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hh production and signal model

hh production mechanism
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• dominant production through gluon-gluon fusion; 
• signal model simulated using Madgraph5_aMC@NLO, 

using NLO reweighting with finite top mass effect correction implemented 
through Form Factor 
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Parton shower choice and EFT approx validation

10

Using different PS.
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T

p

@LO: Herwig++ and Pythia6 agree, while Pythia8 predicts an harder spectrum; 
@NLO: ME+Herwig++, ME+Pythia8 agree with the LO Herwig++ and Pythia6

• Comparison between LO calculations with 
finite top mass correction with NLO ones for 
different Parton Showers 

•  Pythia8 shows an hard pThh spectrum when 
using LO simulation not shown by the other 
Parton Showers 

• Prefer to use Herwig++ for signal simulation

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

d
�
/d

m
h
h
[f
b
/G

eV
]

LO

NLO FTapprox

NLO

300 400 500 600 700 800 900 1000
mhh [GeV]

0.5
1.0
1.5
2.0

K
fa

ct
or

p
s = 13TeV

0.00

0.05

0.10

0.15

0.20

0.25

d
�
/d

p T
,h

[f
b
/G

eV
]

LO

NLO FTapprox

NLO FTapprox (Reweight)

NLO

0 100 200 300 400 500
pT,h [GeV]

0.5
1.0
1.5
2.0

K
fa

ct
or

• full NLO computation with finite 
top mass effect available [S. 
Borowka et al. JHEP 1610 
(2016) 107]

• our approximation (FTapprox) 
quite in good agreement with full 
calculation 

• possible to reweight the mhh 
distribution to reproduce also the 
pTh 

• now available in Powheg, 
aMC@NLO

plot from S. Jones 
private communication

plot from S. Jones 
private communication
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 4

hh→XY branching fractions

● Main background:
with same final state

● Main discriminant variables:
 M

bb
, ∆R

bb
, ∆R

WW

● Kinematics can be closed
● Crucial to have good, E

T

miss and 

jet, p
T 
and angular

  
resolution 

● Challenging in high pile-up 
environments.

     hh   decays

hh

● BR lνjj bb   ~ 7% of the total 
● 4j channel also interesting to exploit, 

but overwhelming QCD background 

σ(100 TeV) / σ(14 TeV)∼  × 40(32) for HH (tt)  

hh decay channels

The Higgs boson can decay to different final states:  

• 4b, WWbb are the dominant ones 
• γγbb, ZZbb are the cleanest one

• 4b, γγbb have been already studied in the present 
physics-report 

• For WWbb there is a feno-paper in the 1-lepton final 
state:  PRD87 (2013) 0011301 claiming for 4σ 
observation with 600 fb-1 @14 TeV, preliminary CMS 
results with 3.2 fb-1 of 13 TeV data in the 2-lepton 
final state find much worse results [CMS-PAS-
HIG-16-024]

Δσ/σ Δλ/λ

γγbb 1.3% 2.5%

4b 25% 
 (S/B ~2%)

200%

ZZbb, 4l ~30% ~40%

results from the 
2016 FCC 

physics report

  30 ab-1

In this presentation, 
focus on two final 
states: 

         WWbb, ZZbb
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less interesting:
tth, bbh coupling

Interesting: 
self-coupling 

hh Production mechanism 

∼  × 40 at 100 TeV wrt to 14 TeV

● Triangle mainly contributing 
to very low m

hh
, 

● but moderate m
hh 

can be 

sensitive through 
interference with top-box.
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Sensitivity to λ and MC events simulated?
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less interesting:
tth, bbh coupling

Interesting: 
self-coupling 

hh Production mechanism 

∼  × 40 at 100 TeV wrt to 14 TeV

● Triangle mainly contributing 
to very low m

hh
, 

● but moderate m
hh 

can be 

sensitive through 
interference with top-box.

low mhh feasible for ZZbb, 
less for WWbb

sample σ(pb) Nevtsgen

hh 1.4 1M
t-tbar

l±νqqbb 4.1×103 10M
τ±νqqbb 0.2×103 2M
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Pile-up at FCC-hh

Optimizing integrated luminosity of future hadron colliders, M. Benedikt et. al.

LHC condition FCC-hh condition

For 5 ns bunch spacing Pile-up → Pileup / 5  

For bunch spacing of 25 ns

Configurations chosen for this study:
Pile-up = 50    Pile-up at Phase 1 at  5 ns

Pile-up = 200  Pile-up at Phase 1 at  25 ns OR Phase 2 at 5 ns  

Pile-up at FCC-hh Pile-up simulation 100k Herwig++ 2.7.1 min-bias events 
overlapped to the hard process using Delphes
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Pile-up conditions and detector simulation

pile-up configuration used in this 
presentation

• WWbb  50, 200, 900 vertices, ZZbb 1000 

Simulation of the 5 ns low and high luminosity 
phase and of the 25 ns high luminosity phase

 7

 Base-line geometry 
 Twin solenoid  + 
 Dipole magnetic system

Tracker Fwd Tracker 

EMCAL

HCAL
Coil+Cryostat

Dipole

Muon system

Detector simulation with
   

Delphes git trunk: ZZbb 
Delphes 3.3.2:     WWbb
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Detector Parametrization - Tracker

z
0
  resolution

σ z
0
 = 0.01 mm , p

T
<5 GeV

σ z
0
 = 0.005 mm , p

T
>5 GeV

Tracker momentum resolution

B-tagging
Efficiency for light jets       0.1 %
Efficiency for c-quark jets     4% 
Efficiency for b-quark jets    75%

Caveat: same parametrization 
used for Pile-up 50 and 200

z
0
  resolution (*)

● in |η|<2.5
σ(z

0
)= 0.01 mm , p

T
<5 GeV

σ (z
0
)= 0.005 mm , p

T
>5 GeV

● In 2.5<|η|<4
σ(z

0
)= 0.1 mm , p

T
<5 GeV

σ (z
0
)= 0.05 mm , p

T
>5 GeV

● In 4.0<|η|<6.0
σ(z

0
)= 1.0 mm , p

T
<5 GeV

σ (z
0
)= 0.5 mm , p

T
>5 GeV

* in official card
z

0
  resolution constant 

for |η|<2.5 for all η   

Calorimetry

Tracking

WWbb

ZZbb

Fwd dipole not used in the ZZbb case

ECAL granularity: 
0.0125 x 0.0125  |η| < 2.5 
0.025 x 0.025  2.5 < |η| < 4.0 
0.05 x 0.05     4.0 < |η| < 6.0 
ECAL Energy Resolution: 
σ(E)/E = 10% / √E ⊕ 1 % 
|η| < 6.0

HCAL granularity: 
0.05 x 0.05 |η| < 2.5 
0.1 x 0.1 2.5 < |η| < 4.0 
0.2 x 0.2 4.0 < |η| < 6.0 
HCAL Energy Resolution: 
σ(E)/E = 50%/√E⊕3 % |η| < 4.0 
σ(E)/E = 100%/√E⊕5% |η|< 6.0

Efficiency c-quark jets: 
4 %  |η| < 2.5 
3 %  2.5 < |η| < 4.0 ZZbb 

Efficiency light-quark jets: 
0.1 % |η| < 2.5 
0.075 %  2.5 < |η| < 4.0 ZZbb 

Efficiency b-quark jets: 
75% WWbb 85 % ZZbb |η| < 2.5 
64%  2.5 < |η| < 4.0 ZZbb
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Detector parametrisation
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Object reconstruction and performances

 13

Reconstruction Performances of Jets:
 η dependence 

● Deterioration of jet response resolution 
with increasing η

● Expected due to higher pile-up signals

|η|<2.5 2.5<|η|<4.0

4.0<|η|<6.0
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Missing ET resolution

Reconstruction Performances of Jets and MET 

Jet angular resolutionJet pT response
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Jet angular resolutionJet pT response
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Missing ET resolution

Reconstruction Performances of Jets and MET 

Jet angular resolutionJet pT response
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Missing ET resolution

Reconstruction Performances of Jets and MET 

Jet angular resolutionJet pT response

✦ Particle Flow Reconstruction

✦ Jets

✦ Missing Transverse Energy

• Using charged hadrons, muons, electrons and calorimeter towers to 
build particle-flow objects 

• Tracks from pile-up are rejected if |Z0 � ZPV| >
p

�2(Z0) + �2(ZPV)

• Anti-Kt (Fast Jet) algorithm 
• particle-flow objects as inputs 
• R = 0.4 
• Jet Area pile-up correction: 
• private calibration to particle level 
• pTjet > 20 GeV

pcorrectedT = prawT � ⇢ · JetArea

• Anti-Kt (Fast Jet) algorithm 
• negative vector sum of Jets, after pile-up correction and calibration

 12

Reconstruction

 Particle Flow Reconstruction:
    Using charged hadrons, muons and electrons to build
    particles flow objects = 

Tracks & Calorimeter deposit – charged deposit

● Tracks from Pileup are rejected if | z
0
- z

PV 
| > √ σ2 (z

0
)+ σ2 (z

PV
)

 Jets
 Anti-Kt (FastJet) JetAlgorithm 
 Particle-flow objects as inputs
 cone 0.4
 Jet Area pile-up correction:

● p
T

 jet, corrected = p
T

jet,raw -   ρ � Areajet

 Private calibration to the particle level:
● Evaluate <p

T

reco jet/ p
T

true jet> vs p
T

reco jet,ηreco jet

● Numeral inversion scale:

 p
T

reco jet calibrated  = f (<p
T

reco jet/ p
T

true jet>, p
T

reco jet,ηreco jetp
T
 ) 

p
T

reco jet calibrated >20 GeV

 Missing Transverse Energy:
      Negative vector sum of Jets, after pile-up correction and calibration

π±

9
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Discriminant variables at various pile-up 

Clear deterioration from 
Pileup = 50 to 200
Pile-up = 900 seems very difficult

Mbb invariant mass
Rbb invariant mass

Discriminant variabes at various pile-up conditions
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Study of detector parameter variation

 16

Detector parameter variations: Calorimeter resolution

● Pile-up = 50 used
● Very small differences
● Effects likely washed-out

by pileup  

Mbb invariant mass

Missing ET resolution

Jet angular resolution
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Detector parameter variations: Calorimeter resolution

● Pile-up = 50 used
● Very small differences
● Effects likely washed-out

by pileup  

Mbb invariant mass

Missing ET resolution

Jet angular resolution
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Detector parameter variations: Calorimeter resolution

ECAL Energy resolution
σ E/E = 10% / √E ⊕ 1%

ECAL Energy resolution
σ E/E = 5% / √E ⊕ 1%

ECAL Energy resolution
σ E/E = 20% / √E ⊕ 1%

HCAL Energy resolution
 σ E/E = 50% / √E ⊕ 3% in |η|<4
 σ E/E = 100% / √E ⊕ 5% in 4 < |η|<6

HCAL Energy resolution
 σ E/E = 50% / √E ⊕ 3% in |η|<4
 σ E/E = 100% / √E ⊕ 5% in 4 < |η|<6

HCAL Energy resolution
 σ E/E = 25% / √E ⊕ 3% in |η|<4
 σ E/E = 50% / √E ⊕ 5% in 4 < |η|<6

Nominal Calorimeter Resolution

Calorimeter Resolution “Up”

Calorimeter Resolution “Down”

● Constant term driven by requirement on Multi-TeV physics
● Here  stochastic term is varied

● Factor 2 Up and Down, HCal only Down 
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Particle flow versus calorimeter tower jets

 19

Particle Flow vs Calorimeter based Jet reconstruction

Mbb invariant mass Jet angular resolution

Pileup = 50

Pileup = 200

Pileup = 50

Pileup = 200

● Deterioration using calorimeter based reconstruction
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• Final state very close to the ttbar background, possible to 
disentangle the two only through the use of many variables 

• Ideal analysis would exploit all mass constraints through a kinematic 
fit, profit of different angular and spin correlation through an MVA 
analysis 

• This is just the first attempt, tried to use a simple cut based analysis, 
to train the machinery 

• at least one isolated lepton with pT > 15 GeV, |η| < 2.5  use the 
Higgs mass constraint to compute the neutrino longitudinal 
momentum 

• at least 4 jets with pT > 20 GeV |η| < 2.5 
• at least 2 b-jets

The hh→WWbb→lνbb channel

X 40

X 100

X 1300
X 1300

Objects and Event selection

Variable Cut

p
T
(bb) > 230 GeV

∆Rbb < 1.2

p
T
(WW) > 140 GeV

∆R
WW

< 1.2

m
WW

< 130 GeV

m
bb

105 – 135 GeV
Fit to detemine p

Z
ν

 At least one isolated lepton wit p
T
 > 15 GeV

 4,5 jets with p
T 
> 20 GeV |η| < 2.5, 

passing a Jet Vertex Fraction selection
 Overlap removal between muons,electron,jets

W
O
R
K
 in PR

O
G
R
ESS

X 1300

X 40

X 100

X 1300
X 1300

Objects and Event selection

Variable Cut

p
T
(bb) > 230 GeV

∆Rbb < 1.2

p
T
(WW) > 140 GeV

∆R
WW

< 1.2

m
WW

< 130 GeV

m
bb

105 – 135 GeV
Fit to detemine p

Z
ν

 At least one isolated lepton wit p
T
 > 15 GeV

 4,5 jets with p
T 
> 20 GeV |η| < 2.5, 

passing a Jet Vertex Fraction selection
 Overlap removal between muons,electron,jets

W
O
R
K
 in PR

O
G
R
ESS

X 1300

ΔRbb
 [GeV]bbm

0 50 100 150 200 250 300 350 400 450 500

Ev
en

ts

0

50

100

150

200

250

300

350

400

310×

Delphes Simulation
 = 100 TeVs   -1Ldt = 3000 fb∫

 < 130WW  WWbb, m→hh 
 hh (SM)→pp 

tt

X 40

X 100

X 1300
X 1300

Objects and Event selection

Variable Cut

p
T
(bb) > 230 GeV

∆Rbb < 1.2

p
T
(WW) > 140 GeV

∆R
WW

< 1.2

m
WW

< 130 GeV

m
bb

105 – 135 GeV
Fit to detemine p

Z
ν

 At least one isolated lepton wit p
T
 > 15 GeV

 4,5 jets with p
T 
> 20 GeV |η| < 2.5, 

passing a Jet Vertex Fraction selection
 Overlap removal between muons,electron,jets

W
O
R
K
 in PR

O
G
R
ESS

X 1300
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X 40

X 100

X 1300
X 1300

Objects and Event selection

Variable Cut

p
T
(bb) > 230 GeV

∆Rbb < 1.2

p
T
(WW) > 140 GeV

∆R
WW

< 1.2

m
WW

< 130 GeV

m
bb

105 – 135 GeV
Fit to detemine p

Z
ν

 At least one isolated lepton wit p
T
 > 15 GeV

 4,5 jets with p
T 
> 20 GeV |η| < 2.5, 

passing a Jet Vertex Fraction selection
 Overlap removal between muons,electron,jets

W
O
R
K
 in PR

O
G
R
ESS

X 1300

The hh→WWbb→lνbb channel, analysis cuts and results

Analysis cuts

S/B quite low , need to work more on analysis selection implementing more variables and using 
a MVA approach.

 [GeV]bbm
0 50 100 150 200 250 300 350 400 450 500

Ev
en

ts

0
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250

300

350

400

310×

Delphes Simulation
 = 100 TeVs   -1Ldt = 3000 fb∫

 < 130WW  WWbb, m→hh 
 hh (SM)→pp 

tt

 [GeV]bbm
0 50 100 150 200 250 300 350 400 450 500
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50

100
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200

250

300

350

400

310×

Delphes Simulation
 = 100 TeVs   -1Ldt = 3000 fb∫

 < 130WW  WWbb, m→hh 
 hh (SM)→pp 

tt

3 ab-1

PU 50
Object

selection
Final

selection ε

4ehh-WWbb 7084 803 2.5･10-3

t-tbar 5.4 ･ 109 7.9 ･ 105

S/Bkg 1.3 ･ 10-6 1.0 ･10-3 

3 ab-1

PU 200
Object

selection
Final

selection ε

4ehh-WWbb 5.4 ･ 104 273 8.5･10-4

t-tbar 3.6 ･ 109 3.4 ･ 105

S/Bkg 1.5 ･ 10-5 8.0 ･ 10-4

x 40
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BDT studies

drll: ΔRjj (j is a light jet) 
whadmass: mjj 

BDT input variables
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Input variables distributions, second set
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Input variables correlation

100−

80−

60−

40−

20−

0

20

40

60

80

100

drll d_drww
wwpt wwmass

bbpt bbmass
drbb whadmass

drll

d_drww

wwpt

wwmass

bbpt

bbmass

drbb

whadmass

Correlation Matrix (signal)

100  15  -6   3   5   5  36

 15 100  -7   8  -1   6   3  12

 -7 100  18  70  30   7   4

 -6   8  18 100  20  12  10

  3  -1  70  20 100  16   3   9

  5   6  30  12  16 100  -1  11

  5   3   7  10   3  -1 100  -3

 36  12   4   9  11  -3 100

Linear correlation coefficients in %
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Cut value applied on BDTG output
0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8

Ef
fic

ie
nc

y 
(P

ur
ity

)

0

0.2

0.4

0.6

0.8

1

Signal efficiency

Background efficiency

Signal purity
Signal efficiency*purity

S+BS/

For 1000 signal and 1000001 background
 isS+Bevents the maximum S/

3.7942 when cutting at 0.9178

Cut efficiencies and optimal cut value

Si
gn

ifi
ca

nc
e

0

0.5

1

1.5

2

2.5

3

3.5

4

BDT performance

Poor performance at the moment, need to work on 
adding more variables, include preselection cuts and so on.
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Lepton efficiencies in the ZZbb →4lbb analysis

Extremely high tracking efficiencies for muons: need to start to think to trigger and 
identification efficiencies to have realistic acceptances
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The hh→ZZbb→4lbb channel

• ≥ 4 muons    with  pT > 5 GeV, |η| < 4.0 

• ≥ 4 electrons with  pT > 7 GeV, |η| < 4.0 

• Z1 selection:  l+l- pair  with mass closest to 
the nominal Z boson mass  
 40 GeV < mZ1 < 120 GeV 

• Z2 selection: second l+l- pair   
12 GeV < mZ2 < 120 GeV 

• Among the 4 selected leptons: at least one 
with pT>20 GeV and one with pT>10 GeV 

• QCD suppression: m(l+l-) > 4 GeV 

• Kinematic cuts:   m4l > 120 GeV, m4l < 130 
GeV 

• At least 2 b-jets with pT > 30 GeV
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 σ⋅L⋅
Br(hh→ZZbb→4lbb

)

no b-jet 
req. with b-jet ε 

(no b-jet)
ε 

( b-jet)
4e4μ 161 61 12.1 38% 7.4%
4e 161 40 7.7 25% 4.8%
Tot 322 101 20 31% 6.2%

L = 3ab�1

• forward b-tagging can be an important 
ingredient of the analysis, need to test 
configuration with fwd dipole 

• big impact from lepton isolation cut (not 
presented here), need to optimise 
isolation criteria
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B. Di Micco Preliminary studies on  hh → VVbb decay channels 

Conclusions

• WWbb analysis still needs work for optimisation, plan for the 
workshop is to study jet eta acceptance and improve BDT response 

•  ZZbb plans: implement some guess on trigger efficiencies and 
include main backgrounds in the simulation

21


