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HIGGS PHYSICS AT THE LHC
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Resonance at ~126 GeV              
is pretty consistent with 
expectations for SM Higgs. 

So far, we have only explored the 
minimum of the EWSB potential

To understand the full potential,  
we need to measure (at least) 
double-Higgs production
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DIHIGGS AT THE LHC

process constraint (⇥�SM)

hh ! (bb̄)(⌧+⌧�) � = 1.00+0.40
�0.31

hh ! (bb̄)(��) � = 1.00+0.87
�0.52

hh ! (bb̄)(W+W�) � = 1.00+0.46
�0.35

combination � = 1.00+0.35
�0.23

Table 1: The expected constraints for an integrated LHC luminosity of 3000 fb�1 (14 TeV),
for each of the ‘viable’ channels for Higgs boson pair production obtained by conservative
estimates, according to Ref. [22]. The assumption used in obtaining these constraints is
that the the self-coupling has the SM value. The final line provides the result originating
from the naive combination in quadrature of these channels.

Shower Deconstruction [56–58]. While a variation of the former has already been used in
this context in [17], here we perform a more detailed study complementing and combining
the reconstruction using Shower Deconstruction.

The article is organised as follows: in Section 2 we describe some features of the kine-
matics of the Higgs boson pair production process and provide more detail on the recon-
struction methods used. In Section 3 we provide details of the Monte Carlo simulation for
the signal and background and the analysis strategy. In the same section we provide our
results. Concluding remarks are given in Section 4.

2 Phenomenological considerations

2.1 Kinematics
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Figure 1: Higgs boson pair production diagrams contributing to the gluon fusion process
at LO are shown for a fermion f . These are generic diagrams and therefore, do not include
all permutations.

Higgs boson pair production at the LHC at leading order (LO) is loop-initiated and
dominated by gluon fusion initial states. The contributing gluon fusion diagrams are shown
in Fig. 1. We call the diagram on the left the ‘box’ diagram and the diagram on the right
the ‘triangle’ diagram. The two diagrams have spin-0 configurations of the initial state
gluons that interfere destructively. The box diagram also has a spin-2 configuration of
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Figure 1. Representative Feynman diagrams for Higgs pair production in gluon fusion at leading
order. Only the fermion triangle loop diagram (right) is directly sensitive to the Higgs trilinear
coupling �. In the SM, the fermion loops are dominated by the contribution from the top quark.

the Higgs trilinear coupling is given by � = m2
h/2v

2, with v ' 246 GeV the Higgs vacuum

expectation value.

In Fig. 1 we show representative Feynman diagrams for LO Higgs pair production in

gluon fusion. The non-trivial interplay between the heavy quark box and the triangle loop

diagrams can lead to either constructive or destructive interference and complicates the

extraction of the trilinear coupling � from the measurement of the Higgs pair production

cross-section. Higher-order corrections [17, 18] are dominated by gluon radiation from

either the initial state gluons or from the heavy quark loops.

The total inclusive cross-section for this processes is known up to NNLO [18]. Re-

summed NNLO+NNLL calculations for Higgs pair production are also available [19], lead-

ing to a moderate enhancement of the order of few percent as compared to the fixed-order

NNLO calculation. To achieve the correct higher-order value of the integrated cross-section,

we rescale our LO signal sample to match the NNLO+NNLL inclusive calculation. This

corresponds to a K-factor �NNLO+NNLL/�LO = 2.4, as indicated in Table 1.

Parton level signal events are then showered with the Pythia8 Monte Carlo [70, 71],

version v8.201. We use the default settings for the modeling of the underlying event (UE),

multiple parton interactions (MPI), and PU, by means of the Monash 2013 tune [72], based

on the NNPDF2.3LO PDF set [73, 74].

2.2 Backgrounds

Background samples are generated at leading order with SHERPA [75] v2.1.1. As in the case

of the signal generation, the NNPDF 3.0 nf = 4 LO set with strong coupling ↵s(m2
Z) =

0.118 is used for all samples, and we use as factorisation and renormalisation scales µF =

µR = HT /2. We account for all relevant background processes that can mimic the hh ! 4b

signal process. This includes QCD 4b multi-jet production, as well as QCD 2b2j and 4j

production, and top quark pair production. The latter is restricted to the fully hadronic

final state, since leptonic decays of top quarks can be removed by requiring a lepton veto.

Single Higgs production processes such as Z(! bb̄)h(! bb̄) and tt̄h(! bb̄) along with

electroweak backgrounds e.g Z(! bb̄)bb̄, are much smaller than the QCD backgrounds [28,

29] and are therefore not included in the present analysis.
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Clear difficulty: HH production cross-section at LHC is tiny
14TeV NNLO �HH ' 40 fb factor of ~103 smaller than single H

Compounded by usual H reconstruction problems

Final State BF
bbbb 33%

bbWW 13%
bb\tau\tau 3.5%

WWWW 5.3%

Lots of cross-section decaying to 
challenging fully hadronic final state

(Data is king: 3000 fb-1 HL-LHC) 

04/12/16 Dirk Duschinger – dirk.duschinger@cern.ch 14/15

H→hh→bbbb – Results
● Prediction and observation are in agreement

● No significant local excess

● Resolved category: largest deviation at 900 GeV → less than 2σ

● Boosted category:  largest deviation at 1.7 TeV → less than 2σ for G*KK 

and k/MPl = 1

● Non-resonant di-Higgs: 

compared to SM prediction: 

● 95% CL upper limits on G*KK and k/MPl = 1 or 2 and narrow width H

Recent ATLAS bound:

(Dirk Duschinger’s Talk, ATLAS-CONF-2016-017) 



HH ! (bb̄)(bb̄)

Fully hadronic (gg)Higgs channel: experimentally challenging on a lot of fronts 

Background Cross-section
bbbb 1.8·103 pb
bbjj 3.5·105 pb
jjjj 5.8·106 pb

tt(bbjjjj) 3.5·103 pb

Background Cross-section
ZH 7.7·10-1 pb
ttH 4.6·10-1 pb

bbH 6.1·10-1 pb

Signal Cross-section
HH 4.0·10-2 pb

BACKGROUNDS

Primary challenge: Overwhelming QCD background 



HH ! (bb̄)(bb̄) BACKGROUNDS
Background Cross-section

bbbb 1.8·103 pb

bbjj 3.5·105 pb

Contributions from light jets usually discounted 
by b-tagging arguments. Assume (optimistically):

✏mistag = 0.01✏tag = 0.8

Then tagged 4b cross section ~  ✏4tag · �bbbb = 7.3 · 102 pb

  and tagged 2b2j cross section ~  ✏2tag✏
2
mistag · �bbjj = 22 pb

0 b-jet 1 b-jet 2 b-jet 3 b-jet 4 b-jet
bbbb 1% 8% 27% 44% 20% 8.4%
bbjj 9% 42% 49% 1% 0.1% 0.04%

✏selConsider instead the fraction 
of events containing n b-jets

(R = 0.4 akT pT > 20GeV)

✏sel,bbbb · �bbbb ' 150pb

✏sel,bbjj · �bbjj ' 140pb

Contributions e.g bbjj are not negligible 
w.r.t ‘irreducible’ 4b background



HH ! (bb̄)(bb̄) ANALYSIS TOPOLOGIES
Resolved

variable, denoted by

rM ⌘ MX

2MY
, (2)

which is simply the boost factor from the Y rest frame to the X rest frame. In the highly
boosted regime, rM ! 1, while in the fully resolved regime, where the intermediate
resonances Y are produced at rest, rM = 1. Schematic diagrams for the boosted and
resolved topologies are shown in Fig. 1.
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Figure 1: Schematic diagrams for the generic process pp ! X ! 2Y ! 4z in the boosted (left
plot) regime, corresponding to large values of the mass ratio rM = MX/2MY , and in the resolved
(right plot) regime, corresponding to small values of rM .

If we assume that the heavy resonance X is produced at rest, so that the laboratory
and center-of-mass reference frames coincide, we can parametrize the four momenta of the
X ! Y Y decay with the convention that P = (pT,x, pT,y, pL, E). We then have

PX = (0, 0, 0,MX) , (3)

PY
1

=
MX

2
(�Y · sin ✓⇤Y cos�⇤

Y ,�Y · sin ✓⇤Y sin�⇤
Y ,�Y · cos ✓⇤Y , 1) ,

PY
2

=
MX

2
(��Y · sin ✓⇤Y cos�⇤

Y ,��Y · sin ✓⇤Y sin�⇤
Y ,��Y · cos ✓⇤Y , 1) ,

where Y
1

and Y
2

are the two decay products of the X particle, ✓⇤Y is the angle of Y
1

with
respect to the beam, and �⇤

Y is the azimuthal angle. The boost parameters from the
laboratory frame to the rest frame of the Y particles are given by

�Y = |~PY |/EY =
q

1� 1/r2M , (4)

�Y = 1/
q
1� �2

Y = rM . (5)

As one can see, the boost of the Y particles, �Y , is independent of the absolute masses of
X and Y , and depends only on their ratio. It is in this sense that we can consider that
the problem at hand is scale invariant: �Y does not depend on any absolute mass scale.

5

(Gouzevitch et al 1303.6636)
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Figure 2: The efficiency for reconstructing correctly the Higgs boson from two
anti-kt jets with R = 0.4 (circles) or from a single Cambridge-Aachen jet with
R = 1.2 (squares).

4. Event selection

The event selection proceeds by requiring at least four b-
tagged akt04 jets with pT > 40 GeV and |⌘| < 2.5 . In order
to emulate the effect of b-tagging in this particle-level study,
we adopt the following procedure: jets are labelled as b-jets,
c-jets, ⌧-jets or light jets based on the ancestry of the final-
state particles clustered into the jet. If a b-hadron is found in
the history of any of the final-state particles, the jet is labelled
a b-jet, otherwise if a c-hadron is found the jet is labelled a
c-jet. If neither a b-hadron nor a c-hadron is found, but a ⌧-
lepton is found instead, the jet is labelled a ⌧-jet. All other
jets are classified as light jets. We then apply b-tagging effi-
ciency weights inspired by the published ATLAS and CMS b-
tagging performance [33, 34]: 70% for b-labelled jets, 20% for
c-labelled and ⌧-labelled jets (i.e. a rejection factor of 5) and
1% for light-labelled jets (i.e. rejection factor of 100). All jets
in the event are ordered by b-tagging weight and subsequently
by pT. The leading four jets are then used to form dijets, re-
quiring pdijet

T > 150 GeV, 85 < mdijet < 140 GeV and �R < 1.5
between the two jets of the dijet system. If more than two dijets
satisfy the above criteria, the two which are most back-to-back
in the plane transverse to the beam line are retained. The two di-
jets are ordered in pdijet

T , and the leading dijet is required to have
100 < mdijet < 140 GeV, while the subleading one must satisfy
85 < mdijet < 130 GeV 1. Finally, in order to reject tt events
we use the TMVA framework [35] to train a Boosted Decision
Tree (BDT) discriminant, Xtt, using four input variables, two

1The mass window for the subleading dijet is at lower masses because often
in this dijet one of the b-hadrons has decayed semileptonically, hence the dijet
invariant mass shifts to lower values than 125 GeV and has a larger low-mass
tail.
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Figure 3: The distance �R between the two b-quarks from the Higgs boson
decay as a function of the Higgs boson pT.

from each dijet system, calculated as follows. We search for a
third jet with �R < 2 from the jets of the dijet system, and then
calculate: (a) the invariant mass of the three-jet system (which
would be close to the top mass for a hadronic top quark decay);
and (b) the invariant mass of the third jet with the least b-tagged
jet of the dijet system (giving often the W mass in a hadronic
top quark decay). Using Xtt, the tt background is reduced by a
factor of ⇠2.5 for a 10% reduction in the signal and the multijet
background.

After the above selection, the remaining signal cross section
is 0.19 fb, corresponding to about 570 events in 3 ab�1. The
multijet background cross section is 82 fb, dominated by bbbb,
and the tt cross section is 29 fb, indicating that the tt is a sizeable
fraction of the total background. The single-Higgs production
H(! bb̄)bb, ttH and ZH processes have a combined cross sec-
tion of 0.33 fb, comparable to the signal, with the main contri-
bution coming from ttH. Therefore, the signal-to-background
(s/b) ratio at this point is 0.17% and the expected statistical sig-
nificance (s/

p
b) for 3 ab�1 is 1.0. Clearly, with such a low s/b

ratio, it would be impossible to extract any signal sensitivity
reliably.

Further to the above selection, any additional kinematic and
angular differences between the signal and background can be
exploited using the following list of largely uncorrelated vari-
ables:

• the decay angle of the Higgs bosons in the rest frame of
the 4b system, ⇥⇤;

• the decay angles of the b-quarks in the rest frame of the
Higgs bosons, ✓1 and ✓2;

• the angle between the decay planes of the two Higgs
bosons, �;

3

(Wardrope et al 1410.2794)

Reconstruct Higgs decay products in four separate (small-R) jets

•Captures bulk of HH cross-section 

•Lower efficiency at high pT 

•Combinatorics

(e.g UCL Study [1410.2794])
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which is simply the boost factor from the Y rest frame to the X rest frame. In the highly
boosted regime, rM ! 1, while in the fully resolved regime, where the intermediate
resonances Y are produced at rest, rM = 1. Schematic diagrams for the boosted and
resolved topologies are shown in Fig. 1.
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Figure 1: Schematic diagrams for the generic process pp ! X ! 2Y ! 4z in the boosted (left
plot) regime, corresponding to large values of the mass ratio rM = MX/2MY , and in the resolved
(right plot) regime, corresponding to small values of rM .
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As one can see, the boost of the Y particles, �Y , is independent of the absolute masses of
X and Y , and depends only on their ratio. It is in this sense that we can consider that
the problem at hand is scale invariant: �Y does not depend on any absolute mass scale.
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HH ! (bb̄)(bb̄) ANALYSIS TOPOLOGIES
Boosted

(Gouzevitch et al 1303.6636)

Reconstruct Higgs decay products in two (large-R) jets

•Better S/B but lower cross-sections 

•Substructure tools available 

•Greater sensitivity to pileup

Figure 7. Same as Fig. 2 for the transverse momentum distribution of the di-Higgs system phhT .

Figure 8. Distribution of representative substructure variables in the boosted category at the end
of the cut-based analysis, to be used as input to the MVA. From top to bottom and from left to
right we show the kt splitting scale

p
d12, the energy correlation ratio C(�)

2 and the subjettiness
ratio ⌧21 for the leading Higgs. In the case of ⌧21 the distributions for the subleading Higgs are also
given.

– 14 –

(e.g Durham Study [1404.7139])



OUR APPROACH

•Assess robustness of results under the addition of pile-up (PU)

•Consider closely QCD multi-jet background (not just 4b)
Assuming relatively optimistic b-tagging parameters

✏b = 0.8, ✏c = 0.1, ✏j = 0.01

•Handle boosted and resolved analysis topologies
Ensure good coverage of final state phase space

•Use plenty of information on jet substructure

MD tags, Splitting scales, N-subjettiness, Energy correlations

•Investigate how multivariate analysis can boost significances
Keep cut-based analysis loose, try to to make as much use as possible of MVA

How feasible are these methods in a more realistic environment?



RECONSTRUCTION DETAILS
‘Large-R jet’
double b-tagged aKT R=1.0 jet
pT > 200GeV, |⌘| < 2.5

Require BDRS mass-drop tag
pT > 40GeV, |⌘| < 2.5

‘Small-R jet’
b-tagged aKT R=0.4 jet

ResolvedIntermediateBoosted
Four Small-R jetsOne Large-R jet, two 

Small-R jets
Two Large-R jets

Analysis Strategy

Resolved

Ø 4 b-tagged small-R jets
Higgs reconstruction
from leading 4 jets
Choice that minimises
mass di�erence between
dijet systems

Intermediate

= 1 large-R jet
(Higgs-tagged + b-tagged)
(leading Higgs)
Ø 2 b-tagged small-R jets
�R > 1.2 w.r.t. large-R jet
Higgs reconstruction from
leading 2 small-R jets
Choice that minimises mass
di�erence of dijet system
and large-R jet

Boosted

Ø 2 large-R jets
(Higgs-tagged +
b-tagged)
Leading two jets taken
as Higgs candidates

+ Loose Higgs mass window cut: |mh,j ≠ 125 GeV| < 40 GeV , j = 1, 2
+ Rank categories by S/

Ô
B to make them exclusive: boosted > intermediate > resolved

7/13 Katharina Behr Higgs Pair Production@HL-LHC
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Blue: Resolved efficiency 
Green: Boosted efficiency

➤ Higgs mass window cut 
➤ Prioritise selection Boosted-Intermediate-Resolved

|m� 125| < 40 GeV



MULTIVARIATE ANALYSIS

Classify events as signal/background with ANN

Figure 15. Schematic of the Artificial Neural Network (ANN) used for the analysis of the boosted
category, with Nvar = 21 input variables and thus the same number of neurons in the first layer.
The color code in the neuron connections (the weights) is a heat map obtained at the end of the
Genetic Algorithms training, with red indicating larger values and black indicating smaller values.

The training of the ANN for the signal/background classification task proceeds as

follows. Given a set of Nvar kinematic variables {k}i associated with the event i, and a

set of neural network weight parameters {!}, we interpret the neural network output yi
(the activation state of the neuron in the last layer) as the probability that the event i

originates from the signal process,

yi = P (y0i = 1|{k}i, {!}) , (5.2)

where y0i represents the true classification of the event i, i.e, y0i = 1 for signal and y0i = 0 for

background events. With this interpretation, our general classification probability including

background events is given by

P (y0i|{k}i, {!}) = y
y0i
i (1� yi)

1�y0i , (5.3)

consequently we can define an error function E({!}) to be minimized during the ANN

training. In this case, the error function is the cross-entropy function, defined as

E({!}) ⌘ � log

 
N

evY

i

P (y0i|{k}i, {!})
!

=
N

evX

i

⇥
y0i log yi + (1� y0i) log (1� yi)

⇤
, (5.4)

where Nev is the number of Monte Carlo events that are used for the ANN training. The

ANN is trained both on the signal and background MC events, so it is important to ensure
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Figure 16. The distributions, at the end of the GA training, for the signal and background MC
events in the three categories: boosted (upper plot), intermediate (lower left plot) and resolved
(lower right plot), as a function of the ANN output.

events for ycut ' 0.6. Therefore, the MVA achieves a substantial background suppression

with only a moderate reduction of signal e�ciency.

A useful property of MVAs such as the one used in our analysis is that they can provide

direct physical insight about which of the input variables contribute to the separation

between signal and background. In the case of ANNs, this can be quantified by computing

the sum of the absolute values of all the weights connected to a given input neuron i, that

is

!(tot)
i ⌘

n(2)X

k=1

���!(2)
ki

��� , i = 1, . . . , Nvar , (5.5)

with !(2)
ki the value of the weight connecting the k-th neutron of the second layer with the

i-th neuron of the first (input) layer, and n(2) = 5 the number of neurons in the second

layer. Those input variables with a larger value of !(tot)
i will be those that play a more

– 29 –

MVA input includes standard event 
kinematics, along with for large-R jets:

kT➤       -splitting scales 

➤ Ratio of 2-to-1 subjettiness 

➤ E.C.F double-ratios        ,C2 D2

Channel #inputs
Boost 21
Inter. 17

Resol. 13

(Similar architecture to NNPDF)



PILEUP SIMULATION

Introduce an additional 80 PU vertices per hard event.

Figure 9. The invariant mass distributions of Higgs candidates in signal events in the resolved
(left) and boosted (right) categories. In the resolved category, we compare the results without PU
with those with PU80 with and without SK subtraction. In the boosted case, the comparison is
performed between no PU, PU with only SK subtraction, and PU with both SK and trimming.

subtraction is performed, we recover a distribution much closer to the no PU case, with

only a small shift of a few GeV and a broadening of the mass distribution. In the boosted

case, the comparison is performed between no PU, PU with only SK subtraction, and

PU with both SK and trimming. We find that the mass distribution for jets to which no

trimming is applied peaks at around 160 GeV, even after PU subtraction with SoftKiller.

When trimming is applied in addition to SoftKiller, the distribution peaks close to the

nominal Higgs mass, as in the case of the resolved category.

In Fig. 10 we compare the transverse momentum of the leading Higgs candidate, pht and

the invariant mass of the di-Higgs system mhh, in both the boosted and resolved categories,

between the no PU and the PU+SK+Trim cases. In the case of the phT distribution, the

di↵erences between the selection criteria for the resolved and boosted categories is reflected

in the rightward shift of the latter. After subtraction, the e↵ects of PU are small in the

two categories. A similar behaviour is observed in the di-Higgs invariant mass distribution.

We can also assess the impact of PU on the substructure variables that will be used

as input to the MVA in the boosted and intermediate categories. In Fig. 11 we show the

2-to-1 subjettiness ratio ⌧21, Eq. (3.3), and the ratio of energy correlation functions C(�)
2 ,

Eq. (3.4), for the leading Higgs candidate. We observe that the shapes of both substructure

variables are reasonably robust in a environment including significant PU. Therefore we can

consider the PU subtraction strategy as validated for the purposes of this study, although

further optimisation should still be possible, both in terms of the SoftKiller and of the

trimming input settings.

It is also interesting to quantify how the relative di↵erences between signal over back-

ground distributions are modified by the inclusion of PU. Considering the boosted category

initially, in Fig. 12 we compare various kinematic distributions for signal and background

events, with and without PU for the leading Higgs candidate: the transverse momentum
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PU is managed by a combination of
•SoftKiller subtraction at the event level  

•Large-R jets trimmed

[Cacciari et al 1407.0408]

[Krohn et al 0912.1342]



RESULTS

Figure 22. Same as Fig. 19 for the PU80+SK+Trim case.

Category signal background S/
p
B

tot

S/
p
B

4b

S/B
tot

S/B
4b

N
ev

Ntot

ev

N4b

ev

Boosted
no PU 290 1.2 · 104 8.0 · 103 2.7 3.2 0.03 0.04

PU80+SK+Trim 290 3.7 · 104 1.2 · 104 1.5 2.7 0.01 0.02

Intermediate
no PU 130 3.1 · 103 1.5 · 103 2.3 3.3 0.04 0.08

PU80+SK+Trim 140 5.6 · 103 2.4 · 103 1.9 2.9 0.03 0.06

Resolved
no PU 630 1.1 · 105 5.8 · 104 1.9 2.7 0.01 0.01

PU80+SK 640 1.0 · 105 7.0 · 104 2.0 2.6 0.01 0.01

Combined

no PU 4.0 5.3
PU80+SK+Trim 3.1 4.7

Table 9. Post-MVA number of signal and background events with L = 3 ab�1. For the back-
grounds, both the total number, N tot

ev , and the 4b component only, N4b
ev , are shown. Also provided

are the values of the signal significance and the signal over background ratio, both separated in
categories and for their combination. We quote the results without PU and for PU80+SK+Trim.

mhh, the pT of the AKT03 subjets and the substructure variables, with a similar weighting

among them.

In Table 9 we provide the post-MVA number of signal and background events expected

for L = 3 ab�1. For the backgrounds, we quote both the total number, N tot
ev , and the

QCD 4b component only, N4b
ev . We quote results for the no PU and PU80+SK+Trim

cases. We also quote in each case the corresponding values for the signal significance and

the signal over background ratio. Note that the MVA is always trained to the inclusive

background sample, though di↵erences in the kinematic distributions of the 4b and 2b2j

processes are moderate, see Fig. 14. From Table 9 one observes that all categories exhibit

a marked improvement from eliminating the contamination from light and charm jet mis-

identification. For instance, in the intermediate category, S/
p
B increases from 2.3 to 3.3

(1.9 to 2.9) in the no PU (PU80) case, with similar improvements in the resolved and

boosted categories.

In Table 9 we also provide the results for S/
p
B obtained by combining the three

categories. Taking into account all background components, we obtain for the case of
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Figure 22. Same as Fig. 19 for the PU80+SK+Trim case.
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ev , and the

QCD 4b component only, N4b
ev . We quote results for the no PU and PU80+SK+Trim

cases. We also quote in each case the corresponding values for the signal significance and

the signal over background ratio. Note that the MVA is always trained to the inclusive

background sample, though di↵erences in the kinematic distributions of the 4b and 2b2j

processes are moderate, see Fig. 14. From Table 9 one observes that all categories exhibit

a marked improvement from eliminating the contamination from light and charm jet mis-

identification. For instance, in the intermediate category, S/
p
B increases from 2.3 to 3.3

(1.9 to 2.9) in the no PU (PU80) case, with similar improvements in the resolved and

boosted categories.

In Table 9 we also provide the results for S/
p
B obtained by combining the three

categories. Taking into account all background components, we obtain for the case of
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CONCLUSIONS
HH ! (bb̄)(bb̄) is a tough process to measure, however

➤ Multiple topologies 

➤ Substructure 

➤ Multivariate-analysis

With a combined arms strategy:

An observation of HH production in the bbbb channel is feasible at the HL-LHC

Combined                            after MVAS/
p
B ⇠ 3.1

Directions for potential improvements:
➤ b-tagging efficiency/purity 

➤ Jet mass resolution

Next step -  what bounds can we obtain upon �?

Thank you for listening!





ANALYSIS BREAKDOWN - NO PILEUP
HL-LHC, Resolved category, no PU

Cross-section [fb] S/B S/
p
B

hh4b total bkg 4b 2b2j 4j tt̄ tot 4b tot 4b

C1a 9 2.2 · 108 6.9 · 104 1.5 · 107 2.0 · 108 2.1 · 105 4.0 · 10�8 1.3 · 10�4 0.03 1.9
C1b 9 2.2 · 108 6.9 · 104 1.5 · 107 2.0 · 108 2.1 · 105 4.0 · 10�8 1.3 · 10�4 0.03 1.9
C1c 2.6 4.4 · 107 1.6 · 104 3.2 · 106 4.1 · 107 8.8 · 104 6.1 · 10�8 1.6 · 10�4 0.02 1.1
C2 0.5 4.9 · 103 1.7 · 103 2.9 · 103 2.1 · 102 47 1.1 · 10�4 2.9 · 10�4 0.4 0.6

HL-LHC, Intermediate category, no PU

Cross-section [fb] S/B S/
p
B

hh4b total bkg 4b 2b2j 4j tt̄ tot 4b tot 4b

C1a 2.8 8.4 · 107 2.1 · 104 5.3 · 106 7.9 · 107 3.3 · 104 3.4 · 10�8 1.3 · 10�4 0.02 1.1
C1b 2.6 5.8 · 107 1.4 · 104 3.6 · 106 5.5 · 107 3.0 · 104 4.5 · 10�8 1.9 · 10�4 0.02 1.2
C1c 0.5 3.5 · 106 8.7 · 102 2.1 · 105 4.3 · 107 8.8 · 103 1.6 · 10�7 6.1 · 10�4 0.02 1.0
C2 0.09 1.8 · 102 56 96 22 3.1 5.3 · 10�4 1.6 · 10�3 0.4 0.6

HL-LHC, Boosted category, no PU

Cross-section [fb] S/B S/
p
B

hh4b total bkg 4b 2b2j 4j tt̄ tot 4b tot 4b

C1a 3.9 4.6 · 107 1.1 · 104 2.9 · 106 4.3 · 107 2.4 · 104 8.2 · 10�8 3.4 · 10�4 0.03 2.0
C1b 2.7 3.7 · 107 7.5 · 103 2.1 · 106 3.5 · 107 2.2 · 104 7.4 · 10�8 3.7 · 10�4 0.03 1.7
C1c 1.0 3.9 · 106 8.0 · 102 2.3 · 105 3.7 · 106 7.1 · 103 2.6 · 10�7 1.3 · 10�3 0.03 2.0
C2 0.16 2.5 · 102 53 1.9 · 102 13 1.6 5.7 · 10�4 2.7 · 10�3 0.5 1.1

Table 4. The cross-sections for the signal and the background processes at di↵erent steps of the
analysis (see Table 3), for the resolved (upper), intermediate (middle) and boosted (lower table)
categories, for the analysis without PU. For each step, the signal over background ratio S/B, and the
signal significance S/

p
B for L = 3 ab�1 are also provided, considering either the total background

or only the 4b component.

Signal and background events satisfying all the analysis cuts up to the C2 level are then

used as input for the MVA training, to be described next in Sect. 5.

In Table 4 we collect the values for the signal and background cross-sections at the

di↵erent analysis steps. Results are divided into the resolved, intermediate and boosted

categories, and are inclusive up to the C2 level, where exclusivity is imposed. In Table 4

we also provide the signal over background ratio, S/B, and the signal significance, S/
p
B,

corresponding to an integrated luminosity of L = 3 ab�1. These are computed either

taking into account all the background components or the 4b QCD background only. We

find that after b-tagging, the 2b2j component is of the same order of magnitude as the

4b component in all categories. This implies that the signal significance at the end of

the cut-based analysis is degraded due to the contribution of light and charm jets being

mis-identified as b-jets.

In the boosted category, at the end of the loose cut-based analysis, we find that around

500 events are expected at the HL-LHC, with a large number, ' 106, of background events.

This leads to a pre-MVA signal significance of S/
p
B = 0.5 and a signal over background

ratio of S/B = 0.06%. From Table 4 it is also possible to compute the corresponding

pre-MVA expectations for the LHC Run II with L = 300 fb�1: one expects in the boosted

category around 50 signal events, with signal significance dropping down to S/
p
B ' 0.16.

Such signal significances could have been enhanced by applying tighter selection require-
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ANALYSIS BREAKDOWN - INCLUDING PILEUP
HL-LHC, Resolved category, PU+SK with n

PU

= 80

Cross-section [fb] S/B S/
p
B

hh4b total bkg 4b 2b2j 4j tt̄ tot 4b tot 4b

C1a 11 4.4 · 108 1.5 · 105 3.0 · 107 4.1 · 108 2.6 · 105 2.4 · 10�8 7.2 · 10�5 0.03 1.5
C1b 11 4.4 · 108 1.5 · 105 3.0 · 107 4.1 · 108 2.6 · 105 2.4 · 10�8 7.2 · 10�5 0.03 1.5
C1c 3 1.1 · 108 4.2 · 104 7.7 · 106 9.9 · 107 1.1 · 105 2.8 · 10�8 7.4 · 10�5 0.02 0.8
C2 0.6 9.0 · 103 3.5 · 103 5.1 · 103 3.1 · 102 50 6.5 · 10�5 1.7 · 10�4 0.4 0.5

HL-LHC, Intermediate category, PU+SK+Trim with n
PU

= 80

Cross-section [fb] S/B S/
p
B

hh4b total bkg 4b 2b2j 4j tt̄ tot 4b tot 4b

C1b 2.7 8.1 · 107 2.1 · 104 5.2 · 106 7.6 · 107 3.0 · 104 3.4 · 10�8 1.3 · 10�4 0.02 1.0
C1c 2.6 6.2 · 107 1.5 · 104 3.9 · 106 5.8 · 107 2.8 · 104 4.1 · 10�8 1.7 · 10�4 0.02 1.1
C1d 0.5 2.8 · 106 7.9 · 102 1.9 · 105 2.7 · 106 6.5 · 103 1.8 · 10�7 6.2 · 10�4 0.02 1.0
C2 0.09 2.6 · 102 47 1.8 · 102 30 2.2 3.4 · 10�4 1.8 · 10�3 0.3 0.7

HL-LHC, Boosted category, PU+SK+Trim with n
PU

= 80

Cross-section [fb] S/B S/
p
B

hh4b total bkg 4b 2b2j 4j tt̄ tot 4b tot 4b

C1a 3.5 4.1 · 107 1.0 · 104 2.7 · 106 3.8 · 107 2.0 · 104 8.6 · 10�8 3.4 · 10�4 0.03 1.9
C1b 2.5 3.2 · 107 6.8 · 103 1.9 · 106 3.0 · 107 1.9 · 104 7.8 · 10�8 3.6 · 10�4 0.02 1.6
C1c 0.8 2.2 · 106 5.4 · 102 1.4 · 105 2.0 · 106 4.8 · 103 3.8 · 10�7 1.6 · 10�3 0.03 2.0
C2 0.14 1.5 · 102 40 86 22 1.8 9.0 · 10�4 3.5 · 10�3 0.6 1.2

Table 7. Same as Table 4, now for the case of PU80+SK+Trim.

the pre-MVA signal significance is close to the results of the simulations without PU for

the three categories. We now find values for S/
p
B of 0.4, 0.3 and 0.6, in the resolved,

intermediate and boosted categories, respectively, to be compared with the corresponding

values without PU, namely 0.4, 0.4 and 0.5. The number of selected signal events in each

category at the end of the cut-based analysis is only mildly a↵ected by PU. The slight pre-

MVA improvement in S/
p
B for the boosted case arises from a reduction in the number

of background events that are classified in this category as compared to the case without

PU.

Once the MVA is applied, the signal significance in the resolved, intermediate and

boosted categories increases to 2.0, 1.9 and 1.5 respectively, to be compared with the

corresponding values without PU, namely 1.9, 2.3 and 2.7. Therefore, the post-MVA e↵ect

of PU on S/
p
B is a moderate degradation of the boosted and intermediate categories,

specially for the former, while the resolved category is largely unchanged.3 We also observe

that, due to the MVA, the signal over background ratio is increased from 0.007%, 0.03% and

0.1% up to 1%, 3% and 1% in the resolved, intermediate and boosted categories respectively.

This indicates that while this measurement is still highly challenging, requiring a careful

extraction of the QCD background from the data, it should be within reach.

In Fig. 21 we show the number of signal and background events that are expected for

L = 3 ab�1 as a function of ycut, together with the corresponding ROC curve. The slight

3

The impact of PU on the separate significance of the three categories exhibits some dependence on the

specific choice for n
PU

and on the settings of the PU subtraction strategy. We find however that the overall

signal significance from combining the three categories is similar in the n
PU

= 80 and n
PU

= 150 cases.
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