Future Higgs Factories and

experimental challenges
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Several talks on future ee factories at this
conference:
- A. Sciandra, K. Asteriadis, M. Vukasinovic, G.
P Ripellino, R. Sengupta, J. Tian, M. Cepeda...
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The LHC Legacy O Bl

So far...

e Higgs boson discovered at the SM
predicted*™ mass

e **pby precision EWK measurements from LEP

e Extraordinary precision beyond
expectations

e SM confirmed to high accuracy up to the
TeV scale

e No hints of new physics:

e Traditional models under siege

e New approaches & strategies appearing

(e Patrizia Azzi - Higgs24 - 8.11.24 ,
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The Higgs after the HL-LHC

what is left?

e Comparing to the last European Strategy Update predictions for the HL-
LHC phase, the LHC experiments have surpassed many expectation
already with Run2 data.

e The HL-LHC is a true Higgs factory with ~108 H produced (and at least 1M
in each production mode) but concerning the couplings:

e model dependent coupling determination
e challenging S/B in several channels (pileup!)
e (very) hard to measure second generation couplings

e ~impossible to measure first generation couplings

e Self-coupling prediction are being currently updated for the European
Strategy and might change the role in this of future colliders proposed.

(e Patrizia Azzi - Higgs24 - 8.11.24
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e no triggers needed

Advantage of et*e-
elementary and colourless

proton - (anti)proton cross sections

o S, T (maybe)
.. ———— 1 §* smaller backgrounds cross e clean environment,
Tevatton LHC | 1 sections extreme precision possible
P . e s precisely known, model

measurements possible

e complementary to hadron
collider measurements

e some few-TeV reach
possible
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e no triggers needed

Advantage of et*e-
elementary and colourless

proton - (anti)proton cross sections

o T (maybe)
«.—— = 1 * smaller backgrounds cross e clean environment,
Tevatton LHC | 1 sections extreme precision possible

Vs precisely known, model
independent
measurements possible

complementary to hadron
collider measurements

some few-TeV reach
possible

e S/B ~1 for main decays

300

35-() 400 LO ] T3 oloo § - - § 20.00 ] - \-S [: 3Tév 5

250GeV S



FUTURE
| () Elisliae
Future e+e- colliders
Various proposals: (CC) FCC-ee, CEPC;(LC) ILC, ILC@CERN, C3, HALHF

e e+e- can be linear or circular
e "Higgs Factory” means running between 240/250GeV and a 365/380GeV

e Providing about millions of clean single Higgs events from ZH or VBF production

e Physics production process is the same, but implementation is not.
e Main differences are:

e TIME: luminosity achievable (i.e. the speed of collecting the events & power
consumption needed)

 PRECISION: control of the machine parameters (precision on s, beam
polarization)

e |Ps: number of running experiments

A Linear colliders can profit of longitudinally polarized beams,
INEN some studies in progress by CEPC as well recently

(e Patrizia Azzi - Higgs24 - 8.11.24



Energy range & luminosity

Producing in a clean environment all the heaviest SM particles
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Lepton colliders are flexible
Example a possible FCC-ee run plan
e Producing in a clean environment all the heaviest SM particle. Not just Higgses.

LEP Data statistics In each detector:
accumulated every 2 minutes! 105 Z/sec, 104 W/hour,1500 Higgs/day, 1500 top/day

Working point Z, years 1-2 | Z, later | WW, years 1-2 | WW, later ZH tt

Vs (GeV) 88, 91, 94 157, 163 240 340-350 | 365

Lumi/IP (10°* cm™2s™1) 70 140 10 20 5.0 0.75 | 1.20

Lumi/year (ab™ ") 34 68 4.8 9.6 2.4 0.36 | 0.58

Run time (year) 2 2 2 0 3 1 4
1.45 x 10° ZH 1.9 x 10° tt

Number of events 6 x 1012 Z 2.4 X 103 WW + +330k ZH
45k WW — H | +80kWW — H

“Tera-Z”

Preliminary numbers (with new optics).
Up to 10.8/ab at Vs=240GeV (3y)
and up to Vs=3/ab at 365 GeV(5y)
) Never produced before at a

lepton collider!
(_ wew  Patrizia Azzi - Higgs24 - 8.11.24 P




CIRGULAR
Even more Higgs-focused possibilitiesC -

— CDR baseline runs (2IPs)

Z WWwW Total
integrated
30 90 30 12 0.2 luminosity
(ab-1)
8‘8 91.2 94 15I7 5 16‘2 5 34[0 35I0 Energy
. : : (GeV)
Z lineshape W mass and width
QCD : : »p EW couplings
| iggs couplings P el .
flavour N, 99 ping Miop Higs VBF producti Physics
rare decays @QCD (M and Mg ings imgo highlights
dark sector flavour (e.g. Veb)
# events
13 8 6 6
O(1013) O(108) O(2x109) 0O(2x109) 4 IPs)

e Opportunities beyond the baseline plan (Vs below Z, 125GeV, 217GeV; larger integrated lumi...)
 Opportunities to exploit FCC facility differently (to be studied more carefully):

@ using the electrons from the injectors for beam-dump experiments,

e extracting electron beams from the booster,

@ reusing the synchrotron radiation photons.
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Higgs production in e+e- collisions
"Higgs Factory” mode

5 5 I TTTTTTY rrererTerTTTe 1 | yrrerTerTeTeTY _‘
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A e Higgs-strahlung mode dominates at 240GeV
(L e teaonae Patrizia Azzi - Higg324 - 8.11.24 10
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FCC-ee Simulation \s 240 Gev 10 ab ™’
3000 T et L S e e .

Recoil method

Unique to lepton colliders

e Allows to tag Higgs event independently of s — W
decay mode: —‘
B Rare (e(e)Z, yy — u'p-, v°r)

e Precision measurements: couplings, mass, width e -

Events
N
3
y —
¥

e Searches for Exotic Higgs, invisible decays 1500
o Z « tagged » via its leptonic or hadronic decays

Myecoil

M. (GeV)

11.24 Ny




Higgs mass

Precise m(H) measurement is also needed for a

possible monochromaticrunate™e™ — H

o0 FCC-ee Simulation \/5 = 240 GQV, 7.2 ab™’ o FCC-ee Simulation \(§ = 240 GQV, 7.2 ab™’
R \ | o o\ 11
% 1.81— u*u-, categorized 6(mh) =410Mev | % 1.8 | == u*u-, categorized 6(mh) =488Mev |
o - e‘e”, categorized B(mh) =5.17 MeV A E e'e”, categorized B(mh) = 5.85 MeV
1.6~ | = wu +e’e, categorized 5(m ) = 3.14 MeV 1.6 | = pu +e'e;, categorized 5(m ) = 4.01 MeV
1.4 1.4
1.2 1.2F
1+ 1+
0-8 IR A WU W WO SO S AU £ 0-8 E_ ........................................................................................................................................
0.6 NN 0.6 E__ ..................................................................................................................................
0.4 __ ...............................................................................................................................................................................................
ol | Effect of systematics
: | | | | I | | | . | | | | | | | | | | | | . | | I | | | |
184.99 124.995 125 125.005 125.01 124.99 125 125.005 125.01
m, (GeV) m, (GeV)

Using 10.8 ab-1 (240 GeV) and 3 ab-1 (365 GeV)
-  Current combined uncertainty: 3.05(3.93) MeV

-  Systematics contribute ~2.5 MeV, ecm uncertainty dominant

P -  Improvement by adding 365 GeV ~ 1%
INFN

Istituto Nazional

wwe e Patrizia Azzi - Higgs24 - 8.11.24
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For the Higgs mass, the systematic
uncertainty is dominated by the
uncertainty on the c.o.m energy

Systematics:

FCCee simuiation |s = 240/365 GeV, 10.8/3 ab

A B
BES
(0.82 MeV)
\'s +2 MeV !
(2.13 MeV)
Muon scale (~10™) {
(0.78 MeV)
El. scale (~10®)
(0.47 MeV)
Syst. combined |
(2.47 MeV) H
l A I ) - |
-3 -2 -1 0 1 2 3

12
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Comparing different configuration

Example from Higgs mass analysis

e Important to assess the major systematic effects, and the impact of different detector performance

Table from study at 240GeV and 10.8ab-1

Final state Muon Electron Combination
Nominal configuration —_—

Nominal 3.92(4.74) 4.95(5.68) 3.07(3.97)
Crystal ECAL to Dual Readout\ Categorized 3.92(4.74) 4.95(5.68) 3.10(3.97)

Degradation electron resolution 3.24(4.12)
Nominal 2T —field3 T ——«n-—____

Magnetic field 3T 3.22(4.14) 4.11(4.83) 2.54(3.52)

Silicon tracker 5.11(5.73) 5.89(6.42) 3.86(4.55)

BES 6% uncertainty 3.92(4.79) 4.95(5.92) 3.07(3.98)
Impact of Beam Energy Spread Disable BES 2.11(3.31) 2.93(3.88) 1.71(2.92)
resolution Freeze backgrounds 3.91(4.74) 4.95(5.67) 3.07(3.96)

Remove backgrounds 3.08(4.13) 3.51(4.58) 2.31(3.45)

This is one example where a study done with a non- | | |

full simulation of the detector, manages to establish
dependence on critical potential uncertainties 13
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Total ZH production cross section

Essential piece for “model independent” Higgs couplings determination and more

l l ] l l ] ] l w - LI 4 ol l | T LR l UL I REHR I LI I | 8 R B | I UL I =y U8 l LI [ - _J 2 Fcc.ee S‘"mrahun .s - 240 Gevl 10'8 ab 2 Fcc-ee S'mUIat'on \'s = 365 Gev, 3-0 ab
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII pLi a5 s -
107 \f§| = 240.0 GeV 39828 e*(e)Z S 10°k Y5 =365.0GeV 14741 ee) o 3 L1 - , _ ,
L=108ab"’ 45965 [JRW'W > z L+= 3.0ab L . 131 B wW'w § g‘: 1.8 uep Stal +Syst. o) « 0.7683 % | g} 1.8 | = n'w Stat.+Syst. §(c) = 1.9530 %
e'e > ZH - u'w +X 1726 | Rare - e'e -5 ZH -y +X 31 g Rare - ' e'e Stal.+Syst. (o) - 0.9436 % e'e’ Stat.+Syst. §(c) = 2.2053 %
5 Baseli : i ~  sel Baseline no costhetamiss ek 7 L o ot & - . < . , _ t s A o a
e .Sszna/ ;igfaﬁossi?f.h; e 920 [ YYH W _ 10° & Signal integral=6189.7 205 M TYRH Y -5 0 FR &0V TS ) = 059% % 1.6 = W'y +e’e Stat.+Syst. (c) = 1.4806 %
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10 _ - B N
53161 = Z(npn*)H 6189 == Z(pup*)H C
(np') 104 - - 1.2 1.2
- E 3 i
10° . I i 1 1
i 10° s =
gL | Sk 0.8 0.8
107 E = = A
= = = L i
- i - N 06 0.6
i 10°E
102 i 3
E = 0.4 0.4
. - :
10 | 10 0.2 0.2}
llllllllllllllllllllllllllllllllllllllllllllllll | | . i | | ) | | ! N 1 1 L | 1 L
0O 01 02 03 04 05 06 0.7 08 09 1 0O 01 02 03 04 05 06 07 08 09 1 (9.98 0.99 1 1.01 1.02 6).98 0.99 1 1.01 1.02!
BDT Score BDT Score o(ZH- I'T)/o,, o(ZH- I'1)/o,,

e Previously estimated sensitivity (CDR) ~0.5%

e Challenge to keep selection as much as possible
decay-mode independent 10.8/ab at \/S=24O GeV : 60 = 0.599% (0.592% stat-on

e Systematics considered: BES, s, lepton energy 3.0/ab at {/s=365 GeV : 60 = 1.48% (1.42% stat-on
scale

A

INFN . . .
(e Patrizia Azzi - Higgs24 - 8.11.24 "




FCC-ee simulation ZH, Vs =365 GeV, 3.0 ab™’

un

9 [

c000f— u'u — BES__Nominal
2 i —BES__Up

e F — BES__Down
Wgoo (—

Control of the beam
energy essential:
resonant depolarization

200

BDT Score

> Centre-of-mass (Vs): Uncertainty on the
centre-of-mass energy which is expected
to be known atthe ¥2 MeV level for 240
and 365 GeV

> Lepton momentum scale: Uncertainty
fromthe momentum of leptons assumed
) to be known at 10~ precision level both
INEN for 240 and 365 GeV

slide from Gregorio Bernardi aris

01 02 03 04 05 06 07 08 09 1

Systematics on the ZH cross-section
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> Beam energy spread, depends on the beam energy.

At a center-of-mass energy of 240 (365) GeV, the beam energy spread
(BES) is £0.185% (+£0.221%) per beam, i.e. £222 (+403) MeV.

Uncertainty assumed on the BES valueis ~1% at 240 GeV and ~10% at
365 GeV =2DominantsystematicforZH cross section measurement

> ISR uncertaintyis not estimated precisely yet, but expected to be smaller

BES 1%
(0.089315 %)

/s + 2 MeV
(0.042400 %)

Muon scale (~10 5’)
(0.000198 %)

El. scale (~10 ”)
(0.000156 %)

Syst. combined
(BES 1%)
(0.089326 %)

FCCee simuiatios = 240 GeV, 10.8 ab™’
I T T | T | 1 | | T T T T T  § I T

osys,.(o(ZH. Z— II)/or ) (%)

FCCee simulation |'s = 365 GeV, 3.0 ab™
'!"'l"‘l"'l"'!'

BES 10%
(0.403614 %)

Vs + 2 MeV
(0.018839 %)

Muon scale (~10 '5)
(0.000182 %)

El. scale (~10 )
(0.000182 %)

Syst. combined
(BES 1%)
(0.403619 %)

1 i 1 1 L l I L L l ' L 1 l 1 L 1 i L
0.4 0.2 0 0.2 0.4
Oyt (0(ZH, Z— /o ) (%)
‘ ref
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.ﬁ | | | | —.Whl(WW fusion) :
2000 | ¢+e—viH @500 Gev — wh (2ZH) 1 R
O O O O i f L= 500 fb” ": : — 4f_sznu_s| ] R
Higgs width determination ™" i 3[5 |
) : 6f_yyvllv :
= [ @500 GeV es i
: : : : - i '
e Model independent determination of the total Higgs L1000 - E
decay width expected to be ~1% cooF :
Z 0 - s - : o o e LT P
50 100 150
[Duer»lg,_\e,tn_gl»._\,\ng|v:1 403.7734]
B Palpem run
N\ S mH= 120GeV . i Higgsstrahlung
\ Z S 'l Interference
\\ :’E - 1 Background
SHzzZ S
E
missing mass (GeV)
— — —
+* BR(H— 2ZZ)=T(H — ZZ) | Ty is proportional to WW H vv— bbwv at \/S = 365/500 GeV
/) Onzz? ITH r OWww—H OWW—H—bb
. . X — —
INFN - Oxz X BR(H — ZZ) is proportional to gyz-4/ 'y H™ BR(H = WW) BR(H — WW) x BR(H — bb)
o + Infer the total width I, .
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Example new Analysis with H — ZZ*

Many final states!

FCCAnalyses: FCC-ee Simulation (Delphes)

illlllllllllllllll

lllllllll

% ; B vH, HZZ i
4 — —
& 10°= {5 =240.0 GeV w3
E L=5ab" B Hortr 5
103 €H = 2ZZ - u'ule'e + vvﬁ- 3 AN ]
E BOT 6 classes - H—)bb §
- Hl H—-99 i
10° & Bl H-other =
- — Signal -
10 =
=3
107
-2 0 2 4 6 8 10 12
Optimal variable
INFN o _ _
(A Patrizia Azzi - Higgs24 - 8.11.24

Uncertainties extrapolated to 10.8/ab at 240 GeV:

l+vwqq II+qqvv vv+ligqg Combination
60BR/oBR (%)
it 1o BDT 5.0 7.3 4.7 3.1
60BR/0BR (%) 8.4 60BR/0oBR (%) 14
Fit to BDT ' Cut & count

Degradation of precision on I ',

_as a function of neutral energy resolution

A ljvv channel
1504 4 vy channel
willj) channel

® Combination

My (%)

12.5 4

10.0 + 4

Degradation of precision on
v ~
o w

N
w
i

=]
(=]
1 ®
>
»

e Hadronic channels
(WIP) instructive to
understand needed
detector performance
and reconstruction

‘ capabillities

-

Scale factor

2.5 17
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New flavor taggers have changed the game
M aCh i ne | earn i n g a p p roaCh 0.30 Precision of H — bb vs. Vertex Detector assumptions
- ILC Simulation - Unsorted Sample - 20 Epochs ggz NEW!
— DIsC ; FCC b 0:21 - -
2 N — S 2 ParticleNet £0.18-
$ %015
E / S o2
% B LCFIPlus b lg ggi
% i % 0.03-
2 0.00-

0.2 0.4 0.6 0.8 1.0
Jet Tagging Efficiency

o
o

e GNN approach has taken over from LHC experience to FCC, ILC, CEPC ...with
amazing improvements in performance which are still being explored.

e Studies ongoing to determine sensitivity to detector performance and parameters

(L e teaonae Patrizia Azzi - HiggsZ4 - 8.11.24 18
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Precision of H — s5 vs. Particle ID assumptions

New opportunities: strange tagging

Particle ID capabilities

500
FCC-ee Simulation (IDEA) 450 -
b 1 : I ! | ] 1 1 | ! 1 I ;- —
= E e L " ' ' - & 400
B - e'e =ZH, H-jj! 5 = NEW’
© B : : F ' U
9 - j=u.d,s,cbg i - 350
a 10—1 .......
o - PID. >
D ) : ; F
= . ~ staggingvs.ud -
—— : :
@ I f 1
10°¢ / ; RO IO =
m —— dN/dx u
B /o —— dN/dx + tiof (6,30 ps)
TR/ L i dNJdx + t0.f (0,23 ps) _
U M 1 :+--- ideal PID
1079 0.2 0.4 0.6 0.8 1

jet tagging efficiency

Training the ParticleNet with the
additional information and
comparing to ideal strange
identification Interesting to study the dependence on the

) uncertainties on H->ss on the degradation of the

(_ mew=w  Patrizia Azzi - Higgs24 - 8.11.24 detector performance i
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Hadronic Higgs decays @ FCC-ee

quarks and gluons couplings "all in one™

- Three analyses targeting Z(ll), Z(vv) and Z(qq) + H—qqg/gg
« Split according to Z decay based on number and flavour of leptons, missing momentum
 All particles except leptons from Z clustered into 2 or 4 jets depending on final state
+ GNN-based jet-flavour tagging (b/c/s/u/d/g/T) + kinematic features to classify events into H—bb/cc/...
« Simultaneous fit t0 Mrecoil (Z—1l), Mvis VS Mmiss (VV), Mrecoil VS Mjj (qQ) in the categories to extract the BRs

+ Also determine BRs of Higgs to tt, WW and ZZ as byproduct (fully hadronic decays) - but can do better with dedicated analyses
-\

Analysis H—-bb H—cc H—ogg H—=ss H=ZZ H—-WW H-o1

Z 171 0.68 4.02 2.18 234 13.7 1.78 4.1

_ Z —qq 0.32 3.52 3.07 409 52.1 8.74 110
S Z VvV 0.33 227 0.94 137 19.8 1.89 22
autac comb 0.21 1.66 0.80 105 10.1 1.16 4.0

Hbb Hcc Hgg Hss HWW HZZ Htautau
Predicted label

INFN Relative uncertainty (in %) at 68% CL on signal strengths in the various Higgs decay channels
(e Patrizia Azzi - Higgs24 - 8.11.24
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Approaching the light quarks

new opportunities

« Extension of previous analysis using MVA with additional output classes (uu/dd/...) and floating freely in the final fit the normalisation
of six additional Higgs decays

Hbb 000 000 001 000 000 000 001 000 000 000 000 o0.03
0.8
Hce 4 0.00 000 001 000 000 000 000 000 000 007 002 0.02

s4 0.00 0.00 005 000 003 003 000 000 013 001 001 0.02

10.8/ab at 240 GeV, vvjj only

Upper limit on

Final state oBR @95% CL

BR(SM)

Hgg4 0.02 002 0.04 000 004 004 000 000 003 001 003 003

Htautau 4 0.00 0.00 0.00 0.00 . 000 000 000 000 000 000 001 0.00 - H s dd 1 4 E_03 6 E_O 7
o
Huud 000 000 005 008 000 "04Z 026 000 000 010 001 002 002
{000 000 005 008 000 025 045 000 000 013 001 002 0.02 H —>U U 1 . 5 E-03 1 . 4 E' 07

Hbs 1

H—XX Truth

0.00

000 000 0.00 0.00 0.00

0.00

0.79

0.17

0.00

001 001 0.00

- 0.4

H—bs

3.7E-04

~1e-7

Hbd{ 000 000 000 000 000 000 000 020 JCRCE 000 002 001 0.00
Hsd{ 000 000 021 005 000 010 014 000 000 (046 001 001 0.01 H bd 2 7 E_O4 ~1 _9
—> . e
Hcud{ 000 004 001 001 000 002 001 000 001 002 JUCEM 003 0.00
- - ~1e-11
HWW{ 0.00 002 001 004 003 002 001 000 000 001 0.03 0.07 H Sd 7 7 E 04 e
0.2

HZZ4 006 005 005 005 001 003 003 000 000 002 001 024 n

© [ > O O > o > > > v
F ¥ ¥ @ PP ¥ ‘s\‘x\ &

H— XX Predicted

H—cu 2.5E-04 ~1e-20

=
INFN

Istituto Nazionale
di Fisica Nucleare

95% CL UL on oBR at 104 — 10-3 level with only vvj final state at 240 GeV
Patrizia Azzi - Higgs24 - 8.11.24 o1
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Modification of Light Quark Yukawa fromQIfﬁ'DER

In SMEFT operators that only modify the light quarks Yukawa

Largest allowed coupling modifier

contact Barbara Erdelyt, RG, NudZeim Selimovié

1000}

100}

10|

1/

current
HL-LHC ==
FCC-ee mmmm
FCC+240+365 mmmm

7 8

1000

100

10|

Model

current g
HL-LHC ===
FCC-ee mmmm |
FCC+240+365 mmmm |

10t

" current mmmm

HL-LHC == .

FCC-ee mmmm
FCC+240+365 mmmm

e VLQ models that have no

resonance and are
constrainted by Higgs
physics, flavor, EWK...

e Here we see the

maximum deviations in
various contexts

https://arxiv.org/abs/2410.08272v1

22



10.17181/7hbn8-3d233 FY]ORE
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' 0.01=¢*e'— ZH FCC-ee Simulation (Delphes) —
iIggs to invisible : .2 i o _:
+ - SM BF H— invis. =0.106% ~
o ; 0.006/—+0.141% 0.124% =0.042% =0.133% =0.110% =0.035%
e’ e 1 ,q 75 = . .
0.004 1 BR(SM) with
0.002}- + + X + + , 1 ~335% uncertainty
(j— | | -
_0.002F —
-0.004— | l | l | —
ee uu qq cc bb Al
e 1%
= 0.012f I I I , , - P.Harris
.g B 7] /S\ _-Il” LI IIIIUI | N | IIIIH] LI IIITHI LI IIII”] | BRE | IIII”] LI IIIIIT
= ot o0 Simulat : £ B :
E 0.01 __e e — ZH FCC-ee Simulation (Delphes) — T = CCC-hh 30 ab-!
8 - . T 1B - -
S 0.008—Vs=240 GeV, L=10 ab™ _ = - :
@ . - - B 8. o o) i
_ _ - m B 2
o 0.0061-0282% 0.248% 0.086% 0.264% 0.22%  0.07% i a. - .
Lo _ ] = \ =
8 0 004- - E -o- default .. E FCC-ee
g ' ~ ~ ~-®- default no exp. sys ! 7
n 0.002 ‘ 10 = e SRR - H=2ZZ-vvw
t 0. - : ' b -
I B 1% unc no exp sys. E
S — B P sy -
0! ' : : ' ' i FCC-ee K
ee LU aq CC bb All 1074 & 9
— —— BR(H— ZZ— vvvwv) -
e N = =
INFN’ o If SM treated as baCkground, SenSItIVIty tO EXO decays: o : Lol Lol L aal : Ll - Ll p L1 -
. . 10° 1 10 10 10 10 0
(e S50 for BR>0.18% and 95 % exclusion if BR <0.07 Luminosity (fb'11)


https://new-cds.cern.ch/doi/10.17181/7hbn8-3d233
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Electron Yukawa coupling (unique!) ..o o

From resonant production ete™ — H

—~ 30 -
> e* Yukawa limits. e'e > H, (s = 125 GeV
Q < 5x yM :
E Energy spread: g 20 _Ve . _Ve
- —8=0 ©
0.5~ .. §=4.1Mev g
—  F s iaMev @ 10
2 045 5_30Mev 200 ab j:
’(;)\ - --- =100 MeV )
=< 03 g
é02E 4
© V.g
' 3
0'1;_---"/‘"”1'5/" ................. 2
O o T T oR R TR
s (GeV) 1
1 2 3 4567 10 20 30 100 200
Zint (ab_1)
+ - : .
o = Arlyl'(H — e"e”) 8/ab/yr (4 IP) with 6=7 MeV: 1600 ee—H/yr = yo<1.6 YeSMin 2 yrs
ee—H T 212 2 M2 L .
(s —myu)” + muly To reach sensitivity to SM need optics w/ excellent
I Nﬁ monochromatisation AND Linst

(ser=se Patrizia Azzi - Higgs24 - 8.11.24 ”
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Higgs couplings are crucial

Precision precision precision

e Why <1% ? to be sensitive to effects from BSM (EFT or concrete models)

Minimal Composite Higgs Model 5 (f = 1.5 TeV)
precision reach on effective couplings from SMEFT global fit R
£
B HL-LHC S2 + LEP/SLD B CEPC Z,00/WWs/240GeVso | B CLIC 380GeV B VuC 3TeV;  OwiFCC-ee £ 10% -
(combined in all lepton collider scenarios) | [l]l CEPC +360GeV; B ILC +350G6V, ,+500GeV, | M CLIC +1.5TeVys | BEMUG 10TeV ., : Ll e - |
Free H Width BILC +1TeV,  VwGiga-z | MCLIC +3TeV. B MuC 125GeV 0, +10TeV 4, § s Composite Higgs
0 1 no H eXOtiC decay ‘ . } ; ok | SUbSCfiptS denote Iuminosity in ab” 1 Z & WW denote Z-pOle & WW threshold 10_2 Eg (017 S —
=4 | ‘ S sl b
—a m :_: o/ |- —_
-] 10-1 10-3 8 -10% .M . - ]
3 O 5% ——
8) -2 4 @
[s) 10 10
I
1073 10-5
BUT there
107 1076 :
IS mMore...
. 107" g : 310
o - Z L
= u - 8
= p . 7
= O
8 10-2 — = 10-2 O
= - c
o F i 8
3 2
L ] ) 7
107 P £CC <. bb Sl uu P 107
vE RV

(e Patrizia Azzi - Higgs24 - 8.11.24 Predictions for the past EPPSU 25
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The SMEFT at Future Colliders

Analysiing the contribution of runs at different Vs

1,1 .18
8 1 38 ¢, C c
1 cC (& C ; C Qq “pD
g Cor @@ @R “¢D ¢ 31 Cog
CWwWw

3 €Qq T
1 o

Chy T
Cig Cop
3
Ctu Ccpe
4
1 (3)
CQu C‘Pll
C?d Cols
ctd C(plz
; : Ctz 3)
E. Celada et al. (smefit), arXiv:2404.12809 (-) ! 3) (=) ¢
cic (3) ¢ MEFIT
CGwW ¢z Coq pQ . ,_)
—#— HL-LHC + FCC-ee (91 GeV) —#— HL-LHC + FCC-ee (91 + 161 + 240 + 365 GeV)
INFN —#— HL-LHC  =®— HL-LHC + FCC-ec

Istituto Nazionale
di Fisica Nucleare

Patrizia Azzi - HiggsZ4 - 8.11.24

=@ HL-LHC + FCC-ee (91 + 240 GeV)
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Higgs program NEEDS precision EWK measurements O COLLIDER

J. de Blas, G. Durieux, C. Grojean, J. Gu, A. Paul https://arxiv.org/abs/1907.04311

e Fit to new physics effects parameterised by dimension 6 SMEFT operators

e The precision measurements of the Z pole run affect significantly Higgs
operators: almost ideal if present, and a factor 2 worse if absent!

107 Ratios, real EW /perfect EW  (noH exoticdecay) | _ . .\ os0cey e = FCC-00 43656V (Z‘l;)l T FCC-ee without Z-pole - 10
2 :— - - —: 2
1.5¢ - 11.5
1 ] _-_I -_I L I; T_: T | ,

T
6077 o™ 6035 g oL %912 i
INFN Higgs couplings aTGC couplings

(L e teaonae Patrizia Azzi - HiggsZ4 - 8.11.24 07


https://arxiv.org/abs/1907.04311

FUTURE

Indirect BSM sensitivity from EWPO COLLIDER

eTarget: reduce systematic uncertainties
to the level of statistical

eExquisite Vs precision (100keV@Z,
300keV@WW)

*~50 times better precision than LEP/LSD
on EW precision observables

Need TH results to full

Quantity Current FCC-ee stat. Required Available calc. Needed theory

precision (syst.) precision theory input in 2019 improvement '
myg 2.1 MeV 0.004 (0.1) MeV nin-_reson:imt NLO, . NNLO for
Iy 2.3MeV  0.004 (0.025)MeV ete™ — ff, ISR loga;thcflns oto— s ff
g e 4 6 initial-state up to 6th order

sin“f; 1.6x10 2(2.4) x 10 radiation (ISR)

myy 12 MeV 0.25 (0.3) MeV lineshape of NLO (ee — 4f NNLO for
ete™ - WW  or EFT frame- ee —» WW,
near threshold  work) W — ffin

EFT setup

HZZ - 0.2% cross-sect. for NLO + NNLO NNLO

coupling ete” — ZH QCD electroweak

Miop 100MeV 17 MeV threshold scan  N3LO QCD, Matching fixed
ete™ — tt NNLO EW, orders with

resummations resummations,
up to NNLL merging with
MC, a5 (input)

"The listed needed theory calculations constitute a minimum baseline; additional partial higher-order
contributions may also be required.

’P_‘ N

(e Patrizia Azzi - Higgs24 - 8.11.24
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CIRCULAR
arXiv:2106.13885
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it SMEFT (D6 operators) I FCC-ee (EW) m
I B e R B FCC-ee (Higgs) —70
— B FCC-ee (EW+Higgs) -
— O ..................................................................................................................................... __ 60
- > FC.C.-ee ]
: ........................................................................................................................................... _: 50
f ........................................................................................................................ f40
g__ .................................................................................................................... f3o
g_ ................................................................................... ceoeam--- AR 320
3 TN . LI “ ..... J-0 1o
~ “ | - )
O¢G O¢w O¢WBO¢D O¢a O¢§1) O¢53) O¢e O¢((,1) O¢f) O¢u O¢d Ou¢ OT¢ O% Ob¢ Ofl
Indirect sensitivity
to 70TeV-scale sector
connected to EW/Higgs
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0.8r
Higgs self-coupling with single Higgs -
0.6F
M, Mccullough . Z _ Z 05 _
V4 H '. 0.4;
Ohz M T o, ) 03k
- 7 e ‘h e Ky ~h
0.2:—
)\3 0.12—
6
* The precision of FCC-ee on the ZH cross section 5|
measurement (0.1%) allows to exploit the higher order |
effects from the Higgs self-coupling A )
e Measurements at Vs=240 and 365GeV help lift 53
degeneracy on C+ L.

o 0Ok, ~ 28 % with 4IPs (optimised scenario)

A i i1 1™~

-| [l HL-LHC S2 + LEP/SLD

B FCCee ZZWW/240GeV (4IP/41P)

| I FCCee Z/WW/240/365GeV (2IP)

[| Il Fccee Z7WW/240/365GeV (41P/41P)
- ] FCCee+hh

10.7

10.6

-20.5
04
—30.3
02

10.1

Patrizia Azzi - Higgs24 - 8.11.24
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Higgs Self-Coupling with HH

Need high energy for HH production & luminosity

direct access to A through double-Higgs production T e Discovery can
<2 I e+ >VVHH o] d
Di-Higgs strahlung (ZHH; dominant < 1 TeV) > 0 ; ZHH & vVHH Combined f ® guaraniee
[ E s
vector boson fusion (vWHH; dominant > 1 TeV) G s m— ——— T
o Jy— T o ‘ . v 5O — » b ______________________________________________________________ ' C550: 20:@
\@’ \ 10 EEEfEEffEESffffEEffEéfEffEEEEEEEEEEEEEEEEEEEEEEffE55EE5EEEEEffEEff3E?fEfffEEEEEEEEEZEEEEiffffEEEEEEEEfffEffEEEEEEEEEEEEEEEEESEESEEEEE -C600: 18%
. W! - H g
/ “H \)_ ) I_—I_ d e :l
AR , /6] . 500 1000 1500
"N W, \ “H /s [GeV]
N / HHH
e+ N Z e+ / < \_/e .
| o | | Higher energy range
degredation of sensitivity in ZHH by diagrams without A .
Z o ) >500GeV potentially
TN, o reachable with linear
IR ;| e amnnn [ IR
7, A collider upgrade
(+ - H (,+ % H (,+ - / 30
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Consideration on Higgs self-coupling at lepton cottiders ™
It is very difficult

e New HL-LHC predictions are not available yet, but will be much(!) better
than the old ones.

e Determination via single-higgs production at FCC-ee is estimated at ~28%

e Determination via double-higgs production with Vs>500GeV at ILC
similar, to go below to 20% need to add the run at 1TeV.

e but how much luminosity needed? how much time to get there with a LC?

e Higher order effects come into play too (and they affect both analyses)

e A~100TeV hadron collider would achieve the same precision in the first
few years of running, and few % precision with the full program.

e and if preceded by an e+e- machine would allow model independent
determination

sttt Nzionae Patrizia Azzi - Higgs24 - 8.11.24 31
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FCC-ee & FCC-hh complementarity - k, and k, G M

The determination of the Ztt couplings from e e~ — 17 during the 365GeV run of the FCC-ee, in conjunction

with the ttH/ttZ FCC-hh would help to reduce the few per-cent uncertainty on og,, from the HL-LHC to ~1%.

*Current estimates suggest that a precise determination of the self-coupling with an uncertainty of 3.4 — 7.8%
would be within the reach of the 100 TeV pp collider

0.2 68% and 95% prob. regions
' < No FCCee 0.6

68% and 95% prob. regions
O HL+FCChh OHH-bbyy

O HL+Fccee-eh-hh -------- '\" = '\‘\" """""" @HL-"'.FC-C-e-e :e-ﬁ_-h-h --------
0.4

HLLHC (50%)
= on
n=
’ ’ O
=
'g: 0.0

08, ~1%
5gH3 % 3.4 - 7.80/0

-0.6

0.2 -0.1 0.0 0.1 0.2 -0.10 -0.05 0.00 0.05 0.10
From FCC-ee -

6Get Ot OGHtt/ Gt
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Setting strong detector requirements COLLIDER

'mz, [z, N, » 0. s(Mz) with per-mil accuracy 9
‘Ri Ars *Quark and gluon fragmentation
‘mw, l'w *Clean non-perturbative QCD studies
MHiggs, rHiggs
EW & QCD Higgs couplings
self-coupling
detector hermeticity particle flow o
tracking, calorimetry energy resol.
particle ID
direct searches <
of light new physics
e Axion-like particles, dark photons,
Heavy Neutral Leptons
e long lifetimes - LLPs
flavour factory

(102bb/cc; 1.7x10" z7)

\ -e

7 physics B physics e, [
op, I 10p
*Flavour EWPOs (Rp, AFgP:°) EW top couplings
e7r-based EWPOs ¢CKM matrix,
elept. univ. violation tests ¢CP violation in neutral B mesons

vertexing, tagging

energy resolution detector req.
hadron identification

momentum resol.

eFlavour anomalies in, e.g., b = szt
tracker

‘ Qi risica nucieare = - T =T/ === = I = "",",v_ = - = = I — =
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Setting strong detector requirements @F i

'mz, 'z, N, « 0. s(mz) with per-mil accuracy .
‘R, Ars *Quark and gluon fragmentation / HIQQS
‘mw, l'w *Clean non-perturbative QCD studies f
| MHiggs, rHiggs
EW & QCD Higgs couplings
self-coupling

detector hermeticity particle flow . .
racking, calorimetry energy reecl .~ Interestingly enough the Higgs
direct searches ~program needs are not the ones
o1 lIgnt new pnysICS . .
o setting the tightest detector
e Axion-like particles, dark photons, _I .
Heavy Neutral Leptons
. Ion; Iifetitmes - II.EPs ! req u I re m e ntS :
flavour factory N
(10'2bb/cc; 1.7x10" z7) T
op
7 physics B physics Moo, oo
*Flavour EWPOs (Rp, AFgP:©) EW top c,:ouplings
ez-based EWPOs ¢CKM matrix,
elept. univ. violation tests ¢CP violation in neutral B mesons

vertexing, tagging

energy resolution detector req.
hadron identification

momentum resol.

eFlavour anomalies in, e.g., b = sz7
tracker
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Setting strong detector requirements @F i

Mgz, rz, NV o I -Mmi .
R A : g s(rrll(z) w(;thlper Tll accuzact:_y HI g g S
, AFB uark and gluon fragmentation
‘mw, l'w *Clean non-perturbative QCD studies
| MHiggs, [ Hi iggs
EW & QCD Higgs couplings

e, o wors o, Interestingly enough the Higgs
particle
direct searches - program need_s are not the ones
of light new physics setting the tightest detector
ey Neutia Loptons | requirements.

e long lifetimes - LLPs -

L ‘_ \ ——

However, we need for instance:
* Excellent PID and K/pi separation up to 40GeV for H->ss
* Excellent Mass resolution for hadronic final states

momef q/g tagger for ee->H beyond what exists now

tr"‘ ™ T R e T T T T )q'
hadron identification

‘ ~ QI risica Nnucieare —s T =T/ " =" I = ‘,‘,'_ = - = = I — =
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Detectors for future Higgs factories
Need some concrete ideas to perform the analyses

e LC studies based on detailed Full-Simulation of detector concepts (ILD,
SID). Stable software framework ILCSOFT

e FCC-ee studies based on a Delphes description of a benchmark concept:

e with lots of variations applied to the various subdetector resolutions to study
the dependence of the physics results

1K Silicon vertex detector

e With new software (key4hep,edm4hep), new ML tools and experience | .+ Uttra light crift chamber
from LHC the interplay between the hardware performance and the | with powerful particie
"added-one™ from software is even stronger. | Identification

) . . ' | * Monolithic dual readout

e Moreover, technologies of today won't be the ones we use to build | calorimeter

detectors in 20 years from now! :| * Muon system

e we should not be shy in pushing the limit of what we would like to achieve Sﬁ:ﬁ"ﬁﬂ‘;’;ﬁ:’:‘fzf‘g
with an amazing machine such a e+e- collider EWK/Higgs/Top factory

e New ideas for detectors are welcome & needed!!!

L/ Itituto Nazionale Patrizia Azzi - HiggsZ4 -8.11.24 36



CIRGULAR
Looking forward OF
Let's build it :-)

e A high luminosity e+e- collider is what particle physics needs.

e itis fantastic machine for extreme precision measurements of the Higgs
physics properties complementing HL-LHC, and:

e |t can constrain the whole ElectroWeak sector and pave the way for whatever
lies ahead, being sensitive to BSM effect at much higher scales

e |t would have sensitivity reach for the discovery of feebly interacting physics or
dark matter candidates in a phase space not covered by any other experiment.

e |t would be an amazing flavor factory.

e For the precision measurement of the Higgs Self-Coupling a higher energy
collider (hadron or muon) would be the most effective machine

sworeznse — Patrizia Azzi - Higgs24 - 8.11.24
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SS

European Particle Physics Update ProcC
Symposium in 24-27 June 2025, Lido of Venice

e Last strategy proposed the start of the Feasibility study for the FCC project:

e Upcoming milestone for FCC is the completion of the Feasibility Study by March 2025 as input for
the Update of the ESPP.

e The following pre-TDR phase should prepare for a possible project approval by 2027-2028
e Possible start of construction would then be 2032-33

e While it is certainly important to evaluate other ///
options, if compromises need to be made, itis |1
even more important to unite the community ./,
behind the FCC-integrated project: '

e |s the one that provides the best and most \h \
needed physics outcome European Strategy;

Upde tg

e in the most timely fashion

(e Patrizia Azzi - Higgs24 - 8.11.24
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other FCC science applications under study

for example:

FCC-ee booster as diffraction limited storage
ring with coherent synchrotron radiation down to

0.1 A

FCC-ee injector as the world’s ultimate positron

source for material studies and paving a path
towards the first Bose-Einstein condensation of

Ps (511-keV gamma-ray laser) M. Doser,
B. Rienacker

using beamstrahlung for radionuclide production

e- beam driven neutron source M. Calviani.
C. Duchemin

Average Brilliance [10%'ph/(s mm? mrad? 0.1%BW)]

etc.

10000

1000

100

10

0,1

0,01

S. Casalbuoni

?l\. SASE-U40 meas.*

Wm

I\. 1
SASE-U40 175 m —m

L +SCU18 24m T U285m
b / -
3 - U405 m ___— \

: U40 \\ uzs _
T TR

3 CPMU18 \ -
3 10 m \‘jl

bunch #ls length charge
FCC-ee Upx94 3.4x10" 32ps 0.18 nC

booster Ug x 3 3.4x10" 26ps 0.18nC _
6 GeV 200 mA PETRAIV 2.1x108 30ps 1nC :

16.5 GeV EuXFEL 104 0.03 ps 0.25nC
1 1 1 I 1 1 1 1 I

10 T I1OO
Energy (keV)

“Other Science Opportunities at the FCC-ee” 28/29 November

O Foo https://indico.cern.ch/event/1454873/ .
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EXOtiC nggs Decays t() LLPS Gallen, Ripellino, Vande Voorde,

Gonzalez-Suarez

Higgs bosons could undergo exotic decays to e.g. scalars that could be long-lived
New scalar could be a portal between the SM and a dark sector (HAHM) (arXiv:1312.4992, arXiv:1412.0018)

Higgs boson (h) and the scalar (s) mix with a mixing angle sin ©
Magda’s master thesis

For sufficiently small mixing, the scalar can be long-lived FCC note under approval

e CT ~ metersif 6 < le-6

Target FCC-ee Zh stage (240 GeV): Experimental signature

ete™ — Zhwith h — ss — bbbb and 2 displaced vertices (DVs) +

Z — 11 (2 electrons or 2 muons) betoson from ee or mumu
N

e~/ u” b-jet

e/ \ DVs DVs %

b b-j b
) 4 B jet U ——— o = < jet

Ll 41
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C

H — ss — bbbb search summary

Table 10: Normalized number of events for each signal sample, before and after
each cut. The uncertainties are statistical.

® B 2 Sica| | y a|m' mg, sin 6 Before selection  Pre-selection 70 < my; < 110 GeV n_DVs > 2
20 GeV, le-5  55.2 + 0.0413  37.3 & 0.455 36.2 + 0.448 4.45 + 0.157
e Here IDEA ca 20Gev,1e6 552400413  38.1 + 0.460 37.2 + 0.454 28.0 + 0.394
20 GeV, le-7  55.2 + 0.0413  45.4 + 0.502 44.5 + 0.497 0.665 =+ 0.0607
60 GeV, le-5 18.9 + 0.00813  12.0 & 0.150 11.6 + 0.148 0 (< 0.148) :
e Belowacom[ ggevies 1sotoosis 120+010  1etoir  ezizorn Vith less
|aye rs 60 GeV, le-7  18.9 + 0.00813  13.9 + 0.161 13.5 &+ 0.159 5.87 + 0.105
Mean proper M. Larson, LS
lifetime ¢t [mm] 3.4 341.7 34167.0 0.9 87.7 8769.1
Npvs = 2 Events 20 GeV, le-5 | 20 GeV, le-6 | 20 GeV, 1le-7 | 60 GeV, le-5 | 60 GeV, 1le-6 | 60 GeV, le-7
IDEA 0.02 37.09 0.77 0.003 10.97 6.50 Final #
CLD (min. hits = 6) 5.08 6.02 0.11 0.003 10.67 0.82 events
CLD (IIliIl. lltS — 5) n.19 1(’)17 023 0005 11.16 201 selected
CLD (min. hits = 4) 5.30 24.34 0.31 0.003 11.21 2.99

C)amjently new study started considering the final state: « - .- v

Istituto Nazionale
di Fisica Nucleare

Patrizia Azzi - Higgs24 - 8.11.24
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Some preliminary detector benchmarks for FCC-ee O COLLIDER

CLIC-like Detector (CLD) Inn?vatlve Detector for an Electron- Nqble L|qu|fj o
e Full silicon vertex-detector + tracker Pg?'tron Aczelerator (IDEA) ) glg:r'ii:ae::rlamy noble fiquic
e 3D high-granularity calorimeter * >tlicon vertex detector .

gn-g Y e Short-drift chamber tracker LAr or Lar + Lead or Tungsten

e Dual-readout calorimeter (solenoid inside)

e Solenoid outside calorimeter absorber
e Newest proposal

e |n the process of extracting the requirement on the detector performance from the physics
) e With 41P, opportunity to have detector optimised for specific processes
(L s e Spoiler: "Higgs factory” requirements are not the most stringent



