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

1708.08912

e.g. Λ=1 (5)TeVà~5 (0.1)%

§HL-LHC:
◆Direct searches: O(5) TeV
◆H-couplings:

• Bosons/ 3rd-Gen 
fermions @ few %

• 2nd Gen fermions: maybe 
evidence of Hàcc

• Self-coupling~50%
§Future e+e- collider:

◆Measure H-couplings at 
O(0.1)% level

https://arxiv.org/pdf/1708.08912.pdf
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Higgs production @ e+e-

ECM~365 GeV:
Hvv becomes 

important

ECM ~240 GeV:
ZH production 

dominates
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§Key:
◆Optimal identification (“tagging”) of hadronic decays

• Simultaneously across different flavors
◆ “In-situ” constrain of BKG uncertainties to better than O(1%)
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General strategy

Z boson reconstruction:
- Explore several decay modes
- Recoil mass

Higgs boson reconstruction:
- particular focus on had. decays

[e.g., à bb/cc/gg; ss (?) .. ]

BR(Hàhadrons) ~ 80%
BR(Zàhadrons) ~ 70%
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Jet tagging
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§ Bottom/charm tagging
◆Large lifetime 
◆Displaced vertices/tracks
◆Non-isolated e/μ

7

Basics
bottom jet charm jet

strange jet u,d/g jet
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§ Bottom/charm tagging
◆Large lifetime 
◆Displaced vertices/tracks
◆Non-isolated e/μ

§ Strange tagging
◆Enhanced Kaon fraction
◆Large momentum fraction
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Basics
bottom jet charm jet

strange jet u,d/g jet

2203.07535 Leading 
particle fraction

https://arxiv.org/pdf/2203.07535
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§Big effort to design optimal PID detectors and algorithms to 
exploit their full potential [e.g., ECFA Hàss team, Wiki]
◆ IDEA detector:

9

Strange tagging: Particle ID

Timing layer (TOF) Drift Chamber (dN/dx)

https://gitlab.in2p3.fr/ecfa-study/ECFA-HiggsTopEW-Factories/-/wikis/FocusTopics
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§Big effort to design optimal PID detectors and algorithms to 
exploit their full potential [e.g., ECFA Hàss team, Wiki]
◆ IDEA detector:
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Strange tagging: Particle ID

TOF + dN/dx
Achieve 3σ π/Κ separation for 

up to ~30 GeV momenta 

But:
We need to carefully access 
impact of detector proposals to 
the full Higgs [and not only] 
physics program in general
[more later]

https://gitlab.in2p3.fr/ecfa-study/ECFA-HiggsTopEW-Factories/-/wikis/FocusTopics
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Jet tagging
§Jet representation: Particle cloud (i.e., ParticleNet)

◆ i.e. unordered set of particles
§Network architecture: Graph Neural Networks

◆Particle cloud represented as a graph
• particles: vertices of graph; interactions b/w particles: edges

§Hierarchical learning approach: local à global structures
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particles
O(20) features/particle

pi,1

pi,2

pi

pi,5

pi,3

pi,4

SVi,6

SVi,8

b

c

s

d

g
bb

Identify 
“neighboring” 

particles

u

Future: 
incl. LLP, split gluon class …

PRD 101 056019 (2020)
EPJ C 82 646 (2022)

τParticle
cloud

https://arxiv.org/abs/1902.08570
https://link.springer.com/article/10.1140/epjc/s10052-022-10609-1
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Jet tagging: Performance
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better

better

Εff (s)
Mistag

(g)
Mistag

(ud)
Mistag

(c)
Mistag

(b)

90% 20% 40% 10% 1%

80% 9% 20% 6% 0.4%

Εff (c)
Mistag

(g)
Mistag

(ud)
Mistag

(b)

90% 7% 7% 4%

80% 2% 0.8% 2%

charm-tagging strange-tagging
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ZH analysis
• Three analysis channels

• Z(àLL)H, Z(àvv)H, Z(àquarks)H
• Similar strategy across channels

• Categorize events using ParticleNet score [bb, cc, ss, gg, ..]
• Signal extraction: Fit mH simultaneously across analysis categories

13



FCC Week 2024Loukas Gouskos

§Clean but small signal acceptance
◆Key: disentangle Higgs decays

§NN-based evt-level disc.
◆PNet scores+Evt info

14

Z(àe+e-/μ+μ-)H channel

Event categorization

BKG:
1st order polynomial

SIG:
Double-side Crystal Ball
[same params/category]

Z(àLL)H(àcc) category

Simultaneous mrec fit 
in all categories
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Z(àvv)H channel
§More signal, but larger and more complex BKGs
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Event categorization
- Sum ParticleNet scores of 2 jets

• e.g. scores: b1b2, c1c2, s1s2, …
- Largest ∑: Characterize event

• Subcategories based on S/B

SIG-vs-BKG discrimination
- Different SIG and BKGs shapes in mrec & mjj
- Bump hunt in 2D

• simultaneous fit in all categories

mrec mjj
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§Largest signal acceptance, but.. jets
◆Challenge: Jet-pairing
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Z(àqq)H channel

10

Jet pairs reconstruction flow chart

Four same flavour jets

bbH, H->bb

Highest Score
Per Jet

j=b,c,s,g,τ,u,d

Durham kT
exclusive, njets=4

Two pairs found
Different flavour per pair

One pair found

Three same flavour jets Keep pair with highest
sum or score

pair
finding

Recover pair
Find pair of same
flavor with highest

sum of scores

x2
combinatorics

for all jets

Z, H assignment

x2 per pair fo
ZH

bbH, H->cc

bbH, H->ss

bbH, H->gg

Monte Carlo
samples

(36 categories)

ccH, H->bb

W+W-

ZZ

Z/γ*(qq)

No pair found
2x

1.609 1.621 0.028 1.629 48.992 3.152 42.969
1.949 2.293 0.077 0.524 49.217 36.371 9.569
0.280 0.227 0.044 0.821 89.210 1.251 8.167
0.099 0.079 0.015 49.250 46.210 0.417 3.931
13.861 15.529 0.099 1.593 2.586 8.292 58.041
16.181 18.609 0.209 0.160 0.929 41.730 22.181
13.238 14.614 0.191 0.429 49.524 5.813 16.191
12.852 14.413 0.164 50.169 1.786 4.988 15.627
1.537 1.532 0.016 50.392 2.660 2.587 41.277
1.878 2.236 0.080 50.383 1.597 35.320 8.505
0.095 0.071 0.021 49.239 46.577 0.384 3.614
0.034 0.020 0.011 91.673 1.178 0.107 6.977
3.690 4.167 0.071 1.465 2.592 35.046 52.969
4.889 5.980 0.172 0.145 1.202 66.413 21.198
1.832 2.124 0.127 0.355 49.158 35.256 11.148
1.708 2.030 0.106 49.831 1.646 34.277 10.402
0.321 0.181 43.524 49.745 4.892 0.153 1.184
0.491 0.334 44.373 0.978 51.653 0.561 1.609
2.126 2.361 44.666 0.860 8.560 38.340 3.087
15.367 17.393 46.533 1.124 9.724 4.714 5.145
9.852 3.562 5.884 55.896 9.385 7.984 7.437
10.144 3.651 5.465 10.937 53.432 8.556 7.816
14.792 5.919 6.745 11.400 10.472 37.753 12.918
29.849 13.442 7.325 11.809 10.358 12.503 14.715
3.637 3.754 1.101 50.680 18.486 5.087 17.255
4.165 4.231 1.217 2.537 57.891 7.209 22.749
5.908 6.384 1.498 2.326 23.216 32.273 28.396
13.274 14.529 1.670 2.501 24.567 11.773 31.685
3.382 3.777 0.848 56.735 10.310 7.142 17.806
3.466 3.778 0.899 14.384 51.082 7.671 18.721
5.216 6.038 1.142 16.229 13.046 33.276 25.053
13.109 14.726 1.235 16.847 13.418 11.933 28.732
11.655 3.885 20.270 24.493 18.581 6.250 14.865
12.926 13.157 0.812 1.238 34.131 25.205 12.531
12.071 12.405 2.364 19.911 18.025 18.833 16.392
15.406 9.343 14.321 11.097 15.048 14.101 20.684

U D TAU B C S G
 gg→ cc, H→Z
 ss→ cc, H→Z
 cc→ cc, H→Z
 bb→ cc, H→Z
 gg→ qq, H→Z
 ss→ qq, H→Z
 cc→ qq, H→Z
 bb→ qq, H→Z
 gg→ bb, H→Z
 ss→ bb, H→Z
 cc→ bb, H→Z
 bb→ bb, H→Z
 gg→ ss, H→Z
 ss→ ss, H→Z
 cc→ ss, H→Z
 bb→ ss, H→Z
ττ → bb, H→Z
ττ → cc, H→Z
ττ → ss H→Z
ττ → qq H→Z

 Za→ bb, H→Z
 Za→ cc, H→Z
 Za→ ss, H→Z
 Za→ qq, HZ→Z

 WW→ bb, H→Z
 WW→ cc, H→Z
 WW→ ss, H→Z
 WW→ qq, HZ→Z

 ZZ→ bb, H→Z
 ZZ→ cc, H→Z
 ZZ→ ss, H→Z
 ZZ→ qq, HZ→Z
 qq→ Hνν →Z

WW
ZZ

Zqq
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0.280 0.227 0.044 0.821 89.210 1.251 8.167
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0.491 0.334 44.373 0.978 51.653 0.561 1.609
2.126 2.361 44.666 0.860 8.560 38.340 3.087
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5.908 6.384 1.498 2.326 23.216 32.273 28.396
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3.466 3.778 0.899 14.384 51.082 7.671 18.721
5.216 6.038 1.142 16.229 13.046 33.276 25.053
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1.764 1.745 0.008 1.457 39.152 3.254 52.620
2.753 3.322 0.064 0.234 25.228 58.423 9.976
0.229 0.167 0.026 0.515 89.881 1.014 8.168
0.026 0.015 0.004 83.264 13.426 0.104 3.161
9.909 10.869 0.028 1.656 2.528 6.760 68.250
9.589 11.167 0.089 0.117 0.711 61.448 16.880
2.898 2.922 0.030 0.228 84.564 1.869 7.489
2.202 2.449 0.016 87.019 0.952 1.018 6.343
1.692 1.637 0.005 41.832 2.477 2.828 49.529
2.799 3.360 0.080 26.049 1.672 56.704 9.335
0.090 0.063 0.014 21.445 74.468 0.435 3.485
0.033 0.015 0.009 91.164 0.838 0.119 7.821
3.431 3.792 0.026 1.539 2.562 23.930 64.720
4.770 5.967 0.082 0.118 0.988 69.696 18.378
0.517 0.552 0.024 0.233 83.684 9.132 5.857
0.367 0.367 0.011 86.756 0.896 7.110 4.493
0.513 0.276 79.282 10.624 8.019 0.223 1.063
0.594 0.324 76.205 0.978 20.197 0.371 1.331
1.154 0.944 77.333 0.864 11.682 7.308 0.715
4.177 3.719 77.222 0.977 11.972 1.067 0.865
6.983 1.508 2.087 72.113 6.867 4.941 5.500
7.614 1.746 1.794 12.482 64.049 6.041 6.275
13.807 4.851 2.496 14.742 12.485 39.131 12.489
31.150 11.558 2.603 15.303 12.660 12.425 14.302
1.617 1.603 0.441 68.853 11.812 2.442 13.231
2.369 2.301 0.551 2.055 66.696 5.147 20.881
5.054 5.357 1.007 2.171 22.644 33.537 30.230
13.070 14.048 1.265 2.365 24.559 10.404 34.288
2.460 2.686 0.505 64.308 8.820 5.339 15.882
2.644 2.801 0.570 15.587 54.841 6.010 17.547
4.660 5.367 0.888 19.343 14.310 30.719 24.713
11.813 13.121 0.981 20.021 14.931 10.784 28.349
9.459 4.054 14.189 31.419 19.257 5.743 15.878
14.904 15.886 0.714 0.699 26.327 32.370 9.101
12.637 12.547 2.364 21.372 19.346 18.944 12.790
19.794 8.654 21.579 9.041 16.944 12.069 11.919
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U D TAU B C S G
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2.799 3.360 0.080 26.049 1.672 56.704 9.335
0.090 0.063 0.014 21.445 74.468 0.435 3.485
0.033 0.015 0.009 91.164 0.838 0.119 7.821
3.431 3.792 0.026 1.539 2.562 23.930 64.720
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4.660 5.367 0.888 19.343 14.310 30.719 24.713
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12.637 12.547 2.364 21.372 19.346 18.944 12.790
19.794 8.654 21.579 9.041 16.944 12.069 11.919
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§Similar strategy for signal extraction
◆Bump hunt in mZ & mH simultaneously in all categories

17

Z(àqq)H channel (II)

90 100 110 120 130 140 150 160 170 180 19050

60

70

80

90

100

110

120

h2_Hbb

Z(àbb)H(àbb) category

mH

m
Z

90 100 110 120 130 140 150 160 170 180 19050

60

70

80

90

100

110

120

h2_ZZSignal ZZ BKG

mH
m

Z



FCC Week 2024Loukas Gouskos

§Details
◆Signal & most BKGs: free floating parameters 

[correlated across categories]
◆Systematics: Signal 0.1%, BKG 5% [constrained to <1%]
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Results @240 GeV

Decay 
mode

Z(àLL)H(àjj) 
[%]

Z(àvv)H(àjj) 
[%]

Z(àjj)H(àjj) 
[%] Combination

Hàbb 0.55 0.24 0.20 0.15
Hàcc 3.35 1.77 2.38 1.20
Hàss 280 93 296 80
Hàgg 1.86 0.75 1.63 0.65

ECM = 240 GeV [10.8 ab-1, 4 IP]
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§Similar strategy to 240 GeV
◆Tuning of event-level variables
◆WWH & ZH are fitted with

a shared signal strength 
parameter
• Focus on BR determination

19

Results @365 GeV [hot-off-the-press]

365 GeV - selection

13

llH 𝜈𝜈H

365 GeV - selection
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llH 𝜈𝜈H
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§Modest increase in sensitivity O(10%)
◆but: Jet tagger has never seen this regime [poor performance]

§Expect significant improvement

20

Results @365 GeV [hot-off-the-press]
ECM = 365 GeV [2.3 ab-1, 4 IP]

Decay 
mode

Z(àLL)H(àjj) 
[%]

Z(àvv)H(àjj) 
[%]

Z(àjj)H(àjj) 
[%] Combination

Hàbb 1.23 0.68 0.52 0.39
Hàcc 8.20 3.95 4.68 2.83
Hàss 1153 214 664 201
Hàgg 4.24 2.51 4.15 1.92
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§Meet physics goals
◆ Improve precision by O(10) wrt HL-LHC
◆Extend to couplings that are [probably] impossible at the HL-

LHC (charm, strange ?)

21

Instead of summary

Opportunity to fully establish second generation charged fermions!
à Impossible at the HL-LHC/hadron colliders
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§Meet physics goals
◆ Improve precision by O(10) wrt HL-LHC
◆Extend to couplings that are [probably] impossible at the HL-

LHC (charm, strange ?)

§ In parallel: Lot’s of effort on detector design
◆What’s the most optimal way?

• optimal: e.g., performance, cost, risk, ..
§This analysis: Framework to access impact of detector 
proposals to the full Higgs physics program
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Instead of summary

Opportunity to fully establish second generation charged fermions!
à Impossible at the HL-LHC/hadron colliders
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§FastSim based [need to repeat using FullSim]
23

Impact of detector configuration: Hàcc

Pixel detector
Optimal:

δ(BR(Hàcc))~2%

Pessimistic:
δ(BR(Hàcc))~2.7%
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§Should systematically access impact of detector 
developments in physics benchmarks

24

Impact of detector configuration: Hàss
PIDOptimal:

δ(BR(Hàss))~100%

Pessimistic:
δ(BR(Hàss))~140%

Optimal:
δ(BR(Hàss))~100%

Pessimistic:
δ(BR(Hàss))~120%

Calorimetry
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Extra slides
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Impact of detector configurations

26

Ideal from 
MC

better

better

charm-tagging [PIX layer]strange-tagging (timing)

dN/dx brings most of the gain
additional gain w/ TOF (30ps)
àTOF (3ps): marginal improvement

Additional PIX layer:
à 2x improved BKG rej. in c-tag
à Marginal/no improvement in b-tag

EPJ C 82 646 (2022)

https://link.springer.com/article/10.1140/epjc/s10052-022-10609-1
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Jet tagging: robustness
§ParticleNet-ee: trained with Pythia8 samples

◆ tested on Pythia 8 [solid lines]
◆ tested on WZ-Pythia 6 [dashed lines]

27

Modest dependence
[still many tricks to reduce the dependence]

bottom-tagging gluon-tagging
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Improving robustness

28

§Current development relies solely on MC
◆Full control of class definition, lot’s of [MC] data [~2M jets flavor]

• but: MC != Data; potentially lead to large uncertainties
o NB: it’s also not Full SIM ..
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Improving robustness: The Z-pole

29

§Another route: collision data
◆ [Obvious] advantage: much smaller syst unc.

§How: Tag-and-probe @ Z pole
◆First: Tag one of the two jets with high purity

• e.g. by using a pretrained MC-based algo
◆Then: create a training sample using the 2nd jet (probe).

Zàhadrons ~70% 0.7x106 M

à uu/cc ~12%/flavor 8.4x104 M/ flavor

à dd/ss/bb ~15%/flavor 1.1x105 M/ flavor

FCC-ee @Zpole
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Improving robustness
§Take into account tagging performance [& mistag rates]

§Back-of-the-envelope: Training sample @ Zpole
◆bottom jets: ~1x105 M, strange jets: ~8.8x104 M

• all other jet flavors in between
◆Much larger training sample than what used for the MC-only 

development 
30

WP Εff 
(b)

Mistag 
(g)

Mistag 
(ud)

Mistag 
(c)

Loose 90% 2% 0.1% 2%

Medium 80% 0.7% <0.1% 0.3%

WP Εff 
(s)

Mistag 
(g)

Mistag 
(ud)

Mistag 
(c)

Mistag
(b)

Loose 90% 20% 40% 10% 1%

Medium 80% 9% 20% 6% 0.4%

Best case: b-tagging “Worst” case: s-tagging
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Gluon tagging using data?
§Challenging… topic of discussion and brainstorming

◆For instance:

31
To be tested

b-tagging: 
~90% eff.

b-tagging: 
~90% eff.

- 3rd jet is a gluon:
O(1-10%) depending on
momentum, angle

- Still more than enough for 
developing the gluon-
category


