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» In the SM, EWSB and A3 and A4 purely determined by the shape of the Higgs potential

- However, Higgs potential could be different (required by some scenarios of EWK
baryogenesis) = has barely been measured

* Measuring the Higgs self-couplings gives a handle on the Higgs potential is determined by
the self coupling value
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How!?

single H production

ttH gluon fusion
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Self coupling @ HL-LHC measurements
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* Indirect constraint from ggH and ttH: BDT output
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Circular ete- machines
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Self-coupling at circular e*e- colliders

Briefing book
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Linear e+e- colliders
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Self-coupling at ILC

- At high energies v/s > 500 GeV self-

------------------- coupling is measured via double Higgs [1903.01629]
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Self-coupling at CLIC
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Self-coupling at the Muon Collider

Buttazzo, Franceschini, Wulzer [2012.11555]

10

-10

—20F}

68% CL limit on 0«3 [%]

20

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

i 30 TeV, 90 ab~!
1 0TeV,10ab™" ;
10 20 30 40 50 60
Minimum pr for jets

[a—
)
Ll I

[S—
e

9
T T T T

Acceptance cut in i, [°]

* Muon collider can potentially reach the
highest energies (up to 30 TeV)

- At sqrt(s) >> 3 TeV muon collider, the VBF
pair production dominates (~ CLIC)

- vvbbbb final state (4jets + ME)

* Muon collider could potentially provide the
best precision at 30 TeV ~2-3% (stat only) ?

- More studies needed, parton level only for
now

Apply gaussian smearing to jets, assuming 15% energy resolution
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Righ energy hadron machines
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Higgs pair production at the FCC-hh

FCC-hh simulation I
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HH production@ 100 TeV

FCC-hh Simulation
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- Expect large improvement at FCC-hh wrt to LHC:
- 0(100TeV)/ag(14 TeV) = 40 ( and Lx 10 with 30 ab-!)

+ x400 in event yields and x20 in precision

Sub-dominant production modes are included as part of the signal, but no categorisation has been made.



Self-coupling at the FCC-hh o
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Self-coupling at the FCC-hh
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FCC-hh Simulation (Delphes)
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Precision vs. [ime

FCC-hh Simulation (Delphes)
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Higgs Self-coupling and constraints on models
with |st order EWPT

Strong |st order EWPT 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 ECC-hh

Real Scalar Singlet Model
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Summary

» A precise measurement of the Higgs self-coupling Higs@FC WG Noverber 2019
. . . B di-Higgs  single-Higgs
can contrain the shape of the Higgs potential: -4 TN, | [ s Nithu
...... wa  LsNE,
HE-LHC FeC-esientn R Foc-estenn

* LHC can detect at best O(10)-O(2) deviations

FCC-ee/eh/hh

................................................................................................ N
under HH threshold }93?3 é _(;: 3:5 )

FCC-ee

* HL-LHC can measure at 50 % precision

ILC

36% (25%)

\
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k 38% (27%)
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Y LE_FCC / HE_LHC ~ I 5% Precision CEPC|l | b zi’::c(:%%) ......
T m EE/:%zi?/o ........ S EQEEEEE%) .....
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cLIC,,,

» |LC/CLIC can measure at best with 10% 0 10 20 30 40 50 o

68% CL bounds on K [%]  aifuture coliders combined with HL-LHC

CLIC

+ FCC can reach d0ka= 5% using double Higgs production

* Muon Collider @10 TeV ~ 5-7% ??
@30TeV ~ 2-3% 2
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Prospects for HL-LHC measurements
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5) FCC-hh : precision measurement https://arxiv.org/abs/1902.00134
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HH decays

DKM K Higgs decay branching fraction

» Sensitivity driven by the
5-20%

following channels:

20-30% WWbb
5-10%

3

- bbyy (golden channel)

. bbtt 20-30% [~ Zzbb.
. bbbb >7%

vyyWWwW
. bbZZ(4l)

23
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HH — bb4l

New channel opening at FCC-hh !!

clean channel with mostly reducible backgrounds (single Higgs)

* Simple cut and count analysis on (4e, 4l and 2e2M channels)

Backgrounds:

- ttH,H — 4 leptons

» 4l + jets (LL*, Z*L*, ZZ) continuum
- pp ™ Hbb —4l bb (gluon fusion)

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

_I 12 B I I I I I I I I I I I I I I I |
c - _
4 | {s=100TeV _
N 10— 0 mmmmmem bbZZ(4l) - no syst. _
' L L=30ab’ bbZZ(41) - Il (pes.) .
— bbZZ(4l) - Il (real.) b
° 8 B bbZZ(4l) - | (opt.) a
6'(}/'(}: I5'30/O - -
: : 61— £
depending on systematics - O/ U )
assumptions s e oaaflon: -
A -

87 IO.I8 | | | IO:9 ..... .'-.1L-J ““““ 1I1 | | | | 1.|2 | 1 1.3
M=0/Oobs

[Borgonovi, Braibant, De Filippis, Fontanesi, GO, MS]
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FCC-hh Simulation (Delphes)
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1111111111111111111111111111111111111111
[ l I [ [ I I I I -

~ s =100 TeV

- L=30ab’

e I S Y

ity

[ zH - bbal

B ob-00(H) — bbal .

[ ] ttH—bbal

— HH — bbZZ — bbdl|

.I.JIIII

pa—

—

A

p—

LI L.l IJ‘L_J‘I,I-

ol Closst, |
0 121 122 123 124 125 126 127 128 120 130
m, [GeV]
FCC-hh Simulation (Delphes)
L | | I I | | | I | | | I | I I | | | | | I |
—% s =100 TeV 5
L5 = === bbZZ(4l) - no syst. ]
- % L=30ab’’ bbZZ(4l) - syst. | -
IR bbZZ(4l) - syst. Il _
- % bbZZ(4l) - syst. Il &
9.-5.0./‘2.(}a.l'..........................f.?...y ................................ _::
- Ok / ka -
L2 O S R A R~ ]
B T T J..L-J-"“ e W T R | L]
7 0.8 0.9 1 1.1 1.2 1.3
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The bbbb channel

- Largest branching ratio
BR(HH—bbbb) =~ 31%

- Backgrounds:

- QCD
* Top pair
- single Higgs (VH, ttH, ggH)

. + L+ bb —bb + bb
Detector assumptions:

b-tagging : €, = 80%, €—p = 1% (~ HL-LHC)
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AR = 2mu/ pt

HH —bbbb )0
Resolved: ; Boosted % \p

» Large combinatorial QCD background - Requiring a boosted HH system recoiling
. Select 4b-jets with pr > 45 GeV aglalnst jet(s), contains the invariant mass to small
values
» Test all possible pairs among 4 b-jets (6 total), and o o .
rank them in ascending ascending |mu - mu| , keep maintain sensitivity to the self-coupling
first two pairs — reduce combinatorial background

« Use all kinematics available in the event to train a
BDT discriminant

20 -40 % |

| OKx(stat) =
L A\
ol Simu’aﬂon (Delphes) - 6 L L L 'Fc'c'-h'h ISi"n'l"Ia'tio'nl(D'eI'pl?ef) > TT T[T T I [TTIT[7T |F|C|ICTI|'I|1 lsulfrlulllualtﬂolq I(|Dlelup|l‘|'els|)|
g LIRS [LANL L R LI L LB R B LA l'.IlHI(KI-I1 60|)x12|o : : — 8 1012 v_ 1007_ V _HH(K|=100)
15 — NlLE — n ~ §= e EWK

s 10F fs=100 T.?V z ﬁ 5 's =100 Tev bbbb _ 2 0% L _s0ap = QCD+EWK

10" L=230ab I single Higgs b L =30ab" e~ scenario | (aiat cnly § 10" B QCD

10" Z+bb [ w— SCENATO | stat-i-sysz) 7 0

I top pair . = scenario I (stat+systz ’
10% B QCD 4 9%% G e scenario lll (stat+syst) ] 10°

10’

0 20 40 60 80 100 120 140 160 180 200
m" [GeV]

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




The bbtt channel

- Exploit large branching ratio
2*BR(H—bb)*BR(H—11) = 7.3%

H — Tiep Thaa — £h3v (45.6%) H— ThadThada — hh2v (42.0%)
: s » Both states only ThadThad and ThadTiep
M \ considered
I Y -
l\; K * TlepThad has larger B contamination
—_ — = — » ttbar with Thad + €/mu (in addition
to TIepThad)
Detector assumptions: » Backgrounds:
* Top pair
* b-tagging : €&, = 85%, €-b = 1% (~ HL-LHC) - single Higgs (VH, ttH, ggH)
» T-tagging : €, = 80%, -, = |%. (~ HL-LHC) . 7 +bb =11 + bb
- ttL, ttW

o ttLZ, ttWWY, tt W
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The bbtt channel

» Simple preselection ThadThad/TiepThad:

> 2 (1) t-tagged jets with:

At least two b-tagged jets with:

PT(Thad) > 45 GeV, [N(Thad)| < 3.0

- pr(b) > 30 GeV, |n(b)| < 3.0

< | lepton pt(l) > 25 GeV, |n(l)| < 3.0)

> | lepton

- BDT training input:

» 4-vectors of H., Hpb, HH

3-vectors of 11, T2, by, b?

ET miss
MT2, mr(t1), m7(t2), Hr

events

events / 7.2 GeV

FCC-hh Simulation (Delphes)

Vs =100 TeV
L=30ab’

I single Higgs
Z+tjets

B top pair

130 40 60 80 100 120 140 160 180 20
M, [GeV]

FCC-hh Simulation (Delphes)
— HH(x,=1.00) x20
fs = 100 TeV mzz '
L=30ab" B vV
BtV

I single Higgs
BDT Ii%
B top pair

-06 -05 -04 -03 -02-01 0 01 02 03 0.
BDT

-2AInL

events / 19.2 GeV

FCC-hh Simulation (Delphes)

Is = 100 TeV m zz
L=30ab’

ml

vV
BtV
I single Higgs

Z+jets
I top pair

50 100 150 200 250 300 350 400 450 50
m,, [GeV]

FCC-hh Simulation (Delphes
|l 1 1 L] I l 1 1 ' L I .'l

B 1 ‘. I 1 1 ] 1] I |l 1 1 L] I l 1 B
-\ (s =100 Tev bbt T, + bbt1, -
- | L=30ab’’ == scenario | (stat only) 7
B scenario | (stat+syst) ]
: i -
. scenario s
B3% 8 e S e eeeeeeeeae KA —
e N N T A .
. | L S PP | I ]
7 0.8 09 1 1.1 12 1.3
kA

N
(0 0)



I I I I l b bxx x10° FCC-hh Simulation (Delphes) - FCC-hh Simulation (Delphes)
_IIIIIIIIIIIIII|||| T .

> T T T T T TS 2 = i
N A el I . 2
S 250~ L=30ab” B jy + Jets ~ 0.4 ‘
*‘é’ B I single Higgs
S zoof - y HH 2
1501 — 1
» Cleanest decay channel 02 |
100
.o . 0.4
Large QCD backgrounds (jjyy and y+jets) . 5
-0.6
- Main difference w.r.t LHC is the very large single Higgss .. AT
‘P18 120 122 124 126 128 130 132 _0;% 0
(mainly ttH background) m, (GeV] S
- Strategy:
. . . . FCC-hh Simulation (Delphes) o8 FCC-hh Simulation (Delphes)
- Exploit full final state information and correlations I (- - 100 7ov : LI - 100 Tov ot
. a L=30ab’ a L=30ab’ :
pr(¥i). pr(b), N(¥). N(bi), etc... with a MVA QcD Jl Single H
. . 0.2 0.2
- Single H and QCD trained separately :

+ Fit 2D (BDTH, BDTocp) spectrum » 1

0%8 06 04 02 0 02 04 %8 06 -04 -02 0 02 04
BDT,, BDT,.

29



HH —bbyy

FCC-hh Simulation (Delphes)

J 12 i LI | LI ] L B | I\l'.. L L l L | L | l LI L I LI : L | LI | I L i
c - : : -
= M .
ﬁ o - s =100 TeV bbyy ; E
y - L =30ab’’ '-. - ==« scenario | (stat only) H .
= + = scenario | (stat+syst) L -
- \ = scenario |l (stat+syst) _
8 y = scenario lll (stat+syst) « ]
6 s H
7Y V0N o N N W A oS S =
2 ." 'a: —
G o N N W S A A i
- L 1 1 1 l 4 1 | | I 1 1 1 1 l 1 A 1 I ] 1 1 1 l | _— | _— l 3 1 1 1l i
8.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2
u=c/c
obs

@68% CL

-2AInL

scenario I scenario 11

FCC-hh Simulation (Delphes)
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12 T 1 ¥ 13 I I r..l I LI 1 l T 1 ¥ 1 I I 1 1 1 I LI 1 l 1 : 1 I I 1 LI i
= :
-\ Is =100 TeV bbyy :
-\ L=30ab"’ «=«= scenario | (stat only? ' -
- . w— Scenario | (stat+syst) . -
- . - scenario Il (stat+syst) e i
| '.. e SCENArio lll (stat+syst) N o
RE% G e N Sysausansszussnnsassanses oo fo >
B8% i e e N Nep oo S
- 1 1 1 1 I 1 | 1 1 l 1 ] 1 | 1 ] 1 | I 1 1 1 1 I 1 | 1 1 1
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Combination of all channels

-2A In L

12

10

FCC-hh Simulation (Delphes)

|l|l|l'l|ll|||ll

B .

AR R EEREEEREEREERE " BEEREEOOS SO0 RE, 8 "R AEREEREEEREEEREEREENEERENRE. C I B P E RS B O 0 R EEREREEREERERF S RNEE.

! I  LLLe \ l.\l 1 1 'J 1 1 I I ] 1 I I | I:l I : 1 I Ch ¢ | 1§ I
:‘ ------- Combined (stat only5
s =100 TeV . Combined :
. bbyy .
_ -1 . :
L=30ab - bbt, T, +bbr, T,
bbZZ(41)

|Ill|ll||l|l|||l

1 | | 1 I | | 1

0.8 0.9

w/ Giacomo Ortona

Combined sensitivity:

@68% CL scenario I scenario II scenario III
stat only 2.2 2.8 3.7
# stat + syst 2.4 3.9 5.1
5 stat only 3.0 4.1 5.6
" stat + syst 3.4 5.1 7.8

31



