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Context

¢ European Strategy for Particle Physics 2018-2020

— CERN Yellow Report on the Physics at the HL-LHC, and Perspectives for the
HE-LHC (link)

— symposium in 2019 + briefing book (link) + conclusions (link)
¢ US Snowmass process 2020-2022

— proceedings end of 2022
— White paper by ATLAS and CMS (link)
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https://cds.cern.ch/record/2703572?ln=en
http://cds.cern.ch/record/2691414
https://cds.cern.ch/record/2721370
https://www.slac.stanford.edu/econf/C210711/
http://cdsweb.cern.ch/record/2805993

FCC-ee physics case (true for most ee colliders)
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https://indico.cern.ch/event/1307378/contributions/5720989/attachments/2789031/4879011/Grojean.pdf

Higgs boson physics



Higgs production at pp and ee colliders
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¢ pp colliders
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¢ High cross-section and luminosity

- from 2.107 (LHC) to 3.10" (FCC-

hh) produced Higgs bosons
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Higgs boson physics at HL-LHC (1)

Yellow Report released end of 2018 with many updates of Physics

Prospective with ATLAS and CMS (link to Higgs chapter)

¢ Single-Higgs:

- O(%) uncertainties

Vs =14 TeV, 3000 fb' per experiment

Total ATLAS and CMS

Statlst.lcal HL-LHC Projection

—— Experimental
—— Theory Uncertainty [2]
Tot Stat Exp Th
Ky == 1.8 08 1.0 13
Ky = 1.7 08 07 13
K, = 15 07 06 1.2
K_'g — 25 09 08 21
Ki B 34 09 1.1 31
Ky B 37 13 1.3 32
K BE= 19 09 08 15
T ——— 4.3 38 1.0 1.7
K_'qu, — 9.8 72 17 64
0 002 004 006 008 01 012 014

Expected uncertainty

¢ Di-Higgs:

— 4o significance

- 50% uncertainty on A,

H

ATLAS and CMS HL-LHC prospects

95% CL

68% CL

SM HH significance: 4

0.1 < k3 <2.3[95% CL]
0.5 <Kk <1.5[68% CL]

3 ab! (14 TeV)

—— Combination

-+ bBVV(Iviv)


https://arxiv.org/abs/1902.00134

Higgs boson physics at HL-LHC (2)

CERN-2019-007

ATL-PHYS-PUB-2022-018/
CMS-PAS-FTR-22-001

ATL-PHYS-PUB-20

¢ Examples of progress in the past years: 24-016
¢ Coupling to muons through H— pp
— expected precision on signal strength (YR2018 uncertainties):
Statistical |Experimental| Theoretical Total
ATLAS YR2018 T 2.00% " 13%
CMS Snowmass2013 14% .
factor 2 in
CMS YR2018 9% 2% 3% 10% @ 8 years!
CMS Snowmass2021 6% 2% 2% 7%

— 50 can be expected at the end of Run 3

¢ Di-Higgs: YR2018 ATLAS+CMS: expected significance of 4o
— 1mprovement in ATLAS HH— bbtt only

Stat-only | Stat+Syst
YR 2018 2.50 2.00
Snowmass 2021 4.00 2.80
ATLAS-PHYS-2024-016 490 3.80

¢ Also a lot of recent progress on couplings to charm quarks
— thought to be impossible at the beginning of LHC


http://cdsweb.cern.ch/record/2805993/files/ATL-PHYS-PUB-2022-018.pdf
http://cdsweb.cern.ch/record/2805993/files/ATL-PHYS-PUB-2022-018.pdf
https://cds.cern.ch/record/2703572?ln=en
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/

Higgs couplings at Future Colliders HOADAT

f.02
Kw Kt - Briy,
.
free K, .
% I
T
00 04 08 12 16 20 00 04 08 12 1.6 20 00 06 12 18 24 30
= I [
K7 Kp Brunr
I . [ N
| free x U ] free
L1 L ] I
[ 1 ]
00 04 08 12 16 20 00 06 12 1.8 24 30 01 2 3 4 0.0 25 50 7.5 100 0 1 23 4
-_ -_ - FCC—EE +FCC—Eh+FCC—hh - “—‘C |MJ+]LC5EK}+1LC35“+] LCQS[}
Ky K¢ B FCC-ees05+FCC-eea4g ILCsp0+ILCs5p+ILCaso
I — — FCC-eeaun ILC:so Higgs@FC WG
— — CEPC e =1 ganpa-3, 2019
] I B CLIC300+CLICispo+CLICss)  ml HE-LHC [xy| <1 - PP T
MELLTE OOy s combimed wit L .
pm CLIC 50p+CLIC330 HL-LHC |K‘-|,r| < 1 Uncerainty values on Ak in %.
00 04 08 1.2 1.6 2.0 00 06 1.2 1.8 24 310 CLIC3s0 Limits on Br (%) at 95% CL.

Fig. 3.8: Expected relative precision of the k¥ parameters and 95% CL upper limits on the
branching ratios to invisible and untagged particles for the various colliders. All values are
given in %. For the hadron colliders, a constraint |k, | < 1 is applied, and all future colliders are
combined with HL-LHC. Figure is from Ref. [39].


https://arxiv.org/abs/1910.11775

Higgs self-couplings at Future Colliders

1910.11775
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All future colliders combined with HL-LHG

¢ HL-LHC will exclude the absence of the Higgs self-interaction at 95%CL

¢ Several of the proposed FCs will reach a sensitivity of ~20%
= establish the existence of the self-interaction at 5¢

¢ CLIC3000/FCC-hh can reach a sensitivity of ~10%/5% = can start probing o
the size of the quantum corrections to the Higgs potential directly


https://arxiv.org/abs/1910.11775

JHEP01(2020)139

Higgs boson mass DOI 10.17181

¢ Current experimental precision ~0.1% (150 MeV)
¢ Needs a 10 MeV precision to avoid any limitation on the ZZ/WW couplings

¢ Prospects at the time of ESPPU2020: P~ impacton the H - 22" partal decay wih
Collider Strategy (omy (MeV? Ref. (T ézt) (%]
LHC Run-2 | m(ZZ), m(vv) 160 96] 1.9
HL-LHC m(ZZ) 10-20 [13]  0.12-0.24
ILCs50 Z H recoil 14 3] 0.17
CLIC3gg Z H recoil 78 98]  0.94
CLIC1500 m(bb) in Hvv 3020 98]  0.36
CLIC3000 m(bb) in Hyv 23 98] 0.28
FCC-ee ZH recoil 11 99]  0.13
CEPC ZH recoill |\ . 59 ) [2] 007

¢ Can be used to compare detector concepts
- NB: nominal 6 _. of 4 MeV in latest FCC-ee studies

___________ Combined

> Assuming “perfect” (generator-level) Nominal 4.01
momentum resolution .
|deal resolution 3.33

» Nominal 2 T magnetic field — 3 T-\. : .
Magnetic Field 3T 3.54

Ang Li
J 10


https://link.springer.com/article/10.1007/JHEP01(2020)139
https://repository.cern/records/a68b8-3mt57

Higgs width

JHEP01(2020)139
DOI 10.17181/4wxpk-12y78_

¢ Impossible to achieve at pp colliders without assumptions

¢ Mass recoil: mesure inclusive cross-section of ZH without assumption on the
Higgs boson’s BRs: 5+~ _, zm)  olete ZH)

o(ete™ —ZH)

BR(H —»ZZ*) T(H—ZZ*))Ty

— mild model dependence

x I
T(H — ZZ*) LM H

¢ Prospects at the ESPPU2020: [ Collider

0Ly [%]  Extraction technique
from ref. for standalone result
TLCas0 23 | EFT fit [3, 4]
ILCs00 1.6 | EFT fit [3, 4, 14]
ILC'1000 14 | EFT fit [4]
CLIC3s0 4.7 r-framework [98]
CLIC 1500 2.6 r-framework [98]
CLIC 3000 2.5 r-framework [98]
CEPC 2.8 r-framework [103, 104]
FCC-eeqqyp 2.7 k-framework [1]
FCC-eesgs 1.3 )  &k-framework [1]

¢ Still ongoing effort, 27 channels to cover!



https://link.springer.com/article/10.1007/JHEP01(2020)139
https://repository.cern/records/ysabc-wm427

2107.02686

New ideas for Higgs boson measurements 2106.15438

¢ cte—— HatVs =125 GeV: ¢ cte— — ZHat Vs =217 GeV:

probe electron-Yukawa coupling probe Higgs mass from threshold

— only way to do it? ¢ Needs accurate measurements of Z

¢ Small cross-section = large dataset mass and width at the Z-pole
¢ Beams must be monochromatized ¢ SM—iny assumptions — new

(spread of E_, ~ ') while keeping physics can break the dependency

large beam luminosities ¢ Syst. effects to be evaluated

0.25

FCCee ZH threshold
— my,= 125 GeV I 4.1 MeV m,=91GeV I,=2.5GeV
— A m, = +1GeV
|— A T}y =+1GeV

el g 4 - = Am, =+1GeV
Significance. e’e'— H, s =125 GeV A Ty=41GeV

¢ m_must be known at 4 MeV level
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¢ 5 MeV uncertainty can be achieved
with 5 ab-1

— 10 MeV more realistically

¢ Significance of 1.30/IP/year can be
achieved
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https://arxiv.org/pdf/2107.02686
https://arxiv.org/abs/2106.15438

Example of possible Higgs studies at FCC-ee

Where are we today?

Made a lot of progress over the past years, mainly focused at
the 240 GeV threshold

Missing elements for the Feasibility Study for next 1.5 years
- Higgs @ 240 GeV: WW, ZZ (expansion of H width efforts)
- Higgs @ 365 GeV: the total cross-section, couplings, width
- Tau physics
- Higgs — tau tau can put unique detector requirements
for tau ID and reconstruction
- Synergies with Tau polarization at Z pole
- Others: angular analysis, differential measurements

Top activities
- Threshold mass, width
-  EW couplings ttZ, Vits, FCNCs

I I I - -O FUTURE
CIRCULAEF

I I COLLIDER

Parameter FCC-ee CDR FCCee today

H-WW 1% -

H—-ZZ 3.6 % 4.6 %

H—gg 1.6 % 0.94 %

H—yy 7.5 % 3.5%

H—cc 1.8 % 1.92 %

H—bb 0.25 % 0.22 %

H—pp 15.8 % 19.5 %

Hotr 0.75 % -

Invisible <0.25% <0.18 %

H—ss - 124 %

m,, 2 MeV 4 MeV

r, 1% 4%

K, 42 % 30%

21

J. Eysermans, FFC Physics workshop, Jan 2024
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https://indico.cern.ch/event/1307378/contributions/5721015/attachments/2791532/4869200/Higgs_Top_Performance_FCCWorkshop_Jan2024.pdf

EW precision observables



EWPO: introduction LILOLLIT

¢ Number of expected weak bosons:

1014 Z Bosons W Pairs
=M . 5= 2My
,| /s = M (non default) 5= 240 GeV
|
107 /5 = 250 Gev 5= 250 GeV
El 5 — 380 GeV Vs = 380 GeV
10“] -
S 10
S
mal
3=
100
10
107
k5
100 =
W

LEP

ILC


https://arxiv.org/abs/1910.11775

link
W mass measurement

W-boson mass measurements vs. prediction from g decay
ILC: Baak et al., 1310.6708 FCC-ee: Freitas et al., 1906.05379

experimental accuracy theory uncertainty
oww @ threshold Intrinsic parametric

current|LEP2 ILC FCC-ee|current source prospect|prospect source
AMw[MeV]| 13 | 200 3-6 05-1| 3 o’,0as 1 |[1(0.6) Acnaa

/ S o
" T

complicated basically counting My calculated

reconstructions experiments from o decay
Amoroso et al., 2308.09417

Sensitivity of oww to Mw: g ke et al. 07

oww (s, Mw + d Mw)
oww (s, Mw)

Lozt -

1.01

Ak = 0.1% (0.02%) ¢ 6Mw = 1.5(0.3) MeV
for /s = 161 GeV

S Vi (Gev]
-~ e ” = FCC-ee requires
S somey Atu ~ 0.01-0.04% in oww

0.99
0.58 .“xta,ﬁ MeV Shaded areas / ISR curve:

T some uncertainties of NLO(EFT) calculation,
improveable via full NLO(ee—4f) and NNLO(EFT)
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Physkaksches Instint

S.Dittmaier Physics Landscape 2nd ECFA Workshop on ete™ ..., Paestum, Oct 2023 45


https://agenda.infn.it/event/34841/contributions/203973/attachments/111311/158785/paestum23.pdf

Physics at the Z pole

link

Physics at the Z pole — central EW precision (pseudo-)observables

FCC-ee: Freitas et al., 1906.05379:

experimental accuracy
current ILC FCC-ee

ILC: Moortgat-Pick et al., 1504.01726

intrinsic theory uncertainty
current current source prospect

AMz[MeV]

AT z[MeV]
Asin® 05[107°]
AR,[107°]
AR:[1077]

2.1 — 0.1
2.3 1 0.1
23 1.3 0.6
66 14 6
25 3 1

0.4 & d?as,aa®  0.15

4.5 o, ooy 1.5
11 o:3, a?as 5
6 o, ooy 1.5

Theory requirements for Z-pole pseudo-observables:

» needed:

¢ EW and QCD-EW 3-loop calculations
¢ 1 — 2 decays, fully inclusive

» problems:

¢ technical: massive multi-loop integrals, s

o conceptual: pseudo-obs. on the complex Z-pole (massive - octions Wy P
v h;lgher—orde _obsewab‘e
of pseud®
v concefc gher \evel
at m
S.Dittmaier Physics Landscape 2nd ECFA Workshop on eTe™ ..., Paestum, Oct 2023 42 17
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https://agenda.infn.it/event/34841/contributions/203973/attachments/111311/158785/paestum23.pdf

Electroweak observables

¢ Dedicated program at FCC-ee CEPC

Precision EWK Observables
Submission Inputs: 29, 145, 101, 132, 135

Current

EWPO CEPC | FCC (ee) |
Mz [MeV] 2.1 0.5 0.1
Iz [MeV] 2.1 0.5 0.1
N, [%] 1.7 0.05 0.03
My [MeV] 12 1 0.67
AV [x104] 16 1 <1
sin® 0} [x10] 16 1 0.6 LHeC can measure
Ry [x10°] 66 1 26 sin20,y as f(E).
RO [x107) 2500 200 100

LHeC : Mw to 10 MeV but can measure PDFs allowing HL-LHC to
half PDF uncertainty and achieve O(5 MeV) Mw.
ILC/CLIC : Mw to 5 MeV similar to HL-LHC/TeV average.

f
14/05/19 Mark Lancaster | Electroweak Precision Measurements Eumpgun_‘i@m!@

¢ ILC:
— studies of radiative return to the Z at 250 GeV
— possibility of a 1-year run at the Z pole (3 x 10° Z's)

18



Properties related to the EW bosons AR

¢ > factor 10 improvement wrt current values

Mo A ' Y o
S I 1

PDG: +£2.1 MeV I PDG: +£2.3 MeV - PDG: +12 MeV _: +500 MeV - PDG: + 140 = 104

0.0 0.2 0.4 0.6 0.0 0.4 0.8 1.2 ] 1 2 3 ] 8 16 24 1° 107
[MeV] [MeV] [MeV] [MeV] w104

B Y - -
I I | N 1

10° 107 10 100 10° 10 10" 107 10" 10° 100 10°
%1074 x 104 »x 1074 =10~ x 1074
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L TN N AT [ gvoos
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B B N 1 . 11CGiga”

ILCsp0
ILCz50

- PDG: £16x 104 - PDG: 22 x 104 - PDG: +31 5 104 -PDG:+I?U><IU . B CLIC Giga-Z
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https://arxiv.org/abs/1910.11775

More on the detector requirements

All stolen from this link

¢ General requirements:

"Higgs Factory” Programme
* Momentum resolution at p; ~ 50 GeV of o,;/py
102 commensurate with beam energy spread
* Jet energy resolution of 30%/VE in multi-jet
environment for Z/W separation
* Superior impact parameter resolution forc, b

tagging

12

¢ Benchmarks for the vertex detector
- H— bb/cc couplings
- Br(B—K*t1)~107
¢ Benchmarks for the inner tracker
momentum resolution
— Higgs boson mass
- K —n'n (decay of B* meson)
¢ Benchmarks for Particle ID
— Flavor physics measurements:
B —D* K%, B—>K*vv, B —¢vv, ...

— s-quark jet identification — kaon ID
(H—ss, V, V, , H—bs, FCNCs, ...)

Ultra Precise EW Programme & QCD
Absolute normalisation (luminosity) to 104
Relative normalisation (e.g. l},,4/l;) to 10
Momentum resolution “as good as we can get it”

* Multiple scattering limited
Track angular resolution < 0.1 mrad (BES from pu)
Stability of B-field to 10®: stability of Vs meast.

¢ Benchmarks for calorimetry

— hadronic: H-WW/ZZ jet separation

— electromagnetic: flavor physics

(B.—DK, B,—n’n’, Bs—K*11),
Higgs, new physics searches (e.g.
Z—pe, Ty, ete-—ay—yyy),
bremsstrahlung recovery, tau
polarization (separate T"—p*v—om TV
and T—omV)

¢ Benchmarks for muon spectrometer
- B'—pup

20


https://indico.cern.ch/event/1298458/contributions/5975666/attachments/2874286/5033190/DetectorRequirements_Zhu.pdf

Conclusion

¢ Priority of ESPPU2020 to build a e*e” collider

— > factor 10 improvement on EW precision variables and Higgs boson
parameters

* sensitive to order of magnitude heavier NP in loops

— some measurements impossible at pp colliders (Higgs boson mass and width)

¢ Continuous progress in the prospective studies
— but will have to fulfil the assumptions on the systematic uncertainties

¢ Now that we are progressing to the design of detectors, several EW or Higgs
benchmarks can help comparing the options

21
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EWPO: improvement wrt HL-LHC

?
i "y, “3;? N
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ey g g ey g g gy oy gy gy ey Cecqy Gy g Sy Sy g g,

ILCs59 —n 12 15 1.1 1.1 1.0 1.0 1.0 1.0

ILCsqg —n 12 16 13 18 10 10 1.0 10

CLICsgg -

CLIC509 -

CLIC3000 -8

CEPC - 10

FCCCC'M,U -l

¢ Trilinear gauge couplings

— will achieve precision 10--10
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— about 2-3 orders of magnitude better than LEP

1.3

1.5

1.5

1.6

1.2 1.5
1.2 1.5
1.2 1.6
1. 1.6
1.3 1.6

1.0 1.0
1.0 1.0
1.0 1.0
1.0 1.0
1.0 1.0
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Impact of EWPO (Z pole meas.) on Higgs couplings

: B HL+LCs:; [ HL+ILCsee W HL+CLICas; W HL+CLIC3000 M HL+FCCo.ooq0 I HL+FCCoeass M HL+CEPC

Hliges @ FC WG
May 2019 Dark/Light: SMEFTpey (Perfect EWPO) / SMEFTyp (Global fit)

10 - _____ 7::_:._.;::_. T _ ____ _____ ._::?:-. 10-2

Assuming LEP R

£ p-F-------- 0

& bl

g g
107 - -

Perfect EW measurements

ff f ff ff ff f
g:lﬂZ-Z 9:|w g:lﬂw g::;r g:ltgg g:ltt g:lcc g:lfl:rlh gr-ln' g;'pp 0917 6“\’ Az
Differen t n f preci n h EW tLC (no Z pole run
Can be mitigated by using: (1) High-energies (2) EWPO from radiative return
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Rare decays: light quarks

¢ Constraints on light Yukawa obtained from the upper limits on BR_

K,

Ka

ntagged

Higgs@FC WG

— B FCC-cetFCC-ch+FCC-hh
[ | Egg-ees6s+z4o

— T FCCocorgy

I | | ! — e

I Prccision | Upper bound at 93 % C.L. limit - gﬂg;ggo“”o“so

ILCs00-+350+250
TILCysp
i LHeC (xy < 1)
I B | B HE-LHC (kv < 1)
——————— 0——— HL-LHC (xy < 1)
S
| — —

3% 4% 107! 10° 10! 102 103

o
<
[\)
IS

¢ Hee: very challenging

10*

— FCC-ee: SM sensitivity could be reached in a five year run with a dedicated run
at \/s=mH — to be extended

® Add aleo reach nf HosSmednnc
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Invisible width

¢ Connection between the Higgs boson and dark matter searches
¢ In the SM, BRy,, ., = BR(H—4v) = 0.11%

¢ Current LHC limits ~ 15-20% @ 95%CL

¢ Direct searches for Invisible width: fundamentally different in a hadron
collider (MET uncertainties) and a lepton collider (Z recoil)

— Lepton colliders would improve upon HL-LHC limits by an order of magnitude
— FCC-hh : another order of magnitude: values below the SM

FCCee/eh[th E l[:)iilr::;tBSrj:‘rch
FCCGC365 . Higgs@FC WG

FCC €€240

CEPC

CLIC3000

CLIC 500
ILCs09

LHeC [
HE-LHC

HL-LHC

0 0.5 1 1.5 2 2.5 3
95% CL upper bound on BR,  [%]
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Flne'tunlng 1910.11775

¢ The naturalness problem can be quantified by the ratio € of the experimentally
measured Higgs mass to the quantum corrections to the Higgs mass

— &~ 107*in SM where no New Physics below the Planck scale
— ¢~ 1 if no fine-tuning

w

o N N
< [ Higgs g,

g 107" [_JEwPO =
‘g ]
o _
=

= i
=

210 =

10°

H.{_.,% r, i, Cene ¢, ', Fcc,go ’Q‘h o0

Fig. 3.11: Fine-tuning sensitivity as defined in Sect. 3.1 based on the Higgs coupling and
EWPO precision projections. In each case the highest precision Higgs measurement is shown
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https://arxiv.org/abs/1910.11775

