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?Introduction

¢ 0O(100) more Higgs produced at FCC-hh (100 TeV, 30 ab™') than at
HL-LHC (14 TeV, 6 ab™)
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¢ Hich precision measurements of the Higgs boson couplings: from a few %
gnp 1 gg pling
precision to <1% precision

¢ Opening measurements to rare processes:
- HH(H) production
— rare decays: Zy, uu, light quarks, invisible 2



?Main references

¢ Higgs and Electro-weak symmetry breaking at the FCC-hh (
CERN-ACC-2018-0045)

¢ FCC Physics Opportunities - Future Circular Collider Conceptual Design
Report Volume 1 (Eur. Phys. J. C (2019) 79:474)

¢ Future Circular Collider — European Strategy Update Documents (
CERN-ACC-2019-0007)

¢ Measuring the Higgs self-coupling via Higgs-pair production at a 100 TeV
p-p collider (arxiv:2004.03505)

¢ Higgs Boson studies at future particle colliders (JHEPO1 (2020) 139)
¢ Higgs Physics at the HL-LHC and HE-LHC (CERN-LPCC-2018-04)


https://cds.cern.ch/record/2642471/files/CERN-ACC-2018-0045.pdf
https://link.springer.com/content/pdf/10.1140/epjc/s10052-019-6904-3.pdf
https://cds.cern.ch/record/2653673/files/CERN-ACC-2019-0007.pdf
https://arxiv.org/abs/2004.03505
https://link.springer.com/article/10.1007%2FJHEP01%282020%29139
https://e-publishing.cern.ch/index.php/CYRM/article/view/952

Higgs self-coupling
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¢ Approximation around the v.e.v: Ty
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mass term self-coupling cubic and quartic terms
2

- AM known from v.e.v and Higgs mass: A°M =

2v

¢ BSM effects could change A = define deviations of tri-linear and quartic terms

. . 4. . o )LHHH
¢ Concentrate mainly on tri-linear coupling: K=k 3T M
HHH

— what we can deduce from precision on K. :

50% sensitivity: establish that h320 at 95%CL
20% sensitivity: 50 discovery of the SM h3 coupling
5% sensitivity: getting sensitive to quantum corrections to Higgs potential

C. Grojean
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Di-Higgs production: pp colliders

¢ Main production mode: ggF

— cross-section *30 between HL-LHC and FCC-hh
- destructlve interference between triangle and box diagrams = o(HH)/c(H) = 0.1%
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¢ Self-couphngs through

— total HH cross section
— diff. cross section dcs/deH

| | I I I E
HH production at 14 TeV LHC at (N)LO in QCD 1
M,,=125 GeV, MSTW2008 (N)LO pdf (68%cl) ]
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https://cds.cern.ch/record/2690841

General strategy

¢ New result presented recently 2004.03505

¢ Main channels: bbyy, bbtt, bbbb

¢ Maximise the cross-section precision and use of

variables sensitive to K,

— heavy use of BDT selections

¢ Use of Delphes simulation tool (parameterised detector re

— object efficiencies extrapolated from HL-LHC

— pile-up = 1000 (not simulated but assume new techniques to cope with it)

¢ Several systematic uncertainty scenarios:

Uncertainty source syst. I syst. II  syst. 111 Processes
b-jet ID eff. /b-jet 0.5% 1% 2% single H, HH, tt
7-jet ID eff. /7 1% 2.5% 5% single H, HH, tt
v 1D eff. /v 0.5% 1% 2% single H, HH
¢ = e-p ID efficiency  0.5% 1% 2% single H, HH,
single V, VV,
ttV, ttVV
single H cross section  0.5% 1% 1.5% H
tt cross section 0.5% 1% 1.5% H
luminosity 0.5% 1% 2% single H, HH,
single V, VV,
tt, ttV, ttVV
HH cross section 0.5% 1% 1.5% HH

FCC-hh Simulation
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https://arxiv.org/abs/2004.03505
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=y [1H combined results

¢ 1D maximum likelihood fits of the

BDT discriminants
¢ 68% CL uncertainty on

bbyy bbtt

bbbb

combined

3.5-8.5%]12-13%

24-26%

2.9-5.5%

— driven by the bbyy channel,

limited by systematics

¢ A few remarks:
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FCC-hh Simulation (Delphes)
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- small impact of (eg QCD) background relies on the fact that the data will help to
constrain the normalisations

— precision achievable only if good measurements of other couplings:
1% uncertainty on y, = 5% uncertainty on K,

— uncertainty on 6 : 0.5%-1.5% (~5% today): needs at least one order beyond
y HH

NLO with full top-mass dependence, possibly beyond NLO 1n the infinite top-

mass limit

¢ Evolution with luminosity:

— 10% precision achievable with 3 ab™! of data, ie a 3-5 year early run 8



Comparison of Future Colliders

¢ 68% CL uncertainties on «,with di-Higgs and single-Higgs:
— all combined with HL-LHC

Higgs@FC WG November 2019
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‘* Quartic couplings

V(h)%mih2+(1+1<3)ki%vh3+%(1+1<4)7\

SM 1.4
hhhh h

¢ Beyond reach of most Future Colliders
— still challenging at FCC-hh: 6, . ~ 5tb

¢ Quartic coupling via HHH production
— cubic coupling also involved:

h o

- mild dependence of 6, . with Kk,

¢ Studies with

— bbbbrr  1704.04298
* expect 3 signal and 14 bkg events
- bbbbyy  1508.06524

* expect 10 signal and 31 bkg events

— could reach 26 significance and set exclusion

limits in the K-k, plane

hhh — final state BR (%) o (ab) Nigap—1
(bb)(bb) (bb) 19.21 1110.338 33310
(bb) (bb) (W W1e) 7.204 416.41 12492
(bb) (bb)(T7) 6.312 364.853 10945
(bb) (T7) (W W) 1.578 91.22 2736
(bb)(bb) (W Way) 0.976 56.417 1692
(bb) (W W) (W W) 0.901 52.055 1561
(bb)(77)(T7) 0.691 39.963 1198
(bb)(bb)(Z Zas) 0.331 19.131 573
(bb) (W Wap ) (W W) 0.244 14.105 423
| (bB)(bB) () 0.228 13.162 394
(bb) (T7) (W Way) 0.214 12.359 370
(77)(WWie)(WWi) 0.099 5.702 171
(77)(77) (W W) 0.086 4.996 149
(bb)(Z Z20) (W W) 0.083 4.783 143
(bb)(T7)(Z Z2¢) 0.073 4.191 125
- approximate c; —d, exclusion, hhh — (bb)(bb)(vy), pp@100 TeV
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https://arxiv.org/pdf/1508.06524.pdf
https://arxiv.org/pdf/1704.04298.pdf

Higgs rare decays

3 ATLAS and CMS
- LHC Run 1

m
Vv

¢ ATLAS+CMS |
------- SM Higgs boson |
— M, g] fit ]
I 68% CL
[ ]95% CL

10 102
Particle mass [GeV]




®\/Ukawa coupling to 1% and 2" generation fermions

HL-LHC projection 3000 fh=!

[ global (95% cL)

[ direct search (95% cL)

¢ Mostly unreachable at HL-LHC
1 . [ kinematic (95% CL)
‘ leferent methOdS ‘ B width (off-shell, es% cL)

¢ Indirect: fits of diff. cross-sections, total Higgs width, [ .. e
global fit of production cross-sections

3.0 x 10°

¢ Direct inclusive decays (H — pp, H — cc)

¢ Direct exclusive decays (H — meson + 7) L

1.3 % 103!
2.9 x 10°

107 10° 10t 107 100 107
projected coupling limit

10° 101

§ O b ww ATLAS
5 40F mZFSR 1s=13 TeV, 36.1 fb”
Light quark |Higgs decay| BR | Meson decay | N HL-LHC | N FCC-hh g 3 éi{?ﬁ'@%@‘i;ynd B category
u,d H - p(770)y| 2E-05 TT+TT- 278 469438 @ EIB(Z~ Yy)=10°

S H_ ®y | 2E-06 K+K- 38 64548

C H- J/uy 3E-06 M 49 83549

c H - W2S)y | 1E-06 m 17 28781

c H - Y(nS)y | 1E-09 m 0 28

— first studies at LHC (ATLAS, CMS, LHCb)
— could benefit from high-statistics of FCC-hh

8 85 9 95 10 105 11 115 12
My [GeV]

12

Data/Bkgd



Direct inclusive rare decays

CERN-ACC-2018-0045
¢ Complementary measurements of H—yy, H—Z7Z—40, H—pp, H—Zy—00y
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¢ Individual precision on BR: 1-2%
— specific ratios of BR allow for cancellation of some uncertainties
FCC-hh Simulation (Delphes)
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https://cds.cern.ch/record/2642471/files/CERN-ACC-2018-0045.pdf

Light quarks through indirect measurements
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¢ Constraints on light Yukawa obtained from the upper limits on BR to all
untagged particles, using global fits in k framework

Higgs@FC WG

I— B FCC-ec+FCC-ch+FCC-hh
FCC-eezqp

Ke n— CEPC
— B CLIC;000+CLIC)5030+CLIC3g0
Precision | Upper bound a1 95 % C1. | B [LCspo+ILC3s50+ILCaso
I B LHeC [xy| <1
E HE-LHC [ | < 1

HL-LHC [xv| < |

Kd

0 1% 2% 3% 4% 107! 109 10! 102 10° 104 10°

¢ FCC-eeteh+hh:
— first generation: 95% CL limits k < 280, xk, < 130

- second generation: 95% CL limit k< 6.4, x_measured with precision of <1% Y



CERN-ACC-2018-0045
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¢ Connection between the Higgs boson and Dark Matter searches
¢ Measurement from H + large E ™

- BR(H—inv) from precise fit the E. ™ spectrum

— background p, spectrum from Z—vv constrained to the % level from data-
driven measurements

— ultimate precision: BR(H—inv) <2.5 10
* SM (BR(H—4v) = 0.11%) reached with ~1 ab!
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https://cds.cern.ch/record/2642471/files/CERN-ACC-2018-0045.pdf
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=1 (Conclusion

¢ Ten billion Higgs bosons will be produced at FCC-hh

— opening measurements to rare phase-spaces and decays

¢ The Higgs trilinear self-coupling will be measured with a precision of a few %
- sensitive to quantum corrections of the Higgs potential and 1* order phase

. Real Scalar Singlet Model
transitions _ T P -
I current
¢ First limits on the Higgs quartic S
self-coupling could be set = o
g
a FCC-ee
= 0.001
= gtk P E
0.5 1.0 1.3 20 2.5

hhh coupling: As/Az sm

¢ Precise measurements of couplings to 2™ generation of fermions (i, ¢) will be
achievable

¢ Measurement of the Higgs invisible decays below the SM expectation
— portal to Dark Matter

16
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?Higgs boson production

¢ Single-Higgs: ¢ Di-Higgs:

q Z g Z
2% 71 O = S H t.h
A\ _-H
9 TEETT——— - - - - - H g -®--H
g TOETET——— 1 g TTTOT——— _-H
—————— H X T
————— «
—————— H -
g TOETE———— 9 TOTOo———— N H

18



Di-Higgs production at hadronic colliders

¢ Sensitivity to k, directly related to the acceptance, so to the m, shape

CMS 35.9fb7 (13 TeV)
ie) ss0dr © 95% CL upper limits
: B : Observed
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¢ NB: most analyses optimised for k=1 19



v D1-H1ggs production: ee colliders
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FCC-ege, ILC, CECP
. . _ FCCiee, ILC, CLIC CLIC
¢ Main production modes: ZHH and vwHH I'ic Ci'c *
- ZHH o) 1g
°f
107F
10°F
0 500 1000 1500 2000 2500 3000
/s [GeV]
= 5:“"""""|""\""|"":
% 45 —ee - WHH 1400 GeV =
. : ° 4. e S ZHH 500 GoV /b
¢ Self-couplings through HH cross-section 35F " Cee S ZHH 1400 Gev -
- - c| -
at different Vs + production modes + m_, 25f E
— ZHH stronger constraints for k, > 1 1:: 3
— vvHH stronger constraints for K, <1 0;: :
0 | | | | | E
2



Self-coupling via single-Higgs couplings

CENTRE DE PHYSIQUE DES
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¢ Higgs self-interaction via one-loop corrections of the single-Higgs production
- K,-dependent corrections to the tree-level cross-sections

¢ pp colliders: ¢ cc colliders:
T . t
ttH e 7
l t
% q
VH | >~ VBF
: v :. i g
N \|. i - 7
/ & ~ H 5 q
— “9gF - important when Vs below HH
Y o " threshold

¢ ex. for k, =2:

- o(pp—ttH) modified by 3%
- o(ee — ZH) modified by 1% 21



M- CC-hh HH — bbyy (1)

¢ Object efficiency:
- &, =85% (p;=50 GeV, n=0), f__=0.002.e7™30¥
- eb=85%,f =1%,f__=5% (p,=50 GeV, n=0)

¢ Benefit from good myy resolution:

FCC-hh ulation (Delphes) o FCC-hh Simulation (Delphes) «10° FCC-hh Simulation (Delphes)
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¢ BDT selection against QCD background and single-Higgs:

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

0.7 07 .
Vs =100 TeV

L=30ab"’
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{s =100 TeV
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BDT,
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0.4 0.4
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0.2 0.2

0.1 0.1

33.4 -03-02-01 0 01 02 03 04 05
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BDT, BDT,, BDT,,

%.4 -03-02-01 0 01 02 03 04 05



FCC-hh HH — bbyy (2)

¢ Improved result wrt previous study ¢ Dependence on syst.

~ stat-only 68% CL: 5% — 2.5% uncertainties in previous

FCC-hh Simulation (Delphes) AL et o e
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¢ Result limited by systematic uncertainties ; HH > bbyy
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@ FCC-hh HH — bbrt (1)

¢ Two channels: bBrhrh and bErhtl

- assumee =80%andf  =1%

— assume that QCD background could be constrained enough to be neglected
- main backgrounds: Z+jets, single-Higgs, ttV, ttVV
¢ BDT selection:

FCC-hh Simulation (Delphes)

FCC-hh Simulation (Deiphes)

GE T T T[T T[T T[T T T[T T T[T T T T [ TIT T[T T T TTTT
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@ o — HH(x,=1.00) @ 10 — HH(x,=1.00) T 10 — HH(x,=1.00)
O 10°F 5 - 100 Tev mz S oef V=100 Tev mz $ el (s=100Tev mz
o L=30ab" @ L=30ab’ L=30ab"’ . VYV
11
£ v £ Vo 10 mw
g I single Higgs % I single Higgs 10" I single Higgs
Z+jets Z+jets Z+jets
I top pair B top pair 10° I top pair -
fully-hadronic
60 80 100 120 140 160 180 20 50 100 150 200 250 300 350 400 450 50 0.2 0.4 0.1
m, . [GeV] m,, [GeV] BDT output
FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)

> B e e o e e R R > ER RN e e e e AARR RS e L e I B e e e o e RSN
@ — HH(k, =1.00) @ — HH(x,=1.00) — HH(x,=1.00)
o (s = 100 TeV mz o Vs = 100 TeV mz 2 10°F V5= 100 Tev mz
2 L=30ab"’ Y iy L=30ab" 102 L=380ab” VY
£ £ 10" piers
3 Voo S v —

B single Higgs B single Higgs 10" I single Higgs

I top pair B top pair 10 B top pair

semi-leptonic
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B8 -CC-hh HH — bbrr (2)

¢ Expected 68% CL uncertainty on «A: 12-13%
— dominated by statistical uncertainty

FCC-hh Simulation (Delphes)

6 T ™ T T 1 1 T T T T 1 T T I T I T 1 1 1
3 I T | | :

\\ Vs =100TeV
5 ==== bbr 1, + bbr T - no syst.
L =30ab” —— bbr,T, + bbr, T, - syst. |

= bbr 1, + bbr T, - syst. Il
= bbt 1, +bbr T - syst. Il

-20 InL
|

oo |11

(o]

pos
I 0
_‘IIIIIIIII|IIII|IIII

'—4||||!

= |
>
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L OEARSELE F C C - h h H H —> b b b b

¢ Main background: QCD
- BDT against it

FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
> I‘I\\‘II\‘\I\‘\II‘\\I‘I\I'II\ > Illlllll‘l\l\l\l\\‘\\H‘I\I\l\l\llllllll\l w \‘II\‘\\I‘\II‘\II‘II\
K — HH(x, =1.00 2 —_ =1. t 10'° — HH(x,=1.00
o \s = 100 TeV e o Is = 100 TeV A g guf V=100 Tev L
P L=30ab" I single Higgs = L=30ab" I single Higgs L=30ab" I single Higgs
5 Z+bb 2 Z+bb 10" Z+bb
@ I top pair % B top pair 10" I top pair
B QCD B QCD B B QCD
10
1010
10°
10°
107
10°
10°
10*
S0 80100 20 140 10 180 20 10706200300 400" 500 600" 700" 800" 900 Tt B B Y R—Y
m"(h) [GeV] m(hh) [GeV] BDT output
FCC-hh Simulation (Delphes)
_I 6 T 1 T 1 I T 1 T T 1 1 I | 1 I 1 1 I 1 I T 1 I 1 1 T 1
% Cl ' KA 6% = T :
¢ 68% Cluncertainty on kA: 24-26% = [ 5. 1007er :
o~ 5 — ==== bbbb - no syst. ]
— . 1ot : ! L | =30ab’ — ; 5
dominated by statistical uncertaint - bbb - sys. | -
. = = bbbb - syst. Il _
— = bbbb - syst. llI 7
B = 7 .
3 S <
o) 2
2 — .‘\. .’0. o
B ’o‘ "0 _
- . e _
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FCC-hh Combined HH results

¢ Evolution with time:

L=30ab’

15

10f—---------nemee-

\s = 100 TeV

FCC-hh Simulation (Delphes)
I ComlbinedI - sylst. IIII C I I
Combined - syst. Il
Combined - syst. |

Combined - no syst. unc.

o
e
5
i
)
a
"

L)
.
-
.....
~a
-
-

¢ 68% CL uncertainty on K, for
different values of «;:

— best precision for k=0

— worst precision for k,=2.4 (max
interference)

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

=]

10
Collected luminositv (ah™

FCC-hh Simulation (Delphes)
T T T T T T T T
- Assuming SM couplings. .
= Vs =100 TeV —— Combined- syst. llI _:
E L=30ab’! = Combined - syst. Il E
— = Combined - syst. | ]
= ==== Combined - no syst. unc. =
_— o -
R i - | N E
0 0.5 1 1.5 2 25 3
k

=5
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% HH—bbbb (ATLAS)

¢ Extrapolation from Run-2 analysis

— fitofm : distribution

- p/>40 GeV, different thresholds tested

%% 12 _}‘ =1 ¥ 1 I | i I | L L I. | .l T I T v 1 7 I =1 7 31 I llllllll _'__
© - ATLAS Preliminary .
4 i i
e L Projection from Run 2 data 1
s 10 {s=14TeV, 3000 fb" =
= - HH—bbbb :
< 8— 2016 analysis systematic =
B - uncertainties T
= :
® 6 —
El) L= -
S o TDAQ TDR '
Te] 4 3 &
»
2 :|' S T T | | . | A T | | I& 1 | Ll 1l | | - | | | . | | . | ":
30 40 50 60 70 80 90 100 110

Minimum offline jet P, [GeV]

¢ Systematics

— dominated by multijet data-driven model

— conservative assumption:
Run-2 systematics used

¢ Significance:
1.4/0.616 without/with syst

95% CL exclusion limit on 6, /cSM

C | S I L I L I | i | & l 5 Ik ] [ % Tk I L l
L. 6 Gl i

m10 ATLAS Preliminary T Muttiet

= Projection from Run 2 data i (all-hadronic)

= 5 A B tt (non-all-hadronic)

%1 0 Vs = 14 TeV, 3000 fb ——— SM non-resonant HH—bbbb
>

L

10°
10"

10

2
|IIlIﬂT| IIIII|T|] IIIIﬂTfI IIIII|T|'| IIIII|T1] IIIIﬂTI] IIIII[TD

(I [

_]II]ILI.I.| IlIIILI.Il II[ILLL[I IIIIILI.I.| IIIIILUI IIIIl_I.I.I] I[IIIllJ.l_T

| O |
107500 400 600 800 1000 1200 14

T T T T T T T T T T T T T T T T T ] T T T

ATLAS Preliminary
Projection from Run 2 data

r
Vs =14 TeV, 3000 fb™
HH—bbbb

=—e— Expected 95% CL limit

------ Statistical uncertainty only

* Background modelling uncertainty o 1N

||||||lll
00 1600 1800 2000

1 1 | | 1 i 1 | 1 1 1 | 1 1 1 | 1 1 1
0 0.2 0.4 0.6 0.8 1
Background modelling uncertainty, relative to current level
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% HH—bbbb (CMS)

¢ SM sigmal + BSM benchmark points

¢ Resolved and boosted b-jets

— boosted topologies more sensitive to BSM scenarios
where high m is enhanced

¢ Resolved:

- p, > 45 GeV, different thresholds tested

- BDT against multijet bkg + tt and single-Higgs
¢ Small uncertainty considered for multijet background

¢ Significance:
1.26 wo/syst
0.950 w/ syst

Loss in signal significance [%)]

CMS Phase-2

3000 fb' (14 TeV)

30f

20f
15}

10f

Simulation Preliminary

25:_ HH — bbbb

T | T IS

|EEh | Veb1va BBl [

T S e o R e

Minimum jet P, threshold [GeV]

Loss in signal significance [%)]

10*

CMS Phase-2 3000 fb™' (14 TeV)

181
16|
14|

12|

g - Simulation Preliminary

HH — bbbb

sl |

l e == 1 = l1|o I ......1.02
Uncertainty on high S/B bins [%]

o CMS Phase-2 3000 fb' (14 TeV)

% § Simulation Preliminary gy Multijet
=S i HH — bbbb et
< 108k [ Ssingle Higgs
o) . N\ Bkg. uncertainty
= —— SM HH (x 100)
_,@ = NN
.

- Leoeverees
Lﬁ - S SN N

g4 =06 08
BDT output
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% HHbbTT (ATLAS)

. : & [ ATLAS Preliminaly — suuH obber | -
¢ Extrapolation from Run-2 analysis ~ 407 L Profscon rom Run 2 data - Top-quark i
. . *g = (s =14TeV, 3000 fb” Jet— 1, fakes (Multijets) -
¢ Three signal regions: Gl e — S e
1 : ; Il Other . .
= T, Thad (Single Lepton Trigger) 1ok S o i
. £ Uncertainty =
= T T (Lepton Tau Trigger) o'
- 1, T, (Single Tau Trigger and Di-Tau Trigger) i
¢ BDT output used as final discriminant .
— binning adapted to higher statistics S5 i T 8 L g
o ] ~1-0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8
¢ Limit on k: LTT category not included and BDT score
dedicated BDT trained on k, = 20 LI N TR
. . . =, - —— Baseline — No systematic uncertainties B
‘ leferent assumptlons fOI‘ Systematlcs b% - R Basel?nei 16 =eee- MC statisticall unc?ertainty n.egllected i
. c sl [ ] Baseline + 2.6. - Current systematic uncertainties -
— from current to baseline for HL-LHC g el s i PR Y =
E i g
2 TN —
% osE X =
L & - ATLAS Preliminary -
¢ Significance: ST Poecion o Fun 2 dta
o . Lo S = ev,
2.5/2.1c without/with syst T HH-> bbe"s g
VI A 0 R 0 O N O v (R O [ il

II|III|II
ke Mo~ R RS T T R L e
K
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% HH—bbTT (CMS)

CMS Phase — 2 Simulation Preliminary 3000 fb~! (14 TeV)

. ik 0.025

¢ 3 categories: ut,, et,, T.T, A
§ 0.015

B|go010

¢ Use of a Deep Neural Network B

N ggH
. VH
- WwW
|4
- ttH
. W+Jets
Hm DY

- Single Top

I3
Signal

gl
— (HH non Resonant)

— 27 basic + 21 reconstructed + 4 global features | R A

— deep learning techniques, with optimal data preprocessing, study of the
activation functions, and data augmentation

o CMS Phase — 2 Simulation Preliminary 30001 (14 TeV)

10*

10°

10°

diAg)
Lint, X G

10'

10° —18.990 0.995

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Class prediction

¢ Simultaneous fit of the NN output for the 3 decay channels
— discriminant binned per decay channel via adaptive binning
¢ Significance: 1.6/1.4c without/with syst

175 200
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% HH—bbyy (ATLAS)

¢

Dedicated analysis with smearing functions: upgraded detector geometry and
performance functions

> R S e e W e e M 5 [BLIRLNE
. 8 8%— ATLAS Simulation Preliminary 'S =14 T9V1_3)090 fb’
- m, resolution ~ 1.6 GeV S < el
= = [ bbyy
z  °F — i
Dedicated BDT trained to remove continuum j‘ D et
background and main single-Higgs ;
background (ttH) 2
1
. . . . . 160
Limit on «,: use of the m,  distribution for B
eventswith123<mw<127GeV SEEssEsRE
8 ~ ATLAS Simulation Preliminary
& 6:_ EH:LA'BJ;V’ 3000 fb” HH signal + background
. . . B C 123 GeV <m,, < 127 GeV
Systematics: very small impact in general Sies SR x, =6
T Bl K, =0
45 IIIIII — K, =1
: b 3:_ ----- K, =
Significance: s et
B . 2= e ne
2.1/2.0c without/with syst :
|
965506~ abs 566606700 #0600

My [GeV]
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% HH—bbyy (CMS)

¢ Dedicated BDT to reject ttH
= 75% reduction for 90% signal efficiency
¢ Classification of events based on M, = m, -m -m. +250GeV into low
and high mass categories
¢ MVA event categorisation BDT to separate background and HH signal into

. . . 1
medium (MP) and high (HP) purity __ ,,_ CMS Phase-2 3000 fo” (14 TeV)
. - Simulation Preliminary HH- bbyy
¢ Fitofm xm. T e
I 1 . g + Low mass * 250-350/GeV
CMS Phase-2 3000 fb' (14 TeV) \
& BRI e e e B e e e e | . - -
E - Simulation Preliminary ¢t Pseudo-data i + bl . .350 480 Gev
- L ppoHHoyybh e Nonresonant backgr. 1 v rs > 480 QeV
g 40; HP, 480 GeV < M, Full backgr. _f ! —e— Combined
G B — Sig. + Full backgr. ] .
30f = 95
2o Tt L : : |
e } ............ E \
- * g 1 68%
T TR R S - R - S PO T 1 T - o,
m,, [GeV] M 8 B ET W M & A
¢ Significance: 1.8/1.8c without/with syst %
— difference with ATLAS partly due to m resolution
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?HL-LHC Combined results (1)

¢ Expected significance (SM) with and without systematics at HL-LHC

Statistical-only Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 1.2 0.61 0.95
HH — bbrr 2.5 1.6 2.1 1.4
HH — bbyy 2.1 1.8 2.0 1.8
HH — bbVV (llvy) 0.59 0.56
HH — bbZ Z(4l) 0.37 0.37
combined 3.5 2.8 3.0 2.6

Combined Combined

- 40 expected with ATLAS+CMS!

¢ Measurement of p (SM signal injected): :;
- oW/ ~25% (30%) without (with) v

systematics

99.4% CL

¢ 11 =0 (no SM HH signal) excluded

at 95% CL
¢ Measurement of K

- 68% CI: [0.5; 1.5]

95% CL

68% CL

- 2" minimum excluded at 99.4% CL
thanks to the m, , shape information

ATLAS and CMS HL-LHC prospects

SM HH significance: 4o

0.1 < k1 < 2.3 [95% CL]
0.5 < k1 < 1.5 [68% CL]

8_

3 ab (14 TeV)

— Combination
“==- bbyy
bbtt
“= bbbb
bbZZ*(4l)

bbVV (iviv)
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?HL-LHC Combined results (2)

N
S\\%

¢ Comparison of negative log-likelihood ratios:

ATLAS and CMS 3000 fb' (14 TeV)

oy 12
= B * HL-LHC prospects
§1 10 B —e— ATLAS

' i —— CMS

—e— Combination

-2AIn(L)

95%

68%

ATLAS and CMS 3000 fb' (14 TeV)

HL-LHC prospects
—— bEbB —-— bE’E’C
- bbVV(ivlv)  --bbyy
bbZzZ*(4l)

¢ Difference on 2™ minimum mainly fropf the bbyy channel: 3 categories of
m_ . (especially a low-m, one) to rephove the degeneracy around x,=6

(while this low-m_, category has p0 effect around 1)
¢ CMS slightly better below 1: bbbb + other smaller channels

95%

| 68%
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?HL-LHC Combined results (3)

¢ 68% CI, channel by channel
¢ Dashed line = no ATLAS analysis, using value from CMS (as for Higgs

couplings)
ATLAS and CMS 3000 b’ (14 TeV)
I I I I I | I l I | I I I I I I I I I | I I I | I I I | I I I
— R i HL-LHC prospects
bbyy o —— ATLAS
| —— CMS
— HE H — —— Combination
bbtt e, e Stat. uncertainty
N f—— .
bbbb F— : 1
_ ;-//////////),/////////////////////////////////- _—
bbVV(lviv) Hil . -
_ N ils,
bbZZ(4l) - | .
| .
combined i
| I 1 1 1 | | I 1 | 1 | | | 1 1 | | 1 1 1 | | 1 1 | | | 1 | 1 | |

—2 0 2 4 6 8 10 12 14

: .. K
¢ «, measured with a precision of 50% &
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?HE-LHC, HH measurements

¢ Extrapolation of ATLAS HL-LHC results to HE-LHC

— scale cross-section to 27 TeV (*4) and luminosity to 15 ab™!' (*5),
no systematic uncertainties

— bbtr channel: significance: 10.7c, precision on K,: 20%
~ bbyy channel: significance: 7.1c, precision on K,: 40%

e pessimistic because analysis not optimised for measurement of «,

¢ Phenomenology study for bbyy: 15% Erecision on K,

o I [ I . T I} ]

* realistic detector performance 3 1o .

_ . S L HL-LHC/HE-LHC E

* no pile-up considered ot ___HL-LHC combined ]
:800_1000 12 Vs =14 TeV, 3_ab'1 ]

(w ) B HE-LHC combined ]

10:_ = \{s=27TeV,15ab’ 3

8- —

¢ Combination of channels: k, could be or E
. 4 I W Y S A — -

measured with a 68% Cl of 10 to 20 % 't / .
2 ]

i“\"I:mlm:"l'mI““Il \\U 111 |""III [ | 111 \mlm I | | [ | | [ | | [ 1 II""IT

0 8

1 0 1 2 3 4 5 6 7

#

w >
~



Quartic couplings

Ce ,
Viett = p|H|? + A H|* + O, Og = A—ZMH\‘;’,

hhh production, pp@100 TeV

1‘?
== =0
. c3 = cg, dg = 6cg
-, o
1.2t S oy =
L SM
= LIF=~o_ - AN | Uhhh(C'S 5d4 )/Uhhh cross section variation in D=6 EFT, pp@100 TeV
o - ., : T T
S -
= el — hhh
< 10 ______________,_.....--——— T —— hh
b - " . o= = -
0.of el
=
=
0.8} ]
-1.0 05 0.0 05 1.0
d,
FIG. 2: Total cross section ratio normalised to the Standard J
. ] . - G o 1 L
Model values for gluon-fusion-initiated triple Higgs produc- _32.0 ~15 —-1.0 —-0.5 0.0 0.0

tion at 100 TeV obtained by varying the c3 and ds parameters c
independently (see Eq. . The Higgs boson mass was fixed 3
to my = 125 GeV. The SM cross section at leading order is

~ 2.88 fb. The NNPDF23_nlo_as_0119 parton density function

set was used.

Cqy

o(cs, da)nhn
U(SM)hhh

—1=10.0309 x c3 — 0.2079 x c3

+0.0407 x c3d4 + 0.7384 x 3

1909.09166 1+0.0156 x d5 — 0.1450 x c3dy
—0.1078 x d4 — 0.6887 x C3 38


https://arxiv.org/abs/1909.09166

CENTRE DE PHYSIQ
PARTICULES DE MA

= 1119gs couplings: K scenarios

¢ « framework:

(c-BR)(i = H — f)=—

¢ Extension to allow for the possibility of Higgs boson decays to invisible or

a.

SM 2 . T5M 2

I

untagged BSM particles:

SM .2
FH id ."‘LH

osm - BRem Ky

'y =

1 — (BRinV -+ BRunt)

¢ Different fitting scenarios:

O-'BR. H?'f{f

Scenario BRi. BRnt include HL-LHC
kappa-0 fixed at 0 fixed at O no
kappa-1 measured fixed at 0 no
kappa-2 measured measured no
kappa-3 measured measured yes
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5w [iggs couplings at Future Colliders

CENTRE DE PHYSIQ
PARTICULES DE MAR

¢ All results combined with HL-LHC

| || b2
S ——— .
— Kw Ku ~ Bripy
;0 free & [T =
[ =l ] ===
I | S
00 04 08 1.2 16 2.0 00 04 08 1.2 16 20 00 08 16 24 32 0 I 2 3 4 5 00 06 12 1.8 24 30
m [ [ | | E—
—~ Kz Kp Ke KZy Bryy
i==1 ;A D I B
|| free & I L | E—— fiee &
00 04 08 12 16 20 00 06 12 1.8 24 30 0 1 2 3 4 00 25 50 75 100 0 1 2 3 4
-— -_ — FCC-eefeh/hh - CLIC‘UUU [ ] lLC]OUU [ LHeC |K\*’ <1
K’}’ Kg B FCC-eeqps mm CLIC; sy ILCsqq B HE-LHC |xy| < 1
I L FCC-eea49 CLIC3g9 [LCas0 HL-LHC |xy| < 1
I —
E— [— CEPC
Higgs @FC WG Future colliders combined with HL-LHC
Uncertainty values on Ax in %.
00 04 08 12 16 2.0 00 06 12 18 24 30 Kappa—S, 2019 Limits on Br (%) at 95% CL.

¢ Sensitivities of ee colliders in their initial stages are rather comparable

¢ The most precise coupling measurements (to Z and W bosons), are measured
to 0.2-0.3% 40



&aa ImMprovements wrt HL-LHC

¢ « framework ¢ EFT framework
&g J:‘ 0

4 4, Y <, S o Ca
VN o -, L &e Ly L &rndo CplicLic o Coo. Copte%
i OS £O’m ﬁqafOOO({fc}&ofc}wofO Q‘? Oﬁ ~<:ooe faj@%é ijeo{ OJY 7] 000 ", C}d’ g"boo & = ‘??55%

5 1 1 I
- 1 D O D
eff . - - P
Spww - 1.8 L3 78 §=10Q=10Q 64 §=10=>10Q 74 7.0
238 3.0 33 26 28 33 28 28 n

effl  _
o gHW 1.6 1.4
g?}‘l;y— 11 [248 11 |15 ‘L6 |11 [N ISR 17 | L1
eff
gHgg - 14 1.9 21 29 1.8 24 3.1 3.0 24
3 g‘;g{t‘_ 1.1 2.0 L]
i
sie. [l 0 . .......l
o R R EEE
-2 : - 4
K - =
" R el 26 B
Ky # gir, -2 N IS 3 4 n
b i e - ONNONOOOEE |-
- o[ I I A
v DESESSSEEEE || oo DEEDEDDDE
0 0
(*) |xy| < 1 applied for hadron colliders ~ (**) Not requiring |ky| <1  (*) Not measured in HLLHC SMEFT ND (x) not measured at HL-LHC

¢ Remark: no use of differential distributions = underestimate of power
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= H199s couplings: additional scenarios (1)

¢ Comparison of the different FCC scenarios in the kappa-0-HL scenario

(similar to kappa-0 in that it does not allow any BSM decay, but including
HL-LHC data)

K

=
2
e
I
LN

K'Z-],-

20 02 04 06 08 1.0 00 03 06 09 1.2 15 00 04 08 12 1.6 20 0.0 25 50 75 10.0

HL+FCC-ee+FCC-eh+FCC-hh
HL+FCC-hh
HL+FCC-eh+FCC-hh

HL+FCC-ee+FCC-hh Higgs@QFC WG

HL+FCC-ce(41P)
HL+FCC-eeszs Kappa-0-HL, 2019
20 03 06 09 12 15 00 03 06 09 12 15 HL+FCC-¢e240
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= Higgs couplings: additional scenarios (2)

¢ Combination of the different future ee colliders with FCC-hh and HL-LHC,

in an extension of the kappa-0-HL scenario. Note that ILC 250 and CLIC
380 (first stages) are shown in comparison with CEPC (240) and FCC-ee

o K e Ky 00T w [ Ky

00 02 04 06 08 10 00 02 04 06 08 1.0 00 02 04 06 08 10 00 02 04 06 08 1.0

B Kz e Kp o K B

00 02 04 06 08 10 00 02 04 06 08 10 00 08 1.6 24 32 40 00 02 04 06 08 1.0

T T BN HL LHC+FCC-hh

- Ky _ Ke mm HL-LHC+FCC-ees+FCC-hh
HL-LHC+CEPC+FCC-hh

[ I S LALECHCL ComhCCenl

e PR A

00 02 04 06 08 10 00 02 04 06 08 1.0 Higgs@FC WG Kappa-0-HL, 2019
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&y (1ggs couplings: additional scenarios (3)

¢ Expected relative precision (%) of the k parameters in the kappa-0-HL

scenario for future lepton colliders combined with the HL-LHC and the

FCC-hh 37.5, and with HL-LHC and FCC-hh. No BSM width 1s allowed in
the fit: both BR _ and BR. are set to 0.

HL-LHC+FCC-hh+

kappa-0-HL HIL-LHC+FCC-hhs; 5+
ILCos59 | CLIC35p | CEPC | FCC-eezq5

kw [%0] 0.94 0.62 0.81 0.38
2 [%) 0.21 0.33 | 0.13 0.14
Kgq|70] 1.3 1.3 0.97 0.87
K| %] 0.64 0.68 0.62 0.62
Kz~ 0] 3. 3.1 2.8 3.

ke[%) 1.9 3.9 1.9 1.3
e[ %] 1.9 1.9 1.9 1.9
k|70 0.99 0.94 0.81 0.58
Ky [%] 1. 1.1 1. 1.

Kr [ 70] 0.96 1.2 0.83 0.6

kappa-0-HL
[LCo50 | CLIC38¢ | CEPC | FCC-ees¢5
kw [] 0.37 0.36 0.35 0.27
kz|%] 0.19 0.26 0.12 0.13
K g7 0.65 0.69 0.55 0.55
Ky [J0] 0.31 0.34 0.29 0.29
Kz~ |%] 0.71 0.74 0.69 0.7
Ke|70] 1.8 3.8 1.8 1.2
ket [Y0) 0.96 0.96 0.95 0.95
K| 70] 0.63 0.68 0.52 0.5
K u[70)] 0.43 0.47 0.41 0.41
K+ | %0] 0.61 0.78 0.52 0.49
L [%] 0.90 0.98 0.74 0.67
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