i
,A

Higgs Physics
with future accelerators

Loukas Gouskos (CERN)
Workshop on Future Accelerators, Corfu (2023)



The triumph of Standard Model (SM)

= Discovery of the (a?) Higgs boson (2012)
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- SM particle content is complete
- Higgs boson: Plays a very central role; interacts with all particles
- It is the only fundamental scalar particle that we have seen
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Is that all?

» The big open guestions.. that beg for Beyond SM (BSM) physics

¢ Experiment-driven

® Dark matter

® Dark energy

®* Matter antimatter asymmetry, .... More in T. You’s talk
¢ Theory-driven

® Hierarchy problem and naturalness

®* Number of generations

® Origin of fermion families, ...

* Procedure to address them [at least part of them]
¢ Direct BSM searches (SUSY, heavy exotic particles,...)

¢ Sensitive tests of SM parameters approaches
®* EWK/top/Higgs properties, Flavour physics, ...

Complementary

= This talk: Higgs Physics at future accelerators [EXP-view]

¢ TH-view: H. Baer’s talk
Loukas Gouskos Higes Physics at FC (Corfu 2023)
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Higgs as an exploration tool

= BSM can modify the properties of the Higgs particle

Higgs couplings
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The discovery of the Higgs boson
opens a whole new chapter of exploration
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Interpretation of results

= Signal strength (u) := cross-section x BR

¢ [probably] not most sensitive test after observation of specific process

= Coupling modifiers (k):

¢ Simplest framework to
probe deviations from SM |5 BR)(i5 H = )=

o 7 o, 6,

e express ‘U’ 1o 'k

¢ no need of BSM calculations
[but simplifications]

= Fffective Field Theory description:

¢ Extension of k—framework
® probe helicity structure and polarization

SU 2 SW 2 V)
LK ;  0BR KK
r“’x T oo BRgy K2
H My SM M H
L (d) 5(d)
]

¢ sensitive to higher-order effects [via operators]

Interpret results = look for deviations

Loukas Gouskos
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Physics landscape after 10y of LHC

*Details: J. Wang’s talk

= Higgs Physics CMS 138 fb' (13 TeV)
_ > QFT T T T T
+ Already established: S |§ - m,=125.38 GeV Wz,
. ".o‘ ]
® Inclusive rates \é g
_ - 1L _
® Couplings to bosons G 10
: =
® Couplings to 3-Gen EJZ‘ [ b
fermions 102} T4 |
o Current focus: ¢  Vector bosons
® Couplings to 2"-Gen 10—3:_ $ 3" generation fermions |
fermions : ¢ 2™ generation fermions
e SM Higgs boson ]
i 1070,
Everything look very SM R P
cg 1.2;—* 1.05;— * E
P 1] }f -------------------- 1.oo;----+-----f---§
= Also: Direct searches S R ===l

+ No new particles up ~few TeV 107 1 10 10°
Particle mass (GeV)

Unique situation:
Current results do not concretely point to any BSM scenario/mass scale
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The landscape at the end of HL-LHC

Which precision?

= BSM effect on couplings:
v_2 6%
A2 A2(TeV)

e e.g. \=1(5)TeV2>"~6 (0.1)%

Impact of BSM O(1TeV):

Model b ¢ g WW tm ZZ vy
MSSM [40] +48 08 -08 -02 404 05 +01 403
Type [12HD [42] +101 -02 02 00 +98 00 +01 +98
Type X 2HD [42] 02 02 02 00 478 00 00 478
Type Y 2HD [42] +10.0 02 02 00 -02 00 01 -02
Composite Higgs [44] 64 64 -64 -21 64 -21 -21 64

Little Higgs w. T-parity [43] 00 00 61 -25 00 -25 -15 00
Little Higgs w. T-parity [46] -78 46 -35 -15 78 -15 -10 -8

Higgs-Radion [{7] 15 <15 +10. 15 15 15 10 L5
Higgs Singlet [49 35 35 35 35 35 35 35 35
Ref
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The landscape at the end of HL-LHC

: .. HL-LHC
Which precision?

| | \(5 =14 TeV, 3000 Ifb’1 per experiment

= BSM effect on couplings: Total ATLAS and CMS

2 : g(apflesrtilriaelntal HL-LHC Projection

v_ AU 6% S Theory Uncertainty [%]

Tot Stat Exp Th

A2 A2(T6V) K, = 1.8 ot.st 1.: 13

¢ e.g. \=1(5)TeV>"~5 (0.1)% fw == 17 08 07 12

K, = 15 07 06 1.2

Impact of BSM O(1TeV): K = 25 09 08 21

Model b g WW rm 27 9 E— M40
MSSM [40] 48 08 -08 02 +04 05 H1 H3 Ko BV 3.7 13 13 32
Type I 2HD [17] F01 02 02 00 +98 00 401 4908 k. = 19 09 08 15
Type X 2HD 4] 02 02 02 00 #1800 00 18, = 43 35 10 17
Type Y 2HD [42] 101 02 02 00 -02 00 01 02 o5 15 10 ou
Composite Higgs [44] 64 64 64 21 64 21 21 64 7 — (e
Little Higgs w. Tparity [15] 00 00 61 25 00 25 -15 00 0 002 004 006 E")‘(‘;fectgg un‘;;tai%;;

Little Higgs w. T-parity [46] -78 46 -35 -15 78 -15 -10 -8

Higgs-Radion {7 15 -15 410 15 15 15 <10 15 HL-LHC: Cannot guarantee definite
Higgs Singlet [48 35 35 35 35 35 35 35 R3ei Sswers & 2y of the bis spen B8
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Shaping the future

= Where is New Physics:
+ Within LHC reach: hidden in difficult corners and/or small cross-section
+ Beyond LHC reach: very massive new particles

New colliders are necessary to explore the multi-TeV regime

Loukas Gouskos Higes Physics at FC (Corfu 2023)



Shaping the future

= Where is New Physics:
+ Within LHC reach: hidden in difficult corners and/or small cross-section
+ Beyond LHC reach: very massive new particles

New colliders are necessary to explore the multi-TeV regime

= Guiding principles:
+ Sensitive tests of SM parameters
®* NB: “precision” not necessarily “sensitive”
¢ Explore as broad as possible set of scenarios
® all directions impossible
¢ Provide definite answers to concrete scenarios

No “guaranteed discoveries” rather than “guaranteed deliverables”

Loukas Gouskos Higes Physics at FC (Corfu 2023)
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Shaping the future

= Where is New Physics:
+ Within LHC reach: hidden in difficult corners and/or small cross-section
+ Beyond LHC reach: very massive new particles

New colliders are necessary to explore the multi-TeV regime

= Guiding principles:
+ Sensitive tests of SM parameters
®* NB: “precision” not necessarily “sensitive”
¢ Explore as broad as possible set of scenarios
® all directions impossible
¢ Provide definite answers to concrete scenarios

No “guaranteed discoveries” rather than “guaranteed deliverables”

= Typically two approaches [not necessarily mutually exclusive]
+ Higher precision: lepton colliders (e*e’)
o Larger rate/mass reach: hadron colliders (pp, ep, HI)

Loukas Gouskos Higes Physics at FC (Corfu 2023)
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The next collider(s)

European Strategy update (2013):

“Europe needs to be in a position to propose an ambitious post-LHC accelerator
project at CERN by the time of the next Strategy update.”

European Strategy Group (2020):

“It places priority on the successful completion of the High-Luminosity LHC over
the coming decade, and begins to map out the potential landscape for research
in Europe in the post LHC era, presenting a vision for both the near- and long-

term future. The Strategy update recommends a so-called Higgs factory as the
highest priority to follow the LHC, while pursuing a technical and financial

feasibility study for a next-generation hadron collider in parallel, in preparation
for the long-term.”

... Similar recommendations from the US-side

- Exploit full potential of (HL-)LHC
- Exhaustively study the Higgs = lepton collider
- O(10) reach in mass scale = hadron collider

Loukas Gouskos Higgs Physics at FC (Corfu 2023) 12



Building on success stories: the “Higgs”

LEP: prediction
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Possible future accelerators

Linear (e*e’) colliders Circular (e*e’/hh) colliders

JEy BT /

Compact Linear Colllder (CLIC)
/ B 380 GeV - 11.4 km (CLIC380) 7"
. I 1.5 TeV - 29.0 km (CLIC1500)
3 3.0 TeV - 50.1 km (CLIC3000)

Euture
“Circular -

- Collider

Google earth
C

Loukas Gouskos Higes Physics at FC (Corfu 2023)
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Possible future accelerators

Linear (e*e’) colliders Circular (e*e’/hh) colliders

7 /i "
h‘ Compact Llnea Collider (CLIC)
f S 380 GeV - 11.4 km (CLIC380)
E I 1.5 TeV - 29.0 km (CLIC1500) ¢

3.0 TeV - 50.1 km (CLIC3000) = 4 #

FCC-ee/-hh (CERN)

{ - 100 Km tunnel

- FicshalR®F-ceup to-2 > mi s Callisigns
“standard” technology

® - Then: FCC-hh; 100 TeV collisions

| challenge: 16T magnets

CLIC (CERN)
- Normal-conducting acceleration
- Up to 3 TeV coIhsnons

ILC (Japan) -
- Super-conducting acceleration
- 250 — 500 [10007] GeV collisions

- Essentially an FCC-ee/ FCC-hh
- More conservative luminosity scenarios

Google earth

+ other recent proposals
Loukas Gouskos Higes Physics at FC (Corfu 2023) 15



In a nutshell

= e+e-: Different strategies

¢ different luminosity
and E., scenarios

¢ FCC-ee/CEPC:

® Study Z, W, H and top
with unprecedented
precision

o e.g. 1027, 1M H

o CLIC/ILC:
® Rich Higgs program
® Direct access to HH

Si

Lumino

ty [10%* cmr2s1

N
o
N

-
o

HZ (250 GeV): 1.35 x

Z (91.2 GeV) : 4.6 x 10°° cm2%s" *  FCC-ee (Baseline, 2 IPs)

................................................................... r......CEPC (Base“ne’. 2 lps) feeaan
W'W (161 GeV): 5.6 x 10%° cm?s™

ILC (Baseline)
CLIC (Baseline)

HZ (240 GeV): 1.7 x 10** cm2s-!

tt (350 GeV): 3.8 x 193“ cm?s!
(365 GeV): 3.1 x 10°"_cm?s™

= Ultimate goal: O(100 TeV) pp collider
¢ FCC-hh/SppC: use same tunnel constructed for FCC-ee/CepC

Loukas Gouskos

Higes Physics at FC (Corfu 2023)
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Detector concepts: e*e

= Physics driven design
+ excellent tracking (little material), hadronic resolution, timing info

CLD concept

CLD detector model

" m)
6.0|

Fe - Yoke

2. 1| —

rrrnni
CLD model

@ Inspired by CLICdet design

@ 2 T magnetic field
(constraint from the machine)

@ Low mass vertex and tracker
(conformal tracking as the main tracking
algorithm)

@ Fine-grained ECAL and HCAL
optimized for particle flow
reconstruction

@ Full detector simulation with support
structures, cables and services
included in the model

IDEA concept

FCCee IDEA Detector

Beam pipe: r~1.5cm

Vertex: 5 MAPS layers
r=1.7-34cm

Drift Chamber: 4 m long, r = 35-200 cm

Outer Silicon Layers: strips

-

Sup ducting solenoid coil: 2T,r~2.1-24m
0.74 Xo,0.16 A @ 90°

Preshower: ~1 Xou-RWELL MPGD
Dual-Readout Calorimeter: 2 m /8,  Lead/Fibres

Yoke + Muon chamber: y-RWELL MPGD

Complementary approaches with lot’s of important and innovative work
Details on concepts/challenges: J. List talk, M. Dams talk, G. Casse talk

Loukas Gouskos

Higes Physics at FC (Corfu 2023)
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Detector concept: pp@100 TeV

30 Xo

long. segm: 8 layers

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

lat. segm: AnAd= 0.01

Tracker: 0 ;/pt ~ 20%
at [0TeV (1.5m radius)

Fwd ECAL: LAr/Cu
Of/E ~30%/E® | %
lat. segm: AnAd= 0.0l
long. segm: 6 layers

Fwd HCAL: LAr/Cu
O/E ~100%//E ® 10 %

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

Loukas Gouskos

-
-

Central Magnet +
Fwd solenoids 4T

23 m

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

1 A (ECAL+HCAL)

lat. segm: AnAd = 0.025
long. segm: |0 layers

Higes Physics at FC (Corfu 2023)

+
Timing detector

w/ resolution
~5ps
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Higgs as an exploration tool

Loukas Gouskos



Higgs production at e*e-

FCC/CepC/ILC: CLIC/ILC:
Ecy@240 GeV u Ecy>350 GeV

§ E I I | I | | | I | I | | | E
< | Hveve i
I

P 10°F E

‘O - He'e .

A N _

o L — :

- ttH ZH -

TE 3

- HHv v, -

107 ZHH E
10_2 I d | ] | | ] | ] | I | | ] | |

0 1000 2000 3000

s [GeV]

Loukas Gouskos Higes Physics at FC (Corfu 2023)
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Model-independent measurements

= ZH production in e*e

¢ Unbiased tagging of Higgs boson
® via Z2LL, M ocois Epeam CONStraints

mzRecoil =3 +m% - 2\/§(Eg+ + E@‘)

= Strategy:
¢ First: measure ZH production

® rate ~8u;;" 2 6(8nz2)/81z~0.1%

¢ Then: measure ZH(=272)

® rate ~gyz"/T(H) = &(T(H))/T(H)~1

- Unigue in e*e” machines in ZH

- “standard candle” for other Higgs

measurements (incl. FCC-hh)

Loukas Gouskos
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Events/1 GeV

50 60 70 80 90 100 110 120 130 140 150
mRecouI (GeV)

FCC-ee+FCC-hh
K7

olilel |

IL.C Il
LHeC

HE-LHC NN
HL-LHC

00 04 08 12 16 20
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More on Higgs couplings

= Next step: Study additional Higgs decays

jet misid. probability

—
<

—
Q
n

e e.g. H2bb, gg, cc, T, ss, ...
¢ key: identification of decay flavor

Novel Deep Learning based
algorithms under development

FCC-ee Simulation (IDEA)

1 E T l T T T [ T T T I T l
f e EH A~ ¢ tagging
| j=udscbg
E_ ....... g CVS ............................................................................... E
- —C vé ud 5 .
[ —cusb 6@,,@ -
i . ‘Qp i
107, 0.2 0.4 0.6 0.8 1

jet tagging efficiency

NB: example from FCC-ee
Tools/techniques relevant for all e*e” options

[orfu 2023)
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More on Higgs couplings (Il)

= Next step: Study additional Higgs decays Signal extraction:
e e.g. H2bb, gg, cc, T, s5, ... 2D fit: mo vs. my,
. ke” identiﬂcation Of decay ﬂavor FCCAnalyses: FCC-ee Simulation (Delphes)
3 :g: IDEA, ee — Z(vwHG)
i & Vs =240.0GeV, L=5ab "’
Noyel Deep Learning based N -
algorithms under development § 100 e —
. , w10 — Hgg B HWW
FCC-ee Simulation (IDEA) 10° Het B HZZ
§ [Ty ctagging 1o
Qo j=u,d,s,c,bg 10°
o B : ; ' :
a : 10°
.-g_ 10—1 E_ ....... p— cvs ............................................................................... : 10°
2 - —cvsud b : 102
£ - —cvsb 5@1'[@ i 10
B e 1 1
1072 S E 10710 20 40 60 80 100 120 140 160 180 200 220 240
- - M, (GeV)
N I | | i i | Z(2w)H(2qq) bb cc ss gg
107 02 04 06 _ 08 1
jet tagging efficiency Sk/k (%) 0.2 14| 50 | 0.6
NB: example from FCC-ee *H=>ss: 20/IP (all Z decay modes)

Tools/techniques relevant for all e*e” options 15t evidence (i.e. >30) with 4IPs

[orfu 2023)




Higgs couplings @ 100 TeV

= Higher collision energies [FCC-hh/SppC]:
¢ Larger luminosity
® Precise measurement of rare decays (e.g. Uy, Zy)
® sensitivity to forbidden channels (e.g. T)
¢ Larger kinematic range /probe multi-TeV regime

L L L
gg>H

| - Typically improved S/B
- Heavy new particles
running in the loops
i.e. indirect probe of
- BSM

108 |-

106

precision vs. sensitivity
= —1 e.g. \¥10 TeV:

~ =T _ | -8™5%at py(H)> 2TeV
- 6<0.1% at low p.(H)

104

102 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1
1000 2000 3000 4000 5000

PT min (GeV)

Loukas Gouskos Higes Physics at FC (Corfu 2023) 24



Higgs couplings @ 100 TeV

= General strategy:

- *
¢ et+e-: H-Z coupling at ~0.1% BR(H-=>vy)/BR(H>77%) :
- Caleul _ ‘ loop vs. tree-level couplings
¢ pp@100TeV: Calculate ratios of BRs - BR(H > pp)/BR(HD 72*)

e.g. BR(H2>XX)/(H=>Z2)

® Cancelation of systematics 3
® Powerful probe of BSM: ( W)/ (H > Y)

may affect BRs in different ways different EW charges in loops

¢ Then: Extract absolute couplings e Sinuiation (Delphiee)
* typically with ~1% precision - s =100Tev _::Vtzt’) :
B —— stat + syst (optim.)

L =30 ab”’

10 — stat. only —

HL-LHC 1.5 4.5
ILC/CLIC/FCC-ee 1.0 3.5
FCC-ee+FCC-hh 0.2 0.5

8 (BR(H — vy)/ BR(H — eeup) ) (%)

BR(H — vy)

BR(H — eeuu) _

From et*e-

Synergy and complementarity
b/w e*e” and pp@100TeV programs o206 406 406" %06 40606 806" 530" 1000

H
pT,min [GeV]

Loukas Gouskos Higgs Physics at FC (C



Higgs—>invisible

= Portal to Dark Matter (DM)
+ DM only via Higgs decays (?)

X
Escapes detector
MET
X
o(100 TeV)

14 Tev) = 20 A Jet

’g s i B End of FCC-hh
l 10_1:_ ey FCC-hh era (30ab)
g . e o
10_2 E_ - | ' E _E
E o - default - E E
e aotautno axp.oys - Key: control EXP and TH
10°E + 10 R E inti
O7F > thom / E uncertainties
o 1% unc no exp sys. . ‘ . ]
1074 = recee H>ZZ >4y : s 4
E BR(H— ZZ— vvwv) b d : 3
e T BT I (?Uﬂ o LTI N
10”" 1 10 10° 10°  10° 10°
Luminosity (fb

- e*e: O(10) improvement wrt HL-LHC, but cannot reach nu-bound...
- pp@100TeV: Reach neutrino bound within only 2yrs!

Loukas Gouskos Higes Physics at FC (Corfu 2023) 26



Unique at FCC-ee: H>ee

= Extremely challenging: BR(H=2>ee) ~10° et g WZ..

= FCC-ee: Resonant Higgs production -
¢ tiny signal (1.64 fb) vs. huge BKGs )= -----
¢ but: huge luminosity at FCC-ee

® 20 ab'/year/IP - 30K Higgs _

= Key points:
¢ Beam spread (*MeV) =2 monochromatization

¢ Precise my = from ZH run -1 year, 2 IPS: 20
- 3 years, 4 IPS: k., @15%

[ gyl 30 N,
3 Significance. e*e’— H, s = 125 GeV S E
= 20 s [
3 107 S
=1 10 S T
¥, 102 = ' EEEE
- : v
> o E BN
5 B v
4 PO 10 =
3 =
2 1 ::_ Srandard Model i :
E g% 25 g £ 3= 3
1 1 1 1 TR | 10 E_ < I w T (THp—
1 2 34567 10 20 30 100 200 E :
ZLim (@b

Loukas GOusKosS Higgs Physics at FC (Cortu 2023)
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Single-Higgs: Grand summary

n 0 I b

K Kt Ki Ky
B T I
l fi [ I | R |
I X I I |
[ T I I
00 04 08 12 16 20 0.0 04 08 1.2 1.6 20 00 08 16 24 32 0 | 2 3
= _— I 1

Kz Kp Ke
| [l [ s
= fre ] [ S
OO0 Ki I I I
O ] I
00 04 08 12 16 20 00 06 12 18 24 30 0 1 2 3 4 0.0 25 50 75 100

0.0 06 1.2 1.8 24 30

Bryu

(=]
—
-]
o
.

— B FCC-ce/ch/hh  HEEM CLIC3000 MM 'LCioo0 M LHcC [ky| <1
Ky - Ke mm FCC-eeygs mm CLIC;s500 [LCs0  mmmm HE-LHC |xv| <1
FCC-eenq CLIC3gq ILChsp HL-LHC |xy| <1
T B
I CEPC
Future colliders combined with HL-LHC
nggs @FC WG Uncertainty values on Ak in %.
00 04 08 12 16 2.0 00 06 12 18 24 30 Kappa-3, 2019 Limits on Br (%) at 95% CL.

- O(10) improvement compared to HL-LHC
- e*e: Higgs-Z/W and H=2>inv at 103
- ete  + pp@100 TeV: all coupling better than 1%

Loukas Gouskos MIgES FNYSICS at rL (LOIMu 2UZo)
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Teaser:
Higgs-neutrino
couplings
A. Blondel’s talk
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Higgs-self coupling
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The nature of Higgs potential

= Understand how electroweak symmetry broke in the early universe

= |s mass-generation connected to the matter-antimatter asymmetry, ...

SM BSM Higgs
V(¢) potential
Our Stable
vacuum
?
Metastable
== | Hi \
I
Re(¢)
”
yd
: A ’/’H
Vih) J - MaHH VM H> + EpH*|  ------ Q
( ) H \\\‘H
. . \
Higgs mass Shape of potential N

Loukas Gouskos Higes Physics at FC (Corfu 2023)



Higgs-self coupling at e*e-

= FCC-ee/CepC: via loops ¢

0O(10-20%) precision on self-coupling
[other couplings at SM-values]

FCC-ee from EFT global fit

: = S/abat 240 GeV
002_ — +0.2 'abat350 Ge

— +1.5/ab at

----- d‘nD GEu al::-ne

Relative enhancement of _
ZH production N 3 ]
g 0.00 3
; FCC-ee /ILC | *
20% F -0.01¢
1.0%?— '0-02;
: 4 2 0 2 4
0.0/0: 6KA

L Q(GeV)

—'I.O%:-
+ Needs several collision energies

Loukas Gouskos Higgs Physics at FC (Corfu 2023)
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Higgs-self coupling at e*e-

= Direct access [Eq,>500GeV]: ILC/CLIC &
@)

Loukas Gouskos

107"

1072

103

Higes Physics at FC (Corfu 2023)
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J—Ll—l—hl—l—hhl—l—l—l—hhl—l—l—l—hhl—l—l—l—l:
500 1000 1500 2000 2500 3000
/s [GeV]
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Higgs-self coupling at e*e-

= Direct access [E,>500GeV]: ILC/CLIC & 'F ==
-

h h
et Ve et Ve
H
wW* H * -
a) —a” b) V-~
W*GH S~ H AN SRR
H
o v, Ve

(57

» Use my, to disentangle HHH/

0 350
C
S 300
(O]

Z 250F
200F
150F
100F

50F

Loukas Guuonus

CLICdp

HHVV

— 3 TeV

!
SR

F L=5000/fb

Kppp = 125 Kpyyww = 1.0 4

Luug 7
hemg -
[ B B

FXTRTRTXT Y 1 e i et g e

1 ]
4:1 pol. scheme A

0(;...

R
500

PR S T N T
1000

1500

2000
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TEES r||y5iCS at FC (C(

107'F
10%F
10‘3=._._..;_L._._._._|___._._|_.___._|_._._H_|_._._._.=
0 500 1000 1500 2000 2500 3000
/s [GeV]
CLICdp 4:1 pol. scheme

differential

1. 1:_ _________________________________________________________ ......................................................... _:

= 68% C.L.

= 95% C.L.

HHvv: 3 TeV; 5 ab”

0.9 :_ _________________________________________________________ B _:
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pp@100 TeV: The “HH machine”

= Main production modes:

g 1 - ---° H g P s H
A - -
g — o= H 9 H
103 i o(pp — HH + X) [fb]
M =125 GeV
PDF4LHC15
102 | _— ]
10 :_ VBF (NgLO)‘u)&\ fw/»/& ~ HH (NLO) _:
F A@f@f@f&,ﬁ,iﬁ g ,—WHH (NNLO) /
1 E = .
ZHH (NNLO)
-1
10 F 3
i Ref
2 -
10" - - -
1314 20 30 50 70 100

Vs [TeV]

- O(50x) higher than (HL-) LHC
- O(1000x) higher than ete- @1.5 TeV
[but harsher conditions]
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pp@100 TeV: The “HH machine”

= Main production modes:

g T - - H g
X7
t,b t,b -
g +— - - - - H g
103 _ o(pp — HH + X) [fb] gg — HH (NNLO y 1
: M,, = 125 GeV ==

PDF4LHC15

_——

o L VBF (N'LO) _————  UHH (NLO) ]
__— " WHHNNLO) ]
- ‘(,/“‘w\“ = . -
-
ZHH (NNLO)
a
10 ¢
Ref
2 -
10" - -
13 14 20 30 50 70

Vs [TeV]

- O(50x) higher than (HL-) LHC
- O(1000x) higher than ete- @1.5 TeV
[but harsher conditions]

= Driving channel: bbyy

¢ bbtt, bbbb channels also
analyzed

FCC-hh Simulation (Delphes)
T T 1T T T T T T LI
Assuming SI\A couplings.
—— scenario lIl (stat+syst) Ref
== scenario lll (stat only) -
— scenario |l (stat+syst)
== scenario Il (stat only)
— scenario | (stat+syst)
== scenario | (stat only)

50

45

40

35

30

25

CLIC [full program]-3

20

Rel. unc. on Ky,

15

_____________________________________________________________

a
2 ‘e

........

- I 5 §-N SN EEEEEN

10

~

IIIFIIII!IIII'II

Q
~ -
......
- -
“a ~a
Dy -

-
- -
Steee ...'.l

e e e e S = A R

IIIIIIIIILIIIIIIIII|IIlIIIIllllllllllllllllllllll

Integrated luminosity (ab™)

- 5% at the end of FCC-hh program
- Reach CLIC sensitivity in O(2yrs)
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Higgs-self coupling: Grand summary

Higgs@FC WG November 2019

T T T T I T T T T [ " . T T T ] T T T T I’ 4 T T T ] T T R . . .
di-Higgs single-Higgs
HL-LHC HL-LHC HL-LHC
...... 50%. .o . 50% (A7%), ...
............................................................................................... MEd Mo Mt s
_ ...... [10:20%........ 4= 1 50% (40%). ...
HE-LHC FCC-eeleh/hh  [<] FCC-ee/eh/hh
OO NN = AR R 5% 25% (18%)
.............................................................................................. LE_FCC LE_FCC
FCC-eh FCC-eh
FCC-ee/eh/hh vt nn
.............................................................................................................. ‘ FCCeel,
) 24% (14%
under HH threshold FCC-EeeaGS)
FCC-ee D 33% (19%)
| FCC-ee,,,
............................................................................................................................ 49% (19%)
ILC 10% > 369% (25%)
N ILC ILC
\: ........ .\ ...... \ .............. XX\ e ..................J .......... 270/° 38°/o (270/0)
under HH threshold ILC o0
CEPC |l b 49% (29%). ...
CEPC
.............................................................................................................................. 49% (17%)......

o | o o
7%+11% 49% (35%)

CLIC CLIC,,,, CLIC,,,
36% 49% (41%)

CLIC,,,

0 10 20 30 40 50 50% (46%)
68% CL bounds on Kg [%] Al future colliders combined with HL-LHC

- HL-LHC: Confirm the existence of Higgs-self coupling @ 95% CL [if exists]

- FCC-ee: achieve <20% uncertainty via single-H measurements

- CLIC/ILC: observe HH interaction [50 =220% uncertainty]

- FCC Full program: 5% unc. [start probing quantum corrections on H potential]
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En route to Higgs self coupling

= Very rare: but direct sensitivity to VVHH (k) coupling

SM: large cancelation

102 ]
E) HH SM, (k,=1)
§ 1| HH BSM, K,,=0.8 - Powerful probe of BSM
E 0-2| BKGs |
g
s
§ 1074} | -
S 1

10—6 L | 1

05 07 1 2 5
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En route to Higgs self coupling (ll)
LHC Run 2

138 fb™' (13 TeV)
IIIII [VIII]IIlIllllI]llIllllI!]ll'llllllE

CMS —— Observed ~ ----- Median expected §

\ [ Preliminary £~ Theory prediction [l 68% expected
e =1 95% expected E
F Ky=K, =1 E

—
o
w
T

excluded

—
o
)

11

| 1
-1 -0.5 0.5 1 1.5 2 25@

95% CL upper limit on o(pp — qgHH)B(HH — bbbb) [fb]

K-,=0 excluded by > 60
> 15t confirmation of HH-VV coupling
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En route to Higgs self coupling (l1l)

LHC Run 2
138 fb™' (13 TeV)
g T T T T I T 1 71 ] T T T T l T 1 7T I T T T T I T 1 171 ] T T T T I T 1 T T g
- CMS —— Observed ~ ==--- Median expected 3
[ Preliminary £~ Theory prediction [l 68% expected

—
2

----- 95% expected E

Ky=K, =1

—
o
w
T

excluded

—
o
)

| 1
-1 -0.5 0.5 1 1.5 2 2.5

95% CL upper limit on o(pp — qgHH)B(HH — bbbb) [fb]

K-,=0 excluded by > 60
> 15t confirmation of HH-VV coupling

FCC full program

= Strategy: HH—4b (large BR)
¢ Large p;(H); jet-substructure

¢ Fit my, spectrum

® 10-32—

- i
Y
W :
0.1 -

—2|  cmax _ 2.2 /A2 ]

10 — 502‘/ ~ 16m°v /A E‘CCmOE

Ref -

0.5 1 2 5 10 20

mp* [TeV]

- Input from e*e™ : k,~0.1%]
- Then: pp@100TeV &(k,y) < 1%
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Matter-antimatter asymmetry

= Possible explanation: “Violent” transition to the broken symmetry

¢ 15t order phase transition
+ Requires sources of CP-violation

= Cannot be accommodated by SM
¢ needs new particle(s) with O(TeV) mass

Real Scalar Singlet Model

vvvvvvvvvvvvvvvvvvvvv

= Simplest extension to SM: _ N
additional singlet scalar ;N ol currt
+ Two Higgs-like scalars: 5 e
® hl (m=125 GeV) and h2 5 0.010l
+ Modification of (“few %) in 5; o
Higgs self-coupling & Z-H coupling 3 0001} n
¢ Direct production of scalar pairs ) . 2 ;’

® Resonant Di-Higgs production 05 1.0 15 2.0
hhh coupling: Az/A3 sm
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Matter-antimatter asymmetry (ll)

Deviation from SM Higgs couplings

Real Scalar Singlet Model

_ i {Current
| current
5‘% 0.100} .
S HL-LHC
N T S T I
S
= 0.010}
2 ‘e
5 ete
3 0.001}
(&)
N
N pp@100TeV
1074, :
0.5 1.0 15 2.0 25

hhh coupling: Az/Az sm

- Modification n Higgs-Z coupling
ete @ 0.1% level
- Modification on Higgs self-coupling

pp@100TeV: Direct probe
e*e: Indirect (global fit on single-H)

Synergy between e*e  and pp colliders:
- cover almost the entire parameter space
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Matter-antimatter asymmetry (ll)

Deviation from SM Higgs couplings

Real Scalar Singlet Model

---------------------

current

o
—
o
(=]

0.010}

0.001 ¢

hZZ coupling: |ghzz/goyy - 1|

)
L

hhh coupling: Az/A3 sm

Discovery potential in resonant
Di-Higgs searches

FCC hl lng\ u) .h —I !

{Current ™
N L[0TV b —
| 100 .[ . ~— / ]
HL-LHC ] ey ;
=t J?-&ﬁb&w;t T AT -_-_:-_-<= LAY '.;: -.-.g'_Ji
ete- 50! S ™ |
1, D\ D .
PP@100TeV ;| HL: LHC NG
a0 500 600 700 800
m, (GeV)

- Modification n Higgs-Z coupling
ete @ 0.1% level

- Modification on Higgs self-coupling
pp@100TeV: Direct probe
e*e: Indirect (global fit on single-H)

- pp@100TeV discovery potential over the
entire viable parameter space

- Very limited discovery potential @HL-LHC

- Obviously: powerful to other models w/
non-resonant production of scalars

Synergy between e*e  and pp colliders:
- cover almost the entire parameter space
- Provide definite answers to fundamental questions
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Summary and outlook
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Summary and outlook

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

Lord Kelvin —“ZE

There is nothing new to be

_ hing ne ...and we all know what
discovered in physics now. All
that remains is more and more fo”owed after‘ th iS
statement

precise measurement.

AZQUOTES

Loukas Gouskos



Summary and outlook

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

Lord Kelvin —Q\zf

There is nothing new to be

_ hing ne ...and we all know what
discovered in physics now. All
that remains is more and more fo”owed after‘ th iS
statement

precise measurement.

AZQUOTES

= WWe need new accelerators... Which one?
+ Improved precision: H- couplings O(1%) or better 2 e*e’
+ Higher collision energies: Higgs self-coupling O(few %) =2 pp@0O(100 TeV)
¢ But also: complementarity, cost, completion time, ...
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Summary and outlook

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

Lord Kelvin —Q\zf

There is nothing new to be

_ hing ne ...and we all know what
discovered in physics now. All
that remains is more and more fo”owed after‘ th iS
statement

precise measurement.

= WWe need new accelerators... Which one?
+ Improved precision: H- couplings O(1%) or better 2 e*e’
+ Higher collision energies: Higgs self-coupling O(few %) =2 pp@0O(100 TeV)
¢ But also: complementarity, cost, completion time, ...

= Focus: Feasibility studies = to make it a reality

¢ Ideally: decision at next ESG (2027) = operation at the end of HL-LHC
¢ Join the effort = Shape the future of HEP

® Lot’s of room for important and innovative contributions
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Low E,, e*e: Pave the way to 100 TeV

= e.g.: FCC-ee: Precise measurement of Higgs [and EWK] parameters

80 EFT interpretation 80
[ mfit - FCC-ee (EW) .
70 e A NOTHunC. ................................ - FCC-ee (Higgs) _: 70
E E - FCC-ee (EW+Higgs) E
1 e 8 [ e B e —60
% 50:_ .......................................................................................................................................... _: 50
e -
_§ 40:_ ........................................................................................................................ :40
< E -
M- R R R 30
<k -
:_ ................................................................................................. :20
HL-LHC L -
10:_ . |} ) — I ) S LN LR AR :10
0 @) ‘ O O H‘ (3 ( (3O @) :O
1 1
oG 9w B Pwp ¢l701)o / fe O )Oq) by P My Tp < bp OI]

- Complementarity b/w EW and Higgs programs
- e*e reach: A ~50-70 TeV [key: control TH and syst uncertainties]
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https://arxiv.org/pdf/2206.08326.pdf

En route to Higgs self coupling
max 167'('2'02/A2

C2Vv
> I S ™ T ' -
< 1L g Non Perturbatlve Reglme
- £ 4
o s K
. ord ’
'*a O 1 3 — 10 B LHC 14 'l -
— =
. .9 75k HL-LHC
Q _9 n
o 10 s =
1 —
al S 5L
X 3 =
o 107°F 4 o
© 0 F | R B E %25‘ L | R B -
0.5 1 2 5! 10 20 05 1 2 5! 10 20
— max
mp* [TeV] A = mp> [TeV]
Table 3 Summary of the sources of systematic uncertainties in the 3 T-jet, y, lepton), the quoted uncertainty on reconstruction and identifi-
scenarios. The last column indicates the processes that are affected by cation efficiency is applied as many times as the object appears in the
the corresponding source of uncertainty. For each given object (b-jet, final-state
Uncertainty source Scenario I (%) Scenario II (%) Scenario I1I (%) Processes
b-jet ID eff. /b-jet 0.5 1 2 Single H, HH, ZZ
T-jet ID eff. /T 1 2.5 5 Single H, HH, ZZ
y ID eff./y 0.5 1 2 Single H, HH
£ = e-p ID efficiency 0.5 1 2 Single H, HH, ZZ
Luminosity 0.5 1 2 Single H, HH, ZZ
Theoretical cross section 0.5 1 1.5 Single H, HH, ZZ
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FCC-ee/hh

= Timeline: FCCee [immediately after HL-LHC]:15 ys = FCC-hh: 25ys
¢ total of 40 yrs or operation ; > 50 Years including preparation

= Cost:

Domain Cost in

MCHF
Stage 1 - Civil Engineering 5,400
Stage 1 - Technical Infrastructure 2,200 Lo Teohnil T st:g: Iz:‘ ;(é::o.rh:o nﬁpﬁ;ne
Stage 1 - FCC-ee Machine and Injector Complex 4,000 . Ak

Stage 1 _FCC-ee Machine and
Stage 2 - Civil Engineering complement 600 il
Stage 2 - Technical Infrastructure adaptation 2,800
Stage 2 Technical .
Stage 2 - FCC-hh Machine and Injector complex 13,600 -~ i
TOTAL construction cost for integral FCC project 28,600 - i:rmgg::t‘ee -
2%

¢ FCC-hh alone: CHF: 25B
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@) cLuc

- Ay

=" Timeline:
¢ Construction 2026 = beams 2036 = for 25-30 years

= Cost: CHF 6-8B (380 GeV) + CHF 5-6B (for 1.5 TeV)

Loukas Gouskos Higes Physics at FC (Corfu 2023)
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) c3

= Sensitivity and detectors similar to ILC
= Cost: S100M

2019-2024 2025-2034 2035-2044 2045-2054 2055-2064
Accelerator
Demo proposal .
Demo test

CDR preparation
TDR preparation
Industrialization
TDR review
Construction
Commissioning

2 ab~! @ 250 GeV
RF Upgrade

4 ab™! @ 550 GeV
Multi-TeV Upg.
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Landscape of future colliders

B Proton collider

M Electron collider

(] Electron-Proton collider
wmesss Construction/Transformation

MRS 110 (LC: 250 GeV 500 GeV 1Tev Preparation
20km tunnel 4 ab1 = 4-5.4 ab1

Possible scenarios of future colliders

40 km tunnel

Japan

8 years .
8 _y f;g%};z/lzg/zm Gev SppC aim similar to FCC-hh
c 100km tunnel -9/3-98
(@]
FCCce: SE0.365 GaV FCC hh: 150 TeV =20-30 ab-!
8 years 90/160/250 GeV L7ab
150/10/5 ab1 11 years
100km tunne FCC hh: 100 TeV 20-30 ab-!
e S FCC hh: 100 TeV 20-30 ab
pd
5 HL-LHC: 13 TeV 3-4 ab-1 HE-LHC: 27 TeV 10 ab-1
(@)

2years 6years |LHeC: 1.2TeV ) X
E— 1 551 ab-10 | FCC-eh: 3.5 TeV 2 ab- I

5 years 7 years
I

11 km tunnel . g
29
2090

2020 2030 2040 2050 2060 2070 2080
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ATLAS

Precision chambers
(MDT)

Barrel toroid

Loukas Gouskos

Higes Physics at FC (Corfu 2023)

MCAL Forward (MF)
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Radiation studies

b

Charged particle fluence rate [em™s

200 | - . 10°

1 MeV neutron equivalent fluence [cm'2]

Loukas Gouskos Higes Physics at FC (Corfu 2023)
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The FCC-hh detector: TRK

Titled geometry Flat geometry
25 20 1.0 0.0 1.0 2.0 2.5 30 — Titled geometry: ~50% less
N\ Z

Fored . ST ' — / 7 — material, better performance

T 390 m? Silicon/ 250 m2 CMS
._'“ — Material budget less than
[0 ey 3.5

CMS/ATLAS
—> 16x10° readout chan.

40 3 (8)x more than CMS (ATLAS)

gt 1
AT Las
| 5.0

~15000  -10000  -5000 0 5000 10000500000

e L}
1 11

Macro:pixel ||

ixel

Z [mm]
5
1 0 % Solenoid + Fwd Solenoid (solid) vs. Dipole (dashed): 1.2 -
E p_= 10TeV/c | | Material budget XIX;: 0.4 [ "10hits' material budgetA/2:
q0t T mTireve L e 4[| B Flatayout BP+BRLEC [ | I Flat layout: BP+BRLEC
5| ——— p=100GeVic s ; [ Flatayout: BP+BRL 0.35 | == Fiatlayout BP+BRL
| — p,=10GeVic R Titted layout: BP+BRL+EC 0.3F = Tilted layout: BP+BRL+EC
—~ 1 03 [ — p,= 2GeV/c R e 08 Tilted layout: BP+BRL | - Tilted layout: BP+BRL
2 3 p_= 10TeV/c in Gluckstern approx. : E ° : o 0.25¢
— = [ 2GeV/c in Multiple-scattering limit 5 0.6 5 :
oo p'= 1TeV/c FCC SW + Riemann fit X UL < 02
Q— 1 0 T i A - 0.15 F
o~ = : - : L g 5 : 041 L
2 AT T | v 01}
‘ '''' 0 0
H H H H =T H J a) b)
1 0‘1 e Fig. 7.14. (a) Material budget in units of radiation length for the flat and tilted tracker
0 1 2 3 4 S} 6 geometries. (b) Material budget in units of nuclear interaction length for the flat and tilted
n tracker geometries, assuming a limit of 10 hits on the track.
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The FCC-hh detector:

liquid argon

9
el 7/

0.02

a)

FCC-hh Simulation (Geant4)

I

[ electrons 7
F =0 ]
o 8.2% 0.31 GeV —
_ & (=0 ﬁ®0‘15%@T -
L = (w=200  GoV 2
¥ J o
T ™ 4 0
4 =100 100% g 529 @ 131 GeV] =
\E E _ >
] £
[]
-1 >
1 w
10? 10°
E,., [GeV] b)

Loukas Gouskos

530 cm

58 cm

208 cm

!go_un

270 em

15 am

FCC-hh Simulation (Geant4)

: H-yy
L p:>30 GeV

0.06 — 4(u)=0 Tm = 1.32% + 0.01%]

I #u)y=200 1
+ () = 1000 Tm=220%+ 0.06%

0.04 - -

~ :

0.02 - ++. .i+ _|
- ++:.:. ..:¢+
F’::'ﬁ:'“ ..l.:+

0.||||||||..|..I..||..|||||P

116 118 120 122

124 126 128 130 132 134
m,, [GeV]

ECAL

— LAr/Pb (Lar/Cu): Barrel (Fwd)
rad hard & stability
alternative ala CMS-HGCal
[Si/Pb(W)]

— AnxA¢~0.01x0.01: ~4x more
granular than ATLAS/CMS

— Long. segmentation: 8 layers

— comparable mass resolution
with CMS in the case of low PU
— ~2x degradation in m,, resolution
for PU=1000
However: no TRK info exploited



The FCC-hh detector: HCAL

25¢cm

1.8m

SiPM

+ Wavelength Shifting Fiber /

Scintillator |

13.8cm
0.25F * FCC-hh simulation (Geantd) 0.25
C T @ n=0.36, topo-cluster 4-2-0, R<0.4 1
Foa —e— (W=0"e2l
021 VI 1 0.2
L (u)=200 i
"2 015F o 1 22015
m \ 1 o
<, \ <.
& 01F 1 ¢ ol
0.05F R 0.05
[ EMB+HB i
0' vl wol o el | 0'
107 10° 10*
a) Etrue [GCV] b)

Loukas Gouskos

— Organic scintillating tiles & steel with wavelength
shifting fibers (WLS): Similar technology to ATLAS

— AnxA$~0.025x0.025: ~4x more granular than
ATLAS/CMS

— Long. segmentation: 8 or 10 layers

T

LI I

L L

 EMB+HB

vl

FCC-hh simulation (Geant4)
B=0T, (u)=0
QCD jets @ 0 <In| < 0.5

topo-clusierd2-0 1 — comparable mass resolution

anti-k;, R=04

with CMS in the case of low PU
1 — Effect of PU significant: Needs
] more sophisticated algorithms
] and TRK information

vl sl

10

10° 104
py" [GeV]
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The FCC-hh detector: Calo summary

Table 7.3. Calorimeter system for the reference detector.

Nmin | Pmax a c | An | A¢ |Fluence|Dose| Material Mix Seg.
Unit %V GeV| % cm 2 MGy
EMB | 0 |15 10 [0.7/0.01[0.0095 x 10'°| 0.2 [LAr/Pb/PCB|1/0.47/0.28| 8
EMEC| 1.5 25| 10 0.7/ 0.01(0.009(3 x 10'°| 4 |LAr/Pb/PCB|1/0.75/0.6 | 6
EMF |25 4 10 |0.7]/0.025(0.025 LAr/Cu/PCB| 1/50/6 | 6
41 6 30 | 1]0.025/0.025|5 x 10"®| 5000 |[LAr/Cu/PCB| 1/50/6 | 6
HB 0 [1.26] 50 | 3[0.025/0.025[3 x 10**|0.006| Sci/Pb/Fe | 1/1.3/3.3 | 10
HEB [0.94/1.81| 50 | 3 /0.025/0.025(3 x 10'*{0.008| Sci/Pb/Fe | 1/1.3/3.3 | 8
HEC |[1.5]|25| 60 |3]0.025/0.025(2 % 10'°| 1 |LAr/Cu/PCB| 1/5/0.3 | 6
HF 25| 4 60 | 31]0.05/0.05|5 % 101000 |LAr/Cu/PCB| 1/200/6 | 6
4 | 6 100 [10]0.05 | 0.05 |5 x 10'®*| 1000 |LAr/Cu/PCB| 1/200/6 | 6

Notes. Acceptance, performance goals (single electron for ECAL and single pion for
ECAL+HCAL), granularity, radiation levels for Line = 30ab™ ' and technologies chosen.

Loukas Gouskos
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The FCC-hh detector: Muons

= MDTs technologies ala ATLAS

102:1 LI L N v | I!ll?l‘ T T Illlll; T l: 50’_1 LI B LI B B B l‘\l 1 L LR | L rl
. —— standalone 70 prad il - — 18 (?SV\//C; | muops 3
L A OO A 0 L ¥ 1 [ RRE B eV/c -
E Facker el [ 200 GeV/c :
~—— combined MS limit 40 |- —500GeV/c -
" —— combined 25 um 1 - — 1TeVic .
combined 50 “m - ——2Tevic 4
i ) -+ prib /] g 10 TeV/c i
combined 100 um L e simulation 100 GeV/c :
X X i :
- - |
a 2 i ]
c” € 20| -
10 - .
1 1 lllllli 1 1 lllllll 1 1 lllllli 1 l~ OFI 1 L L l 1 L L 1 I 1 L L 1 I L 1 L 1 I L 1 1 | T

a) p, (GeVic) b) i

Fig. 7.21. (a) Muon momentum resolution at n = 0. (b) Muon stand-alone momentum
resolution as a function 7 for different muon momenta.
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&) Timing layers

++ +
+ + Timing>
+ +

Low-Gain Avalanche Detector (LGAD)

» < 30 ps time resolution feasible
» ongoing study for radiation hardness

Assumed in this study that 30~50 ps
time resolution can be achieved for
the inner-pixel tracker at FCC
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Higgs-self coupling at e*e-

E 5: LR L L L e s l:
w = =
o 450 — ee — VWHH 1400 GeV
B o4 N ee — vwHH 3000 GeV /| 3
E N ee — ZHH 500 GeV </ 3
3.5 — ee — ZHH 1400 GeV =
3 =
2.5 =
1.55 =
1= =
05 E
O: | | Lo | | -
-1 -05 0 0.5 1 1.5 2
SM

Ao/ Az
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Critical for HH measurement
- multiple ECM

- production modes

- myy [next slide]
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Precision > Sensitivity to New Physics

BSM
2 r . e.g. SUSY
S . -
=
>
S 151
-
2 SM
s
2
5.6 1II—IIIIIIIIIIIIIII EEE
= :
0.5
LHC Run 2 = HL-LHC FCC-ee:
constraints on s constraints Sensitivity to modifications
Higgs couplings . : .
| . | from new particles with
00 0.5 1 1.5 2 masses up to O(10) TeV

Higgs-tau coupling
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