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Xbb taqgger

Algorithms act to perform reconstruction in boosted Higgs — bb
topologies using jet substructure information

I
=

Large-R jet of R

2 b-subjets of R = 0.2

Beamline
Primary Vertex

In this presentation: Tagging the Higgs boson decay to bottom quarks with colour-sensitive observables and the Lund
jet plane

Luca Cavallini, Andrea Coccaro, Charanjit K. Khosa, Giulia Manco, Simone Marzani, Fabrizio Parodi, Daniela Rebuzzi, Alberto Rescia, Giovanni Stagnitto

Phenomenological studies with color
. . . We study the problem of distinguishing b-jets stemming from the decay of a colour singlet, such as the Higgs boson, from those originating from the abundant QCD
s en s l tlve var l ab l e s fo r xbb tagge r background. In particular, as a case study, we focus on associate production of a vector boson and a Higgs boson decaying into a pair of b-jets, which has been recently
observed at the LHC. We consider the combination of several theory-driven observables proposed in the literature, together with Lund jet plane images, in order to design
an original Hbb tagger. The observables are combined by means of standard machine learning algorithms, which are trained on events obtained with fast detector

simulation techniques. We find that the combination of high-level single-variable observables with the Lund jet plane provides an excellent discrimination performance.
We also study the dependence of the tagger on the invariant mass of the decaying particles, in order to assess the extension to a generic Xbb tagger.

https://arxiv.org/abs/2112.09650
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Color connections
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Color connections

Signal I H-bb + single low-energy Background: g-bb + single low-energy gluon
gluon
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Direction of color flow for the Direction of color flow for the octet
singlet configuration. configuration in the collinear limit.

Emission inside the two b-jets Favored emission outside the two b-jets 5
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color sensitive variables:

Background

a jet: b hardest jet
b jet: the other b-jet
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(a)

Jet Lund Plane Imaqge

(b)
(c) W)
Primary particle
of the jet
Emission
Emission
DECLUSTERING

]nkt

(b)
@
(c),
In I/A
LUND PLANE

Jet are re-clustered with Cambridge-Aachen

(C/A) algorithm, (particles closest in
rapidity and and azimuth ¢ and recombines

them into a “pseudojet”)

Decluster the jet to produce two pseudojets,
pa and pb, labelled such that p _ > p,,
where b is the emission and p, _ + p_  1s the

Jet

Construct Lund Plane variables

A=Ag, ki=pwlAw

Primary Lund-plane regions

In(kt/GeV)

g 0\\&:\ (v 9b.e]) WS

non-pert. (small k¢)

In(1/4)

15



(a)

Jet Lund Plane Imaqge

(b)
(c) ...’
Primary particle
of the jet
Emission
Emission
DECLUSTERING

]nkt

(b)
[
(c),
In I/A
LUND PLANE

In(k:/GeV)

Lund Image ZH (bb)

In(1/A)

2D histogram
LUND PLANE IMAGE

0.10

0.08

0.06

0.04

0.02

0.00

16



Jet Lund Plane Imaqge
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Phenomenoloqgical studies

Taqgqing the Higgs boson decay to bottom quarks with colour-sensitive
observables and the Lund jet plane

Tagging the Higgs boson decay to bottom quarks with colour-sensitive observables and the Lund
jet plane

Luca Cavallini, Andrea Coccaro, Charanjit K. Khosa, Giulia Manco, Simone Marzani, Fabrizio Parodi, Daniela Rebuzzi, Alberto Rescia, Giovanni Stagnitto

We study the problem of distinguishing b-jets stemming from the decay of a colour singlet, such as the Higgs boson, from those originating from the abundant QCD
background. In particular, as a case study, we focus on associate production of a vector boson and a Higgs boson decaying into a pair of b-jets, which has been recently
observed at the LHC. We consider the combination of several theory-driven observables proposed in the literature, together with Lund jet plane images, in order to design
an original Hbb tagger. The observables are combined by means of standard machine learning algorithms, which are trained on events obtained with fast detector
simulation techniques. We find that the combination of high-level single-variable observables with the Lund jet plane provides an excellent discrimination performance.
We also study the dependence of the tagger on the invariant mass of the decaying particles, in order to assess the extension to a generic Xbb tagger.
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Simulation

Simulation of signal and background

4

SIGNAL BACKGROUND

® Generate 300k signal, 4M background events inMG5 AMCE@NLO v2.8.3.2
© Require p >200 GeV for v pairs
®¢ Shower in PYTHIA v8.305

¢ Simulate detector effects with DELPHES v3.5.0 using modified ATLAS card

19



INaEWAIE

Truth: all generated particles
removing neutrinos with p > 0.5 into
Jjets

O Fastjet jet reconstruction with
anti-kt algorithm

© Jet p, min = 0 GeV
Reco: ECal and HCal towers and muons:

0 Calo jet Fastjet reconstructed with
anti-kt algorithm

© Jet p, min = 5 GeV

Large jet : R =1 and select the
hardest with:

o p, > 250 GeV

o |yl < 1.5

Exactly 2 sub-jets of R = 0.2:

o p, > 10GeV

0 AR = 0.8 from the large jet

Flavor association for b tagging:

© b-parton with p, > 5 GeV

o AR = 0.2

O b-parton p

Events Passed

= 2.5

MAX

Truth | Reco
Signal 20% | 17%
Background | 1.6% | 1.3%
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Machine Learning Algorithm

BOOSTED DECISION TREE (BDT)

Parameters Value
No. of Trees 100
Max Depth 3
MinNodeSize 2.5%
Boost Type AdaBoost
Train/Test 50/50
No. of Cuts 200
Downsampling No
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Results

ROC (BDT)
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Results

AUC - Test Sample
Truth Reco

52 Truth Jo2 Reco
] — ESH:R ] — SS+CR CS observables 0.826 0.788
h, P D>+CR 0.817 0.787
—— CS+LPcan —— CS+LPcyn LPCNN 0.876 0.828

[ CS + LPcnn 0.893 0.846 |

Q Q
& 10t & 10!
i i
Observable Ranking
Truth Reco
Rank Obs. Importance Obs. Importance
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¢ D2 and Lund Plane are mass correlated

0.040

Invariant Mass Independence

In order to apply the tagger in other contexts,

the b-subjets

In figure mass distributions for different regions,

discriminant BDT wvariable

Removing D2 or Lund Plane causes worse performance in discrimination
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Mass distribution CS(w/o D-) (Zbb)
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which correspond to different

it should be independent on the invariant mass of

cuts on

Mass distribution LPcyy (Zbb)
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StUdleS at FCC'hh re |me (A. Rescia, G. Manco)

o~ ldo/dD,

Exercise the same analysis at FCC-hh regime
O Generate 200k events of background and 100k of signal from Madgraph v2.9.11, with energy of

CM 100 TeVv
O Shower in PYTHIA v.8.235 and simulate effects with Delphes v3.5.0 using FCC-hh card

modified
Same analysis cuts, different rapidity cut of large-R jet (In| < 5)

Here only preliminary studies at low statistics, the idea is to see the behavior of color
sensitive variables at higher energy and FCC-hh fast detector simulation
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fluctuations due to low
background statistics 30



StUdleS at FCC'hh re |me (A. Rescia, G. Manco)
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StUdleS at FCC'hh re |me (A. Rescia, G. Manco)

® Observations:

17.5 1 "I71 Zbb (Truth)
[ Zbb (Reco)

O Distributions show similar behavior as 13 TeV -l Ry I 2t
analysis 3251 | QE;ZWN
O We ex 1M ] gl '4'9J~ 100 TeVv
pect similar performances L=l
0 Lund Plane variable shows a different behavior Z&SK&wmwmﬁa
with flatter background (probably due to CNN R P R
LPcun
sensibility to statistical fluctuations)
® Next: 10 JL o C=ne
o I?@ ; ZH(bb) (Reco)
O See the behavior at higher statistics $ 4 .
!g. 6 TeV
® Perspectives: €. (same
statistic
O 1mproved xbb tagger techniques at LHC can be 2" as 100
0 TeV)

0.2 0.4 0.6 0.8 1.0

useful in the future colliders oo o

O discrimination between singlet and octect of color
1s helpful in Higgs and BSM studies at FCC-hh (see

next slides)
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Xbb tagger: FCC-hh Higgs
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https://arxiv.org/pdf/1910.11775.pdf

LHC HIGGS XS WG 2014

Next colliders need to investigate EW sector,
which 1s still puzzling: for example the Amg
quantum correction of Higgs mass (naturalness
problem)

LHC produced 8 million Higgs bosons, HL-LHC
will improve by a factor 20, improving
uncertainties of Higgs couplings by factor 5-10

Higgs self-coupling and nature of EWSB will
remain unknown even after HL-LHC and FCC-ee
(indirect only)

At higher energies many Higgs processes are
most probable

HH production at pp colliders at NLO in QCD
M,=125 GeV, MSTW2008 NLO pdf (68%cl)

\oop‘““"'med‘

onLolfbl

MadGraph5_aMC@NLO

100

Vs[TeV] 3 3


https://arxiv.org/pdf/1910.11775.pdf

Xbb tagger: FCC-hh SM processes

Di-Higgs production allow comparison of SM A
parameters of the Higgs potential

1 1
V(H) = ém%,H2 + \3gvH3 + Z,\4HH4

FCC-hh will improve the sensitivity on K (;//////)
AS/A;M) from 50% of HL-LHC to 5% of FCC-hh

CC-ee/eh/hh

Higgs@FC WG September 2019

FCC-ee

ILC

CEPC

CLIC

under HH threshold
.................................... DUDNNY A -
......................................................... SRERNNML....
under HH threshold

A Y

di-Higgs  single-Higgs

o
FCC-eelehvhh  [\\] FCC-ee/eh/hh
m:; N}
LE-FCC “|LE-FCC
15% na.
FCC-eh,,,
-17424%

0 10 20 30 40 50

68% CL bounds on x, [%]

7%+11%
CLIC,,y
36%

Al future colliders combined with HL-LHC

https://arxiv.org/pdf/1910.11775.pdf
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Xbb tagger: FCC-hh SM processes

Higgs@FC WG September 2019

® Di-Higgs production allow comparison of SM A R e T ——————
parameters of the Higgs potential -
1 1 igc,ee/eh/hn gscoi-ee/eh/hh
V(H) = Em%{H2 -+ A3H’UH3 + Z)\4HH4 LEFCo htic
CC-eeleh/hh Fobetun [ RO Mwn
/ .......................................................................................... R R
¢ FCC-hh will improve the sensitivity on g (= s ES:E:
A/N) from 50% of HL-LHC to 5% of FCC-hh e SIS | o el
_ 1L 1L
1000 ‘ °|000
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50%
baCkgr Ound I bbZy — bb(£7£7)y, prs > 30 GeV 26.00x10° I 68% CL bounds on K3 [%]  Alltuture colliders combined with HL-LHC
Byl by romao https://arxiv.ora/pdf/1910.11775.pdf
hZy — (bb)(¢1£7 )y 1.72 ps://arxiv.org/p ) .p
from QCD bbZ — bb(£ 4™ )+mis-tagged v , pr,p > 30 GeV 107.36x10°

tt — (£Tbve) (£~ by )+mis-tagged v, cuts as in Eq. 1 25.08x10°

channel / BR o(14 TeV) (fb) 0(100 TeV) (fb)
hh — (bb)(ZZ) — (bb)(£T e~ £[2 ™) 0.016% 0.006 0.26 — T
hh — (bb)(Z7) — (bb)(£T€™ ) 0.013% 0.005 0.21 channe _ __ id e
- — - _ hh — (bb)(WTW ™) — (bb) (£ T vel™ 7g) 27.16
hh — (bb)(WW ™) — (bb) (1€~ + E) 1.658% 0.667 2116w p s B rte) o () e d-er) 463
hh — (bb) (7 77) — (bb)(£" ¢~ + E) 0.893% 0.360 14.63 t& — (£Fbu) (€ bpy). cuts as in Eq. 1 25.08x10°
hh — (bb) (i) 0.025% 0.010 0.42 |bbZ — bb(£7¢7), pry > 30 GeV 107.36x10° |
4L —0bb(L"L ) 500.0
hh — (bb) () 0.263% 0.106 4.31 hZ — bh(*0-) 99.79
bbh — bb(£1£7), pry > 30 GeV 26.81
bbW= — bb(£X1y), pr,y > 30 GeV +mis-tagged £ 1032.6
https://arxiv.org/pdf/1504.04621.pdf £ + jets — (£7€7) + mis-tagged bb 2.14x10°

35


https://arxiv.org/pdf/1910.11775.pdf
https://arxiv.org/pdf/1504.04621.pdf

8B

tan 6

Xbb tagger:FCC-hh BSM resonances

............
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Dijet resonances in the final
states (i.e. 2 b-jets)

Xbb tagger in Z’_  color singlet and
G’ color octect vector resonances
respect QCD background or to
discriminate to each other

z'_  dijet resonance predicted in
models with gauged baryon number

Coloron G’ arises 1n extended
SU(3). color models as a heavy
cousin of the SM gluon, and also
couples universally to quarks with
a coupling gs tan ©

https://arxiv.org/pdf/1308.1077.pdf
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Conclusions

@ Higgs 1in two b quarks 1s the most probable decay but
1t has a large QCD background

e Xbb tagger uses jet substructures for Hbb boosted
topologies

¢ Our work 1is using color flow wvariables to perform
the separation between signal and background

¢ ML techniques show good result 1in discrimination,
with ROC around 0.89

@ This approach can be useful for future colliders 1in
SM (1.e. Di-Higgs ) or BSM (1.e. Dijet resonances)
processes
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ML parameters

BDT CNN
Parameter Value
Parameters Value N+ ConvaD 30
No. of Trees 100 N> Conv2D 30
Max Depth 3 Dropouts - (0.3)
MinNodeSize 2.5% N3 Conv2D 30
Boost Type AdaBoost Dropouts - (0.3)
Train/Test 50/50 N4 Conv2D 10
No. of Cuts 200 Dropouts - (0.1)
Downsampling No Flat Layer 150
Epochs 30

Batch Size 800
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