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Theory Motivation: Standard Model
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‘T'heory Motivation: Measurements
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‘T'heory Motivation: Beyond the Standard Model
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* More and more evidences implying

new physics beyond the SM:

« Left gravity out of the model Singlet Scalar 0 8¢ — X — }/Z( — QQ)

+ Observation of dark matter

+ Neutrino non-zero mass He%r‘g’p\lfeeftor 1 qq' = X = yW( - qq’)
* Electroweak sector could be the
connection between SM and BSM X 7 3
* Many theories provide mechanisms  paconstruction g8 = X = rZ( — qq)
extending SM from electroweak of Extra 2
. f the theori Dimensions p= p=
sector. We use some of the theories qq — X — },Z( N qq)

as our benchmark models for a
generic search. 4



[.LHC and AL TAS: . HC Overview

« LHC boost protons to 6.5 TeV
* Protons are grouped in bunches (~1.1 x 10711 each), separated by 25 ns
 The collision rate is ~40 MHz



[LHC and ALTAS: LLuminosity

: 160_ — T T | T T T ] T T 1 T T ] 600
o) - —]

& °VF ATLAS )

%’140:_Preliminary (s=13Tev 500
o Delivered: 156 fb™

€ 120~ . LHC Delivered Recorded: 147 fb™'

[ ]ATLAS Recorded 400

Recorded Luminosity [pb™/0.1]

S 1

—J100:_ ]

8 - ] 300

© 80 =

S L ]

£ 60 E 200

g 40F E

|9 : : % 100
20__ ] %’_
0: L | l 1 0
\\6

6 \ 6 \ 6 \ 1 \ 1 \ 6 \ 6
o A 3o A \a A 3o A ya A 3o A
Month in Year

—l-III|IIII|IIII|IIII|IIII|IIII|IIII|III-I—

ATLAS Online, 13 TeV ﬁ_dt=146.9 fo

2015: <u>=13.4
2016: <u>=25.1
2017: <u>=37.8
2018: <u> = 36.1
Total: <u>=33.7

BOEO0

uonelqied 61/¢

0 10 20 30 40 50 60 70 80

Mean Number of Interactions per Crossing

e« LHC has delivered 156 fb-1 data, ATLAS has recorded 147 fb-1, and 139 fb-1is

regarded good for physics usage
 The pileup u is caused by multiple pp collis

ions happening simultaneously

* Vertices reconstructed to reduce the background noise from pileup



I.HC and AL TAS: ATILAS Overview
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[LHC and ALTAS: Coordinate System

Muon chambers

Toroid magnets

Pixel detector

)
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Tile calorimeters

L |Ar hadronic end-cap and
forward calorimeters

LAr electromagnetic calorimeters

Solenoid magnet | Transition radiation fracker

Semiconductor tracker
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[LHC and ALLT'AS: Detecting Particles
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Radiation
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Pixel/SCT detector

Proton

The dashed tracks

are invisible to
the detector

We concentrate on photons
and hadrons, mainly
detected by the inner

tracker and calorimeters.




[.HC and AL TAS: Inner Detector
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2014 to improve
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I.HC and AL TAS: Calorimeters

readout

! i ! ! ! em cascade
lem ] )
e ¢
Y ele v e €

converter/absorber sampling elements

 Calorimeters measure particle energy by absorbing it
and producing corresponding electronic signals.

* Usually built by alternating layers of absorber and
sampling elements

e EM cascade and hadronic cascade have different features

hadronic cascade

primary
nucleus

em cascade

\
_ ~emcascade

W/ vl v
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I.HC and AL TAS: Calorimeters
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[.HC and ALLTAS: EM Calorimeter

Cells in Layer 3
APxAN = 0.0245x0.05
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I .HC and ALLTAS: Hadronic Calorimeter

Photomultiplier
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[LHC and AL'TAS: 'I'riggers

With 1-2 MB for each event, the data need to be stored
in a rate of 40-80 TB/s.

Hardware based trigger. No complicated algorithms.
Level-1 Trigger (Need to make decision in 2.5 ps.)

Look for events with interesting features like high pT
o particles or large MET...

<~100kHz>

High Level Mostly software based triggers. The average event
Trigger processing time for HLT is about 40 ms.

— Complex algorithms like particle identifications can be

applied with much longer processing time.

Events reconstructed

and stored at ~1kHz The final data is recorded at a rate of 1-2 GB/s

15



Performance: Physics Objects of Interests

BSM Model Sese Process

Spin

Singlet Scalar 0 £g& — X — }’Z( — qQ)

He?;}i,p\lftdor 1 g q/ S5 X > }/W( — g q/)
7 P\ T
onmcion 88 = X = 7Z(~ qd) y
of Extra 2 Y
Dimensions

qq —> X = yZ( — qq)

« Photon with high energy and passing the identification
« W/Z boson with high energy, and decaying hadronically

16



Performance: Photon Measurement

 Inner tracker information is used for
identification of particles
» Calorimeter information is used to
determine the energy of photon
 An algorithm called “ringer” is used to
improve the identification and
reconstruction performance
« A BDT is trained with the inputs of
the total energy deposit for each of
the rings around the central cell
+ It saves processing time and
improve rejection of background
with similar efficiency
e The trigger used in this search
(HLT_g140_loose) is almost 100%
efficient, and the turn on is much
below our selection cut.
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Pertormance: Boosted Jet Reconstruction

The clustering algorithm is conducted
by repetitively grouping the two closest
cells into a cluster, with the distance d
between i-th and j-th cell defined as:

Cam/Aachen, R=1

AR}
R?

7et

_ - 2p 1.2p
i = man(ky; , ki

2p
1B — km‘

= -1 is taken for the anti-kt algorithm,
ki means transverse momentum for i-th

cell, Rjet is the defined radius of jet, AR2

=Ad? + An? and dp is a baseline which 3 \
implies the i-th jet should be regarded 2
as a separate jet. 1
0 - -2 0 2
-6 -4 y

18




Performance: Identification of W/Z jets

The high level variable D2 used o i
004l Contours of D, ]
for boson tagging is defined as: | .
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Performance: Identification of W/Z jets

The D2 variable and the mass of jet are combined to identify jets from boosted bosons.
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Performance: 1dentification of b-hadron jets

U) - I I I I | I I I I | I I I I | I I I I | =
S ATLAS Simulation Preliminary -
A boosted decision tree (BDT) is trained to §1 o R —— bjets -
optimize the identification of b-hadron 3 F=-- T clets -
: c1 - : : < . S L Light-flavour jets i
jets, with inputs from multiple algorithms. NEEy ]
107 :t_'_'— —
This BDT has different working points 1%_11ﬂ
with different efficiencies. The most loose 5] t- ﬁﬂﬁ“—____ }
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Analysis: MC Samples

W /Z Boson

MC Sample Process Generator Boson spin .
Polarization

Zy Spin 0 88 = X = yZ( = q3) Powheg+Pythia8 0 Transverse
Wy Spinl 49@' = X" = yW(~ 43) 1 Longitudinal
MadGraph
qqZy Spin 2 49 = X = yZ( — q9) + 2 Transverse
Pythia8
goZy Spin 2 88 = X = rZ( — qq) 2 Transverse

SM  y+]et (Background) Sherpa NLO - -
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Analysis: Event Selection

Baseline Selection:

Trigger: HLT _g140_loose (the highest pT photon trigger)

Photon pass the tight identification and tight isolation selection
P;(y) > 200 GeV and |n(y)| < 1.37

The boosted jet is not overlap with selected photon
P,(jet) > 200 GeV and |5Get)| < 2.0

An additional photon/jet pT cut is applied after
categorization

23



Analysis: Categorization

[Events passed baseline selection]

Z boson mass
window?

Double b-tagging? BTAG

D, substructure?

D2

no

VMASS

[Events passed baseline selection

Dy substructure

D2

VMASS

24



Analysis: Signal Efficiency

Baseline Selection Efficiency

Absolute Selection Efficiency
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The signal categorization efficiency here is after
applying the additional P; cut

Due to the boson polarization, the boson tagging
on W boson is more efficient than Z boson

Variable-radius jet b-tagging making b-tag
efficiency smooth after 3 TeV

The total number excluded the events filtered by
the additional pT cut on non-btag categories
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Analysis: Further Optimization

P; cut is optimized in D2 and Vmass categories
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Analysis: Signal Modelling
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Analysis: Background Lstimation

* The background estimation is data-driven, but the form of fit function is determined
by spurious signal test on MC

* Test on the MC to determine number of parameters for di-jet function:
B(m,;;p) = (1 —x)f L P2tP3 log(xtp, log*(x)+p5 log(x))

* Use the spurious signal test result to estimate background modeling uncertainty
* Cross checked with F-test to validate our function form choice
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Analysis: Spurious Signal "l'est

* Fit the distribution with signal+background fit, the number of signal fitted is N

* Estimate the statistical uncertainty assuming the distribution is background only,
which is called 6. If the background is large enough, it will be about /N

* The ratio N¢/5y is taken as the criteria of goodness of fit.

* If no significant improvement, use the lowest number of parameters

Zy Spin-0 Btag Category Zy Spin-0 D2 Category Zy Spin-0 Vmass Category
%M[\ A
Parameter Number Choice
Channel btag d2 vmass
g9 — X (spin =0) - vZ(— qq) 2 2 3
qq — X*(spin = 1) — YW*(— q¢’) -2 3
qq — X (spin =2) - vZ(— qq) 2 3 3
g9 — X (spin = 2) - vZ(— qq) 2 2 3
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Analysis: Systematical Uncertainties
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Analysis: Statistical Implementation

Likelihood of events in each category

|

—
(m328| g, 9 655 Nbaﬁ) H Pois NObS|Ns(0a ) + NSS + Nb) Likelihood of signal and

ceC background distributions

obs —_
Jii[ N(o,8) + N5S(659)
+ NS5(055) + Np

i=1 | N§(o (0,0)
Fraction of signal and N, §’ B (m
background N3 (o, 9_') + NSS(95S) + NP

Constrains on nuisance parameters
determined by systematical uncertainty
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Analysis: Expected Limits

Spurious signal contribution is only
in low mass range

Systematical uncertainty is below
10% in the full range

The major limitation of this search is
from the statistical uncertainty
Similar results for other signal
channels
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Events / 40 GeV

Significance

—

Analysis: Fit to the Data

* After the search strategy completely defined, we are permitted by
ATLAS to use the collected Run-2 data of 139 fb-1
* The fitting function is:

B(m,; p;) = (1 — x)yPixPrtpslostdp, log>(x)+ps log*(x)
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Analysis: Observed Significance
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Analysis: Observed Limits

95% CL limit on o(pp— X — Zy)
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Analysis: Observed Limits

95% CL limit on o(pp— X — Wy)
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Analysis: Observed Limits
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Analysis: Observed Limits

95% CL limit on o(pp— X — Zy)
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Signal Categorization Efficiencies
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Background Categorization Efficiencies
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Background Categorization Efficiencies
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Signal Comparison

 The kinematics for each signal channels determines the different performance
shown in signal efficiency plots.

 The pT distribution dominates the efficiency behavior in low mass region,
and the angular distribution dominates high mass region.
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Signal Comparison

 The kinematics for each signal channels determines the different performance
shown in signal efficiency plots.

 The pT distribution dominates the efficiency behavior in low mass region,
and the angular distribution dominates high mass region.
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Signal Comparison

 The kinematics for each signal channels determines the different performance
shown in signal efficiency plots.

 The pT distribution dominates the efficiency behavior in low mass region,
and the angular distribution dominates high mass region.
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Data/MC comparison
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Re-weighted MC study
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Iractional Spurious Signal '] 'est

In order to identify the source of
spikes in spurious signal test, the MC
is evenly and randomly split into 2
or 3 subsets. Comparing the spurious
signal test results for each of the
subset, the correlation appears to be
very weak. Therefore, the source of
the spikes are probably from MC
fluctuation limited by the size of the
MC samples.
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