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FCC : a great Higgs factory (and much more) for the future generations

 Future Circular Collider: proposed 91 km circular collider @CERN after HL-LHC, with 4 interaction points (IP), in two stages:
- FCC-ee: eter s=91—-365 GeV (Z, WW, ZH, ttbar) 16 yrs, start around 2045 (and maybe ete- — H at \/s = 125 GeV)
- FCC-hh: pp Js=100 TeV 25 yrs, start around 2070

« Amazing potential for precision Higgs measurements

FCC-ee: ZH and VBF @ ,/s=240, 365 GeV FCC-hh : ggF, VBF, ttH, VH @ ,/s=100 TeV
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Higgs physics at the FCC
- Broad potential for Higgs measurements
» FCC-ee:
- Clean environment (ete-), small backgrounds, high signal efficiency for most Higgs decays = large S/B
» FCC-hh:

- Hadronic environment and larger backgrounds, but huge yields = unprecedented accuracy for specific key measurements i.e.
rare decays and multi-H production

« Wide experimental program summarised in the next slides

fundamental properties (mass, width)

total production cross-section

couplings to other particles (model-independent, absolute determination)

self-coupling

- Sensitivity studied with full analyses of parametrised detector simulations based on performance predicted by Geant4 simulations
* Previous numbers for CDR in 2020 based on extrapolation of yields from ILC full simulations

» Most of the analyses limited by statistical uncertainty; precision depends on detector performance
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Precision & model-independent Higgs physics at the FCC-ee

« “Recoll” technique allows tagging Z—ff and identifying in a clean, efficient, inclusive way ZH events = measure total ZH cross-section

- State-of-the-art next-gen detectors = reconstruct & identify efficiently many Higgs boson decays = measure BR = couplings, width
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- VVBF at 365 GeV provides essential additional information on couplings (gnww) and width
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Higgs mass @ FCC-ee

Target <O(10) MeV uncertainty to control radiative corrections on o and BR at <% level

Higgs mass from position of peak of mrecoil distribution in Z(l)H events (I=e, y) — S~100k after selection (90k @ 240 GeV, 11k @ 365)
2 leptons with opposite sign and same flavour, mi~mZ, pi~few tens of GeV

« Fit performed in 2 lepton-flavour categories in Mrecoil region around mn

Systematic uncertainties (beam energy spread, /s, lepton energy scales) = 2.5 MeV @ ,/s=240 GeV, dominant: /s, dm~2 MeV

Sensitivity with baseline detector compared to alternative configurations

10.8/ab at 240 GeV
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10.8/ab at /s=240 GeV : &m =4 MeV (3.1 @ 2.5)

Mildly affected (<15%) by detector scenario
<1% improvement on &m from combination with \/s=365 GeV analysis. Other Z channels to be investigated
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Total ZH cross section (and grzz) @ FCC-ee

» Reconstruct Z(ll)+X events, train BDT to separate signal from backgrounds, and fit BDT score to determine signal cross-section

+ Selection similar to mn analysis (slightly looser for model independence), similar signal yields

-+ Analysis performed at both 240 and 365 GeV

FCCAnalyses: FCC-ee Simulation (Delphes)
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BDT Score

10.8/ab at \/s=240 GeV : 60 = 0.599% (0.592% stat-only)
3.0/ab at \/s=365 GeV : 60 = 1.48% (1.42% stat-only)
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CP structure of the HZZ coupling @ FCC-ee

- Use angular distributions in Z(ll)H recoil analysis at 240 GeV to constrain anomalous CP-odd coupling

- Tighter selection = S ~20k, S/B~3 for Z(puu)H

 Matrix-element reweighing of signal events to obtain - [‘%11 O)ng
templates for different CP-hypotheses, fit to extract fcp fCP = CP odd Cp
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—-CC-ee 10.8/ab @ 240 GeV : &fcpH4Z ~ 4.4*105
Developed tools & analysis strategy to be extended to more channels
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events

Higgs width @ FCC-ee

* ['H determined from total oz4 and exclusive ozHizz :

g «

og(ete™ - ZH)?

olete- > ZH,H » ZZ)

- Several final state configurations and signatures due to different Z boson decays (ll/vv/qq) and the Z boson they come from
+ Analysis of 5 final states performed: Z(ll) + Z(vv)Z*(qq); Z(ll) + Z(gg)Z*(vv); Z(vv) + Z(I)Z*(qq); Z(l) + Z(ga)Z*(ga); Z(qq) + Z(99)Z*(gQ)

« Preselections to identify Z—Il and remove from jet clustering; exclusive N=2,4,6 jet clustering depending on final state; orthogonality ensured
by requirements on n(leptons) / missing energy / dijet mass / recoil mass

- Multi-class BDTs trained for signal/background separation; oznizz from template-fit or cut&count analysis using ZH(ZZ*) BDT score
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Hadronic Higgs decays @ FCC-ee (quark Yukawa and gluon couplings)

- 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 to Mrecoil (Z—11), Myvis VS Mmiss (VV), Mrecoil VS Mjj (QQ) in the categories to extract the BRs

+ Also determine BRs of Higgs to 1T, WW and ZZ as byproduct (fully hadronic decays) - but can do better with dedicated analyses

Hbb ﬂ 0.62 1.4 0.017 0.44 . 0.001

Hcc 0031 1.1 078 11 0.001
Hgg S, 2 n 13 13 5.3 0.001

Hss -JSAR} 0.19 e 2.8 el 0.002

HWW SRSALPS SR 4.5 P i /1 9.8 0.72

True label

HZZ 6.3 4.5 4.6 5 20 39 0.51

0 0 0.003 0 0.083 0.005

Hbb Hcc Hgg Hss HWW HZZ Htautau
Predicted label

10.8/ab at \/s=240 GeV : 60

Htautau
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S
3/ab  at\/s=365 GeV : expect reduction of 6B

Higgs physics opportunities at FCC - 18/07/2024

OoBR/oBR
Z(INH(jj) %

OoBR/oBR
Z(VWH(jj) %

OoBR/oBR
Z(qq)H(jj) %

Js=240 GeV only

BR(SM)

H—bb 0.7 0.4 0.3 58 %
H—cc 4.1 2.2 3.3 2.9 %
H—gg 2.2 1.1 3.1 8.6 %
H—ss 230 150 440 0.024 %
H—WW—had 1.8 1.1 8.7 10 %
R/0BR = 0.22% (bb), 1.7% (cc), 0.9% (gg), 120% (ss), 1.1% (WW)

R/BR by ~10% in combination with 240 GeV




Higgs decays to quarks @ FCC-ee: 1st gen (uu, dd) and FCNC

- Extension of previous analysis using MVA with additional output classes (uu/dd/...) and floating freely in the final fit the normalisations
of six additional Higgs decays
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95% CL UL on oBR at 104 — 103 level with only vvjj final state at 240 GeV
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Rare Higgs boson decays: yy, Vv, 2V

+ @ FCC-ee, /s=240 GeV, H—pp and yy in ZH events

« Select events with 2 high-momentum muons or photons, minv~mn, recoil mass~mz

« Simultaneous fit to miny distributions in 4 categories.

« @ FCC-hh, /s=100 TeV GeV, H—py, vy, Zy

(~300 H—pp, 4000 H—vyy after selection in 10/ab)

- Classify events into 4 categories (Z—-ee, yy, vv, qq) based on number and flavor of leptons, and missing momentum

Largest sensitivity from Z(qq) (upy) or Z(vv) (vy)

- Huge yields (60M yy, 40M Zy, 6M ppu) & state-of-the art detectors to kill reducible backgrounds from mis-id
- Measure 0*BR(H—X) normalised to c*"BR(H—4l) and scale by FCC-ee BR(H—4l) = BR(H—X)
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Higgs boson decays to invisible final states @ FCC-ee
« FCC-ee @ 240 GeV: search for H—invisible in ZH, Z—Il/gq

- 5 final states/categories based on number of leptons (2e, 2y, 0 e+u) and, for O-lepton, number of b- or c-tags (bb/cc/qq)

 Further split of Z—qq category in jet-multiplicity categories (<=2, 3, >=4)

(WW bkg T, dilepton bkg | with Njet T)

- Z boson candidate formed by 2 leptons (Z(ll)) or all reconstructed particles (Z(qq)), Minv~mz

* pmiss> 10-20 GeV to suppress dilepton bkg

- Signal yield and BR from fit to mmiss distribution (floating signal/WW/ZZ, constraining ZH(other) and dilepton background)

< 2 jets

n - FCC-ee Simulation (Delphes)
35000 [
O - Vs =240.0 GeV, L=5ab’

-7 — qq, Br(H— inv.) = 100%
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25000 | mm zH(sig)
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- B 2z

- IRwwW

- wZ
15000 1z

20000

10000 |
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Missing Mass [GeV]

~CC-ee 10.8/ab @ 240 GeV : 60
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R/BR=0.045% = 20 measurement in SM case (

Dominated by Z(gqg) channel, limited by stat uncertainty
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HIggs boson self-coupling

« FCC-ee: constrain kax=AMAsm from single Higgs rate measurements, since k) induces EW corrections to LO predictions

(’+ Z Z _ ]‘
.| oiNLo = Zuoiro(l + KkxCi;)  Zn =1 262,  9Zn~—0.00154
) * ' ] ] .
. - 0.02 F ete™ = hZ -
- C1 depends on /s = use measurements at 240 and 0015;- ‘i( - j’;:( : -
365 GeV to lift degeneracy between two solutions ootk ce :
. Expect 6Ky = 28% with 240 + 365 GeV runs : —\
0.005 -
5 \ x 0.1
. . . . OF =
« At FCC-hh, constrain k) from Higgs pair production - T
200 500 1000 3000
g 00000 X e H /3 [GeV]
b 4 - & : Stat only Syst 1
g TTTTT TN <~ H No assumption on | 3.2% 3.6%
m, resolution
- Sensitivity dominated by bbyy, but several additional final IWeeVmgres | 2a% 2.7%
states investigated (bbtt, bbWW, 4b) 5 GeV my, res 2.0% 2.3%
3 GeV m res 1.8% 2.0%

—CC-ee 2404365 GeV  : Oky= 28%

-CC-hh 100 TeV (30/ab) : ok < 3% for mpp resolution = 10 GeV
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Higgs couplings to 1st gen fermions: the case for a run at \/See=125 GeV

 Dedicated run at \/s=125 GeV could allow probing electron Yukawa coupling in s-channel (only way to access couplings to 1st gen)

« Requires knowledge of Higgs mass to < 5 MeV, large luminosity, excellent beam chromatisation (energy spread ~ ['H)

Many Higgs decays considered, preselection followed by cut&count analysis on binary BDT classifier (signal vs background)

Target Higgs decay Final state definition Signal presel. efficiency
- Energy spread: H — bb 2 (excl.) jets, 1 b-tagged jet, no Tyaq 80%
05— gfg1 MeV H — gg 2 (excl.) gluon-tagged jets, 0 isolated 0= 50%
E — 98 =7.MeV H— Thad Thad EX&Ctly 2 Thad 0 isolated Ei 65%
~ [ 5 =15 MeV H — cc 2 (excl.) jets, 1 c-tagged jet, no 1, 70%
O 04 ) ) ad
"i - g:?goMJZv ZOO ab H—> WW" — 2 1 isolated £*, E ;. > 2 GeV, 2 (excl.) jets ~100%
@€ 03 H— WW* — 202v 2 isolated opp.-charge Zi, E_ i« > 2 GeV, 0 non-isol. Ei, 0 charged hadrons ~100%
:T: : H— WW" — 45 4 (excl.) jets, > 1 c-tag jets, 0 b-,g-tag jets; 70%
08 0.2 jets with m ;o ® mw not both c-tagged, 0 7,,4, 0 isolated 0=
- - H— 77" — 2j2v 2 (excl.) jets, Eis > 30 GeV, 0 isolated £*, 0 Ti,.q ~100%
01 H— 727" — 2025 2 isolated opposite-charge £=, 2 (excl.) jets, 0 Thaq ~100%
j/// -------- O =eemer e, ST H— ZZ* — 202v 2 isolated opp.-charge Zi, E_ ..« > 2 GeV, 0 non-isol. Ei, 0 charged hadrons ~100%
o P Y S M H—~vy 2 (excl.) isolated photons ~100%
124.99 124.995 125 125.005 125.01
s (GeV)
> 30 arXiv:2107.02686
2 20
©
@
o
Q.
@ 10
L

8/ab/yr (4 IP) with 0=7 MeV: 1600 ee—H/yr = ye<1.6 yeSM In 2 yrs

To reach sensitivity to SM need optics w/ excellent
monochromatisation AND Linst
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https://arxiv.org/pdf/2107.02686
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Conclusion

» FCC provides exciting opportunities for wide Higgs physics program with
unprecedented accuracy

« Sensitivity of many measurements studied with parametric simulations
based on realistic performance of FCC detector concepts

« L =10.8/ab @240 GeV, 3/ab @365 GeV, 16/ab@125 GeV, 30/ab@100 TeV

« Impact of alternative detector scenarios or more conservative performance
assumptions has so far shown limited impact on projections

+ Analyses still being optimised, some not performed yet
(esp. @ 365 GeV, separating ZH/VBF, and global combination+coupling fit)

 Lots of work ongoing to implement full simulation + reconstruction algorithms
of the detector concepts for ultimate assessment of expected sensitivities

« TH effort needed to match experimental uncertainties in interpretation of results

everybody interested to join us is welcome!
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Parameter FCC-ee
MH 4 MeV
[ H 2.9 %
. 0.6 % (240 GeV)
1.5 % (365 GeV)
oBR(H—Z2) 2.8 %
oBR(H—WW) 1.1 %
oBR(H—gQg) 0.9 %
oBR(H—Y) 3.1 %g@%%
oBR(H—2Zy) " \(\Q‘
oBR(H—bb) X 0.2 %
oBRH—-TT) 0.9 %
oBR(H—cc) 1.7 %
oBR(H—ss) 120 %
oBR(H—pp) 16 %
oBR(H—inv.) 0.045 %
Ve < 1.6 yeSM
T 101~ 10
K\ 28 %

0.8 %
1.8 %

1.3 %

2.1 %
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| atest FCC-ee parameters

FCC-ee parameters Z WW ZH ttbar
Vs GeV 88 - 94 157.2 - 162.5 240 350-365
Inst. Lumi / IP 1034 cm? s~ 182 19.4 7.3 1.33
Integrated lumi / 4IP ab™ / yr 87 9.3 3.5 0.65
N bunches/beam - 10 000 880 248 36
bunch spacing ns 30 340 1200 8 400
L* m 2.2 2.2 2.2 2.2
crossing angle mrad 30 30 30 30
vertex size (x) Hm 5.96 14.7 9.87 27.3
vertex size (y) nm 23.8 46.5 254 48.8
vertex size (z) mm 0.4 0.97 0.65 1.33
vertex size (t) ps 36.3 18.9 14.1 6.5
Beam energy spread % 0.132 0.154 0.185 0.221
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