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Introduction

BSM O(1TeV): Impact on H-couplings

Model b g WW o Iy o
MSSM [40] +48 08 -08 02 +04 05 01 +03
Type I12HD [42) +101 -02 -02 00 +98 00 +01 498
Type X 2HD [42) 02 02 02 00 478 00 00 +78
Type Y 20D [4)] +101 <02 -02 00 02 00 01 -02
Composite Higgs [44] 64 64 64 -21 -64 21 -1 64

Little Higgs w. T-parity [45] 00 00 -61 25 00 -25 -15 00
Little Higgs w. T-parity [46] -78 46 -35 -15 78 -1§ -10 -78

Higgs-Radion [47] 15 -1y 4100 -1y -1 -1y -l0 -15
Higgs Snglet 1§ 35 35 35 35 35 35 35 4

1708.08912
v2 6%

e.g. \=1 (5)TeV>"~5 (0.1)%

A2 A (TeV)
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https://arxiv.org/pdf/1708.08912.pdf

Introduction

BSM O(1TeV): Impact on H-couplings

Model B W 22 " HL-LHC:

ode g m o : :

VSV w5 18 05 92 w4 05 1 q3| ¢ Direct searches: O(9) TeV
Type I12HD [47 H01 02 02 00 498 00 401 +98 + H-couplings:

Type X 2HD [£2) 02 02 42 00 478 00 00 478

Type Y 2HD [12) 40102 02 00 02 00 01 02

Composite Higgs [44] 64 64 64 -21 -64 21 -1 64

Littl Higgs w. Tparity [ 00 00 61 25 00 25 -15 00
Little Higgs w. T-parity [46] -78 46 -35 -15 -718 -15 -10 -78

Higgs-Radion [47] 1o -1 4100 <15 -y Ly L0 LD
Higgs Singlet [48] SRR NS E R NI NS R L Future e*e- collider:
1708.08912 .

+ Measure H-couplings at

2 0)
v 6% e.g. A=1 (5)TeV>~5 (0.1)% 0(0.1)% level
A2 " A2(TeV)

Details in S. Dawnson’s talk
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https://arxiv.org/pdf/1708.08912.pdf

Today: Focus on Higgs physics [just a subset]
- ete™: physics program extends well beyond Higgs


https://arxiv.org/pdf/1708.08912.pdf

Proposed future accelerators

Linear (e*e") colliders Circular (ete/hh) colliders
e unsiss gy e | ‘ : : -

I 1.5 TeV - 29.0 km (CLIC1500)
3.0 TeV - 50.1 km (CLIC3000)

7 v

Euture
“Circular 3
‘Collider

Google earth
C
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Proposed future accelerators

Linear (e*e) colllders

"lc ompa 2ex Linbarca II:’,(CLIC) 2 1 :_'" Vit :J;’v’fﬁ"f g /
',,'w/ 2
% e = 38:::/‘{ 9.0 :’:( 1503; / { / - }f‘l .
/7-4’ /1»;,! ({. Y ~;‘/’.';.._,-,~..
CLIC (CERN)
- Normal-conducting acceleration
- Up to 3 TeV coII|S|ons
/ / e 4 ﬂ/ﬁ, ;o 3 : /
ILC (Japan)

- Super-conducting acceleration
- 250 & 500 [10007] GeV collisions

- CA3 (SLAC)
- Conducting acceleration
" - 250 & 550 GeV collisions

LHCP 2024

Clrcular (ete /hh) colllders

FCC—ee/—hh (CERN)
i - 100 Km tunnel

. - First: FCC-ee; up to 2"my,, collisions
“standard” technology

8 - Then: FCC-hh; 100 TeV collisions

" challenge: 16T magnets

CEPC/SppC (Chlna)
- 100 Km tunnel
- Essentially an FCC-ee/ FCC-hh
- More conservatlve lumi scenarios

Google earth

Details |nE 'N_gqni’s talk



In a nutshell

107 2205.08553
» ete™: Different strategies e FCC
+ Different luminosity —— b g:zg-Upgrade
and Egy, scenarios % - ILC
= FCC-ee/CEPC; s | LC-Upgrade
. c‘i‘b - —4— CLIC
¢ Study Z, W, H and top - -+~ CLIC-Upgrade
with unprecedented 2 4oL
precision 2
% i
= CLIC/ILC/ : i
+ Rich Higgs program Col |

10°
s [GeV]

« Direct access to HH 10°
» Ultimate goal: O(100 TeV) pp collider

+ FCC-hh/SppC: use same tunnel constructed for FCC-ee/CepC

LHCP 2024 loukas Gouskos


https://arxiv.org/html/2205.08553v2

Higgs as an exploration tool



Higgs production at e*e-

LHCP 2024

o(e*e” — HX) [fb]
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Ecv>500 GeV:
Hvv is dominant

E-.>500 GeV:
Opens direct
access to HH



Model-independent measurements

» /H production in ete"
+ Unbiased tagging of Higgs boson

2

MRecoil = 3 +m% - 2\/§(E£+ + E@‘)

= Strategy:
+ First: measure ZH production

+ Then: measure ZH(>Z2)

- Unique in ete- machines @ZH
- “standard candle” for other Higgs
measurements (incl. pp@100TeV)

LHCP 2024 loukas Gouskos
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More on Higgs couplings

» Next step: Study as many as possible Higgs decays
+ key: identification of decay flavor

Novel Deep Learning based
algorithms under development

FCC-ee Simulation (IDEA)
g 1 E T T T ]‘ T T T l T T T l T T T ! T T T
% - ee—~ZH H—jj éctagginé
_8 j=uds,cbg
s N
-o. 10 .E_ ....... _ cvsg ..............................................................
S - =——cvsb @ff :
8 ‘ S
10—2 L I ~
Y N A AR R
107, 0.2 0.4 0.6 0.8 1

jet tagging efficiency

NB: example from FCC-ee; many other tools
(e.g., 2202.03285, 2203.07535,2310.03440)

LHCP 2024

loukas Gouskos
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https://arxiv.org/abs/2202.03285
https://arxiv.org/abs/2203.07535
https://arxiv.org/abs/2310.03440

More on Higgs couplings

» Next step: Study as many as possible Higgs decays

+ key: identification of decay flavo

Novel Deep Learning based
algorithms under development

FCC-ee Simulation (IDEA)
g 1 E T T 1 T T T ! T T T l T T T ! T T T
8 f oo ZH R~ ¢ tagging
S | j=udscbg
a8 :
-o. 10 ? ....... _ cvs .................................................................. E
2 [ —eww b z
S - =——cvsb Gf[‘ 8
8 | | 5 |
10—2 g.. I __é
S I A A T
107, 0.2 0.4 0.6 0.8 1

jet tagging efficiency

r

NB: example from FCC-ee; many other tools
(e.g., 2202.03285, 2203.07535,2310.03440)

LHCP 2024 loukas Gous
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Signal extraction: 2D fit: mec vVS. My

FCCAnalyses: FCC-ee Simulation (Delphes)

Events / 1.20 GeV
3

107!
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—— Hss
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Final state
H — bb
H—cc
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H—ss

M, (GeV)

Z(INH@)) [%]  Z(v)H(ij) [%] Z(j)H(j) [%] Comb. [%]

0.81
4.93
2.73

?

0.36
26
1.1

0.3
3.5
24

?

0.22
1.92
0.94

?
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https://arxiv.org/abs/2202.03285
https://arxiv.org/abs/2203.07535
https://arxiv.org/abs/2310.03440

Towards H->ss
= Tiny BR~10*: e.g., O(100) expected at FCC-ee (@ZH)

bottom jet strange jet 2203.07535 Leading

04 | particle fraction
< %l ) N ss
= bb
£ [ cc
g9

u,d/g jet 2 ool “
<O % 0 LL'“ ] PP

Prtltyp

= Key points:
+ Enhanced Kaon fraction; Strange tagging critical
+ Need powerful identification up to O(30-40) GeV

LHCP 2024 Loukas Gouskos 13


https://arxiv.org/pdf/2203.07535

Towards H->ss

= Big effort to design optimal PID detectors and algorithms to
exploit their full potential [e.g., ECFA H->ss team, Wiki]

dN/dx+TOF

PID separation S [# of sigmas])

RICH

C4F10: n-K separation for L=25 cm, Npe ~ 16

N
o
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ZZZZZZZZZZZZ

+- sigma(Single photon) = 1.5 mrad
& sigma(Single photon) = 2 mrad

A- sigma(Single photon) = 3 mrad

Momentum [GeV/c]

Achieve 3o /K separation for up to ~30 GeV momenta
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Details in D. Bortoletto’s talk
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https://gitlab.in2p3.fr/ecfa-study/ECFA-HiggsTopEW-Factories/-/wikis/FocusTopics

Towards H->ss

= Big effort to design optimal PID detectors and algorithms to
exploit their full potential [e.g., ECFA H—>ss team, Wiki]

|
w
1

But:

We need to carefully access
impact of detector proposals
to the full Higgs [and not
only] physics program in
general
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https://gitlab.in2p3.fr/ecfa-study/ECFA-HiggsTopEW-Factories/-/wikis/FocusTopics

Towards H->ss

Strange tagging UL on H-S coupling
1.04 12
" | ILD Preliminary, L = 900 fb~! % CL. limit: 7.14
V5 = 250 GeV, Ple-,e*) = (—80%, +30%) > Ex:’:itee' d"g'Lt
0.8 4 L0 g M +1o expected CL,
. +20 expected CL,
S 0.8 a=0.05
5 0.67 ILD Preliminary
@ Strange score w
L = 0.6
= Full PID (AUC = 0.766) ]
50 0.4 1 PID < 30 GeV (AUC = 0.742) s
- PID < 20 GeV (AUC = 0.702) "%y 0.4 1
PID < 10 GeV (AUC = 0.630) RN
94 ¢
0= No PID (AUC = 0.523) 021
----- LCFIPlus OTag (AUC = 0.488)
> -
0.04 ==+ Random chance ) 0.0 ] . T ' .
) 2 4 6 8 10 12 14

0.0 0.2 04 0.6 0.8 1.0 Tested PO, ks

Strange efficiency

» Strong dependence on detector design, jet tagging, Lumi ..
+ Most sensitive results currently ~2o (CEPC/FCC-eg)

Opportunity to fully establish second generation charged fermions!
- Impossible at the HL-LHC/hadron colliders

LHCP 2024 loukas Gouskos
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Unique at Circular Colliders: H>ee

2107.02686
» FCC-ee/CEPC: Resonant Higgs production .+ g W.Z ..
+ Tiny signal BR(H>ee) ~109vs. huge BKGs
« but: large luminosity at FCC-ee R
= Key points: e g W7 ..

+ Beam spread (~MeV) - monochromatization
+ Precise my - from ZH run

< 30

,E Significance. e'e— H, s = 125 GeV - 1 year' 2 |PS 20 -
37 - 3 years, 4 IPS: k, @15%
(O]
% 10 T
i ' mEEw
T s

N w oo

C :
Ru §
ATLAS 3
I Run2 &
"‘@

O FCC-hh
FCC-ee L,

21P, yr

FCC
41P, 3y

LHCP 2024


https://arxiv.org/pdf/2107.02686

Higgs to invisible
» Portal to Dark Matter (DM)

*S

0.01
0.008
0.00

SM H— inv. BF

M: BRH>ZZ 2>4v) ~0.1%
SM H=>inv reach

- I
—e'e— ZH FCC-ee Simulation (Delphes)
C {s=240 GeV, L=10 ab

- SM BF H- invis. =0.106%

+0.141% =+0.124% =+0.042% =+0.133%

+0.110% =+0.035%

0.004
0.002

-0.002
-0.004

LHCP 2024
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ee uw aq cc bb All

Impossible at the HL-LHC

DM

Goal: Reach
neutrino floor

50 discovery potential

> C T T T T T ]
2 0.014[(5=240 GeV, L=10 ab” ]
3 0.012-€'e¢—>ZH FCC-ee Simulation (Delphes) .
T U+ .
8 001-0-71%  0625% 0.218% 0.663% 0.556% : 0.178%]
o C .
L 0.008F 1
¢ . —_—— I ’
g€ 0.006— - P ]
s C I .
o 0.004— I ~
| C I .
I 0.002 _—— f———

0 C | | | | ! ]

ee up qq cc bb All

NB: 5% poorer og/E(Had)
- 80% increase in 6(H—>inv)

Keep in mind for detector design/choice

loukas GoltRos
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Higgs self coupling (A) @ ete-



(a) Via loops (FCC-ee/CepC)

= Key points:
+ Precise K> measurement
+ Different collision energies

Z

K FCC-ee, from EFT global it
- —  S/abat 240 GeV ]
‘h 0.02} — ey
[ -
. 001} Ax=
Relative enhancement of ZH production :2‘ :
- (] ()0}
w [
2.0%% _0-01'_
1.0%5— -0_02;
i 4 2 0 2 4
O'O%é 300 I 400 Mo 5(K)‘)
? i Q(GeV) ..
1onk O(10-20%) precision on A

[other couplings at SM-values]
LHCP 2024 lLoukas Gouskos



(b) Dlrect access (ILC/C"3/CLIC)

o [fb]

H self coupling (Kj)
HHVV coupling (Ksy)

1
lHCP o= ========——————- . T

F |
"oukas Gouskos
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(b) Dlrect access (ILC/C"3/CLIC)

o [fo]

Use myy to disentangle Ky-Koy

CLICdp
350 —r————— 1+
2 79 | Z5000/b '4:1 pol. scheme
® 300F 3 Tev 3
ZCD 2505 ------- Kpn = 1.0; Ky = 1.0 3
i o Kgnn = 1.05 Kypww = 1.2 7
E ’E 2005_ ..... mrmeme KypH = 1.2; Kiypww = 1.0 _E
= £ 150F :
O (@) - - L.,
= R [ S :
=) Q - o § :
S - W E
Q 8 50: :w.f"."‘.'. ........ i
O 3 el g e
© ; % 500 1000 1500Gl 2000
c eV
I ’ ' % HH[ ]
LHCP 20241' ---------------- e =% ukas Gouskos 22



(b) Direct access (ILC/C"3/CLIC)
» Higgs = 4b, bbWW; Z - leptonic+hadronic decays

'OQ' .' R N, e 1 CL|C | 41 poI scheme
[ e+e%ZHH(100°/ Eff;; noBkg) ||_C/CA3 § 11 i ) .
< ] sz - . -
~ ! — e+e—>ZHH (fuII S|mulat|on) U)C)I [ . 8240 8:: E
é ' \;1_05:_.. ........................................... S -

= [

I |

I L
(@) 1_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _
095:_ e N b

10 K _,__-__' ] | ' [ differential |

L 4ab t @ Ecm-500/550 Gev oof  HHvvidTevisap' 1
500 1000 1500 2000 2500 3000 05 - ‘Il — 1.5
's [GeV] g /g™
HHH “HHH

» ZHH: ILC/CA3: 6(k;)~20-30%; CLIC: ZHH observation ~60
» HHvv: >30 evidence QCLIC Egy=1.4 TeV



Higgs-self coupling summary

2209.07510
collider Indirect-h  hh  combined ] S Heal Scaler Singlet Mode!_____,
HL-LHC [78]  100-200% 50%  50% = Current
ILCa50/C -250 [51, 52] 9% — 49% =N 0100 curent
ILCs00/C3-550 [51, 52]  38% 20% 20% s
CLICss0 [54] 50% - 50% 3
CLIC1500 [54] 49% 36% 29% — 0.010}
CLICs000 [54] 49% 9% 9% g FCC-ee
FCC-ee [55] 33% — 33% § 0.001} HL-LHC
FCC-ee (4 IPs) [55] 24% 24% N
FCC-hh [79] U san 8% 3.4-7.8% P
1(3 TeV) [64] - 15-30%  15-30% 104
w(10 TeV) [64] - 4% 4% 0.5 1.0 .1.5 2.0 25
hhh coupling: Az/A3 sm

ete- vs. HL-LHC
- O(10) improved precision on K5
- Up to 2-3x improvement on K,

e*e: Potential to probe several
baryogenesis models


https://arxiv.org/pdf/2209.07510

Summary

» Unique situation: no clear direction of where to look for New
Physics
+ but we have very strong reasons to believe it exists

* We need a new colliders... Which one?
+ ete™: provide precision O(10) times better than HL-LHC

+ e+e- program extends well beyond Higgs physics

= Far from “over-subscribed”

+ Lot’s of room of innovation and out-of-the-box thinking in
several areas

LHCP 2024 Loukas Gouskos 25



