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Search for short- and long-lived ALPs

N H — aa — 4y decays with ATLAS

[ATLAS-CONF-2023-040]

- Introducing light scalar or pseudo-scalar ol -\
. . ' ' L o \.'\,'\ LEP 4
axion like particles (ALPs) could explain; = - =
Loy = INV. +y K
Strong CP problem = A
Dark matter = (= | ¢\
T
(g-2), discrepancy = 2 HBsurs % Ny
s = e i\
< 102 2
s
a =g =2 /3 £ SN1987a
p b
= 116592091 (63)x 10~ 1] S
a () = 116591823(49)x 10" 24 10-6 =
Decay
. ) Cosmology
= Probing unconstrained m_ - CW parameter space: A -
(9Q9)H — aa — yyyy 107 10-° 103 I 10°
100 MeV <m_ < 62 GeV m, [GeV]

le-5b<C <1
YY

= Deriving upper limits on ALP cross-section &
excluding m_ - CW combinations
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ATLAS Challenges

EXPERIMENT
[ATLAS-CONF-2023-040]

= Experimentally challenging signatures

Y
dra’m? )
Fayy = T|Ca7y|
H_ _
= ALPs with long lifetimes can decay
close to the calorimeter y

Detector design and photon
reconstruction is optimized for photons N
from primary vertex

Reduced reconstruction efficiency

g
N
L N

- Requiring that axions decay within ECal /%4/\
N ///4\ :
(< 1970 mm) \T N

g
N

g
g

B

= Low mass ALPs: highly collimated
photon pairs = reconstructed as one
photon (“merged”)

Olivera Vujinovic Higgs Hunting 2023


https://cds.cern.ch/record/2867933

ATLAS Analysis strategy

EXPERIMENT
[ATLAS-CONF-2023-040]

=  Photon ID based on 2 NNs (each with 2 hidden layers - 7 and 5
nodes; with shower shapes used as input variables):

/NN1: real vs. fake photons \ /NNZ: merged vs. single photons \
= Signal: H— aa, H — yy = Signal: H—aa —yyyy merged
= Background: selected data with photons
photons such that p; > 15 GeV, falil =  Background: H—aa —yyyy single
loose ID, isolated (ETGone40/p; < 0.1), photons
k m. > 60 GeV (Higgs region excluded)/ k /

= Each photon gets one of 3 labels:

=  merged (ANN1 > 0.98, ANN2 > 0.5, ltight)
=  |oose
= tight
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EXPERIMENT

ATLAS Analysis strategy JG | U

[ATLAS-CONF-2023-040]

= Resulting in 5 categories:
= 48S: 4 |oose photons, at least 1 (=

3) tight photon Prompt analysis (4Sp): more

. stringent categorization criteria

= 3S:2 J“ght + 1 loose phOtOﬂS (loosened needed for long-lived
« 2M: 2 merged photons case as ID efficiency drops for
- 1M1S: 1 merged + 1 loose photon axions  decaying closer to the

\_ECal J

= 28S: 2 tight photons (dominated by
H — yy background)

= Axion mass reconstruction: only possible in 3S and 4S categories;
used to define SR and CR (by inverting the axion mass requirement)

= 2 NNs for each case:

Input: m._of all possible di-photon combinations, pairwise differences in
-, pairwise differences in direction
Labels based on MC truth information
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EXPERIMENT

ATLAS Background estimation JG | U

[ATLAS-CONF-2023-040]

2-photon final states 3- and 4-photon final states

= Using a sideband in m,, distribution to fit the background = Using a sideband in m,, distribution to fit the background
contribution in [100, 150] GeV, excluding signal region contribution in [80, 150] GeV and [105, 145] GeV for 3S

= Used it functions: . and 4S respectively, excluding signal region
* 25 and 1M1S: Landau = Used fit functions:

- 2M: Polynomial of 29 order - Polynomial of 3" and 2" order
- Cross-checks: = Cross-checks:

= 2y QCD I\/ICI | | = 3y, 4y QCD MC
= datadriven: inverted isolation cut data driven: inverted axion mass requirement

> 50000 " 24—
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0 » Vs=13 TeV, 140 fo" Continuum Background Estimate p= 20 E  Vs=13TeV, 140 fb” Gontinuum Background Estimate
N 40000~ Category: 1M1S ==~ Sideband Fit w0 (gE. 9oV 45 (85<m, <10GeV) ___ gigepand Fi
2 u Ho vy 2 16E- —— Hoaa(m =5GeV,C, =1)
() i [ =
Lﬁ 30000 — H- aa (m =05GeV,C, =0.1) Lﬁ 14— H-aa(m,=5GeV,C, =5E4)
C 12
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L 8
- s e R e
10000(— :
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ATLAS Background estimation

EXPERIMENT
[ATLAS-CONF-2023-040]

Prompt final states

. . . : . — = 1] 0 [ g
ConS|de?r|rl1g only 48Io case Wlth m"i‘ > 5GeV; = E  ATLAS Proliminary T
low statistics due to harsher rejection of fake O 80 (513 Tev, 140 b gx." B @ &

. 8 = Category: 4Sp o o ' 0 &
photon signatures s 5ol oo -
= Using a 2D sideband fit approach with the - EETI B b
m,"*°° vs. m % spectra with SR and CR 40 D D o
defined as: 30k . "
= SR:120 GeV <m, <130 GeVand m,inm,_ + C . o 0
stepsize 50 L o
- CR1:110GeV <m, < 140 GeVandm_inm_ + - L_] SvalRegin i, - 10.Gs¥) :
) . - Sideband Region (ma =10 Ge
stepsze 1.5 10 - :] Signal Region (m, = 40 GeV)
- CR2:105 GeV <m, <145 GeVand m_inm,_ + - Sideband Region (m, = 40 Ge . ’
stepsize * 2.5 ol v L
: 60 80 100 120 140 160
= Background estimated as an average of data e [GeV]
nv
events in the CR
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EXPERIMENT

ATLAS Background estimation JG | U

[ATLAS-CONF-2023-040]

= QOverview of estimated background events compared to measured
data events in the signal region of the most sensitive categories

= The H — yy background is only visible in the first three bins,
corresponding to the 2-photon categories

107 ATLAS Preliminary i ¢ Data
V5=13 TeV, 140 fb™* ; #2222 Bkg estimate
- o
H—yy

long-lived ; prompt
10° '

1

10*

Number of Events
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ATLAS Analysis results

EXPERIMENT
[ATLAS-CONF-2023-040]

_ [ L L L L B LI RN B
g 1 1? ;‘?_TLAS Preliminary X — observed E
| : P = 13 TeV, 140 fb ted ]
Limits 3 Capy = 0.01 Mot -
9 1072 exp. = 26 =
g W ;
T  Lof
«
@ =
. . il E
= Setting upper limits on B (H — aa — 4v) T i
at 95% CL as a function of the axion B .
mass and for different ALP-photon e gt
couplings 01020 T30 20 5060
= The long-lived searches significantly less m, [GeV]
sensitive than the prompt searches due to 008
i i = - ATLAS Preli — observed ]
the looser signal selection and = O e e
consequently larger background & oL Ger 0 (Prompiriecays) —et
contributions ZT% 0.05E- r
= The observed limits agree well with the S 0.04F L ,
expected limits. T o0t E
g E
0.021 - -
o.oli— TRARAIRD
) = T R E N RN B
0 10 20 30 40 50 60
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ATLAS Analysis results & summary

EXPERIMENT
[ATLAS-CONF-2023-040]

= Limits on ALP masses with m_> 15 GeV: 10
~ one order of magnitude more stringent 10"
than previous ATLAS analyses using 8 TeV 0
data
similar to slightly better sensitivity as

ATLAS Preliminary
Vs =13TeV, 140fb~1, H—» aa -

CMS LbyL

ATLAS LbyL _

previous analyses from CMS using 132 fo™" T 10™ £ Beam dump  mre—L

of /s = 13 TeV data § e y == ?bs. 2c)aH=o.1

3 L S\iesra \ e |

- First limits on ALPs with masses < 10 GeV o 3

derived at ATLAS .

40% more stringent compared to the 0 :

previous results from CMS using 136 fb~' of 107 E
Js=13TeV 10‘180 i

m,[GeV]
= Most stringent limits to date
= Excluded most of the remaining parameter Limits on the ALP mass and coupling to photons at

- _ 95% CL, assuming |C_ /A = 1 TeV~ (solid line) and
space that could explain the (g-2) C /N = 0.1 Tov (ashed ine)
discrepancy ‘
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EXPERIMENT

ATLAS More on (9—2)U JG | U

= Measurement of the Positive Muon Anomalous
Magnetic Moment to 0.46 ppm

BNLg-2 ® = (https://arxiv.org/pdf/2104.03281.pdf)
AL = = First results of the Fermilab Muon g-2 Experiment
for the positive muon magnetic anomaly a, =
4 429 ) (9,-2)/2.

= From top to bottom: experimental values of a, from

— et . .
. BNL E821, this measurement, and the combined

Standard Model Experiment . . . . o
gieiage average. The inner tick marks indicate the statistical
175 180 185 190 195 200 205 210 215 contribution to the total uncertainties. The Muon
aNX109—1165900 g—-2 Theory Initiative recommended value for the

standard model is also shown.
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Photon identification & reconstruction
&I!Téé iNn ATLAS

[ATLAS-CONF-2023-040]

LAr hadronic end-cap and LAr electromagnetic

forward calorimeters =
Pixel detector end-cap (EMEC)

Toroid magnets LAr electromagnetic calorimeters

. - _— LAr electromagnetic
Muon:chambers Solenoid magnet | Transition radiation tracker barrel

Semiconductor fracker LAr forward (FCal)

= Liquid argon calorimeter (LAr)
" gpecially designed to identify electrons and photons; honeycomb pattern
" Kkeptat-184°C

" features layers of metal (either tungsten, copper or lead) that absorb incoming particles,

converting them into a “shower” of new, lower energy particles, which ionise liquid argon
sandwiched between the layers, producing an electric current that is measured
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Photon identification & reconstruction
ATLAS

EXPERIMENT iNn ATLAS

[ATLAS-CONF-2023-040]

= 9 discriminating variables (DVs) based = Sketch of a barrel module with the

on energy in cells of ECAL and granularity of cells depicted in n and ¢
leakage in hadronic calorimeter HCAL

Cells in Layer 3
ApxAn = 0.0245x0.05

= Loose ID: Xy
= exploits the DVs in the HCAL and
in the ECAL middle layer
used by triggers or as background
control region

43X,

-
/N

= Tight ID:
= tighter cuts on DVs than the ones
used by Loose ID
using also ECAL strip layer

-]

Square cells in
Layer 2
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>
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N AN//yANT/TAN
: |
. . 0 =~ ~—
used for offline analysis 37-512:/8=4.69mm o
=0.003;
n
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Photon identification & reconstruction
ATLAS

EXPERIMENT iNn ATLAS JG|U

[ATLAS-CONF-2023-040]

= 9 discriminating variables (DVs) based on energy in cells of
ECAL and leakage in hadronic calorimeter HCAL

SEm?  (zEm; \? AE=E% __FE5
w — —_— Ll = Sk .
m \/ YE; TE; max,2 min
£ . £ )
. . max, max.,c
wan | Width ina 3x5 (An x A¢) Eritis = S 5
EEE region of cells in Sz Emux.l +Emux.2
EEE
i 7 ¢
Ehad s XE;
N Rhaqa = Er _— sfadee
N i wy3 uses 3x2 strips (1 X @)
L ‘ Il Wytor 18 defined similarly
] Hadronic ....I"Il li,,.,. butuses20x2 strips
Second layer S
Strips S
Fig. 2 Schematic representation of the photon identification discrim- calorimeter in a cluster of properties C, identifying the number and/or
inating variables, from Ref. [23]. Eg:V identify the electromagnetic ~ properties of selected cells. E; is the energy in the i-th cell, n; the
energy collected in the N-th longitudinal layer of the electromagnetic pseudorapidity centre of that cell
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Background estimation

[ATLAS-CONF-2023-040]
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Figure 1: m_**° distribution for the nominal signal selection for the (a) IM1S, and (b) 2M category. The nominal
sideband fitting function as well as its systematic variation is shown for both cases. The expected signal shape for
Cayy = 0.1 is also shown with an arbitrary normalization. The signal region selection on m_**° is indicated as dashed
lines.
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Background estimation JG | U

[ATLAS-CONF-2023-040]
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EXPERIMENT

ATLAS Background estimation JG | U

[ATLAS-CONF-2023-040]

> 24— T — > 90 LB 0 UL AR e s e e
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Figure 2: 4S category in the search for long-lived ALPs: m:*'° distribution for the nominal signal selection including
the nominal and alternative sideband fitting functions, the estimated background from the sideband fit in the signal
region as well as the expected signal shape for two ALP-photon couplings with arbitrary normalization. The 4
plots show different ALP mass ranges: (a) 0 < m, < 10GeV, (b) 10 < m, < 25GeV, (c) 25 < m, < 40GeV, (d)
40 < m, < 62GeV. The signal region selection on m;“° is applied while the signal region selection on m:..° is

mnv
indicated as dashed lines.
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ATLAS Background estimation

EXPERIMENT
[ATLAS-CONF-2023-040]
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Figure 3: m. ® vs. m,; " for the 45, categories in the search for promptly decaying ALPs, for (a) simulated pp — 4y

sample and (b) for data. The signal (sideband) regions are indicated as solid lines (shaded areas) for the searches for
ALPs with masses of 10 and 40 GeV.
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EXPERIMENT

ATLAS Systematic uncertainties JG | U

[ATLAS-CONF-2023-040]

Nominal uncertainties

= Nominal (as recommended) systematic uncertainties are evaluated for:
Lumi 0.8%
Pileup < 1%
Trigger 2% - 3%
Photon ID, ISO, scale, resolution < 3% on selected events

Custom uncertainties

= Special attention paid to the systematic= NN classifiers:

uncertainties due to displaced vertices and Z — ee events used comparing MC

their effect on the shower shapes and data, electron shower shape
= Using cluster shapes associated to tracks variables used as inputs

from displaced vertices of long lived hadrons Difference propagated through analysis:

(kaons) - data and MC up to 15% normalisation uncertainty in
= 3regions: the 2M and 1M1S categories

near: z, < 20 mm, olO <1 mm
medium: 20 mm < Z, < 500 mm, 1
mm < dO < 80 mm

far: 500 mm < Zs» olO > 80 mm
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