1%

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

— complementary to e*e-
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MLM, D. Jamin, C. Helsens, G. Ortona, MS

Top Yukawa (production)
ttH

- production ratio o(ttH)/o(ttZ) = y¢? yb2/ gz 2
- measure o(ttH)/o(ttZ) in H/Z—bb mode in the boosted regime,

t
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 L
* assuming gezand K known to 1% (from FCC-ee), L. >m<t . >m<t
t < t

— measure ytto | %

«10° FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
% T T 1 I T T 1 I T T 1 I I L | I T T 1 %70000 T T 11 I T 1 1 1 I T T 1 1 I 1T 1 1 ' T 1T 1 1 I T 1T T =]
o 500 5= 100 TeV B tcts ) o [ (s=100Tev iz .
S [ L=30a’ B tt:bb : ~600001- L=30ab’ -
= . B ttZ . = - ’
s 400 - 50000F -
i _ o o 7
- : - 6)’1; / Yt = | % .
300 - 40000 =
i i 30000 =
200 - N _
I ] 20000(— -
100 - -
i : 10000 — —
- - - . -
0 0 100 150 200 250 300 % 50 100 150 200 250 300
m,(H) [GeV] m;(H) [GeV]
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Higgs decays (signal strenth) ' 1% lumi + theory uncertaincy

- ptdependent object efficiency:

. Bg(ely) = 0.5 (1)% at pr =

e o o o ° ° ° — o
- study sensitivity as a function of minimum pt(H) og(M) =0.25(0.5)% at pr =00
requirement in the Yy, ZZ(4l), pM and Z(ll)y FCC-hh Simulation (Delphes)
— < RN AR RN R RN RN RN RN RERRE )
Channels X = H’X’Z(”) }’ L (5= 100 TeV — stat. + syst. + lumi
= stat. + syst.
© L =30 ab”’
- low pt(H): large statistics and high syst. unc. X = wy,Z(l) toF sy -
- large pt(H): small statistics and small syst. unc.
< H
- O(1-2%) precision on BR achievable up to very high s
pt (means 0.5-1% on the couplings) :
jet(s)
10_150 100 150 200 250 300 350 400 450 500
Pl [GeV]
FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
Q AN BAARN AR AR RRRR RARRN RAREN RARRN RARRERERAY 9 AR RN RN AR RN EERRN AAR RN RARRN S I R R R RN RN RN EARN BRI
E - Vs=100 TeV = stat. + syst. + lumi :S: - Vs=100 TeV = stat. + syst. + lumi \1 - Vs=100 TeV = stat. + syst. + lumi
=3 stat. + syst. =3 stat. + syst. =3 stat. + syst.
© L =30 ab”’ © L =30 ab”’ o L=30 ab™
= stat. only = stat. only — stat. only
10:— = 10:— = 10:— —
/_
1:— —
— |
H—YY -
o b b b b b b bl b P ] P Y U EUE I U PR T N 10

100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
pt [GeV] pt  [GeV]
T.min T.min

H
pT.min [GeV]

50 100 150 200 250 300 350 400 450 500
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Ratios of BR(H—XX) / 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*te (at 0.2%)

0 ( BR(H — uw) /BR(H = puuw) ) (%)

10°

10

107"

1=llllIlllllIllIIlllllllllllllllllll'llll'lllll=
i — stat t .
\s =100 TeV stat + syst (cons.)
= — stat + syst (optim.)
- L=30 ab”’ .
N — stat. only i
T ]
TE B E
- BR(H — uu) -
BRH — uuuu)
_11111111111111lllllllllllllllllllllllllllllll:

FCC-hh Simulation (Delphes)

50 100 150 200 250 300 350 400 450 500
p" [GeV]

T.min

o (BR(H — yy) /BR(H — eeun) ) (%)

10

107"

FCC-hh Simulation (Delphes)

I

I lllllll

I I llllll/‘

I

- LR

lllllllllllllllllllllllllllllllllllllllll'llll

(s = 100 TeV — stat + syst (cons.)

1 — stat + syst (optim.) -
L =30 ab

— stat. only

1 1 lllllll

1 1 lllllll

BRH — yy)
BR(H — eeuu)

1 lllllll

llllllllllllllllllllllllllllllllllllllllllllll

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

T.min
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G. Ortona, MS, MLM

Higgs self-coupling gluon fusion

g 00000 y——8) - H g “00000) - H
HL-LHC t.bi t.bi ————3///
CMS Simulation 3000 fb™' (14 TeV, PU=200) RN
—~ ) .
E 300 m,, >350 GeV ¢ Toydata 13 g T ——)- - - - - H g TETTH ~ H
— B Total line shape 1=
2; 250:_ High purity category ... Nonresonant background _: g
) - Single Higgs - <
i 200:_ SM HH Signal _: Yt Yt ’ A3
150(— —
1WW :  Very small cross-section due to negative interference with
i 4 box diagram
50— —_
Y AN + HL-LHC projections : 8k, kx = 50%
100 105 110 115 120 125 130 135 140 145 150
Miry) [GeV] » Expect large improvement at FCC-hh:
- 0(100 TeV)/o(14 TeV) = 40 ( and Lx10)
BK/K Higgs decay branching fraction - x400 in event yields and x20 in precision
15-20% | ' ' :
* main channels studied:
20-30% WWbb
1o - bbyy (most sensitive - discussed here)
WAVLWVAYLTAYY
20-30% 1 ZZbb - bbtzt
5% yybb
W .+ bbZZ(4]
0 0.1 0.2 0.3 0.4 - bbbb
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Self-coupling at the FCC-hh

2004.03505 [hep-ph]

1

3k /k,, p
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FCC-hh Simulation (De
I I I I | | | | I I - ik i
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Combined .
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YF
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R4y

bbZZ(41)

$ YA
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FCC-hh Simulation (Delphes)

IlIIlIlII|IIII|IIII|I[II|IIII|IIII|IIII|IIII|IIII

1 T T L L T L L)
Assuming SM couplings.
= scenario ll| (stat+syst)
==== scenario lll (stat only)
= scenario |l (stat+syst)
===« scenario |l (stat only)
- scenario | (stat+syst)
= === scenario | (stat only)

III|IIlI|II[IIIlII|Illlllllllllllllllllllll

Integrated luminosity (ab™)

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

Combined precision:

- 3.5-8% for SM (3% stat. only)
- 10-20% for Az=1.5% A3SM
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https://arxiv.org/abs/2004.03505

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

Real Scalar Singlet Model

z 100 TeV, 30/ab — =
100 TeV, 3/ab — IN current
14 TeV, 3/ab — A |
U@ O'1OOFHL—LHC
N [
C-)C) I
_______ 4 0010}
®)) E
=
1 - | o ’ FCC-ee
. 3 0.001 [Pk
Y | SRs
N ! I I
01 m = 8 = = » = 8 = ax = = 8 2 a = = & a2 = a2 = P E10_4.....gu.g...u....u....u
400 500 600 700 800 0.5 1.0 1.5 2.0 2.5
m, (GeV) hhh coupling: A3/A3 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.



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%)



Summary direct measurements

5 HL-LHC FCC-ee FCC-hh
SMh / TH (%) SM 1.3 the
OgHzz / gHzz (%) 1.5 0.17 tho
OgHww / gHww (%) 1.7 0.43 thc
SgHoo / GHob (%) 3.7 0.61 tbd
SQHoc / GHe (%) ~70 1.21 tbd
OQHgg / OHgg (%)  2.5(gg>H) 1.01 thc
SQhrr / Qe (%) | 1.9 0.74 tbe
S / QHu (%) 4.3 9.0 0.65 )
Gty / Oy (%) 1.8 3.9 0.4 ¢
OQgHit / gHtt (%) 3.4 — 0.95 (%)
SQHzy / GHzy (%) 9.8 - 0.91 ©)
SGHHH / gHHH (%) 50 ~ ~30 (indirect) 5

BRexo(95%CL) ~ BRiw<25% | < 1%  BRinv < 0.025%

* From BR ratios wrt B(H—4l) @ FCC-ee

** From pp—ttH / pp—ttZ, using B(H—Dbb) and ttZ EW coupling @ FCC-ee 4]



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

» 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 (<1%)
* Hints of strange Yukawa and electron Yukawa might be possible

* The FCC-hh will produce 20B Higgs and 30M Higgs pairs

 Still much to be done:

* In synergy with the FCC-ee will provide percent level precision on most Higgs
couplings
* very rare decays (H— U, ZY)
- ttH (with ttZ from FCC-ee)

+ <5% on the Higgs self-coupling FCC Higgs/Top group

Exp: MS, J. Eysermans

, TH: Gauthier Durieux, Jorge De Bras, Christophe Grojeam
- CPWidth at FCC-ee

FCC-PED-PhysicsGroup-Higgs@cern.ch
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FCC-ee detector modeling

Instrumented return yoke

> Detector simulation baseline: P el i
> IDEA with Delphes 2 coll
o full track covariance reconstruction —
> particle ID (timing, charged energy loss) h e
- jet tagging using Weaver/Particle NET G
> Flavors: g/b/c/s/light/tau

Ultra-light Tracker

 Recent updates: IDEA

+ “Realistic” electron description
* including brem recovery

10° FCC-ee simulation (IDEA)

*smaller beampipe | T o
+ ECAL crystal for better ele/photon performance | o Ve b (PNt ,
2 107 == § Vs g (WZ-Pythiab (PT) /
'§ 1= ' //,
* Samples: I |- T
. . o 1072 /4
*  Wizard3+ Pythiaé = 4
°® 1 /7
Pyth|a8 / ol
10_30.0 02 0.4 0.6 “ 0.8 1.0

http://fcc-physics-events.web.cern.ch/fcc-physics-events/FCCee/winter2023/Delphesevents |IDEA.php Jet {ngeing cficieney

44


http://fcc-physics-events.web.cern.ch/fcc-physics-events/FCCee/winter2023/Delphesevents_IDEA.php

FCC-ee Higgs couplings (part Il)
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WWY fusion added value

* vwH = vwbb ~gw? g2/ [H
» vvbb/ ( ZH(bb) ZH(WW) ~gz4/ =R
* [ n precision at 1%
* Then do vwvH 2 vwWwWW ~gw4 [ 'y
* R/vwWWW ~ gw*/ g7*
* gw precision to few permil

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

BR expected precision with 2 IPs

Vs (GeV) 240 365
Luminosity (ab™") 5 1.5
d(cBR)/oBR (%) 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 — Z7Z +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 ULLYY, ZY

. HH
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Higgs mass/cross-section measurements

*  Why measure Higgs mass:
* input for the EWV precision fit

- O(10 MeV) need for permil precision of gz, gw, gzy
* O(I'H =4 MeV) to measure electron Yukawa

Event selection (common with sec):

- at least 2 leptons
» tight mz selection [86,96] GeV
* p(MM) > 20,70 GeV

* measurement differential in 6

Systematics:

-2ANLL

0.6

0.4

0.2

- Beam energy spread ~ 2e-03 (~200 MeV)

- C.O.M energy ~ 2e-05 (~2 MeV)
- Lepton scale ~ 2e-05
- ISR ~ t.b.d

FCC-ee Simulation

10 ab™’

\

/s = 240 GeV,

[

utu-, categorized S(mh) =4.27 MeV

e*e”, categorized 6(mh) =4.72 MeV

- 1t + ete, categorized 8(mh) = 3.28 MeV

......................................................................................................................................

124.995 125 125.005

in situ from ee—ffy events

m, (GeV)

T 125.01

Jan Eysermans

sin? Oy = (1—%) = lilAr
Ar ~In(m,)
Ar~m?
Ar ~ new physics?

ab™’

FCCee Simulation \S =240 GeV, 10
| | | | | | | T | | | | | l | | | |

RERRE RS |

BES 1% i
(0.11 MeV) ;

Vs + 2 MeV
(1.69 MeV)

Vluon scale (~10)
0.70 MeV)

El. scale (~10?)
(0.11 MeV)

Syst. combined
(1.90 MeV)
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Higgs mass measurement (detector sensitivity)

using uyu channel

. o Eccle,,e, ,S]"m‘fl‘:’,’tl'on - ¥:§ 240 Gey, ,110 alpl -1 2FC('.‘2‘-\ee Simulation \S 240 GeV, 1?Iab ~1
> : M on final state Z( H N . Muon final state Z(p'u )H (stat. only) .
& 600 - __ulDE:q g “, _ IDEA §(m ) = 3.49 MeV traCkmg AmH AmH
E n — |DEA perfect resolutlon . . “y — |DEA perfect resolution 8(mh) = 2.67 MeV SyStem (MeV) (MeV)
S ool ——IDEA T 1 s 4| T |DEAJT3m)-289 Mev stat.only stat + syst
LI>J - -—|DEA CLD SI|ICOI"I tracker 7 ) —— |DEA CLD silicon tracker o(m ) = 4.56 MeV
a00[ ' - | \\ I // / / IDEA 2T 3.49 4.27
200 | . 0 [ 5
: . NN\ _ IDEA3T |  2.89 3.97
100| : o2 AN\ Y /A
e ] L N\, | 2 e CLD 2T 4.56 5.32
22 123 124 125 126 127 128 129 130 131 132 124996 124998 125 120.002 125.004
Recoil (GeV) m, (GeV)
~100 MeV
in ATLAS/CMS
Fit configuration pTp~ channel eTe™ channel combination
. , , Nominal 3.49 (4.27) 4.38 (4.72) 2.67 (3.28)
¢ SenSItIVIty domlnated by the Z(IJU) flnal State Inclusive 4.11 (4.79) 5.26 (5.73) 3.19 (3.89)
O SuU penOr momentum reSOIUtlcn, dr|Ven by traCKing Degradation electron resolution (*)  3.49 (4.27) 5.09 (5.70) 2.82 (3.66)
: . . . : Magnetic field 3T 2.89 (3.79 3.59 (4.38 2.20 (3.27
e track momentum resolution limits sensitivity if > beam energy spread snetlc e Stk e Sadl
_ o . CLD 2T (silicon tracker) 4.56 (5.32) 4.93 (5.48) 3.26 (3.99)
(BES = 0.182% at 240 GeV, i.e 222 MeV) BES 6% uncertainty 3.49 (4.35) 4.38 (5.00) 2.67 (3.42)
O muItipIe-scattering limit < BES Disable BES 1.92 (3.15) 2.52 (3.46) 1.50 (2.70)
_ 0 Ideal resolution 2.67 (3.44) 3.29 (3.94) 2.02 (2.96)
. fOr CLD 30 A) above - Freeze backgrounds 3.49 (4.27) 4.38 (4.72) 2.67 (3.27)
o transparent tracker is key Remove backgrounds 2.86 (3.69) 3.26 (3.47) 2.11 (2.64)
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Higgs self-coupling

7-level precision only at the FCC-hh

@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

FCC-hh Simulation (Delphes)
127 i, WA TR e LIRS L L Y N L N O e ¥ 7
D :

vvvvvv

------- Combined (stat onlyj
Combined '

-2AInL

IIIIIIII

New effort started (new channel/extended
parameter space/ revisited detector performance)

FCC-ee:

Salerno, Portales

from radiative corrections to ZH/VBF single H production
(Vs=240, 365 GeV)

experimental analysis

NLL in 8k,

14 7

0.025 o ‘ ' ' ' ‘ - 12;_ ..... .................. AAAAAAAAAAAAAAAA — ::;;;::‘36508" AAAAAAA
| . : 10 .__ ........................................................................................ o :;\'. Heses G
I ] gl— i Y o S
0.015} ; S N N S 6 R S ............................................................
5 |
0-01 0 : -' 4 ...................................................................... . ...........................................................
_ ____________ ?:g_——_)V_.Vh_ - ] VR R WO SR SR S—— AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
0.005+ |
i 0 -2 0 2 4 6 l 8 10 1261K
000" 5506 30 408 450 500
Vs[GeV]

- state of the art fit to self-coupling precision:

> 19% K alone vs 33% full (EFT projected) with 2IPs
> 14% K alone vs 24% full (EFT projected) with 4IPs
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Mehta, Rompotis

Riggs to invisible

FCC-ee Simulation (Delphes)

0000 Fys = 240.0 Gev, L=5ab"

Events

25000 F
20000 |
15000 F

] 10000
+  Higgs could be a portal to dark matter or other new physics :

* In the SM B(H—inv) ~ 10-3
. . 0
Use recoil method to reconstruct the Higgs 50 60 70 80 90 100 110 120 130 140 150
. . . Missing Mass [GeV]
- potential to improve | order of magnitude compared to LHC

5000 |

. L N | | | | -

° Event selectlon: 'rf 0.01—e*e— zH FCC-ee Simulation (Delphes) -
2 0.008F- /5240 GeV, L=5 ab™ E

T T CF SMBF H- invis. =0.1% .

. . I — 0 0 0 0 0/—|

- Split events into exactly 2e, 2y and 0 e+u (bb/qq) s 0006-+0.373%  +0.244%  +0.124%  +0.254%  +0.098%
? 0.004F 3

» Reconstruct Z from 2 leptons or My 0.002;= | | + | + e
 Reconstruct Mnmiss from all visible particles OF -
-0.002 —

- Use distribution of Mnmiss in likelihood fit ~0-004E . 1 n . E

ee mm qq bb Al

~ 100% sensitivity on SM BR(H—inv)



nggs to hadI‘OnS (Z(VV)) Del Vecchio, Gouskos, MS

FCCAnalyses: FCC-ee Simulation (Delphes) FCCAnalyses: FCC-ee Simulation (Delphes)

lIIIIIIIIIIIIIIIIII|III|IIIIIII|]II|III|III|III

° ee ZH — VV]] E IDEA, e*e” — Z(vv)H(jj) B 10T L T T T T T e
. Q 10%E \5-2400GeV, L=5ab"" O b /DEA, e'e > Z(vv)H()
* ] = b.c.s g = 10"F  — Hes —_—— § ° F Vs=2400CeV, L=5ab
9 y P 0 — Hbb e - 10 —— Hss B ww

€ 10 %

g 0 o — g qpp —Ho [

w 10 > Hce | 4

JE — Hag B HWW w10 Y . HWW
10 — Htt Il HZZ 7 o
107 ' B qqH 10 —— Hrt ] HZ|-Z|
. , , 10° 10’ o

Final States Cross-section [pb] BR(H) BR(Z) Expected Yields e 10°
signal 10* 10*
Z (vw)H (uu/dd) 0.201868 0.2 10° 10°
Z(vv)H (bb) 0.201868 0.571 0.2 1.34-10° 10° 10°
Z(vv)H (cc) 0.201868 0.0291 0.2 6.68 - 103 10 10
Z(vv)H (ss) 0.201868 2.50-107% 0.2 55 1 1
Z(vv)H(gg) 0.201868 0.0853 0.2 1.89 - 10° 1070720 40 60 80 100 120 140 160 180 200 220 240 107020 40 60 80 100 120 140 160 180 200 220 240
Z(v)H (77) 0.201868 0.0626 0.2 1.45 - 10 M (@eV) " (GeY
background
27 1.35899 - - 6.79 - 10°
Ww 16.4385 - - 8.22 - 107
Z 52.6539 : : 2.63 - 10°
Z(vv)H(WW) 0.201868 0.2 4.97 - 104
Z(w)H(ZZ) 0.201868 0.2 6.10 - 10°
Z(qq)H 0.201868 6.82 - 105

-0.8

- Strategy:
- Event preselection
* lepton veto (orthogonalise)
» build bb/cc/ss/gg orthogonal
enriched categories using max sum S
Of jet SCores g b ¢ s g tau ZZWW ZHWWHZZqqH

Predicted
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Higgs to hadrons (Z(LL)) G.Marchiori (Friday)

*ee>/LH—IIjj
- j=bgs,g

- Event pre-selection:

* build recoil mass - es me me 1o NI

- 20000

Hcc

one Z(¢¢) candidate
Tyy in 81-101 GeV
|cos Bp| < 0.8

Mrecoil 1N 120140 GeV
m;; in 100-140 GeV pss
Pmiss < 30 GeV Hbb Hcc Hgg Hnonhad Hss
no leptons with p > 25 GeV Predicted labe!

dog > 2, d3a > 1.5, dg5 > 1.0

Hag

Yue label

Hnonhad

- Final selection and signal extraction:
- multi-score BDT using jet tagger output to maximise purity in
» bb/cc/ss/gg/other final states

» simultaneous un-binned fit on Mrecoil on 4/5 signal strength
modifiers POls

25000

15000

10000

5000

Events /(0.25)

Marchiori, Maloizel

40

ee ->2ZH, ZZ cc
140—
- seeeess ZZ
C @ esssess ZH bbg
120— NN e cC
B ZH
S £ I 2
oo [} T nonhad)
80— 1
60—

20

_L R AT Y 1'[
920 122 124

126 128

130

132

St s decnn. = L - - -
- B SEsssssenenan SEesany

134

Results @10 ab!

Z(2LL)H(=>qq) bb

136 138 140
kaw[GeV]

S/ (%)

0.6

3.5

290

1.5
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Higgs to hadrons (Z(vV))

FCCAnalyses: FCC-ee Simulation (Delphes)

% 1015 Illlll]llllllllllllllllllIlllllllllllllllllll
G 10'“E IDEA, e*e — Z(vv)H(jj)
& 1oL Vs=240.0GeV, L=5ab"’
: 1012 —HSS -WW
wn
2 qonp ——Hob l Zz
o o Z
*ee>/ZH 2 Vvvjj : L o100 —fe
o Achievable precision: oE ik
. — b C S . Htt [
] b b b g 107 S-like ] qu
107 E II
108 S- I (e
10°
10%E
10°
10?

Z(>w)H(>qq)  bb g8 ° A

107"

- Strategy (continued):

» for each signal category (bb/cc/ss/gg) e
. Su/u (%) 03 | 2.1 100 | 0.8 :
» define LP/MP/HP categories based o
] ] . FCCAnalyses: FCC-ee Simulation (Delphes)
on S(]I) + S(]Z) |BRy>ss[<1.3 § 10: IIllll)ll:‘l,tl\llIel"lel'llg(l‘l;)}-;(}jl)ll_;llmlm'”wm
2x better compared to the 2L channel N e, (S Cao0GeV. L=sab
+ perform a 2D (mjj, Mrecoil) template All-had channel: effort started A S m
. 9 —H B HWW
fit on each of the 3x4 categories p -
. g-like
10°
10°
~ strange Yukawa to 50% precision seems possible ... -
P
can the fully hadronic (4j) channel help? o0 a0 8 0l 2
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Particle ID

time of flight [ps])

13000 -
S |
I . -7
12000  § »
11000 )
- o
-
10000
9000
8000

0 05 1 15 2 25 3 35 4 45 5
Mome ntum [GeV/c?)

- Particle |Id for strange jet identification:

 ToF at low momenta

- dN/dX at high momenta
* Possible to measure strange Yukawa at FCC-ee !

dN/dx [m

20 25

-7

30 35 40 45 50
Momentum [GeV/c?]

significance

-
sy

-
N

10

]
&
u
]
»
» = = combined
-
|
»
|
) )
)

.---.------------‘----

1 111111‘

time of flight
dN/dx

.’-'.

.

*

L
..

et

10 10°
Momentum [GeV/c?]

lllll”l | LR

|

jet misid. probability

SN
<
N

| Illll]l

FCC-ee Simulation (IDEA)
l | 1 |l I 1 T T I T Ll 1 .

e'e" >ZH,H—jj .
j=u,d,s,c,b,g i
-
—
.
s taggingvs.ud -
......... ‘\_no PID __.E
— dN/dx -
“— dN/dx + t.o.f (6,230 ps)_
“— dN/dx + to.f (=3 ps) _
1 1 ideal PIDE
0.4 0.6 0.8 1

jet tagging efficiency



H—jj (detector requirements)

loss in precision (%)
| | | | [
w N N b b |
o wm o wm o wm o

I
w
w

Neutral Hadron resolution

Dual Readout ATLAS CMS
30% / VE 50% / VE 100% / \E

|

l l

H—bb
H—gg
H— cc
H-Dbb
H—=cc s |
H-—=ss
H-=gg

1.00

125 150 175 200 225 250 275 3.00

Neutral Hadron energy resolution scale factor

=

o

-10 -

H - s s relative precision loss (%)

j=b,c,s,g

PID

- @dN/dx resolution
~—— timing resolution (x 30ps)

scale factor

Maximise physics output in Higgs physics:

 Hadronic resolution critical for all H—jj
- Powerful PID (K/17) essential for strange Yukawa
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Higgs to light and FCNCs at the FCC-ee

Up -tagging

FCC-ee simulation (IDEA)

cf. Michele Tammaro 10?

w1 vs d (7_classes)
o = e u vs g (7_classes)
| o) = u vs s (7 _gheSses)
’ Decay SM prediction exp. bound indir. constr. z 10 =l 7_511-3.\:5%1)
. B(h—bs) (89+15)-10"° 0.16 4 2x 1073 « : I
. B(h—bd) (3.840.6) 1079 0.16 4 1073« Eu
B(h — cu) (2.7£0.5)-10720 0.16 4 2 x 1072 » 2
B(Z—bs) (42+0.7)-107% 29x10"°m 6 x 107% B o
B(Z—bd) (1.84£0.3)-107° 29x 10 °m= 6 x 1078
—18 -3 7
B( ) (1.440.2)-10 29x 107 3m 4 x 10 - | / | |
0.0 0.2 0. 0.6 0.8 1.0
iet tagoing efficiency
Light quarks and FCNCs BRs in the SM improve by 3 orders of magnitude over LHC
direct bounds
BR(H—uu) = 1.2e-07 BR(H—bs) = 8.9e-08
BR(H—dd) = 5.5e-07 BR(H—bd) = 3.8e-09 ——3p | BR(Huu) < 1.8e-03 @95% CL BR(Hbs) < 4.5e-04 @95% CL
BR(H—sd) = 1.9e-15 BR(Hdd) < 1.7e-03 @95% CL BR(Hbd) < 3.3e-04 @95% CL
BR(H—cu) =2.7e-20 BR(Hcu) < 3.0e-04 @95% CL
BR(Hsd) < 9.5e-04 @95% CL
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A
A

CVeIILS

e+

90
80 |
70

60
50
40
30
20
10

e 5ZH - 'y + 1

{s =240 GeV, L=5ab’

= mumuH_Hbb

mumuH

80 100 120 140 160 180 200

—— mumuH_HWW

= mumuH_Htautau

CVeIILS

—

—

collinear m_, (GeV)

80 |
70|

60
50
40
30
20

10 f

e'e - ZH - e'e + 1'1
=L I 1 1

{s =240 GeV, L=5ab’

eeH

80 100

Restricting the results to the Collinear Mass range: 100 to 150 GeV

JER I

Rz :

Il ww ;
l —— eeH_Hbb 1
— eeH_HWW -
— eeH_Htautau

120 140 160 180 200

collinear m_, (GeV)

cvelis

TauTau MuTau HTauTau
Z—QQ Signal 2741 1875 1917 6533
Bg 1142 939 1060 3141
Z—MuMu Signal 456 203 214 873
Bg 63 66 55 184
Z—EE Signal 440 206 201 847
Bg 71 57 62 190

e'e 5 ZH s jj+ 7't

{s=240GeV, L=5ab

600 [
500 —
400 [
300
200 |

100 |

l

80

100

ERE |-' V\}W 1 :
B zz
— qqH_Hbb
— qqH_HWW
— qqH_Htautau |

120 140 160 180 2(
collinear m_. (GeV)

Cepeda

Assuming only stat uncertainty on the signal (no bg uncertainty, no syst): ~>~8253 eventsin 5ab-1-> 1.1%
uncertainty on Ao, *Br(H>1t)) . Assuming 10ab-1, 0.78%.




Conclusions &

outlook

FCC-ee parameters Z WwWw ZH ttbar
s GeV 88 - 94 157.2 - 162.5 240 350-365
Inst. Lumi / IP 10* cm? s™ 182 19.4 7.3 1.33
Integrated lumi / 41P ab? /yr 87 9.3 3.5 0.65
N bunches/beam - 10 000 880 248 36
bunch spacing ns 30 340 1200 8 400
L* m 2.2 2.2 2.2 2.2
crossing angle mrad 30 30 30 30
vertex size (x) um 5.96 14.7 9.87 27.3
vertex size (y) nm 23.8 46.5 254 48.8
vertex size (z) mm 0.4 0.97 0.65 1.33
vertex size (t) pS 36.3 18.9 14.1 6.5
Beam energy spread % 0.132 0.154 0.185 0.221
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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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Reach at high energies (l)

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

N=0Z%

dimensional analysis

O~ Lparton (T) * Opartonic

4 \

|/ M2
|/t 2
assumes mostly
T=X|X2= M2/ s produce at threshold

Z :integrated luminosity

Loarton : parton luminosity

(pb)

oS / M

For more details see L.Wang lectures at IAS ‘|7

LHC parton luminosity distributions

MSTW2008NLO
Vs = 14, 40, 60, 80, 100 TeV

WJ81201 2

0.1 1 o 10
I M (TevT
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https://www.youtube.com/watch?v=xrqKoJWm5xE&ab_channel=InstituteforAdvancedStudy

The FCC-hh detector

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

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

— - |

———

Fwd ECAL: LAr/Cu
0 /E ~30%/VE @ | %

lat. segm: AnAd= 0.01
long. segm: 6 layers

Fwd HCAL: LAr/Cu
oc/E ~100%/VE ® 10 %

lat. segm: AnAd= 0.05

long. segm: 6 layers

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

— ‘V
e ——
f —— —
— —

—

Central Magnet +
Fwd solenoids

o — -
w—n =)

Barrel HCAL: Sci/Pb/Fe
0./E ~50-60%/VE @ 3 %

|1 A (ECAL+HCAL)
lat. segm: AnAd= 0.025
long. segm: |0 layers
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Higgs physics at future hadron colliders

* Large Higgs production rates:

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 Q2 , 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 |st order? crossover?)
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Higgs decays: YY - ZZ - LY - UM

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

theoretical progress over the next years, and reduction of PDF+as 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— U[Y), 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)

’\a 20_I!]I|IEII|IE|IIIilIllillllillll!llll!IIlI!II|I£
* Impact of pile-up: hard to estimate with today’s analyses. = T i
— Focus on high-pT objects will help to decrease relative impact R o g
. i === 1 (cONS, ]
of P|Ie'UP 14?
12 __“‘ ............... ............... ............... ............... ............... ............ __:

* Following scenarios are considered:
* Ostat — stat. only (I) (signal + bkg) SO0 il S50 SO S N T B
g _’ :IEIIIIglIIIflIIIglIIIEIIIIiIIII;IIIIEIIII;IIIIE:
Ostat » Oeff stat. + syst. () 0N 961520 25 30 35 40 45 50
*  Ostat , Oeff , Oprod = 1% — stat. + syst. + prod (lll) P, [GeV]



H—invisible

X (inv)
< H
* Measure it from H + X at large p1(H)
. jet(s)
*  Fit the Eymiss spectrum
- Constrain background prt spectrum from Z—VV to the % level using NNLO QCD/EWV to relate
to measured Z,W and Y spectra (low stat)
 Estimate Z—2vv (W=1V) from Z—ee/ud (W—1V) control regions (high stat).
;\ _-llll | lllllll | lllllll | lllllll LI lllllll LI lllllll | lllllj:
= i . :
1 .. BR(H—inv) = 2.5 104 30 ab-!
T 107 . E
A f
i | . _
107 & ™ | E
E --o- default . ; FCC-ee
~ --®- default no exp. sys \‘t\ ~
108 & o g . - H2ZZ-vvvwy
— % unc. -
- \‘\ ]
B 1% unc no exp sys. ‘o B
A i FCC-ee "o
107 F — BRH- 2z vww) )
;lllll 1 lllllll |1 lllllll 1 1 lllllll 1 1 lllllll | llllllI 11 llllll—'
107" 1 10 10 10° 10 °

S—"0

Luminosity (fb’11
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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 < |%
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| ¢4




Higgs pair production at the FCC-hh

, FCC-hh simulation
g 10 él I L L | [ I L | L I [ I E
= Bl g9 — HH
T s =100 TeV VBF HH
1 10g B ttHH E
e Bl VHH (V=W*Z) 1
b§ 15_\.\ —
107 — . =
10_2?/?
I L1 1 | | lllllllll l L1 1 | | L1 1 | I I 1 1 | |

107°

K=1I (sM)

Expected precision:

where:

SM
K, = 7\3/7\3

o= | pb

Ry — )\3/)\§M

p=0o/osm

gluon fusio
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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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events / 0.3 GeV

events

Self-coupling at the FCC-hh 200403505 [hep i

X1.°.3 N FC?-hh lSiIm'uIation (Delphes)

FCC-hh Simulation (Delphes)

LI l LI 1 ' LI
— HH(x,=1.00) x50

B 1 l LI I l L I LI} l LI l L ' L
Vs =100 TeV S 15 — HH(x,=1.00) x20
350 Yy * Jets s 107K {5=100 TeV
L=30 b-f . [ [+}] ZZ
: it Channels: - bbyy (golden channel) 0 L=30a" s i
10"

B top pair

bb ,2
¥Y b oL bbbb =%

- bbbb
bbZZ (4l)

128 130 13

m,, [GeV]

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

» Defined 3 scenarios with various
detector assumptions and systematics:

parameterisation scenario I scenario II scenario III FCC-hh Simulation (Delphes)
RN A A iibld e culb
b-jet ID eff. 82-65%  80-63%  78-60% S
. . 5 180:— §= e B o5+ 00(H) — bbal
FCC-hh Simulation (Delphes) b'J.et ¢ mistag 15-3% 15-37% 15-3% § jeob L=%0ab S
O T T T T T '_'H|:|(,g)_='1.(;0)'x2|0 b-Jet | mlstag 1-01% 1-01% 1-01% w 1405_ beZ(4I)
10°f Vs =100 Tev =tt2\?;V 7-jet 1D eff 80-70% 78-67% 75-65% - ]
0°r bbt1t Z+jets T-jet mistag (jet) 2-1% 2-1% 2-1% :zz: :
1‘;’ — A 7-jet mistag (ele) 0.1-0.04%  0.1-0.04%  0.1-0.04% o E
B top pair N ]
PP fy ID eff. 90 90 90 60l E
jet — v eff. 0.1 0.2 0.4 sof- E
M.~ resolution [GeV] 1.2 1.8 2.9 20 £
. - ~<‘.§:}5-‘:I"WM i O R RO TR
mpp resolution [GeV] 10 15 20 22 123 124 125 120 osaamsttl

m, [GeV]
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BSM

sensitivity

Real Scalar Slnglet MOdeI Al O e e e L B B B B II'-CIC']hf' ISillnllJI;atilo? (IDlelehles])
. 1;I T T T T T T T T T T T T T T T T g_ - .
— i | 2 60— Ys=100TeV -
EIH current f 405_ [ =30ap" I _E
Ué% O'1OOHL—LHC - [
N | PRO0% At _
(&) . .
2 o o] A
o [10% I
= ! —20— | ‘
S 0.001 FCC-ee | 40— 68%Cl.onk, ik
8 ?-1) (-% ] [ scenario | Il I u ‘
E c.; c.; ‘605_ oy 888 : Ik
107 L, R — S . | | | | | =
0.5 1.0 1.5 2.0 2.5 I0.0I | |0.4I1' I0.I7I I1.0I I1.:|3 I1.5I ‘II.7I I2.0 I2.I2 I2.I4 2.I6 I2.|8 13.?(
hhh coupling: A3/A3 sm '
o o + e s o

Parameter space scan for a singlet model OK)stattsyst (Ky = |.5) = 10 %

extension of the Standard Model. The points « OK)stattsyst (K= 1.7) =15 %

indicate a first order phase transition. + JKpstattsyst (K) = 2.0) =20 %
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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
S OCyv = 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% .



Vector Boson Scattering

. g w
 Sets constraints on detector acceptance (fwd jets at N=4) w ‘ Iarge mMww
- 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 HWWV coupling possible, 0Kw /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 ]
— | <4.0 |7]<6.0 Pi>30GeV 5 myq- > 200 GeV -

[m|<4.0 |nj|<6.0 P;>50GeV L

[
H
L

w- i VBS - Wi W;
W+ L

=
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.

m,++ cut | >50GeV | >200GeV | > 500GeV | > 1000 GeV
kw € | [0.98,1.05] | [0.99,1.04] | [0.99,1.03] | [0.98,1.02]
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Possible future colliders: FCC-hh

Circumference = 100 km LA i
Need dipoles that generate B= 16T " Exp. -
Inj. + Exp InJ + Exp.

8 GJ kinetic energy per beam

* Airbus A380 at 720 km/h 1 4 km

. 2000 kg TNT

— 0(20) times LHC J I I B'CO“ — 2 8 km —_— extrac“on'l D

I .
Luminosity L [103*cm2s1] 5 20-30
Background events/bx 170 (34) <1020 (204) / l \
Bunch distance At [ns] 25 (5) RF Exp O-coll
Bunch charge N [10'?] 1(0.2) E\._’?‘,
Fract. of ring filled ng, [%] 80 H G F
Norm. emitt. [pm] 2.2(0.44)
Max € for 2 IPs 0.01 0.03
(0.02) ) . . .

P beta-function B [m] 11 0.3 In its high luminosity phase, FCC-hh produces
[ Relul e o3 1000 PU interactions per bunch crossing
RMS bunch length o, [cm] 8
Crossing angle [c1] 12 Crab. Cav.
Turn-around time [h] 5 4
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* FCC-ee = FCC-hh = FCC-xx (x=L)

The FCC project (rationale)

HL-LHC data-taking ends in 2035

Build a 100 km tunnel

If magnets are ready by ~ 2040 go for FCC-hh

If not FCC-ee ~20 yrs
then FCC-hh ~20 yrs

Domain Cost in MCHF
Stage 1 - Civil Engineering 5,400
Stage 1 - Technical Infrastructure 2,200
Stage 1 - FCC-ee Machine and Injector Complex 4,000
Stage 2 - Civil Engineering complement 600
Stage 2 - Technical Infrastructure adaptation 2,800
Stage 2 - FCC-hh Machine and Injector complex 13,600
TOTAL construction cost for integral FCC project 28,600

|00 km tunnel ensures HEP field activities for ~ 60 yrs

* Long term accelerator complex easier to fund on flat

budget
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