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Theoretical and
experimental context



The Standard Model

Standard Model of Elementary Particles

The Standard Model (SM) is the quantum field theory | e ge?fi??f‘:‘?fr’§>°fma“” ) S e
that describes the fundamental interactions and fields ... Gove ) Civenve ) csrome ) (o
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e Structural problems: naturalness, strong CP

oroblem, ... A wide variety of
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e Unexplained experimental observations: matter/ these!

antimatter asymmetry, dark matter, ...



Effective Field Theories

(a.u.)

Simulation h(125)— yvy, gluon-fusion
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Effective Field Theories (EFT) are a powerful tool
to describe low energy phenomena (below high

energy scales /\yp)
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e Non-understood high energy behaviour is
decoupled from low energy interactions.
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Ratio to SM

e | argely model independent
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In this framework, New Physics (NP) processes 0 50 L
are described by small contributions to a low pr 1GeV
energy theory (SM in this case) Wilson coefficient

 Common tool to explore NP scenarios D NP operators

6P
ZLprr = Ly + Z D_4

SM Lagrangian

NP energy scale
D=dimension 5



CMS

The Large Hadron Collider N

-y North Area

ALICE LHCD
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Largest and most powerful accelerator N\
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* Collides protons at a centre-of-mass energy of h
Vs =13 TeV. o
Successful operation for 2015-2018 (Run 2) data- Vi -
taking period. B R
e | =156 fb-1 of integrated luminosity 5:3 - ATLAS Online, 13 TeV [Ldt=148.5 fo ]
- o 900 2015: <u>=13.4 -
: Increased instantaneous 2 - 2016: <u>=25.1 -
luminosity across years o 400 G
S sssssEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESE > g - Total: <u>=342
3 300F -
Pileup: additional inelastic pp collisions 8 | -
besides the main hard-scatter process. g 2000 EE
e Manageable impact on reconstruction 100" El
performances OE _____________________ 18
0

~ 10 20 30 40 50 60 70

Mean Number of Interactions per Crossing

Q0
o



The ATLAS detector

Multipurpose particle physics detector
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Pixel detector

LAr electromagnetic calorimeters
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Toroid magnets

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor fracker

@: polar angle

0
¢: azimutal angle n=—log (tan <5>
n: pseudorapidity

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Inner detector: charged particle
trajectory reconstruction

Electromagnetic (EM) and
Hadonic calorimeters: energy
measurement of charged and
neutral particles: photons,
electrons, jets and taus

Muon spectrometer: muon
reconstruction

ET = transverse energy.

Commonly used in
hadron colliders.



Electromagnetic calorimeter

Sampling EM calorimeter measures the energy of electrons
and photons as they interact with matter.

e |nterleaves layers of lead and liquid-Argon (LAr,active)

Longitudinally segmented into three layers s(E) 10%+/GeV
= @ 0.7 %

Provides an excellent photon energy resolution g VE

AdxAn = 0.0245x0.05

e H— yy crucial for Higgs boson discovery

Energy in the calorimeter cells clustered together into
topoclusters.

e Dynamical objects that span over all layers

A¢:0.0245X4

Tracks and clusters matching to identify photons from other
objects in the calorimeters.
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Strip cellsin Layer
- T*—_Cellsin PS
D AnxAd = 0.025%0.1




Photon identification

Electromagnetic shower development almost

identical for any photon/electron.

Photon identification

4(1') _I | I | | | | | | | | | | | | | | | | | | | | | T T T
S | ATLAS Simulation @ —— Signal
> L = a4 TNs T Background
@ - {s=13TeV
EO 015 - 20 GeV<E <30 GeV, 0.6<h<0.8 B
IS - -
©
©
A i
0.01

Variables that 0.005

uses characterize a photon }
to identify shower longitudinal ’ R
photons and lateral profile. “’
) . Example of y/fake discrimination
ER2. ez E22, 8 49 \ .
R, =T @ p, -3 | I
LS, S Ligiz ™= photon (probably)y T —YY (probably)

High granularity of the detector plays a crucial role in photon ID.



Photon isolation studies

Photon isolation: an introduction
Photon isolation efficiency measurement

Prospective studies on photon isolation using cluster-level information



Why do we need photon isolation?

Photon isolation rejects further backgrounds on top of photon ID —»

Prompt photons are those
not produced in hadron
decays

Prompt photons are typically isolated from hadrons. Non-prompt (or fake) photons
arise from hadron decays

e While fakes are usually surrounded by additional particles.

Target background: collimated diphotons from light meson decays
identified as single photons.

™~ First layer
granularity is
sometimes not

Prompt photon Fake (non-prompt) photon
enough!
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-= 1 cell from S1: An=0.0031
-== 2 cells from S1: An=0.0062
3 cells from S1: An=0.0093

Minimum An
o
O o
o N
N Ol

Y 0.015
/y
0.01
> <
0.005- O~ —
Y T A e 5
B ! ! L ! . R m———
0 20 30 40 100 200 300 1000
E™ [GeV] 11




Calorimetric isolation energy

Estimate of the hadronic activity around photon

candidates based on information from the tracker and
calorimeters, =—————— This work!

clusters
E;:W(R) — Z E%—E;OM L E;eakage(E;, ‘ }/]7/‘ )_E?leup( ‘ 7];/ ‘ )
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e Sum of all topoclusters within a cone of size AR )

using the ambient energy density (FastJet).

centered in the photon candidate. 3 ouate, = 10 7ev, [ L -5 ~ aR=02 Rung-

] Q-_—- 5 T ’ - -: i 4, AuUn E

e Photon energy subtraction £ e A . ARcos Rani-
. . . s 4 <u>=3/. ]

* Pileup correction, computed in a per-event basis N B
3 i
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Selecting isolated photons

Pass

The isolation energy can help in prompt/fake
discrimination

e Prompt photons — Eiso ~ 0 GeV.

e Fakes — Eisoc > 0 GeV.
The efficiencies are defined as:

N Signal,pass
F—m—m—m—m—m—m—m—m—m—m—m—m—m—
NSignal,pass T NSignal,fail
e Efficiency measurements require a precise
subtraction of the background

A

(Isolated photon

1200

candidates)

Fail

(Non-isolated photon
candidates)

Ol l]

1.52 < Iml <1.81 , converted ok
Tight

* Run 2 Data, 140.0 fb™
— Fit

- Signal ACB
— Background

Q..
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...

105 < E; <125 GeV, 0= <u>< 20

II|III|III|III|III|III|III|III|IIT

Isolation energy [GeV]

Non-trivial data-driven
background shape
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Measuring efficiencies

Efficiency measurements are an important N = oe | ZLdt
ingredient in many physics analyses.

e Efficiencies often obtained in simulated samples.

Mismodellings in the simulation would translate = [~ pri145,175] "7 7 T 708 Lith DDshifts | -
- - - . . - < 6000 Mi(1.52,1.81] — MC without DDshifts ~ —
into differences in the efficiencies. - Tight unconverted ~ Data (bkg subtracted)
Two corrections: P000F E
o Data-driven shifts: PPsnin = P€Kaara = PaKsjp, 4000 E
: 3000 —
e Observed discrepancy between the peak - -
position in data and simulation. 2000t~ E
£ B ]
e Scale factors: scale factor = 24 1000~ -
ESimu E -
e Correction factor defined as the ratio of O 4 2 0 2 4 6 8
efficiencies that encapsulates the remaining topoetcone40 [GeV]

discrepancies. Different Different

widths . . :
efficiencies!
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Conclusions on isolation measurements ..ot sieus dependency

1

—
—

— MC16 -~ Data - ATLAS  Internal — MC16 - Data
1050 Vs=13TeV, 140" 1.15< Il <1.37

— Unconverted Photons 28 = <u><36

E ATLAS Internal
- {s=13TeV, 140fb" 1.15= Il <1.37

1.05

~ Unconverted Photons 0 = <u><20

Photon isolation efficiencies measured _ |

for the full Run 2 data. s pateee 8 e

e Scale factors to be used by the ATLAS AR. ,=0.2 °j:,:tf AR, =02 -
collaboration: within 2%. : ‘

Efficiency
Efficiency

|

o
©

o 0 <{u) <20 - o 28 < () < 36
® Systematic uncertainties: 2%-0.1% Qfég':: ——— s : 010:‘%2 e —— :::§
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Differences with respect to previous S i " g E
results: 08 050 10 T IFI)TI1[%3.e 09735 40 5060 100 200|300 4c')opT' [éeV]
e |mproved background description.
° Updated estimatiOn Of Ieakage Vs = 13 TeV, Simulation, 0.00 < InYI -<”‘(‘)ﬂ.”6?-,jl-"i-g-;htunconverted photons —13TeV,det=139fb',0.00s InYI<0.6O{I’ightunconverted photons

corrections leads up toa 7% S .

efficiency increase for low Er photons.s css- - i -

RCEE RN A LR B

Strong dependency with increasing . ’ / ",
pileup motivates additional studies. 08—

-e= Simulation 50 60 50

= Continuous model <ux

Bidimensional continuous corrections |
as a function of E7 and (u)- Robust! 15



Photon isolation studies

Prospective studies on photon isolation using cluster-level information

Previous slides: Next slides:

> Prompt photon — signal > Clusters from fakes — signal

» Fakes — background > Clusters from pileup— background



Calo isolation vs PILEUP

Photon isolation performances are affected by
increasing pileup ().
e Additional topoclusters inside the isolation cone

worsen the signal resolution, decreasing isolation
efficiencies.

In general, topoclusters are reconstructed from two
sources inside the isolation cone:

* Pileup: uniform distribution of topoclusters around
the photon candidate, linear correlation with ().

e Fakes: closer to the photon candidate, independent
of pileup.

Goal: discriminate clusters from pileup and clusters
from fakes

clusters

dN

Vs=13 TeV,f Ldt = 58.5fb'1, Barrel , EYT > 145 GeV, Unconverted

n > 7 rrrr 17 1T T 7 1 T T I I I I I I I I I I I I I I I I I I I I I_
% % 14 o I I . I e
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= o ) o -
S |$ 2L = Fakes enriched . e -
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8" e -
6F e el -
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21— Different offset: contribution from fakes —
_I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I—
%o 25 30 35 40 45 50 55 60
<u>

Vs=13 TeV,f Ldt = 58.5fb". Barrel , EYT > 145 GeV
%>-0.09 :_I I I IP IIIII t| I I I -I |hl Idl I | I I I I | I I I-.-I | IIIIIIII _l_:
- rom nriche - - =
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§ 0.07 oo - —
O — .- & -
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005 i_ -.-Z . - _i
0.04F - . - =
003 i_ ~ .--o -e- _i
0.02F . - T . S
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Cluster-level observables

Observables extracted from reconstructed clusters

e (Calorimetric isolation uses the transverse energy
E;l”“e’” and the angular distance between the

cluster and the photon ARCZ},

Additional variables can provide information to
discriminate clusters from fakes from clusters from

pileup.
* Time: difference in time between the photon and
each cluster. At =1,

e EM fraction: energy fraction of the cluster
measured in the EM calorimeter. Four categories.

luster t;/

" Pure EM: fem = 1 B Pure Had: fem =0

Mainly EM: 0.5 <fem <1 Mainly Had: O<fem <0.5

Events /0.10 ns

Normalized entries

These studies are purely data-driven!

Vs =13 TeV,f Ldt = 58.5fb'1, 145 < EYr <200 GeV, 0.0 = InYI < 0.6, Unconverted photons

10°

10*

Clusters around
tight isolated photons:

\

AT B R
-20 -10

0 10 20 30

A t[ns]

Vs =13 TeV,J Ldt = 58.5fb ', 145 < E; <200 GeV, 0.0 = In'l < 0.6, Unconverted photons

1

—h
<

—h
<
N}

1073

Clusters around:

— Pileup enriched

— Fakes enriched

| I I I | I I I | I
Categories: i

@ Pure EM

@ Mainly EM

@ Mainly Hadronic
@B Pure Hadronic

_ f _ EEM

= EM —

- Epy + Efag

—0 02 04 06 08 :



These studies are purely

Topocluster characterization

Differences between the different categories are
exploited to evaluate the likelihood for a topocluster to
come from pileup or from a fake.

Model built with three different species:
P (At ? E%luster) :me in+f0ut +]§”ake
. contribution from fakes

P, and . in and out of time pileup

Each P; is the product of two 1-dimensional bifurcated
Gaussians: G(Ar) @ G(E;l”“e’” )

Simultaneous fit: 2 samples for each 4 categories

* Pileup enriched * Pure EM

e Fakes enriched * Mainly EM

Common model, e Mainly Had
different fractions f; e Pure Had

E%Iuster [GGV]

s=13 TeV, f Ldt = 58.5fb”, Barrel , E'. > 145 GeV
100

o T T T

—k
o

0.1

I IIIII.I.IP

A T N - _ - N B
00864 2 0 2 4 6

Fake - enriched sample
Mainly EM clusters
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Fake-likelihood weights

Weight w built from the fitted PDFs.

e A topocluster with weight w
close to 1 is very likely to
originate from a fake.

e A topocluster with weight w
close to O is very likely to
originate from pileup.

This weight can be used to classify
topoclusters.

P fake

P fake + P pileup

These studies are purely
data-driven!

with Ppileup =fPin +( _f)Pout

f = In-time pileup fraction

V{s=13 TeV,f Ldt = 58.5fb'1, Barrel , E?r > 145 GeV, Unconverted

N L | D | | | | | D | | | D
~ 1 — | | | | | | | —
s — -
- . : =
- S — Pileup enriched _
o ‘ — Fakes enriched 7
-O
N -1
N 10 y:
© ,
& S
5 N. —
N - i
< N
ol g2
Q 10 AN =
ol = AN, -
> 2 —
o[ SO SR I -
< SO ety (L _
© NN DN AN N L g =
NN MNNNNNN N =y | i
NN NN SN AN AN NN NN NN B\ Ve “!1 i o g
NSO N NN NN NN DN TNWM NV Ta - L - e = ., . ANANANAN
_3 NN NN A A AN AN AN AN NN NDANNANNANNDNNDNNDNNN i N\t TR WENLR NN ““‘
10 EN NN NN N N N N NN N N NN OSSN NN NN OSSN NN NN OSSN NN OSSN NN N N N N NN NN N
= i\i\k\R\!\\\\\\i\\i\\!\\i\\i\\i\\i\ \i\‘i\i\i“?\\l\\l\\l\\l\\}‘\\i\}\i\\i\\wl\\i\\l.\\l.\‘i\‘l\i\i\\l\\l\\ll\\f\\l‘\\i\\\\!\\i\\i\\i\ \:H
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Data 2018, 15 = 13 TeV, [ Lt = 585", Barrel , E} > 145 GeV

Crosschecks and validation

Y

Validation of the weights w is performed under these two et
. . Ol 53
assumptions: Slz 41
» Topoclusters from fakes are independent from (). 23
. . . . 0 50
» Topoclusters from pileup increase linearly with {u). w 08 o8 = a0 %o
0.2 30
For each slice of w, the contribution of clusters from Loose'4 unconverted photons 0
fakes is constant with (u).
w=1 b
. mELEELEELE N L L L LU L B ] 2 o] et L L L L L L I L IR
%% o)== m Clusters from pileup - %_o g Clusters from pileup g
%c—; % 1 82— : (L?}I;Js;(:rﬁtfrom fakes _i %TJ = 75— # (I_Dil:s;?rf?tfrom fakes _E
Only 7% of the energy of 1o Sicowith = - - Sicowih =0 -
the clusters from fakes is o — = i3 E
. . . 1= — = =
misidentified with w=0 0.8} E 3E E
0.6 — S _E
0.45 = 2;—' ---------- -
0.2 E 1 E
T 60 %~ ""F0 " 20 30 40 50 60
<u> <u>



Impact on the isolation energy

Energy from clusters

Reminder: ideal isolation energy estimation

Proposal: use weights to compute a per-photon correction

clusters
Enommal Z Ez Ewezghted
LSO
r<AR

clusters
Z w'(In |, fes EVES
r<AR

e Current pileup correction from energy density of the event,
which worsens the resolution.

Improves signal resolution by a factor x2

Simulation y-jet, tight unconverted prompt photons, InYI<O.6

= e L L B B L S B
) = -
O, 45 o Nominal-Weighted 4 F
a 4 - Nominal-FastJet *‘E
8 gsf + —
7 s ++++++++++.
°F erettt T E
255 Jre et E
2 E
= SRS
= _._-o-_._-o--o-_._ 4 -
1 ;o--o--o-"'-of.'-&"""“"'"“ * _E
0.5F E
TR BT RN TR BT SRR R SRR B

90 25 30 35 40 45 50 55

<u>

Events / 0.10 GeV

7000~

6000

5000

4000

3000

2000

1000

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
(s=13TeV. f Ldt = 58.5b"

145 < E} <200 GeV
0.0< In'l<0.6

Tight unconverted photons

-8~ Data: new E
— Data: nomlnal E
m Pythia y-jet (Scaled)

III|IIII|IIII|IIII|IIII|IIII|IIII|I
III|IIII|IIII|IIII|IIII|IIII|IIII|_I

Events / 0.10 GeV

10

of the fake

Clusters with w=0 are
directly removed!

Contribution from fakes
remains almost identical

!
1072”"| """" IR B IR R I
= Vs=13TeV f Ldt = 58.5fb" 145 < E; <200 GeV 3
10° g =
= 0.0< In'l<0.6 =
10° L Tight unconverted photons _;,
E -8~ Data: new E ''''' on §
104 E — Data: nomlnal E =
- m Pythia y-jet (Scaled) -
10° E
102 <
10 g
15
“l o b b b b b
-10 -5 ) 10 15 20 25 30 35
E>° [GeVIDD



Conclusions on cluster-level studies

Topoclusters provide a larger discrimination between clusters from fakes and from pileup
compared to what is currently in use.

e Timing and longitudinal information provide insight on the origin of the energy deposits.

Characterization of clusters from fakes has resulted in the definition of fake-likelihood
weights that discriminate pileup energy deposits.

The presented studies are of importance in light of the increasing () environment

 |nformation can be used to improve prompt-fake discrimination.

e These results are expected to be used in Run 3, where (x) will increase from 34 to 60
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Search for resonances in the
diphoton channel below 65 GeV




Axion-like particles at hadron colliders

Hypothesis: New Physics scale, AN , lies beyond the reach of E
current accelerators.

e Signals at lower energies can appear as pseudo-Nambu- ANP ~ g*fa
Goldstone bosons (pNGBs) of spontaneously broken No restriction for
approximate U(1) symmetries. the ALP mass

These are often referred to as axion-like particles (ALP) below Ayp

* Naturally light = Arise from approximate symmetries §w=Am
Small couplings with SM fields — Controlled by A m Jo= decay

mall couplings wi ields ontrolled by Ayp . constant (scale

Given that no new physics has been observed and m, << Ap, of the U(1)

: breaking)

the relevant range for the LHC is f, ~ 0.1 — 10 TeV

* |n this range, only couplings to gluons and photons are
relevant. m3 m3

Loy D — WW + a,c,BB My xa;—- T, < aj,—
EFT 251%) ¢ 88 ) fz Yy QED fz
471']% a a

Dominates the production of ALP Narrow resonances for our mass range o5




Theoretical motivations

Such a light particle appears in a plethora of theoretical models:

e Strong CP problem: no
CP violation in the strong
sector

- “Heavy axion”: inspired
on the QCD axion from
Peccei & Quinn.

2

Og ~ a -
327 [
dn,exp _9
Neutron EDM y ~ 10

, e Dark Matter (DM)

mediators

- Many theories include
pseudoscalar particles,
mediators between a
dark sector and the SM

’ e Naturalness of the EW scale

- Such ALP appears in
frameworks that provide
an explanation to this, like

SUSY (R-axion)

26



Experimental constraints

Existing search gap in resonance searches.
Both ATLAS and CMS experiments have set limits down to to 65 GeV up to 2 TeV masses.

Goal: push the 65 GeV limit towards lower masses.

307 Poorly explored region! ATLAS-CONF-2018-025
Ichjd=—10,t'3=2] 30 1 702-02152 P~ T T T T | T T T T [ T T T T | T T T T [ T T T T [ 1]
: S = 220 . —
0 - ATLAS Preliminary —— Observed =
\ 200 {s-13Tev,80f" ... Expected =
o 10 10003, ‘_ e = Em+io 3
é | : S E_ +20 _f
f» -og - -
=Yy} - ]
= 3 resonance h - .
@z h D - .
.gn — . “““““ E """"" ) searcnes 8: :_ _:
i 3 | "',’ - - _:
2 197 : :
] 1 : W"' ',- O\O :_ —E
Higgs ’ : <%‘ _f
coupling 0 1 1 1 1 I L 1 1 | I L | | L I 1 1 1 1 l | 1 1 1 I L ;

R Surerrar 70 80 90 100 110

3 10 30 100 300 103
R-axion mass

ATLAS-CONF-2018-025 m, [GeV]


https://cds.cern.ch/record/2628760
https://cds.cern.ch/record/2628760
https://arxiv.org/abs/1702.02152

€D
—
—

Experimental limitations R T

Three main aspects set a lower bound in o V;ﬁ—i— =
the mass that can be reached. Photon 1D and - . S
. . .o . — o Z—Illy Data, u>40

e Trigger Isolation efficiencies e 71l NG, 240

decrease at lower
photon energies

n|<1.37, 1.52<n |<2.37, unconverted y

Ty

e Performance efficiencies

FixedCutLoose isolation

8Data/SMC

QCD rate of two low energy photons is too large.

* Only photons with energies over certain energy
threshold are recorded

Two close-by
photons may “kill”
each other if they
are within the
isolation cone of
the other photon.

Trigger thresholds
shape the m,,

distribution,
making difficult its Given:

description

20 30 40 50 60 70 80 90 100 P P > 20GeV
T’}/l’ T9y2
m,, [GeV] 28

V2 71

— Cut at E. >20 GeV
— QCD yy spectrum

|IIII|IIII|IIII|IIII|IIII|IIII|III1—



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/EGAM-2018-007/fig_01.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/EGAM-2018-007/fig_01.png

Analysis strategy

Bump search strategy: benefit from the
excellent performance of the EM calorimeter to

look for an event excess over a known % - Aftas Intemal  Shempa vy TightiD }
background. 2 "5 10 Gev )
© B 1> 20 GeV .
Selection: 2 triggered photons, tightlD, isolation, ¢ |
and ET>22 GeV 2 10°E E
Boosted diphoton selection: flattens out diphoton - -
background shape. i _
e Diphoton system is required to have large I _
transverse momentum. 102 - —
* [rade-off between sensitivity and low mass T T T T I TR TTI TRETt
reach: p7” > 50 GeV m,, [GeV]

Search range:

e | ow mass turn-on description

e / boson resonance and trigger turn-on 29



Statistical framework B (ﬂ é)

Test-statistic: qﬂtest = -2

Maximum likelihood fit to data. o (/2 é,)
Model with two species: signal and background

Nuisance
parameters
constraints

Signal and background PDFs

I (data 6300 ¢ {6, 0. 0,,}) = o~ [HNX(aﬁd) . S(m,, )
1=0

Signal and background Yields
Ingredients:

e Analytical description of the PDFs

e Signal efficiencies as a function of myy

e Systematics 30



Statistical framework

Maximum likelihood fit to data.
Model with two species: signal and background

Nuisance
parameters
constraints

_g - ; "i /
[ [INX(Gﬁd) o0y, ) | 71 /| ]

Signal and background PDFs

A (data | 674, 0 = {6, O, Hb}> — o~ (Ny+N))

Signal and background Yields
Ingredients:

° Analytlcal descrlptlon ofthe PDFs

. Signal efficiencies as a function of myy

e Systematics 31



Signhal modelling

Signal shape obtained from simulated samples

e Signal parametrization obtained using a Gaussian core
+ 2 power law talls

e The width arises from the resolution of the detector.

Signal width increases with m,, (0.2-1.0 GeV)

Excellent mass resolution
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pulls
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MadGraph simulation
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— - Simulated signal (pileup 2015-16) —
- —— Simulatied signal (pileup 2017) . 9 — 139
— == Simulated signal (pileup 2018) . ‘::; - m, = 20 GeV 0
:_ «r‘:‘::“’ _:
| ‘.‘::"‘ _
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- N AT N
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Background modelling introduction

Diphoton analysis is affected by non-resonant Strategy: build a full background template which

background from: IS then described by an analytical function.
e Irreducible (yy) from QCD diphotons. e (Obtain irreducible and reducible templates
. Reducible background (yjet) QCD yjet or dijet  (Shapes) independently.
events in which one or both jets are o Estimate the yy purity and combine the two
misidentified as photons (yj, Jy or Jj) components accordingly.
Irreducible yy
) Y

Reducible y-jet and dijet

4111115 — NN\~
MEENW
~J—
Ve
q Y q )
b T
q i g Y

j
%
e
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Background modelling & 7* b sm z

S 6000 = Reducible (data CR) 7

S - -

The yy component is extracted directly from @ 5000 =

C — _

simulated QCD diphoton events. T 40000 =

The yjet component is obtained from data 3000 =

control regions. 2000 »

e Limited in statistics 1000 * o« —

. : . — _I_ :‘.................................. _]

Diphoton purity: f,, = 0.64 £ 0.03 08165536466 8076 8080

Complete background template is obtained by m,, [GeV]

reweighing the o 2400F 2 L 2| e Fulltemplate

) 2900 X /dof=698.23/673,P(x~)=0.24 ___ Full fit P <50 -

— - ble =

Background shape is described with analytical S 2000F roduoble commonant

: ~ - LP4,f =nominal -

functions 2 1600- T2

: 0>> 1400 —

e yy component: turn-on + decreasing D 12005 ¥ e =

exponential 1000E f ) E

800 s °

. : decreasing exponential 288— ‘ t -

£ o E

New MC samples 15x larger was produced o ¥ | | | | -
during Christmas break. 0 20 40 °0 50 100 a4



Statistical framework

Significance of an event excess extracted from likelihood fit to data
Model with two species: signal and background

Nuisance
parameters
constraints

1% (data 6300 ¢ {6, 0. 0,,}) = =™l T N(oz) - Som,,. )
L i=0

Signal and background Yields

Ingredients:

e Analytical description of the PDFs Ny(my; Ofid> Ox) = Ofid ° Z it + Cxlimy)

« Signal efficiencies as a function of myy / l \

. Systematcs Cross-section | ooty Emony  a



Signal efficiencies

Sensitivity usually provided in terms of cross-sections

B Full phase space

* |nduces model-dependencies

i i Fiducial phase space

@ Detector phase space

Approach: provide limits in a fiducial phase-space

Ay := Acceptance
Cy := Unfolding

e Detector effects = correction factor Cx

 From fiducial to full phase space — acceptance AX
Fiducial volume is defined by applying truth-level cuts

that match closely the reconstruction selection. 0B e e
% O.S;MadGraph ggF Simulation -.-__’-__.___‘__' s--0- -._;
O B o--"® |
© | o--® -
GX,ﬁd ) ‘%(X — }/}/) ;glcéOCthn _S 0.4 ‘,,—""" Fiducial volume: —
GX ° Q%(X ﬁ y}/) — — -'EIE) E ’,/' pT,y,truth>22 GeV _E
AX AXCX A 8 03 - P, 250 GeV -
0 25., n'1<2.37 B
reco ruth | 5 ptcone<0.05p_ E
r'u " -
selection fiducial 0.1 e
C — - L C, =(0.55 - 0.31exp(-x/36.69))/(1+24.96exp(-x/2.70)) ]
X truth AX_ fruth o) A AN VRS EFVET AN BTN R AP I I b
ruin ru
fiducial Nall 0 20 30 40 50 60 70 80 90 e

m, [GeV]



Statistical framework

Significance of an event excess extracted from likelihood fit to data
Model with two species: signal and background

Nuisance
parameters
constraints

I (data 6300 ¢ {6, 0. 0,,}) = =™l T N(oz) - Som,,. )
HL i=0

Signal and background Yields

Fit bias
Ingredients: |

dim0
 Analytical description of the PDFs LT /
| 4 - P | Nx(my, 054, 0x) = 6pig + L - Cx(mx) , H Ki(0) + 055055

e Signal efficiencies as a function of myy - k=0

\ Nuisance
parameters o
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Systematic uncertainties: Fi

Definition: difference between fitted and 2 (Exaggeration)
expected signal yield if
Estimated from S+B fits to background-only “Signal
tem p|ateS Analytic Function
Significant source of systematic uncertainty in SN S E— d““e oo hee
various ATLAS analyses. Region §
— Unsmoothed template — Smoothed template
* Smoothing techniques mitigate the impact of 5 4~ e T p
statistical fluctuations in the template S 3 o :
With the current available MC, SS is below 5 2 \[\z\f ” " E
50% of the statistical uncertainty in the whole R L1 S L O O P O
mass range. G T | V.7 Y . \--fh&j@?kﬂifﬁ?_"_
-1 —
o Will be reevaluated with extended MC. oF M u /‘ E
3F | E
= | 1 | | | |




< 0.55

| — -
S u I I I I I l ary Of SySteI I Iat I CS % 0.5 é_l\/ladGraph ggF Simulation - :3:-:___5_:_5 _-E-;*__;
“§ 0.45 i— = :::f ot _E
% 0.4 i_ o :: - —i
Source Uncertainty S omsp AT N E
- b iducial volume: _ p''>50 GeV -
Signal yield 03E- i Pry 22 GV EYTY> 5oy -
Theoretical uncertainty Tt% (at 10 GeV ) — 2.0% (beyond 85 GeV) OOZ‘Z; 2;::':270<0_05pv ~ P[>55GeV =
P1le-up rewelghting + 3.0/ (at 10 GeV ) — 2 7 (beyonc eV ), mass dependent . :z:
Photon identification +2.0% : 1'055:________Ci__-_.i-_-_-_g__'f_'_'ffffiZZ?ZZ:‘?‘.'_'_"3'.'.'.?'.:'.<'2::-.9-.-.-9-.—.—9.—.—.—.E
Isolation efficiency +2.0% e S G T2
rPrigger —_1.0% 10 20 30 40 50 60 70 80 m, [ngV]
Luminosity (2015-2018) +1.7% B
. - > x10~
Photon energy scale/resolution negligible ° 0ooE T E
Signal modeling S o.osi—M_ad(,zr:;?ni?FS'mu'anon E
Photon energy resolution 2 g-g;;: I E
’hoton energy scale negligible 2 st E
Pile-up reweighting negligible S 004 E
Background @ 003F E
Spurious signal 0.50stat 160-110 events, NWA %‘%215 E
0758 39 40 a1 a2 a3
m,, [GeV]
e |n general, small systematics compared to the statistical
un Certainty. De_flnltlv_e value for the |
spurious signal systematic
e | argest expected systematic from spurious signal. to be evaluated with the

new sample extension
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Expected limits

Expected sensitivity obtained through a
maximum likelihood fit to an Asimov
dataset of the background model.

Compensation of competing effects leads
to a relatively flat limit

Correction factor (CX)
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Where are our limits placed in the ALP landscape?

Limits set on the EFT decay constant f; (theory section!)

« Model dependent limit (ggF, pW cut,...)

e Similar sensitivity to more inclusive searches in the common region.

This analysis provides the strongest limits on a hypothetical resonance produced in gluon fusion
that decays to two photons.

e Other searches limited by the production mechanism (for instance, light-light scattering in heavy

|On COI I ISIOnS) EX|st|ng constraints from JHEP 12 (2017) 044
_ _ . . — . _
> - .= Expected CL_ limit, Vs = 13 TeV, 138 b - , g arxiv: 2008 05355
-, B @ Expected £ 10 [ Expected £ 2 o 7 o) fa 6.0 S 10°F LEP
= 200 1 A ~32n 6-10°7 S
9) a
10E as.,
— LHC |
i (pp)
2 |
m LHC pp—yy searches
15 = CMS pp—i
- ] LEP Z%Ya ATLAS YV = VYy (this paper) ATL As
B 2'o 4'0 610 8'0 1 60 120
0.2 B '0.. l Ma [GeV]
ol .~ | Bas—— T 1 1
S RN N 10—66f2 ~ 1078
, | ' ' ' B v a a v
0.03 20 30 40 50 60 70 i00 e . 41

m, [GeV] Much stronger! *



Conclusions on the diphoton search

Analysis strategy for diphoton resonance searches for masses below 65 GeV
e Edge of performances and efficiencies

Boosted selection eases the description of the background
e Allows to attain lower diphoton masses

Strongest limit on a hypothetical resonance produced in gluon fusion that decays to two
photons below 65 GeV

o Statistically dominated except for the fit bias uncertainty

e Analysis currently under internal review. Moriond as target conference.
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Summary

Works performed during my thesis cover photon performances and a search in the
diphoton channel.

Photon isolation performances

e Extraction of scale factors to be used by the ATLAS collaboration
 Prospective studies to make calorimetric isolation more resilient against pileup
e Cluster-level pileup subtraction more robust than per-event subtraction
Search for resonances below 65 GeV in the diphoton channel

 Analysis covers a poorly explored region with an original approach
e Contributions to almost every step of the analysis

 Diphoton ALP searches at the LHC during Run 3 will be able to explore orthogonal
regions of the phase space.
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Thanks for your attention






Backup list

e Jopocluster reconstruction
e Photon calibration
e Jopocluster sample definition
e Track iso (and also against pileup)
e XTalk
e [Iming topocluster
e Cb things
e Myy vy ptyy, how low
e |solation detalls
e Pileup mismodelling
e Primakoff effect

e [LC
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Expected guestions




Vs=13 TeV,f Ldt = 58.5fb'1, Barrel , EYF > 145 GeV

Expected question #1

* Why is there a time delay of 1-2ns for the clusters v " 2
from fakes? S

- Time of each cluster computed as the energy | P

I IIIII:.Ih

squared-weighted average of the cells time.
0.01 u

- The time of each cell is calibrated in such a way that a Fak_e—_@n'ﬂ'gg'e;;gn'pfl—e‘l' 2 0 2 4 6 8
neutrino traveling from the IP would give a signal Mainly EM ClUStergsuan < Sozaso.06
measured at t=0 s.

- The t=0 s in the cell is placed in the expected
barycentre for an EM shower.

- Our understanding of the time delay is that clusters

from fakes are essentially leaving energy in the final /
part of the cell of the EM calorimeter, and thus shifted

in time with respect to the t=0.
s N T
® [ -
D \Zﬁlzg]fﬁ.ozwo.l

” 48




Expected question #2

e ATLAS vs CMS

ATLAS LAr calorimeter

e Sampling: liquid Argon (active) lead (passive)
e Longitudinal segmentation

e Solenoid in front of the calorimeters.

o(E) 10%+/GeV

ETTE

@ 0.7 %

CMS ECAL

e Homogeneous: PbWO4 (lead
tungstate)

e Online energy response
calibrations.

e Calorimetersinsidethe4 T
solenoid

o(E) 3%+ GeV

ETTE

@ 0.3%
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Photon production in pp collisions

Prompt photons
Several sources exist for photon . Se———

production in pp collisions -'; q ) |

e Prompt photons are those not 7‘- t
produced in hadron decays and they } q 7 h-=- t
are mainly those of interest to us.

e QCD photon production, o

o Non-prompt (or fake) photons arise  § q 1 q Hadronization
from hadron decays and they are the | W { S
. . . ¢ 00000 1700000
main background in analyses with | qg I
photons in the final state. 7; q q " qg q

Good photon reconstruction ) 0000 (

! F 00000 i
technigues are necessary to provide mrm e mmssmessmsmrmsmesem ot Gk
good physics results. Non-prompt (fake photon)

o1



Photon reconstruction

Particles traversing the LAr calorimeter develop

EM showers, depositing energy in the calorimeter Topoclusters:
cells. dynamically sized
. ; ObJeCtS that Span over . hadronic calorimeter
e (Collections of cells are clustered together into all layers of the N % 4
topoclusters. calorimeters. eoond lver | /Gectzomagnec
Match clusters to tracks st o i) g
presampler |~

* Distinguish electrons from unconverted photons.

TRT (73 layers)

Match track to secondary vertex » %\
* Distinguish electrons from converted photons <" pixel N
Energy obtained by summing the energy of the beam spot A4S

do

cells in the topocluster ™ nsertable Biaver

o Calibration procedure to obtain the best estimate |
of the energy of the initial electromagnetic
particle.

L]
L]

L[] ]

)
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Entries / 0.5 GeV

ATLAS
/5=8 TeV: f Ldt=20.3 b

0 :
80 82 84 86 88 90 92 94 096 98 100

Mg, [GeV]

ATLAS a = -0.0002 = 0.0007
{5=8 TeV: f Ldt=20.3fb" 2 /N =30/39

-0.005 0.01

a

EM
cluster
energy

1

training of
MC-based
e/y calibration

longitudinal
layer inter-
calibration

ATLAS
Vs=13 TeV, 3.2 (2015) + 32.9 (2016) fb"

——— Electrons from Z— ee, 2015 data
————— Electrons from Z— ee, 2016 data

Stat. (2015 data)
Stat. (2016 data)

MC-based
ely energy
calibration

2 Z>ee
resolution
smearing

calibrated
ely
energy

4 S

uniformity
corrections

Z>ee
scale
calibration

6 Jw>ee Z2lly
data-driven scale validation

ATLAS
Vs=13 TeV, 3.2 (2015) + 32.9 (2016) fb™

- Electrons from Z— ee




Supercluster

4
’

4

L4

0

o""h

Satelliie \

All e*, y: Electrons only:

Add all clusters within 3 x 5 window Seed, secondary cluster
around seed cluster. matich the same frack.

@ sced cluster
@ sateliite
Of)

380.025 5§x0.025

Converted photons only:

Add topo-clusters that have the same conversion Add topo-clusters with a frack match that is part of
veriex matched as the seed cluster. the conversion vertex matched to the seed cluster.
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Photon isolation
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Gaussian distribution
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Projection of signal pdf

power law
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power law
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Inclusive photons

p1(Y) [GeVI:

Data18, Vs = 13 TeV, f Ldt = 58.5fb "

ATLAS

Vs=13 TeV, 36.1 fb”
10 GeV < E; <15 GeV
Loose isolation

— Loose photons from Z— eey
— Loose photons

Events/GeV

90 95 100 105
Mee, [GeV]
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Bifurcated Gaussian + Power Law tail *
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o
o
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45 < E; <50 GeV , 20= <u><28 45 < E; <50 GeV , 20= <u><28
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e Simulation Pythia
— Fit Signal ACB
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— MC16 - Data — MC16 -~ Data

ATLAS Internal
Vs=13TeV, 140fb" 1.15< Il <1.37 Vs=13TeV, 140fb" 1.15< Il <1.37
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min (

- Signal: Pythiay-jet
_ Data-drlvgn background
0.00= In | <0.60, unconverted photons

40 < E; <45 GeV
Efficiency: 0.9255+ 0.0004
Bkg rejection: 0.5439= 0.0012
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Pythia y-jet
145 < E;. < 200 GeV
0.0< 'l<0.6

Tight unconverted photons

— Supercluster subtractrion
— Fixed-size mask subtraction

>
O
Q)
o
.
o
~
n
Q
| -
-
C
LL

Pythia y-jet, unconverted tight photons, 1.81 < InYI <2.37,500 < EYr <750 GeV

e ——— . | ~0.1 _0.05 _ _ 0.18 no
E?o,coneZO [GeV] ¢C|UStel’_¢y



https://indico.cern.ch/event/916652/contributions/3859303/attachments/2035865/3408895/Isolation_11may20.pdf
https://indico.cern.ch/event/916652/contributions/3859313/attachments/2035824/3408606/booklet_etCone_SCCorr_20200511.pdf
https://indico.cern.ch/event/916652/contributions/3859314/attachments/2035934/3408822/pu_correction.pdf
https://indico.cern.ch/event/859287/contributions/3618639/attachments/1935702/3207622/egamma_301019_pascual.pdf
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Figure 4.8: Isolation energy distributions for background simulated events passing tight
identification (blue solid line) and Loose’j identification (red filled dashed) and for data
events passing Loose’j identification (black solid dots).
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Data 2018, Vs = 13 TeV, f Ldt = 58.5fb”, Barrel , E! > 145 GeV

Data 2018, {5 = 13 TeV, [ Ldt = 585", Barrel , E} > 145 GeV
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Figure 5.15: (a) The number of clusters as a function of AR and w around tight non
isolated unconverted photon candidates in the barrel. (b) Slice of the histogram shown in

(a) with w =1, showing the density of topoclusters as a function of AR, ~ 0.1.
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Figure 5.17: Bidimensional distributions of the pileup enerqy contribution in the isolation

cone for prompt simulated photons. (a) Estimate using the weighted isolation energy
computation (b) Estimate computed with FastJet.
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| | | | - 100
Filter bias estimation s ™
O, i
. . . = 80— 1
Bias evaluated on inclusive Sherpa yy samples S -
Two different contributions in the pr,, parton distribution for events o 60— .
with PT,yy,particle > 40 GeV E - = 10"
e A 6 at pr,,,parton =0: events generated at NLO without any jets that 40— .

after showering acquire pr,,,,particle > 40 GeV. This represents
5.5% of the distribution

* Expected smoothly falling distribution.

1072

Events in the 6 in m,, fall in the region of the observed discrepancy.

[GeV]

pT,yy ,Jparton

180
160
140
120
100
80
60
40
20

~Old Sherpa vy , P,

Ty, truth. -

>40 GeV p >_

0.08 -

0.07
0.06
0.05
0.04
0.03
0.02
0.01

Events / GeV / pb

2.5

1.5

0.5

80

100
[GeV]

T,particle,yy

IIII|IIII|IIII|IIII|IIII|IIII_l

OT,yy,particle/truth > 40 GeV

60 80

100 120 140 160 180

P [GeV]

7

T,yy,parton



Some distributions

e Events in the delta not considered when evaluating the bias

in JIRA.

e Any filtering in pr,, parton WoUld create this bias since the

contribution from NLO without jets is systematically

removed.

* The filter is necessary to produce sufficient statistics for

the analysis.
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https://its.cern.ch/jira/browse/ATLMCPROD-8274
https://its.cern.ch/jira/browse/ATLMCPROD-8274

Bias correction: events reweighin

Events are reweighed using a 2D-map of weights
computed from truth level Sherpa yy samples.

e Good improvement is observed at truth level.
e Reduced bias after reconstruction down to 5%

difference

o Possibly due to remaining disagreement in - pr,,,subl

at truth level.
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Differences between Sherpa samples

1

Unfiltered Sherpa yy NLO (old sample) Fullsim: %

o Per-photon filters at parton level: pr,,lcad > 20 GeV and Efj
pT,,,subl > 18 GeV

e Diphoton filter: AR,,> 0.2

e Two slices with different statistics: m,,:[0,50] and [50,100]

New filtered sample: boosted Sherpa yy NLO Fastsim:

e Same cuts on the per-photon filters. é

. AR, > 0.15. ;

* PT,,parton >35 GeV :

Significant difference observed after reconstruction driven by

bias underestimation.

e Fair agreement between fastsim and fullsim simulations
with the old samples observed.
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Template comparison

Relative effective statistics between old and boosted
Sherpa yy.

* Factor ~x6 gain compared to the first slice

* Half the statistical power in the second slice.
Possible templates:

o Statistically limited, small bias (larger AR) and sliced
Sherpa yy

* Biased, unsliced and with larger statistics boosted
Sherpa yy.

Visible statistical gain in the low mass region

= 22000 . —
q) —
(D —
< ]
E 20000 +$¥++; *é Full templates, p.>50 GeV ]
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uq>j 18000 — +¥* e~ Old Sherpayy -~
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== NEW raw template

Remaining bias from yy component

Factor ~x,/6 gain in the
error of fitted signal yield
in bkg-only templates
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Event selection: triggers

Lowest unprescaled diphoton triggers are chosen to attain the lowest invariant mass possible.
Diphoton triggers have evolved during Run2 to cope with increasing luminosity and rates.
e From 2017, isolation at trigger level is applied on both photon candidates.

Year 2015 2016 up to D3 2016 from D3 2017 2018
L1 item L1_2EM10VH L1_2EM15VH L1_2EM15VH L1_2EM15VHI L1_2EM15VHI
HLT item 2g20_tight 2g20_tight 2g22 tight  2g20_tight icalovloose 2g20_tight icalovloose
luminosity [fb~"] 3.2 11.5 21.5 43.6 58.5
Events recorded with prescaled triggers used for = [ arab nterhal -
. . L 34— Run 328042, data17
background shape estimation. = T -
. - . o 320 — -
* \ery limited statistics due to large prescalings on ¢ ol :
the L1 item (6.3 fb-1 of integrated luminosity) a -
28_— |
* Only loose identification required. s -
24?— —f
Year 2015 2016 2017 2018 - -
HLT item 2g20_loose 2g20_loose 2g20_loose 2g20_loose 22— IR E R H P H S R B
luminosity [fb 1] 0.32 3.3 1.56 1.08 20 22 24 26 28 30 32

B2

A
=
V



Event and diphoton selection

Events recorded with a diphoton trigger with E7. > 20 GeV

Standard diphoton selection common to other yy analyses +
boosted selection:

« Two reconstructed photons with E; > 22 GeV

e Tight identification

e Relaxed photonlD used for background estimation
purposes

e | oose track and calorimetric isolation

Selection on the diphoton transverse momentum p/’ cut
trade of two criteria:

e Enhance signal significance
e Keep sensible low mass reach

Photon pairs are required to have p?’ > 50 GeV

Z'1Z,, (relative significance)

Sum of weights

2'; " ATLAS Internal S
1.8— —]
~  V{s=13 TeV, h025, mc16e .
1.6— —]
1.4 _l_l_l—l‘ ——, I— —
n I_'_l_'_l_l_l —
1.2/ L  — -
- e  —
1= —
08:_ == pT,W>40 _:
- —— pTW>50 —
0.6 o P >60 —
= - P "'S70 B
0.4 D ’::>8o =
0.2F ~ P, >00 =
O m | | N B | A R N N A R A
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10°E E
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Background decomposition

The respective fraction of each component is
obtained from a 2xABCD (two photons) method.

Extrapolates number of background events in the

signal regions from control regions.

Signal region defined as tightly identified and
iIsolated diphoton pairs.

Control regions defined by inverting photonlD
and/or isolation requirements for leading/
subleading or both photon candidates.

e Limited In statistics.

£ = N, 44
Yy
Nw T Nyj/j}/ T ij
| fpy=0.642% 0.006(stat) 055

(syst) |

Reducible background
component increases
towards lower masses.

2X

Fraction

1.4

1.2

0.8

0.6

0.4

0.2

Isolation

Non-Ilsolated

D (CR) A (SR)
Inverted ID "'" Tight

Isolated ’ Isolated

C (CR) B (CR)
Inverted ID "'" Tight

Non-Ilsolated

>

|dentification

Methodology limited by poor statistics

_I LI | T 1T 1 | T 1T 1 | IIIIIIIIIIII | T 1T 1 | LI I_
— ATLAS Internal —e— VY —
- [Ldt= 571" fs=13TeV vy
B —— || i
~ 2920_loose prescaled trigger ]
= ’ -
B * ’
[ ¢ _
_ ¢ ]
-t E
B . |
| . |
_||‘|||||||I||‘||I||||I||||i||‘||I||‘||i||||:
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Background decomposition

e Limited in statistics due to

2x2D method used to estimate the relative fractions usage of prescaled triggers:
of irreducible and reducible backgrounds. 5.71 fb-
o Extrapolates number of background events in the e Reducible background
signal regions from control regions. component increases
e Signal region defined as tight and isolated towards lower masses.
diphoton pairs. S T ATIAS e T BOMAE
: : . . 5 AT Yy i}
» Control regions defined by inverting photonlD S F fld= 571 B=13Tev e

and/or isolation requirements for leading/ - 220-loose prescaled tigger E
subleading or both photon candidates. : :

0.8 X —

0.6 i T -

e Other definitions will be o.4j—hr — -
accounted for as 020 [
systematic variations qi. R e e et e e e S G SO

of the template




Reducible template corrections

Shape of control regions s not directly 3.5 SRR, Tmmgeie 1] T i
representative of the background in the .- ~pgecnisomees | 2 S | N TS
signal region. P ;rleakage oo E
e True diphoton events can fail tight R, L B R, :

identification and be in the control e T

region samples. ]

e Contribution estimated from Sherpa Susdf O[GQ_O]

yy and statistically subtracted.

o Different diphoton triggers areused & [T f@%’i’*‘@;‘%& |
for signal and control regions. A R
- . . . e T  [0,50] GeV El % o . agm e
o Different efficiency due to different e Mo | 1 eTERR -
L1 seeds modifies background T b receenat e 1 o mel6a :
shape in data17-18. "T prescaled -~ Li_2EMis B N OO OO TSNS TOOOOS:
| | i trigger " L1_2em1svH +—— DataT 5-16__ § S ———————————
e Correction estimated from o T el Data17-187]
simulation. B2 025 03 05 04 045 05 055 08



Background components ;e T
3 6000 - Reducible (data CR) .

The irreducible yy component is extracted > 50000 E
directly from simulated QCD diphoton 2 ook E
events. 3000F- E
The reducible component Is more 2000[ MW
complicated: 1000 -
e Fake rejection of photon identification is Qe b
very large (thousands) m,, [GeV]

e If simply simulating yj/jy, the sample would Smol Gt ewlee lss:{é;%hﬁéi;;k'a;;'t' d o
be very limited In statistics. _ e = ftlfiip4soatv‘j _
Instead, it is obtained from data. 6 1s0E- - élﬁwﬁizzﬁﬂmw L E
e Control regions (CR) defined by inverting o m%é’“ﬁ*i‘3***z?%';zz?zgrgmwm_i_ww—é
photon identification for leading/ - wp- Truephotonst \ - RS
subleading or both photon candidates. e
100% efficient: some photons e e ?TS 0o

end up in the CR and need to
be subtracted

Presence of true photons
modifies the shape!



Irreducible component

To ensure that we can reach the lowest possible masses, the turn-on needs
to be robustly described.

e Two main functional forms evaluated: “FermiDirac-like” function and an
“inverted "exponential (1-exp(-x))

Shape beyond 20 GeV described with a monotonically decreasing function.

 With current statistics, a simple exponential provides a reasonable shape
description
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Background shape description; .. — ..
8 1200— 2 b 4 LT
_ _ | g 1000/~ AR '
analytical functions allow the search to reach B _
very |OW masses! 600:_ =8= [rreducible template _:
e Special care is given to the turn-onregion _______ ————> [ ¢  FemiDiee et -
I | _
Strategy: describe separately each 200/’ Fum-on=1— (1= fp)e™" =
component; then combine the functions N T T T VI
Reducible y-jet and dijet Irreducible yy / T [5Y]

8000 T S ey et e -

© - Full fit . o 14001 e o — Fullfit -

© 5000 ul++ x*/dof=135.91/182,P(4?)=0.39  — — —  %2/dof=682.64/675,P(%2)=0.41 .-« Inverted exponential ~ _
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Full template description

3 2400 e Fulltemplate E
O 2200 v2/dof=698.23/673,P(%?)=0.24 ___ Full fit pTW>5O —
Full template described with this strategy by & 20005 -+ meducble component.
P gy DOy = 800 Reducible component =
the sum of the irreducible and reducible 2 e00E- HP yamnominal - 2
functions. 2 1400F- =
- 1200 § e =
e Reasonable and robust description based oo ¥ T E
on the background decomposition 8001 : ‘ =
Characteristics of a good function: iggi '  SE
¢« ¢ —
e Flexible enough to describe variations of 2005 & E
! ! I ! ! ! I ! ! ! I ! ! ! I ! !
the turn-on. % 20 20 60 80 100

e Sensible changes in curvature to avoid m,, [GeV]

“absorbing” a signal in the background. I, = fW irred(x) + (1 — fW) reduc(x)
f,, = 0.66 £ 0.02

Small caveat: limited simulated samples (in statistics) make difficult the decision on the analytical
function to be used. 01
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Consistency checks (ll)

The turn-on region is a crucial part of the background shape.
Flexibility of its modelling is evaluated modifying the

Kinematic selection.

e Turn-on shape changes when loosening/tightening the

PT,,, CUL.

Better description of the turn-on when tightening the

selection.
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Fiducial phase space

Limits provided on the fiducial cross-section orid

e More model-independent than limits on the total

cross-section

o Detector effects are encapsulated in the correction

factor Cx

Ox fid * BX — yy) =

Fiducial volume is defined by applying truth-level
cuts that match closely the reconstruction selection:

Fiducial phase space

p%:,tmth > 22 GeV pg/ﬂ’ufh > 50 GéV
|ln| < 2.37

Truth 1solation:

reco
Nsig

CyF

)

X

Correction factor (C

Reco phase space

p;>22GeV  pl’> 50 GeV
ln| < 2.37

FixedCutLoose isolation:

ptcone?2( < 0.05p;

0.7p
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¥ Detector phase-space
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Signal yield systematics

Signal systematics divided in
two categories:

e Systematics affecting the
signal shape

e Systematics affecting the
signal yield

Signal yield systematics
Implemented as variations on
the correction factor Cx

e Between 1-2% variation
with respect to the nominal
correction factor, relatively
constant with the mass.
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Signhal shape systematics

> x107°
S o8 MadGraph ggF Simulation 0.09F "7 71 | —
£ [
< 0.6 == Nominal Energy Scale 0.08F MadGraph ggF Simulation
' -e- Scale up - — Nominal

0.07

- — Scaleup
0.06 — Scale down
- m,=40 GeV
0.05F *

0.04F

Signal shape variations arise from
calibration uncertainties from the

-e= Scale down o=
o]

Sum of weights / 0.05 GeV

0.03F
official Egamma measurements: ER:
€ 0.005 5 (5@ 2O e =Om e O m e @mm D e e D m e D m e Brmm Y m ey e e 0.01F
e Photon energy scale variations §_O_OO‘;%:;::;;:::;;::;::;::;;::;;::;;::;;::;;::;;::;;::;;::;;::;;::;;::;;2 4
induce shifts in the m,, peak e o
position of the order of 0.5%.  § F | e somen Ik 009_10 S :
e Photon energy resolution = Restenn R ;
variations widens/narrows the osE- = g 006 _resoun o
signal resolution of the order of F EE: i
5-6%, slightly increasing oofa® Energy resolution J g o3
towards higher masses. S S I D SISO S 1.
: Oozg:c;o@@@ge-@-oaooeoe_ei A7 38 39 40 4 a2 43
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Spurious signal: smothing

Sherpa yy heavily affected from low statistics
 [For a correct evaluation of spurious signal
systematics a smoothing Is required.

Gaussian Process Regression (GPR) method
provides an estimation of the true background shape.

Two main inputs are needed:

o A kernel function used to correlate information
between bins spaced up to the length scale.

e Length scale: measure of possible the size of
structures in our mass range.

Turn-on region can be affected from biases due to
the smoothing procedure: evaluated in the following
slides.
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GPR toy testing for bias estimation

FDPowLogO0 (true function)

|dea:

e (Generate toys from an analytic function with

a turn-on feature

e Function(s) obtained from a fit to the

template.

e Perform the GPR smoothing on each of the

toys

e Each toy has an unsmoothed and
smoothed version.

e Evaluate the spurious signal systematic on
each toy before and after the smoothing.

e The bias caused by the smoothing will
show as differences between the spurious
signal observed in the template before and
after the smoothing.

Fitted Spurious S

Fitted Spurious Signal

400
300F ' Toy Test- Spurious Signal == ... == QI
E o feiE P4 v :50: -all: 0
200 - T
100F- e i o
0 e it
E R N
_100; I. L ' L
~300F- ¥
aof

600

400

200§
N

_400F

- template LP4_ptyy 50_eta all-mevperbin. 100
- THERON ntia

B n'::Téy: Test - Spurious Signal - G P Toy ]

200

In general:

within errors everywhere

Fitted Spurious Signal

Spurious Signal
~

‘_--Fﬂ'tgd

1000F

_500F- "
~1000F

-1500E

e SS computed before and after the
smoothing procedure consistent

e Small uncertainty could be assigned,

but negligible compared to the

expected spurious signal.

1500F

500F-

oF f;
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Number of Entries

Number of Entries

Number of Entries
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Toy Test - Spurious Sig
template_LP4_ptyy 50 K
TurnOnPowerLaw

A

kel el S i}
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Fitted Spurious Signal

ATLAS Internal

== Raw Toy
_mevperbin_100

template_LP4_pty
TurnOnPowerLaw

ATLAS

Toy Test - Spurious §
template_LP4_pty
TurnOnPowerLaw § |

—

-800-600-400-200 O 200 400 600 800 1000
Fitted Spurious Signal

Number of Entries

Number of Entries

Number of Entries

100 ATLAS Internal

Toy Test - Spurious Si¢R8l|
template_LP4_ptyy 5
80 TurnOnPowerLaw

== Raw Toy

a_all_mevperbin_100

== GP Toy
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Fitted Spurious Signal

ATLAS Internal
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template_LP4_ptyy 50_4
TurnOnPowerLaw
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0

Fitted Spurious Signal

ATLAS Internal §
Toy Test - Spurious s
template_LP4_ptyy Ik
TurnOnPowerLaw

== Raw Toy
[I_mevperbin_100

== GP Toy

Fitted Spurious Signal
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ATLAS Inte

Toy Test - Spurio
template_LP4_pt

-800 —60—400—200 0 200 400 600 800 1000

ATLAS Internal
Toy Test - Spurious Signa

template_LP4_ptyy_50_ef d

TurnOnPowerLaw

ATLAS Internal
Toy Test - Spurious Sifig
template_LP4_ptyy 5@¥d
TurnOnPowerLaw

800—600 ~400 —200 0

"y

Fitted Spurious Signal

== Raw Toy
all_mevperbin_100

200 400 600
Fitted Spurious Signal

==Raw Toy
all_mevperbin_100
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Fitted Spurious Signal
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o

Fitted Spurious Signal

ATLAS Internal
Toy Test - Spurious
template_LP4_ptyy_ 4
TurnOnPowerLaw

== Raw Toy
_all_mevperbin_100

, \:

—800—600—00—200 0 200 400 600 800

Fitted Spurious Signal

== Raw Toy
all_mevperbin_100

== GP Toy

50 ATLAS Internal
Toy Test - Spurious Si@ng
template_LP4_ptyy 50

TurnOnPowerLaw
40

30
20

10

800 =600 —400 —200 200 400 600 800

Fitted Spurious Signal

0

Plots showing the
spurious signal
computed in the toys
before and after the
smoothing for
various mass points.

e Difference of the
peak position
between them
indicate the bias of
the smoothing
procedure.
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Fit bias (spurious signal) .

A bad description of the background shape can ‘é |

potentially absorb/induce signals. = . (Exaggeration)
purious

Estimated from S+B fits to background-only Signal

templates Analytic Function

e \ery sensitive to statistical fluctuations! True Background Shape

o Estimated from a smoothed template version Sy Sdebane e

— Unsmoothed template — Smoothed template

c | L e L N L I R R R R IR ‘A 4 ' P o o o b

c : - D - | | | | n | -

- 2500 — GPR Smoothed Template T D B ]

12 — GPR Smoothed Template P — iy 3 — —

§ - Flat RBF - - = - !\ (\ —

L 2000 :_ = Original Template _: g) 2 :_ _:

= (2 - .

1500 — — b 1= g

E —\E OE___ N __-__A___““-:__ | _____:-

1000 — — - NY Y \d"":\ -3

500:— - . _1;_ _;

: - Systematic f -

- 001_%;:'::::!ff::!:::f!::::!::f:!::::!ff':; requiredtobe - | .

ols % eimialluls st ity less than 0.50stat | | o | S
o | - 10 20 30 40 50 60 70

M,, [GeV] m, [GeV] 10C



From ofid to ALP parameter space

e Jotal cross section for a resonance
produced with a certain center-of-mass

energy and with fa equal to a given value (1
TeV in this case)

2
8 (} i la) Otheo f a,exp
—— ﬁ

2 5. f2
a,theo exp a,theo

Otheo ™

where g(ma) is a function of the mass.

arxiv:1710.01743

O pp—a—syy [PP]

0.10]

0.05 == C; o0

20 40 60 80 100 120
m, |GeV|
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Additional backgrounds

Around 2-1 events as a function of the

0 I N P P S AL B PP S A AL S At s S L
mass between 20 and 80. ‘f 1ol (very-low-mass selection : low-mass + pTW>50 GeV) _
> = _

e This represents around 1-2% of the S 10k -
events per bin. é - PowHeg Z— ee + Sherpa eey + evy -

: o 8 —

e Annoying slope below 20 T - -
6 -
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T”ggers |n detall L1_2EM15VHI (as example)

e 2 EM seeds requiring transverse energy thresholds of 15 GeV

n dependent threshold due to EMscale variations (from -2 to
+3 GeV)

 Hadronic veto in the towers behind the central region:
o If Ethad > 1 GeV, Er, /23-0.2 > Ethad

Triggers have evolved across Run2 in order
to cope with the increasing diphoton rate
while keeping energy thresholds as low as

possible. e Isolation (for Et,, <50 GeV)
. : : o If Etiso >2 GeV, E7, "0.125-1.8 > Ex;
o Different L1 seeds (increasing ET Hee b e
thresholds and isolation in 2017-2018)
* HLT isolation items contribute to this Vertical sums
(present only in 2017-2018) Horizontal sums
+.] Local maximum/
. . = | Region-of-interest
e How diphoton triggers behave for =  reeromagnene
. . —| [ isolation ring
collimated photon topologies? Ummo | S
o A c?li?'irr?lglt(;r . and isolation ring
/ S alonmater
Trigger towers /(A:; xA¢p=0.1x0.1)
Year 2015 2016 up to D3 2016 from D3 2017 2018
L1 item L1 _2EM10VH L1 _2EM15VH L1 _2EM15VH L1 2EM15VHI L1 2EM15VHI
HLT item 2g20_tight 2g20_tight 2g22 tight  2g20_tight_icalovloose 2g20_tight_icalovloose

luminosity [fo~*] 3.2 11.5 21.5 43.6 58.5 10"




Efficiency vs AR In signal samples

Efficiency reco/trig

| | = = ameas  Intemal ' bpbaeo | |E
MadGraph signal samples for resonances at different masses are used. g 09 ™= 30,py, >80 GeV me16e  — PiDsoTrigger -
() - npres. trig ]

. . . . . . = 0.8 m
Efficiency is defined as the ratio of reconstructed events over events in & 07E My=30 GeV -
the truth fiducial region. S o6E -

. T TE ' T | H

Visible drop at small AR below 0.3. Y osE : ' ﬂw 1 L

* No scale factors exist for this region. 0.4F . ¢ Eﬁ -

0.3F - -

* Systematics could be large. 0.0F . -

— i ]

Fraction of true events falling in this region increases towards lower 0.1 T -

masses (overlap between drop in efficiency and grey distribution) O 02 04 06 o8 1 1o

* This could potentially limit lowest attainable mass. AR
Eamas el e 1 2 T wmas wemd L om 3 2 ET amad memd T e

0.9 ;_ my= 10, P, >50 GeM , mc16e — PID+Iso+Trigger _; Pe) 0.9 ;— my= 15, P, >50 GeV , mc16e 4~ PID+Iso+Trigger —; 8 0.9 - my=20, pT,W>50 GeV , mc16e — P|D+Iso+Trigger =

0.8F Unpres. trig E § 08F.  Unpres it 38 oE.  Unpres 11 E

i = & o =5 f =

3 A 38 %7F A ERE E

0.6 T =4 & 06 , 4 2 06fF =

- ' 1 - £ T - -

0.5 ' = 0.5F = 0.5F ' =

93 f“i% Mx=10GeV & .- , Mx=15GeV | o4 : .y Mx=20 GeV’

0.3F- : = 0.3F- : = 031 . =

0.2F : = 0.2F . = 0.25- . -

0.1F : 1 o : 3 oF : E

— . ! A I R S R T R R R SR N TR - — , : : L , , L L - — . ! N IR S S R S R MR R T
% 02 04 0.6 0.8 1 1.2 % 02 04 0.6 0.8 i 1.2 0 02 = 04 0.6 0.8 1 4104z
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Alternative measurement

Difficult measurement of diphoton trigger efficiency in

data S g T T T —2000
* Current measurement provided by product of single =™+ ﬂ:ﬁw 1800
photon triggers. oo 5=13TeV 1600

- Z-ly
* No clean source of diphotons in data ; {1400
801 —1200

Alternative: use radiative Zee events to study if single :
photon triggers are affected by nearby EM objects. 701

1000

800
Event selection: (EGAMS3 derivation, dielectron tag, 60

photon probe)
e Dielectron mass: [40,83] GeV
40

 Dielectron-y mass: [80,100] GeV o e

e pri>10GeV, pr1, > 22 GeV
e TightlD, loosely isolated (FixedCutLoose) photons

600

400
50

200
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Conclusion on triggers study

Efficiency drop is observed for radiated photons at low AR with respect to the closest electron.
e Fair agreement between data and MC.

e Same behaviour observed at L1 triggers.

Proposal for the analysis:

e Use difference in efficiency between data and MC (plot on the right) as systematic

uncertainty for small AR

e Discussed in Trigger E/y signature group meeting:

5 B | | L | L | L | L | L | L | I_
C

© 1— e 00— 00— 0——0—0—0
O B —o— —0—0—_, 0o 00 _o 00— _q O
i [ e -
- . m,,: [0,50] GeV i
062" _
L ——  Sherpayy NLO, DSID: 364350 .

;+_ . tightlD, FixedCutLoose, pT’Y>22 , pT,W>5O GeV ]

0.4— —

B -- L1_2EM15 ~

| - L1_2EM15VH _

0.2 —— L1_2EM15VHI —
I | I I N B

8.2 025 03 035 04 045 05 055 0.6

_g20_tight_icalovloose_L1EM15VHI

HLT

Efficiency

green light with this procedure

1 L1 IAI7LLIAISI Inlté'lrllal IIIIIIIIIIIIIIIIIIIIII *I+I 1T 1T _1
- “l»*'? ©
— == Datal? W *ﬁmw *‘m+ﬁ##q *ﬁ*ﬁ{
| - MC16d ¢
0.8
0.6 i -
0.4/ -
i m,:[40,83], m [80 100], p_ >10 GeV ]
n P, >22 GeV leedCutLoose tightID _
0.2 HLT g20_tight icalovioose L1EM15VHI —
O_I L 11 | |||||||||||||||||||||||||||||||| | L 11 |—
0 0.1 02 03 04 05 06 07 08 0.9 1
AR
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https://indico.cern.ch/event/938617/contributions/3943432/attachments/2073863/3482131/egammaTrig_200714.pdf
https://indico.cern.ch/event/938617/contributions/3943432/attachments/2073863/3482131/egammaTrig_200714.pdf

Background templates (l)

Efficiency

AR

7o JCA L e e B B B B B L B R
> [ ATLAS Interne}l — AntiTightyy MC leakage 7
& 250 Vs=13TeV, 139 1", LP4 —— AntiTight dataCR LP4 uncorrected —
Methodol 8 r — AntiTight dataCR LP4 corrected T
etnodo Ogy: 5200_— IsoIated,pT,W>50 GeV s
= 4, —
: : : : .y : E’ %"ﬁ:.ﬁ t - =
o Build irreducible template from sliced low-statistics fullsim Sherpa yy 150 ’1.1:*‘+ft++-ii b —
— ™ 4¢ +‘rl:?j 44444 1 ]
: : — """’*um,* 14its 44 ]
* Build corrected reducible template from data CR (loose’4) 1008 :“I'+~»++n+,w tthes . 4 L
— + +°"+ Yot h* 11eate ++.,.ﬂ g
. . . [ T g Pyt +737
e yy contamination estimated from Sherpa yy subtracted. VE ' =
A A o A M WA Mo K"
 Differences coming from different triggers between signal and SR A e
. . . . 2 . z_ .........................................................................................................................
control regions corrected with simple function (per year) §;§% I
L I
» Probably caused by different seeds at HLT level. D
DAL L L L L L L L BN B 2 VOFTATIAS Titemdl T T g O ATAS Tmtemdl T -
1 % = -3 BN o SO .
B Gg eSS s Sa-na0o 50 0 I B SN - B -
(o _ T gof# 4"+ +' “ W S + q’#&:‘ ! Wik AT N :
08 - o — % ﬂ.##* sk +mﬁ++,++;++;+:?. "y f % 705, Wt “ﬂ**:“m;’;m:*fm’:”;
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0.6 —»- 708+ LT 2920 tight icalov LO K . - HLT_2920_tight_icalov] S
B N Z Sherpagyy m::g1 6aIC€o%\é'? o%e vt ﬁ t Sherpagyy mlc?1 6elct?o%\éto o%e ]
[ e - |1 2EM B - Tlghtyy FixedCutLoose, R, > 50 GeV ¢ 50— Tlghtyy FixedCutLoose, R, > 50 GeV ]
041' ~ L1 2EMVH «—— Data15-16_ 601~ 1138707 =1.17 - [ x%145.72/97 = 150 g
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ATLAS ' Internal
MadGraph signal m = 40 GeV
E.->10GeV, Inl <2.37

Tight yy pairs
HLT_2g12_tight_dPhi15_L1DPHI_M70_2EM12I

low mass limit towards lower masses. B0F=— HLT 220_loose

Future prospects for Run3

* Lower ET triggers could help pushing the very 70

Events

* To cope with the rate, new HLT and L1 items (A¢ jg: :
and m,, cuts) are used. 30F- E
20 —

* Selection 2.5 times more efficient and almost Jof. E
completely orthogonal to the existing triggers. oEmm Rt g P UL =

T R TEE T T . I =y | LT
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o [GeV]

do/dm, . [pb/0.1GeV]

1.6 —
1.4~ —
1.2 —
1 Tight, isolated, signal simulation _
i —~— E>15 GeV, h¢l>2.9 :
- - E>22 GeV -
0.8 & |
[ | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | N
30 40 o0 60 /70 80 90 100 110
m, [GeV]
0.35E- 'Diphoton simulation B _:
- = EYr>15 GeV, IApI>2.9, particle-level .
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0.25F --- After reconstruction ., —
0.2F | =
0.15E \\—
o= i i ' =
0055 S T :
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Why photons and not jets?

ATLAS Anti-k, R = 0.4 L o012 ATLAS =
(s=13TeV, 44 fb’ 0.2=Iy<0.7 ° = =
| / 01 Unconverted photons i=0.3 =
EM+JES in situ 0.08= —
EM+JES total uncertainty 0.06 — —
PFlow+JES in situ 0.04 — —
PFlow+JES total uncertainty 0.021 5 —=
o, ., ., A —
D i ' ' L . ' ' ' ' ' L ]
5 _ —— Total uncertainty _
“ 04 — Z — eeunc. ]
- Sampling term unc. -
0 - Pile-u_p unc. =
20 30 102 2x107 10° 2x10° oo T Materlal unc. T
p]:( [GeV] : ———/‘::‘_‘:‘—‘;.‘u"“‘ _
o T e e T T

11C



Width and long-lived particles

From 10-100 GeV, and given fa between 0.1-100 TeV, ALP
exist that could live enough to decay inside the calorimeters

e Same EFT framework as a tool to probe different types of
resonances.
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