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Introduction

e The Standard Model is the most successful theory for describing Physics at the fundamental level.
e However, on its own, it can not explain everything that we observe in the universe.
o This thesis explores the existence of new light pseudoscalar particles.

o If they couple to the SM Higgs boson = exotic Higgs decays? BR(H — undetected) < 12%

o If they couple strongly to heavy fermions = top-associated production?
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Theoretical framework



The Standard Model of Particle Physics

£

Charge
Spin
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The Standard Model describes all fundamental particles and
their interactions (except gravity). Is is a quantum field theory
based on the SU(3) X SU(2);, X U(1)y gauge symmetry group.
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e Quarks and leptons (spin-1/2) are the
constituents of matter.

e Gauge bosons (spin-1) are the force
carriers.
o g & strong force.
o y < electromagnetic force.
o Z, W* & weak force.

e The Higgs boson (spin-0) gives mass to
particles via the Higgs mechanism.



The Brout-Englert-Higgs mechanism

e Conventional mass terms in the SM lagrangian do

Fermions acquire mass terms through
not respect the SU(2); % U(1)y symmetry.

their interaction with the Higgs boson:

e The Higgs field causes the spontaneous symmetry v Ae
breaking SU(z)L X U(l)Y i U(l)EM- LYukawa 2= E ff - % ff H
e In this process, the Z and W* bosons acquire their — \7"
mg mg /v

masses, consistent with experimental observations.

V(®) = -2 (@'®) — 1(DTD)?

g
out down there.

< d)) 1 0 Oscillations 1 0
= — B ———————
\/E V | around the vacuum \/5 v+ H

Slide 53.
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Beyond the Standard Model

The SM has successfully predicted with high precision
decades of discoveries in the field of Particle Physics.

However, it can not explain... (
Is there Physics beyond the Standard Model?

o The Higgs hierarchy problem. . ) . . . .
This thesis explores extensions of the SM featuring axion-like

particles (ALPs) .

o The values of particle masses.

e The strong CP problem.

e Pseudoscalar particles.

And also...
e Can be light w.r.t. the EW energy scale.
e Dark matter and dark energy. e Can inherit Yukawa-like couplings from the SM Higgs boson.
o The matter-antimatter asymmetry. ~ g

e Neutrino masses.

e The muon (g — 2) anomaly.

Slides 54 - 56.
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Experimental setup



The ATLAS experiment at the LHC

cMs
—_— They reach their maximum energy at the LHC ring, which is 27 km long. ]
LHC
ALICE . e b
= MUON DETECTORS LIQUID ARGON
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o ATLAS \,
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Protons are extracted from
hydrogen atoms and accelerated
in bunches through a series of
machines.
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The ATLAS detector is one
of the 4 interaction points.
Itis 46x25 m, and it weighs
7000 T.

TOROID MAGNETS

INNER DETECTOR
SOLENOID MAGNET
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Inner detector (ID)

Slide 58.

Pixel detector — silicon pixels Charged particles leave tracks in the ID. Using

pattern recognition algorithms, they are matched
Transition radiation tracker (TRT) — drift tubes to their corresponding interaction vertices.

Semiconductor tracker (SCT) — silicon strips

ES | A magnetic field of 2 T bends the
O)))))))) | particle trajectories in order to identify

their momentum and charge.

The ID is the first point of detection, located
just a few cm away from the collision point.

Paula Martinez Sudrez 11 March 2025 10



Liquid argon (LAr) calorimeter

Slide 59.
The LAr calorimeter uses plates of absorber
material to trigger particle cascades that ionise the
active material, producing a measurable signal. Hadronic
calorimeter
Pixel detector
/L e
. A Electrons are reconstructed
vy | from energy deposits in the
~ LAr calorimeter associated to

Absorber material: lead or copper. ID tracks.

Active material: liquid argon.

Paula Martinez Sudrez 11 March 2025 11



Tile calorimeter (TileCal)

The TileCal uses steel plates as the absorber
material and tiles of plastic scintillators as the
active material.

Slides 59, 60.
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Hadrons interact with the material producing
particle cascades (jets) and leaving energy
deposits in the tile calorimeter.

Using tracks and calorimeter
information, jets are clustered
into cones of fixed radius.
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Muon spectrometer (MS)

Slide 61.

Muons are reconstructed from tracks,
TileCal and MS information.

\

.

The MS measures the momentum of
muons using several layers of gas
detectors.

ST
When a muon passes through the detector, it

ionises the gas, triggering an electric signal
that can be recorded by the different sensors.

A toroidal magnet provides

TileCal
b a magnetic field of 4 T.

z
Monitored Drift Tubes Cathode Strip Chambers Resistive Plate Chambers Thin Gap Chambers

Paula Martinez Sudrez 11 March 2025 13



Invisible particles?

Invisible particles (e. g. neutrinos)
cause an energy imbalance in the
transverse plane denoted as ET"*°.

All particles

Paula Martinez Sudrez
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Trigger and data acquisition

Slides 62, 63.

The Level-1 trigger is a hardware-based
system that works with partial detector
granularity. It has a latency of ~2.5 ps.

Jets. I
Level-1 trigger &Y || energy
Input rate: 40 Mhz MUCTPI
Output rate: 100 kHz L_,—LT Accepted events are sent
L]

L1Topo to permanent storage for
_,‘ offline reconstruction.

Region of interest

i = i Accepted
The HLT is a software b.ased trigger that High-level trigger eveﬁts < >
reconstructs the event with full detector Input rate: 100 kHz Processors I Permanent
granularity. It has a latency of ~200 ms. Output rate: 1 kHz storage

Paula Martinez Sudrez 11 March 2025 15



Physics simulation



Anatomy of an ATLAS event

Hard scattering: the main interaction between two
partons from the proton bunches.

Parton shower: soft and collinear QCD emissions
originating from the initial- and final-state particles.

Hadronisation and decay: it occurs due to the colour ~— :
confinement of non-perturbative QCD at low energies. — Sy crttlegg,

EM radiation.

Underlying event: additional particle interactions
that do not originate from the hard scattering.

Slide 65.
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Search for decays of the Higgs boson into pseudoscalar particles
decaying to four bottom quarks using proton-proton collisions at
Vs = 13 TeV with the ATLAS detector



Motivation

Search for a new light pseudoscalar (a) produced in Higgs boson
decays in the 4b final state using a simplified model approach:

1 B
L>- (8pa)(a”a)— —m a - E/IaazH — ypab(iy®)b

‘,_/ \/_/ ———— S —
Kinetic term Mass term  Coupling to H ~ Coupling to b

v

Boosted decays Resolved decays
(Low ma) (High ma)

Paula Martinez Sudrez 11 March 2025
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m, € [12, 60] GeV.

Different a-boson masses
= different topologies.

Slide 70.
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A more detailed view of b-quark identification

Jets originating from b-quarks can
be identified by their substructure.

Secondary
vertex

Primary / /7~ B-hadron
R=04 vertex ~ /¢ T~15ps

Zan

A b-jet hasaradius R = 0.4 and it
contains a secondary vertex from
B-hadron decay.

Paula Martinez Sudrez

When two b-quarks are very close,
they can not be reconstructed
individually.

A B-jet hasaradius R = 0.8 and
contains a collimated bb pair.

11 March 2025

If the b-quark has very low pr, it

can not be reconstructed as a jet.

Tracks

(Soft)
secondary
/
vertex /
7
/
/
/
/ B-hadron
/
/

/
/

. /
Primary /
vertex

Soft SVs (v) are reconstructed from
tracks only.

Slides 67 —

69.
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Data samples

Data samples

Full Run 2 dataset (2015-2018).

o [ Ldt=1401b""

There are 2 previous ATLAS searches using partial
Run 2 data:

Phys. Rev. D 102 (2020) 112006 (15-30 GeV)
JHEP 10 (2018) 031 (20-60 GeV)

e \s=13TeV
2015 2016 2017 2018
3 33 451" 59 fo

Paula Martinez Sudrez

11 March 2025

21


https://doi.org/10.1103/PhysRevD.102.112006
http://dx.doi.org/10.1007/JHEP10(2018)031

Monte Carlo samples

Signal samples

e ZH production at tree-level and 1-loop.
e 7 — {{ final state.

o my = 125 GeV.

e BR(H — aa — 4b) = 1.

e 8 mass hypotheses:
m, € [12, 16, 20, 25, 30, 40, 50, 60] GeV.

14

b Background samples

b _ o

_g Top backgrounds: tf+jets, single-top, ttH, ttZ, ttW, tZ, tWZ.
; b Vector-boson backgrounds: Z+jets, W+jets, ZZ, ZW, WW.

Paula Martinez Sudrez 11 March 2025
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Event selection (preselection)

)]

Paula Martinez Sudrez

Z — tt selection

o 2 leptons (ee, pp or ep).

e One trigger lepton with pt > 27 GeV.

e Another lepton with pr > 10 GeV.

e myp > 50 GeV.

b selection
e (2Ng+N,+N,) >3

11 March 2025
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Background modelling

e The two main backgrounds are ti+jets and Z+jets .

e Mismodelling observed in both normalisation and shape.

e Data-driven corrections (reweighting) calculated in signal-depleted regions.

{t+jets reweighting region

e Preselection
o ey with [mey — mz| < 20 GeV
e Ny>2

Z+jets reweighting region

e Preselection

e eeor pu with
|mer — my| < 20 GeV

e (2Ng+N,+N,) =3
o E%liss < 60 GeV

Paula Martinez Sudrez 11 March 2025
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Normalisation correction

The normalisation of tt+light, tf+>1c and t#+>1b is
corrected using a fit to the sumPCBTag distribution:

sumPCBTag = Z PC b-tagging score™ of all jets
* The b-tagging score is a value between
T T T T 1 and 5 assigned to each jet, representing

9 9
S 10°E ph.D. Thesis P. Martinez —=-Data S 1°F ph.D. Thesis P. Martinez -e-Data
s . . i+ light s N ) 1+ light . : : Cps
D10 f B Tev. 10w EMCI @10 f F=i9Tev.ii0n HHCIS the likelihood that it originates from a
tjets reweighing region e F wjesreweightng regon e
0 e w 3 W0E w | b_ k
oo L Pt Zees 1oL postit Zees ] quark:
i Totaune. wh Towune.
. . L —_— 1
wb 3 m 3 1 - Not likely.
. . . .
. ., 3 af e o 3 g
W, v e . w0k, >, 5 — Very likely.
_ o e
100 107
10 10
. E
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% 12 ot ) % 12
£ 1 . £ 10 o
£ 10berw e g . . -~
o 08 a 08
] I 08y
4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 20
sumPCBTag sumPCBTag

This is not necessary for the Z+jets Monte Carlo sample.
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Niets shape correction

Shape mismodelling in the Njegs distribution
corrected by adjusting each bin to data.

Paula Martinez Sudrez
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pt shape correction
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NN for event reconstruction

p N & o 0 Tnesi P wannez | Sonaacer §

. T 10°f G- 137ev, 1a0m st

e Mass-parametrised neural network. b e S

e Used to find the best object pairing in the 4b final state. vE o

10° -

¢ 5 hypotheses are considered: 2B, 1B2b, 1B1blv, 4b, 3blv. w :
Find best pairing 1

(Example: 1B2b)
Evaluate Higgs

(b) candidate N MJ
Object1 o . 0. 01 02 03 04 05 06 07 08 09 10
e o Highest hypothesis score 12 GeV
Object 2 ./.
@ 0 NN score for the Ph‘ D. T‘hes\s P. Martinez —;lqna‘:AOG‘ev
> : Eoe L et 1
Object 3 (b) =2 iyttt [ o romes 1060V Lo
@ wkE sl E
stat unc.
@ e E E

Signal/Bkg

Events

:

e The preferred hypothesis is the one with the highest score. .

o This hypothesis is used to reconstruct the a and Higgs boson.

. J

Signal/Bkg.

VTR T
0001 02 03 04 05 06 07 08 08 10
Highest hypothesis score 40 GeV

Slide 74.
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BDT for signal vs. background discrimination

2 10°F T T T El
5 Ph. D. Thesis P. Martinez — Signal 12 GeV'
& 10F f-wrev 0t e 4
o e ShE ]
.
( ) 0 E
e One boosted decision tree for each NN hypothesis and Co—
a-boson mass. o ]
o Inputs include: L ; :
B 15
I 10
o Reconstructed a- and H-boson variables from the NN. 3 - _
T 5
o Z-boson (¢{ pair) kinematics. 60T score i
2 10F T T T 3
. . . . . . § i Ph. D. Thesis P,lMamnez — ;:gr}:::osev
e The BDT score is classified in 3 bins according to their i it i
. . . 10° mu 21b el
signal content: Loose, Medium and Tight . o S
§ ) 10° £ -
107 ;\—'77
: I
g 15 '
g :
£ o
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Slide 75 BDT score bin
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Signal and control regions

Signal regions

NN hypothesis + additional cuts

2B
1B2b
ee or i
1B1b1v |mee — mz| < 20 GeV
High NN score
4b
3b1v

Slide 76.
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Control regions

b-object count + additional cuts

2B
(Loose B-tagging) . N
2B Z+jets selection
(Tight B-tagging) ee or i
1B+ 2b | mee — mz| < 10 GeV
(Loose B-tagging) Low NN score
1B+ 2b E,rrmSS < 60 GeV
(Tight B-tagging)
4b tt+jets selection
el
3b+
1vor1jet

11 March 2025
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Systematic uncertainties

Experimental uncertainties

Detector response, efficiency and calibration.

Applied to all signal and background processes.

Luminosity.

Pileup modelling.

Trigger efficiency.

Object reconstruction and identification
(electrons, muons, jets and tracks).

e Flavour tagging.

° E}I‘HISS .

Modelling uncertainties

Theoretical assumptions and limitations in
the MC simulation. Applied to signal and the
main backgrounds (tZ+jets and Z+jets).

e Renormalisation and factorisation scales
(kr, E)-
Parton distribution functions (PDFs).

Initial and final state radiation (ISR and FSR).

Alternative hard scattering simulation.

Alternative parton shower simulation.

Reweighting uncertainties.

Paula Martinez Sudrez 11 March 2025 31



Fit setup

-

Statistical treatment

e One fit per mass hypothesis (8 in total):
m, € [12, 16, 20, 25, 30, 40, 50, 60] GeV

e Binned maximum-likelihood fit to the data.

Free parameters:

o Signal strength (y)
o 3 ti+jets normalisation factors
o 1 Z+jets normalisation factor.

e Systematic uncertainties enter the fit as
nuisance parameters.

o Pruning at 1%.

-~

\.

Signal and control regions

e 5SRs = Fit to the BDT bins.

e 6 CRsfor Z+jets and 6 CRs for ti+jets .
= Fit to the yield per region.

Dataic

Dataie

Paula Martinez Sudrez 11 March 2025
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Results from the fit to data (m, = 25 GeV)
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S 10' £ Ph.D. Thesis P. Martinez ~ —-Data E
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Slides 77, 78.
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K(Z + > 18/b)

K(tt + > 1b)

K(tt + = 1B)

K(tt + jets)

125 GeV
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Modelling signal

Signal muRmuF
Signal ggzH PhH7
Signal ggzH ISR
Signal ggzH FSR
Signal PhH7
Signal PDF+a,
Signal ISR

Signal FSR

-1 0
(©-6)/00

Ph. D. Thesis P. Martinez

Modelling Z + jets

Z+light muRmuF
Z+21c muRmuF
Z+21b muRmuF
Z+218 muRmUF
Z+21c CKKW+QSF
Z+21b CKKW+QSF
Z+light aMC@NLOPyS
Z+21c aMC@NLOPY8
Z+21b aMC@NLOPYS
24218 aMC@NLOPY8
Z+jets PDF+a,

24218 CKKW+QSF

-2 -1 0
(©-6)/00
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Modelling tt + jets

te+light PhH7
ezl PhHT

t+21b PhH7

4218 PhH7

t+light muRmUF
tt+21c muRmUF
tt+21b muRmUF
4218 muRmuF
t+light aMC@NLOPyS
ts21c aMC@NLOPYS
t+21b aMC@NLOPYS
1+218 aMC@NLOPY8
tt+jets PDF+a,

ttHjets ISR

ttejets FSR

-2 -1 0
(6-8,)/00
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Exclusion limits

Vs=13TeV, 140 fb™*

10

95% CL limit on BR(H ~ aa— 4b)

10”

Ph. D. Thesis P. Martinez

Expected limit from Asimov fit

T
- Combined
—28
—1B2b
— 1B1blv
—ap

3blv

m, [GeV]

95% CL limit on BR(H - aa - 4b)

10

T T T
Ph. D. Thesis P. Martinez

Vs =13 TeV, 140 fb™
S+B fit to data

— Observed
- - Expected

== Expected
- - Expected

t10
+20

—— 36 b low mass

—— 36 fb™ higl

h mass

¢ No significant excess above the SM is observed.

e 95% CL limits to the BR(H — aa — 4b) between 5% and 25%
for m, € [12, 60] GeV.

o The dominant source of uncertainty is statistics.

o Great improvement w.r.t. previous analyses.

Paula Martinez Sudrez

11 March 2025

60

m, [GeV]

Category Impact on fi
Total stat. 33.1%
Total syst. 22.5%
General 2.4%
Lepton reconstruction 0.3%
Jet reconstruction 7.8%
Track reconstruction 1.5%

miss 0.8%
Flavour tagging 11.6%
Signal modelling 8.2%
Z+jets modelling 5.4%
tt+jets modelling 4.8%
Reweighting 0.7%
MC stats. 13.0%
Signal MC stats. 1.7%
Norm. factors 3.5%

Slide 79.
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Search for a new pseudoscalar decaying into a pair of bottom and
anti-bottom quarks in top-associated production using proton-proton
collisions at v/s = 13 TeV with the ATLAS detector



Motivation

Search for a new light pseudoscalar (a) produced in association with top
quarks in the a — bb final state using a simplified model approach:

gzyz

8bYb
L3 ZZ4(iy)at + 22 b(iy®)ab
V2 V2
Coupling to ¢ Coupling to b
L, ’
/ ~ m, € [12,100] GeV
/ Low m, = boosted a-decay (B-jet).
> High m, = resolved a-decay (b-jets).
Boosted decays Resolved decays
(Low ma) (High ma)

Slides 81, 82.
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Data samples

Data samples

Full Run 2 dataset (2015-2018)

o [ Ldt=1401b""

First search of its kind in ATLAS and CMS.

e \s=13TeV
2015 2016 2017 2018
3 33 451" 59 fo

Paula Martinez Sudrez
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Monte Carlo samples

Signal samples

e tta and tWa production.
o tt — {f final state.

e g;=0.5.

e BR(a — bb) = 1.

e 10 mass hypotheses:
m, € [12, 16, 20, 50, 30, 40, 50, 60, 80, 100] GeV.

Background samples

Top backgrounds: ti+jets, single-top, ttH, ttZ, ttW, tZ, tWZ.
Vector-boson backgrounds: Z+jets, W+jets, ZZ, ZW, WW.

E';;,iss b

Paula Martinez Sudrez 11 March 2025
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Event selection (preselection)

tt — ¢¢ selection

o 2 leptons (ee, pp or ep).

e One trigger lepton with pt > 27 GeV.

o |mpy — my| > 8 GeV.

Multi-jet selection

® Nijets 23

® NpLoose =1

Paula Martinez Sudrez 11 March 2025

e Another lepton with pr > 10 GeV.

Events

0.8

0.6

0.4

0.2

0.0

§ S S [ — — 1
A A B Ry 8 N % Y
% NN ® s X
R R I
%
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Background modelling

e The main background is t#+jets .
e Mismodelling observed in both normalisation and shape.

e Data-driven reweighting calculated in a signal-depleted region.

it+jets reweighting region

e Preselection

o cu
e Ng=0
e Np,>2

Paula Martinez Sudrez 11 March 2025
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Background modelling

Normalisation of the t#+light, tf+>1c and tf+>1b
categories is corrected using a fit to data over
the sumPCBTag distribution:

F P o kA A AR A R AN R F Tl o M A NS AR AR RS A R
s Ph. D. Thesis P. Martinez -0 g Ph. D. Thesis P. Martinez -0
& 0F 6wsev 10w o+ ign & OF st ion g
Lo wies reweighing region e 108 |- wies reweighingfegion e
v w W
W0E prefi ttH 10 E poseit I
) o

1 1
| | | | | | | | | | | | | | | | | | |
Q Pt Q ]
T 2 LRI ) 3 12
£ 10w £ U
8 os 8 o8
0B ket 0Bttt
O I R T I I U T ) F R R R R I T TR
sumPCBTag sumPCBTag

This corrects the Njets distribution as well.

Slides 83 — 85.
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Residual shape mismodelling in the pr of jets and
leptons is corrected using a fit over H{ed:
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11 March 2025 41



BDTs for event reconstruction

BDTs for t — j¢ reconstruction

e 2 BDTs: top and anti-top decay.

e Trained with t#+jets and tta samples.

e Evaluates all permutations between the lepton
and the 5 leading jets.

Best pairing

®
Test jets @
Aux. lepton @ Reconstructed
: ¢ r variables

Test lepton
BDT score

.

Slides 86 — 88.
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BDT for a — jj reconstruction

e Trained with t#+jets and tfa samples.

e Evaluates all permutations between the 5
leading jets.

Best pairing

® 0 0 BDT score
" Reconstructed

@ @ variables

11 March 2025
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NN for signal vs. background discrimination

e 4 training regions:
o Boosted: 1B2b and 1B1b .
o Resolved: 0B4b and 0B3b .

e One training per region (mass-parametrised).

1%
x10
=) T T T T T T T a T T T T T T T T
° Ph. D. Thesis P. Martinez ~ — Signal 30 Gev 2 %[ Ph.D. Thesis P. Martinez Signal 12 Gev |
wb : smney E ‘ — g

3 V5=13TeV, 140 fby Signal 80 GeV ° 5=13TeV, 140 fbr Signal 60 GeV

2 SR 0B4b w+ light £ ol SR1B2 Signal 80GeV 4

g TS g

5 w 5 .t 2lb

g i g ‘w

o or 1wz 3 015 tH B

2 i 2 i

5 Othe € W

f : 30f Stat. unc, B f ; Other
Resonance from ¢ Resonance from gow s
bb 1 B

o =3

E E

@ 2

3 T 8

5 § o5t Lo L

n L L L n L L L . T

O R R R R R R

b-jet pair mass [GeV] B-jet mass [GeV]
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Systematic uncertainties

Experimental uncertainties

Detector response, efficiency and calibration.

Applied to all signal and background processes.

Luminosity.

Pileup modelling.

Trigger efficiency.

Object reconstruction and identification
(electrons, muons, jets and tracks).

e Flavour tagging.

° EKII‘IISS .

Modelling uncertainties

Theoretical assumptions and limitations in
the MC simulation. Applied to signal and the
main backgrounds (tZ+jets, tW, tiH and ttZ).

e Renormalisation and factorisation scales
(R, HF)-
Parton distribution functions (PDFs).

Initial and final state radiation (ISR and FSR).

Alternative hard scattering simulation.

Alternative parton shower simulation.

Alternative Monte Carlo parameters.

Reweighting uncertainties.
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Fit setup

,

Statistical treatment

e One fit per mass hypothesis (10 in total):
m, € [12, 16, 20, 25, 30, ...
... 40, 50, 60, 80, 100] GeV

e Binned maximum-likelihood fit to the data.

Free parameters:

o Signal strength (u)
o 3 tt+jets normalisation factors.

e Systematic uncertainties enter the fit as
nuisance parameters.

o Pruning at 1%.

-

Paula Martinez Sudrez

Signal and control regions
e 4 SRs = Fit to the NN score.

o Boosted: 1B2b and 1B1b+1bL
o Resolved: 0B4b and 0B3b .

e 1CR (0B2b+1bL ) for the tf+light and ti+>1c¢
categories.

= Fit to the central bins of the sumPCBTag
distribution.

11 March 2025
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Results from the fit to data (m;,

30 GeV
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NN score 30 GeV
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Exclusion limits

T T T T 10°ETT T T T
Ph. D. Thesis P. Martinez -_-ggg\bbmed
Vs=13TeV, 140 b —0B3b

Expected limit from Asimov fit

Ph. D. Thesis P. Martinez =~ — Observed
" - - - Expected
f5=13TeV, 140 b == Expected £ 10

S+B it to data P Expezzled +20

10°

—1B2b
— 1B1b+1bL

95% CL limit on o(pp - tta) x BR(a - bb) [pb]
95% CL limit on a(pp - tta) x BR(a - bb) [pb]

20 40 60 80 100 20 40 60 80 100
m, [GeV] m, [GeV]

¢ No significant excess above the SM is observed.

e 95% CL limits to o (tta) X BR(a — bb) between 0.1 and 0.9 pb
for m, € [12, 100] GeV.

o The dominant sources of uncertainty are B-tagging and t#+>1b
modelling.

Paula Martinez Sudrez 11 March 2025

Category Impact on fi
Total stat. 30.0%
Total syst. 49.0%
General 0.8%
Lepton reconstruction 0.1%
Jet reconstruction 10.7%
Track reconstruction 3.2%
Emiss 0.6%
B-tagging 39.2%
b-tagging 7.8%
Signal modelling 16.4%
tt+light modelling 4.3%
tt+>1c modelling 4.0%
tt+>1b modelling 27.7%
tW modelling 1.6%
ttH modelling 0.6%
ttZ modelling 0.5%
Reweighting <0.1%
MC stats. 6.6%
Signal MC stats. 6.5%
Norm. factors 14.8%
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Summary

- Two searches for light spin-0 particles (a-bosons) are presented.

e They are performed using the full Run 2 dataset (140 fb~! of pp collisions) recorded by the ATLAS
experiment.

- No significant excesses over the SM expectation are found.
o Upper limits to BR(H — aa — 4b) range between 5% and 25% for m, € [12,60] GeV.
e Upper limits to o(ta) X BR(a — bb) range between 0.1 and 0.9 pb for m, € [12,100] GeV.

- Both searches provide unprecedented sensitivity.

e The H — aa — 4b search uses novel techniques to exploit the characteristics of low-pr, boosted
topologies.

e The tia, a — bb search is the first of its kind in both ATLAS and CMS.

- In addition to Physics data analysis, work has been carried out in the ATLAS L1Topo trigger
simulation in preparation for Run 3.

Paula Martinez Sudrez 11 March 2025
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Publications

Published:

o P. Martinez Suarez, The ATLAS Level-1 Topological Processor: experience and upgrade plans,
PoS LHCP2021 (2021) 242.

o P. Martinez Suarez, Searches for axion-like-particles (ALPs) in Higgs boson decays in ATLAS,
PoS ICHEP2024 (2024) 071.

e ATLAS Collaboration, The ATLAS trigger system for LHC Run 3 and trigger performance in 2022,
JINST 19 P06029 (2024) .

Currently under ATLAS review (to be submitted soon):

e H — aa — 4b/6b in the 0¢ and 2¢ channels (— Physical Review D).

e tta, a — bb (— European Physical Journal C).
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Theoretical framework



The Brout-Englert-Higgs mechanism

_ 1 (g7 1 . 0 1 Y& +i8)
d=— _ _— JTE(x)/v ~ 2 G2
\/5(9?50) CD(x)—\/Ee (U+H(x))~\/§(02+H—%i§3)
Lssg = (D,@)"(D'®) - V(@)
= (D) (D) - [#*(2"0) + (2" 0)’] W = %(w,} F W),
V() V(©) Ay = By cos by + W: sin O,

Zy = =By sin Ow + W; cos Ow

gsinly =g cosby = e

Re(®) Re(®)
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2 Higgs doublet model (2HDM)

Vorom (®1, P;) = }lf@I(Dl + pg@;@z -l (CI>I<I>2 +h.c.) Parameter | Value
1 P, 1 P . . tan f 1
+ 5A1(®1¢)1) + EAZ(CDZCDZ) +A3(¢)1(D1)(¢‘2(D2) sin 6 0.7
1 A3 3
+ A4 (@]0) (@)0) + 225 [ (@]@2)? +he A 3
2 Apa 3
Yx 1
1 & . . - - .
Vp = ;mf’PZ + P(ibp@i(bg + h.C.) + PZ (/IP,ICDJ(I)I + AP,ZCI);CI)Z) Table 3.4: 2HDM+a parameters used in the tfa, a — bb analysis.
g T T T
Coupling | TypeI | Typell | Type Ill | Type IV e |
Ene 1 1 1 1 é’ 10 E;—— bb \\E
Enu 1 1 1 1 S £ 1
b 1 1 1 1 & [ 1
Eme —cot f§ tan f§ tan ff —cot f§ L 1
EHu —cotf | —cotp | —cotf —cot
Erd —cotf tan —cot f§ tan f§ 107 LT\ E
Ear —cotf8 tan 8 tan f§ —cotf8 g T
Eau cot 8 cot cot cot F
Ead —cot f§ tan f§ —cot f§ tan f§ [ 1
Table 3.3: Yukawa coupling strength for the neutral h, H and A in the four 2HDM models at the 72 f L L
decoupling limit @ — f — /2. The notation £ = e, jt, 7, u = u,¢,t and d = d, s, b is used. 10 50 100 150 200
m, [GeV]
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Higgs boson properties

olpp-H+X) [pb]

Branching ratio

T T T T
my =125 GeV

L —Wr

ww — 4

P

T T N O S S
120 121 122 123 124 125 126 127 128 129 130
my [GeV]
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my

VVev

e
Fvev Or VK

K,

T T
ATLAS Run 2
[

F x,is afree parameter W

SM prediction _

107 1 10 10°
Particle mass [GeV]
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ATLAS Fed Total Stat.only | Combination
R 1 78 To%25 -, Rum 2 = 136V, 140>
ap——
Run1H F——%——1 12602+ 051 (+0.43) GeV
Run1H -1t 7—0—1‘ 124.51 + 0.52 (+ 0.52) GeV'
Run2 H -+ == 125.17 £ 0.14 (£ 0.11) GeV
Run2H — 4t P—O—Ii 124.99 +0.19 (+ 0.18) GeV'
Run 142 H — 12522 +0.14 (£ 0.11) GeV'
Run 142 H - 4t 124.94 + 0.18 (+ 0.17) GeV
Run 1 Combined —— 125.38 + 0.41 (+ 0.37) GeV'
Run 2 Combined l-l-i 125.10 0.1 (+ 0.09) GeV'
Run 142 Combined l-l-i 125.11 £ 0.1 (+ 0.09) GeV'
L JJ.; 1 L L
123 124 125 126 127 128
my [GeV]
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Standard Model cross section measurements

Standard Model Production Cross Section Measurements Status: June 2024
a DAQ total (x2)
S 10t fangroes ATLAS Preliminary Theory
b g V5 =5,7,8,13,13.6 TeV
106 b oo o I
s i LHC pp V5 =13 TeV
105 :‘“i:?c‘v’;‘" B Data 32140 E
LHC pp V5=8 TeV
10* ¢ sag Bl 0aw 202-20307 3
o M LHC pp V5 =7 TeV
103 E Eoy G 7 em,.. om BBl oata 4540 E
10% f e
-
10 F .
1k
1071 L
102F
1073 F
= 3 = N Loz mLTouw
S = 2 = & T! =
T 3 § > 5
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Experimental setup



ATLAS ID schematics
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ATLAS calorimeter schematics
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Jet reconstruction

A%

. 2 2 L

d,'j = min (ij,)t’pTg) ?j
dip= P%),»

If dj < dip — cluster.
Else — i = final jet.

Inclusive clustering: end when all particles are part of a jet with R; > RV i, ;.
Exclusive clustering: end when the desired amount of jets is found.

soon  [conmmereT]
p = 1: kr algorithm.

p = —1: anti-kr algorithm.
p = 0: Cambridge/Aachen algorithm.
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ATLAS MS schematics

+N=1.0
1zm] Y l ¥ MDT

End-cap
toroid
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ATLAS TDAQ — Run 2 layout

Calorimeter detectors

TileCal | Muon
[

Level-1 Calo

Endcap

sector logic

Level-1 Muon

o

L1Topo

MUCTPI

CcTP

Level-1

Level-1 Accept
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Rol

Detector
Read-Out

DataFlow

Read-Out System (ROS)

Data Collection Network

Lixe\/SCT

Data Storage
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L1Topo Run 2

L1Topo algorithm Definition
Pseudorapidity distance | Afmin < A = |91 = 12| < Afhmax
Azimuthal distance Admin < A = |1 — 2] < Adpmax
v ll v.ll | Box cut Afmin < AR < Afpax and Adpin < Ad < Adnax
| | | Window cut Hmin < 0 < Diax and Gin < ¢ < Prax
% Sort/Select Algorithms = ]| Angular distance ARfmn > AR = A'Tz + Aﬁbz < Aernax
| ] | | Disambiguation 1 # 1z OF ¢y # ¢ or AR > ARy,
Ratio f(TOB;) = ef(TOBy) with iy = 02, 1 = 2
8 i + R oo v B and & = constant
\ ‘ \—k — Invariant mass mjzm,.mjn < mfnv = ZE}E?[(coshAr] — cosAg) < m?m,.max
Aotifeaul B andlcvTions Transverse mass M < M = 2ELEPSS(1 — cosAg) < mh
HHH Event hardness Hrmin < Hr = Zp’;u
Simple cone Etmin < B = Y pgero Ef°
Late muon Finds the highest-pr p in the next BC and combines

it with the input lists associated with the current BC.
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Physics simulation



Physics simulation

Hard scattering

1 2 N2
2 2 A Q0
Opp—X = Z/ dx,dx; ﬁ(xl’,uF)f}(xL,UF)dinX x1 Py, x2Ps, >
ij 70 He  Hr
PDFs DGLAP and Parton Shower
[ T T T q g9 q g
NNPDF3.1 (NNLO) 09 gi10 zp zp zp zp
Xf(x,u2=10 GeV?) 3 xf(x,uz=10" Gev?){ P P ) )
) 0.| . E q q g g
07 E (1-2), (1-2) (1-2) _ (1-2)
v ; z)p g z2)p q z2)p q z2)p g
Pyy(2) Py q(2) Pycy(2) Py y(2)

a, do?
do ~ OME Z E?dzPﬁ_i(z)

: 2, 72 1-22 /2
‘max dt 0
\ Ai(t2, . 1%) = exp [/2 il dzP]u_i(z)}
t

s ol
max 21 2 27
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Search for decays of the Higgs boson into pseudoscalar particles
decaying to four bottom quarks using proton-proton collisions at
Vs = 13 TeV with the ATLAS detector



DL1r b-tagging
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DeXTer B-tagging

T T T T
ATLAS Simulation Preliminary

— light Jets

Normalized Entries

ol b b b b b b b b L

| i
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Dg discriminator

0

T T T T
ATLAS Simulation Preliminary
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—m, =15 GeV
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B-jet efficiency
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Dpexter =

)P1+ fobb

o Q-1

1

—

PB

March 2025

AK4
EMPFlow jet
pt > 20 GeV and Add AKS8 track
isolated? information
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Is DeXTer tagged?

DeXTer

no yes tagged AKS jet

Non b-jet b-jet

p-in-jet pr correction

Corrected
B-jet

Corrected
b-jet
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TC-LVT SV-tagging

pr >3 GeV
m, > 600 MeV
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H — aa — 4b truth plots
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Arb. units (normalised to 1)

Arb. units (normalised to 1)
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Background modelling

tt+jets (left) and Z+jets (right) fit to H?d
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Background modelling

tt+jets Ht correction — before and after
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Background modelling

Z+jets pt correction — before and after
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NN for event reconstruction

2B
Object Feature Description
e_e logm DNN-corrected track jet mass
log pr Transverse momentum
1B2b AKkS jets n Pseudorapidity
f Azimuthal angle
° o isDeXTer60WP True if the jet is DeXTer tagged with 60% WP
° e o isDeXTer40WP True if the jet is DeXTer tagged with 40% WP
log m Invariant mass
log pr Transverse momentum
1B1b1v Ak4 jets n Pseudorapidity
o o ol Azimuthal angle
e DL1r b-tagging score | PC DL1r tagging score
° ° logm Track mass
log pr Transverse momentum
4b Soft o n Pseudorapidity
o o o o il Azimuthal angle ) .
L3p Decay length relative to the primary vertex
o ° o o SLan Decay length significance
PT Transverse momentum
3b1v Z boson candidate | Pseudorapidity
o ° . . o o (ee or pp) ) Azimuthal angle
m Invariant mass
OO,
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BDT for signal vs. background discrimination — Example inputs
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SR and CR composition

Ph. D. Thesis
P. Martinez

Signal regions
Z+jets
t+light
tt+ =1c

Wt+=1b
w
Other

> Ow

28,12 Gev. 1820, 12 GeV
45,12 GV 301y, 12 Gev

vy W

28,20 Gev. 1820, 20 GeV
45,20 GeV 301,20 Gev

N b 4

28,40 Gev. 1B2b, 40 GeV
45,40 GeV 301,40 Gev
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Control regions
SFonz

1B1b1Y, 12 Gev. Z+jets
tt+ light

~
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~
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—~—
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w
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w
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w
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- Y
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N ~
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W A 4
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—~ Y

0210140 Gev. 102,40 Gev
0,041, 40 Gev. 0.0.3 1ivor] 40 GeV/
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Results from the fit to data (m;

Correlation matrix and ranked systematics

Pre-fitimpact on i 25 GeV:
8= 0+10 6=0840

Post-fit impact on j 25 GeV:
0=0+A0 0=1000
—— Nuis. Param. Pull

Signal PhH7
DL B Eigen 0

LowpT DLIrb

DeXTer Eigen 3

DeXTer Eigen 2
K(Z+218/b)

Signal FSR

tt+21b muRmUF
JET_JER_EffectiveNP_a
DeXTer Eigen 1

DLIr Light Eigen 0
JET_JER_EffectiveNP_2
Signal PDF+a,

DeXTer Eigen 8

74218 muRmuF

2+21b aMC@NLOPYB
Z+21b muRmUF

te+light PhHT

Pileup

74218 aMC@NLOPY8
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Results from the fit to data (m,; = 25 GeV

Relevant systematic variations in the signal and control regions

Ph. D. Thesis P. Martinez
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Result comparison

Comparison with other H — aa final states (left) and equivalent CMS analyses (right)
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Search for a new pseudoscalar decaying into a pair of bottom and
anti-bottom quarks in top-associated production using proton-proton
collisions at v/s = 13 TeV with the ATLAS detector



tta, a — bb truth plots
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Arb. units (normalised to 1)

Arb. units (normalised to 1)
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tta vs. tWa cross section

0 [pb]
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Background modelling

ft+jets norm. correction — effect on the Nijets distribution

Paula Martinez Sudrez
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Background modelling

tt+jets fit to H7d
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Background modelling

tt+jets Ht correction — before and after
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BDTs for event reconstruction

Sample Events
tfa 12 GeV 30000
tta 16 GeV 30000
tta 20 GeV 30000
tta 30 GeV 30000
tfa 40 GeV 30000
tta 60 GeV 30000
tta 80 GeV 30000
tta 100 GeV 30000
ti+jets 30000
ti+jets BBFilt 30000
tf+jets BFiltBBVeto 30000
tt+jets CFiltBVeto 30000

Table 11.8: Number of tfa and t#+jets MC events used in the training of the t — j¢ reconstruction
BDTs.

Sample Events
tta 12 GeV 106067
tfa 16 GeV 103016
tta 20 GeV 107246
tfa 30 GeV 110104
tfa 40 GeV 112470
tta 60 GeV 114470
tfa 80 GeV 115680
tfa 100 GeV 116434
ti+jets 120000
ti+jets BBFilt 120000
ti+jets BFiltBBVeto | 120000
ti+jets CFiltBVeto 120000

Table 11.10: Number of tfa and ti+jets MC events used in the training of the a — jj

Object Variables reconstruction BDT.

Full event Nicts: Ni-jets (85% WP) Object Variables

Test/aux. j€ pair | m, pr, 17, AR

Test/aux. jetp PTrij']’ btagging score, jet 1D Ij‘lvlu e‘vent Nicts Np-jets (85% WP), sumPCBTag
Test/aux. lepton | pr,n JJ paut m. pr. 1. E, ‘é’ AR .

11 pair m, pr, 1, AR, A Testjet 1 | pr. n, b-tagging score, jet ID

. Test jet 2 Jayl .bftaggmg score, jet ID

JJ pair AR

Table 11.9: Input variables to the t — jf reconstruction BDTs. Kinematic variables of the #f pair
are computed using jf and j7.
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Table 11.11: Input variables to the a — jj reconstruction BDT.
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Outputs from the t — j¢ BDT — Examples

x10°*
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Outputs from the a — jj BDT — Examples

x10°
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Arb. units (normalised to 1)
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NN for signal vs. background discrimination

Sample 0B4b | 0B3b | 1B2b 1B1b
tta 12 GeV - 15353 | 11096 16269
tta 16 GeV - 13669 | 11028 15878
tta 20 GeV 1045 15440 | 10148 14896
tfa 30 GeV 3447 20801 7239 9964
tia 40 GeV 5721 25618 5157 6891
tta 60 GeV 8624 30650 3604 3803
tta 80 GeV 10087 33083 3261 2925
tfa 100 GeV 10973 33916 3310 2685
ti+light 96 34149 2438 | 352628
ti+>1c 1412 | 122056 6643 48749
ti+>1b 49703 | 446433 | 61772 78655
tW 175 2857 280 3867
Other 195973 | 715973 | 71470 | 141348

Table 11.13: Number of signal and background MC events used in the training of the signal
versus background discriminator for each training region. In this table, "Other" includes the
{FH, tEZ, tIW, tq, tZ, tWZ, Z/W+jets and diboson background processes. The 12 and 16 GeV

tFa samples are excluded from the 0B4b training due to low statistics.

Paula Martinez Sudrez

Hyperparameter | Value
Hidden layers 2

Hidden size 2 X Nfeatures
Activation function | ReLu
Learning rate 1074
Epochs 500
Patience 4

Dropout 0.3

Table 11.14: List of hyperparameters used in the NN training. The number of epochs corresponds
to the maximum number allowed. The training is stopped if the loss does not improve after
4 epochs (patience). The choice of the values is based on the NN performance and the total

training time.

Object

Variables

BDT t — jt

Score, pJl, ARj¢, Ajje, Adje, jet ID

BDTa — jj

Score, p7/, 15, mjj, AR;j, Anyj, Adj, jet ID

Small-R jets

pr. 1, b-tagging score
PR, M, My, Mybbhs ARpb, Ay, Ao, Adpmis

Large-R jets

prom.m
ARgp, Ao

Leptons

ARee, Ao, Aee, A¢F¥‘N,.’
AReepb, ARers, ARee

Event

jets ‘miss
Niets, Hy ~, ET

Table 11.15: NN input variables. For bb variables, both the pair with maximum pr and minimum
AR are included. Angular variables with one b and/or one B use the minimum AR pair. mypp;
and mpy, correspond to the combination with maximum pr.
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NN for signal vs. background discrimination — Example inputs

0

T T
£ Ph.D. Thesis P. Martinez
f5=13Tev, 140 1"
SR0B4D

Arb. units (normalised to 1)

Arb. units (normalised to 1)

T
Signal 12 Gev

— Signal 30 Gev.

Other
Stat unc.

P e M

SignallBkg

]
3
g
S
@ IO
100300 300 400 500 600
I T T T
o 18f Ph.D. Thesis P. Martinez
§ 1ef GmmTevisw
SROB4b
E
s
£
£
<

Signal/Bkg.
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= eI
R o o o
HE* [Gev)

Arb. units (normalised to 1)

Signal/Bkg

T
Signal 12 Gev

— Signal 30 Gev.

Signal 60 GeV'

Signal 80 Gev ]

1+ gt
e se

ey
W

i
wz

w
Other
Stat. unc.
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Arb. units (normalised to 1)

T
Signal 12 Gev |

Otmer
satue

Arb. units (normalised to 1)

Signal 12 Gev
— Signal 30 Gev

Stat unc.

Signal/Bkg.

B-jet m [GeV]

SignallBkg

7080 80
B-jet m [GeV]

— Signal 30 Gev.

Arb. units (normalised to 1)

Signal/Bkg.

T
Signal 12 Gev

Stat. unc.

500
Bejetp, [GeV]

Arb. units (normalised to 1)

Signal/Bkg

Signal 12 Gev

Other
Stat. unc.

P

500

B-jet p, [GeV]

0
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NN for signal vs. background discrimination — AUC per region

oW oW o T ] o W

2 | Ph.D. Thesis P. Martinez 1 2 [ Ph.D. Thesis P. Martinez 1 2 | Ph.D. Thesis P. Martinez 1 2 | Ph.D. Thesis P. Martinez ]
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osb ! ] ool ] 0sl 1 osk ]
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100
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Results from the fit to data (m; = 30 GeV)

Correlation matrix and ranked systematics

Pre-fit impact on 1 30 GeV: B30 GeV
6= 0+40 6=18-00 -15 -1 05 0 05 115

Ph. D. Thesis P. Martinez e
s=13TeV, 140 fo*

Postit impact on 1 30 GeV:
0=0+A0 0=1000

—— Nuis. Param. Pull

DeXTer_highPt_eigen_0 —o s s s e
K(tt+ 2 1¢) —— vt
ttbar_b_pThard1_SR_0B4b e it
ttbar_b_FSR_SR_0B3b s x50 1
DeXTer_highPt_eigen_2 — e e 30 i

ttbar_b_pTdef1_vs_bzds_SR_0B4b

tibar_b_DipoleRecoil_SR_0B4b
signal_tta_tWa_30_PhH7_SR_182b
signal_tta_tWa_30_PhH7_SR_0B4b

K(tt+ 2 1b) -
tibar_b_pTdef1_vs_bzd5_SR_0B3b

JET_Pileup_f v s

DLr_B_eigen_0 0 o

(it + light, W) Lo o s s

ttbar_b_pThard1_SR_182b o .

ttbar_b_PhH7_SR_182b
ttbar_b_pThardl_CR_0B2b_plus_1bL
signal_muRmuF_SR_0B4b
tibar_light_PhH7_CR_0B2b_plus_1bL ——— I

signal_muRmuF_SR_182b wwow
P N
05

05 1 15
(86,)/08

el
2 -15 -1
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Results from the fit to data (m5; = 30 GeV

Relevant systematic variations in the signal and control regions

A0’

Ph. D. Thesis P. Martinez

wetn
DeXTer_eigen_3
SR 1820

—+10(+8.1%)
- 8.1%)

———Original

— Modified

0.08]

5T 02 03 04

05 07 08 09 1

NN score 30 GeV'

SR 1BIb+1bL

10’
Ph.D. Thesis P. Martinez —+10(+76%)
—-10(-76%
e 1 ———Original
DexTer_eigen_3 v
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05 07 08 09 1

NN score 30 GeV'

0"

Events

Ph. D. Thesis P. Martinez —+10(+39%)

—-10(-39%)
e light - Original
tibar_light_PhH7_CR_082b_plus_tbL ~~ ieEe,
CROB2b+1bL

Ph. D. Thesis P. Martinez —+10(-52%)
—-1o(+52%)

e 1o - Original

tibar_b_pThard1_SR_0B4b. T odified

]

Nom.

Syst-Nom

i
1z 15 17 T5
SUMPCBTag
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NN score 30 GeV.

x10°
Ph. D. Thesis P. Martinez —+106(-5.2%)
—-10(+52%)
e+ ----Original
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01 02 03 04 05 06 07 08 09 1

NN score 30 GeV.



Qualification task



ATLAS TDAQ — Run 3 layout

Calorimeter detectors

LAr TileCal = T N
Muon detectors (including NSW)
| : ¥
Detector
Level-1 Calo Level-1 Muon Read-Out

TR Endcap Barrel
e sector logic || sector logic

\
CP (e,y,1) || JEP (jet, E) elilg
FEX -| MUCTPI 5
g
< DataFlow
I
cTP 3 Read-Out System
3
(ROS / Software ROD
CTPCORE :
CTPOUT
Level-1 Trigger
Data Collection Network
Rol

Data Storage
High Level Trigger
(LD Accept
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ATLAS MS — Run 3 layout

EOL

Paula Martinez Sudrez
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L1Topo TOBs — Run 2 vs. Run 3 (I)

Run 3 TOBs
Name | Description AEy [GeV] An | A¢
eEM e/y from eFEX
N 0.1 | 0.025 0.1
eTau 7 from eFEX
Run 2 TOBs JEM e/y from JFEX
Name | Description AEt [GeV] An | Ag J:Tau H f“_’mJF_EX 0.2 0.1 0.1
N ¢/ from CP jJlet Jet from jFEX
o fy o 05 01| 01 jLJet | Large-R jet from JFEX
il r&?m - JXE Missing transverse energy from jFEX
Jet Jet from JEP 1 02| 02 . - 0.2 - | 0.05
iTE Total transverse energy from jFEX
MET Missing transverse energy from JEP 1 - | 01 glet Jet from gFEX o " o
RPC pr thresholds glJet | Large-R jet from gFEX : ) :
14,6, 10, 11, 20, 21} = : . _
Muon | Muon from MUCTPI 0.2-0.4 | 0.1 gxE Missing transverse energy from gFEX _
TGC pr thresholds 1 . 0.2 0.2
gTE Total transverse energy from gFEX
(46,10, 15, 20} RPC pr thresholds
{4, 6, 10,11, 20, 21}
Muon | Muon from MUCTPI TGC pr thresholds | 0,025 | 0.05
(3,4,5,6,7,8,9, 10, 11
12, 13, 14, 15, 18, 20}
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L1Topo TOBs — Run 2 vs. Run 3 (ll)

Run 2 max. TOBs per event

EM 120
Tau 120
Jet 64
MET 1
Muon 32

Paula Martinez Sudrez
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Run 3 max. TOBs per event

eEM 144
eTau 144
JEM 5
jTau 6
jJet 168
jLJet 24
JXE 7
JTE 7
glet 6
glJet 3
gXE 3
gTE 1
Muon 32
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