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The Large Hadron Collider

- Large Hadron Collider (LHC): The

most powerful particle accelerator

A% Y
=

in the world ..~.;PL"’?§‘-°. iﬂ‘;&&s

cms L
Point 5 :

- Particle collisions at energies of

Vs =14 TeV

- Four major collision points: ATLAS,

CMS, ALICE, LHCb
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The ATLAS Detector

- A Toroidal LHC ApparatuS (ATLAS): the
largest detector at the LHC

- 3 Concentric Cylindrical Layers:

- |Inner Detector

- Calorimeters (EM and hadronic)

- Muon spectrometer el

LAr electromagnetic = \, ~ V4
barrel (EMB) )«
LAr forward (FCal) -
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Addressing the CP Problem: Axion-Like Particles (ALPs)

- A conflict in the Standard Model: The strong

force does not break CP symmetry

- Theoretical axions offer a solution to the CP

problem

- ALPs share properties with axions and are

candidates for dark matter

- Columbia’s search for ALPs: X — aa — 4y
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Standard Model of Elementary Particles

LEPTONS

three generations of matter

e
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Machine Learning-Based Photon Classification

- Thesignal X = aa — 4y decay produces boosted o y
<M Ef‘ mr‘:;,_l’l
‘i o ! ~
photon pairs that hit the detector very close {Ei*’ e v 7
together _Tgiﬁ'f)j_ X N o
._"t y (1 ey .|.I

- and single photons

(background) are nearly identical in the detector Overlapping Photons: PJs

Single Photon
- The Columbia analysis uses a transformer trained to

distinguish from single photons

Transformer: arXiv:2607.08175 [hep-ph] Source: arXiv:2312.03306
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https://arxiv.org/abs/2607.08175
https://arxiv.org/abs/2607.08175

Cell-Level Information Optimizes Model Performance

=

0.20

- The ATLAS calorimeter is composed of

=
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small cells that measure particle energy

0.00

Cell ¢

—0.05

=
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—0.15

=

- Shower shape variables (SSVs)

—0.20

characterize many-cell regions using a

Background Rejection (1/€p,x,)
: Model Overall AUC | 90% €sig | 95% €sig 99% €sig
few variables SV Tovel '
BDT 0.92 3.2 1.8 1.2
DNN 0.92 3.1 1.8 1.2
- Using full cell-level information to train Cell-Level
CNN 0.95 6.4 2.6 1.3
the transformer improves performance PFN 0.97 62+7 | 54£02 | 1.484+0.01
Transformer 0.98 4724+ 60 | 9.0+04 | 1.64 +0.01
over previous SSV-trained classifiers MLE Mixer 0.99 9 21 L2

Source: arXiv:2607.08175 [hep-ph]
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Validating the Transformer with Data

S FATLAS mternal | —— mlofcev

< mﬁé_Test Set, 300k Photons — 2;?323

- Initial training with undiscovered particles can — moasw
e: my = 10.0 GeV

—— Single Photons

only be evaluated on simulated samples

- To compare the model’s performances on

simulation and on data, the transformer can be

0.0 0.2 0.4 0.6 0.8 1.0

, Source: arXiv:2607.08175 [hep-ph] ~ Transformer Score
evaluated with background samples
o
- . VA
- 71 — e"e” decay produces electrons, which look
very similar to single photons in the calorimeter
e+
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https://arxiv.org/abs/2607.08175

7 — ete” Sample Composition

Z-->e*e Sample from 2022 (Run 3)

Data: 19,4/8,724 events

Simulation: 37,320,526 events

- The simulation aims to perfectly Cuts Appliedto Z — e e~ Background Sample
mimic the data value cut
Transverse Momentum (py) pr > 20 GeV
i ldea”y’ the transformer ShOU|d Z Boson Mass (m,,) 80 GeV <m,, <100 GeV
perform equally on simulation and
Pseudorapidity (n) In| < 1.37,1.52<|n| <2.5
data samples
Net Electron Pair Charge Net Charge =0
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pr and Z Boson Mass in the Sample

- Good agreement between simulation and data in both p;and m_,

- Z boson mass averages to ~90.6 GeV for data and simulation (compare to 91.2 GeV)

Transverse Momentum (py) Z Boson Mass (m,,)
7 Y I S B R S B R B IR BRI B I R L EE L L
€ 1:— — 0 AL L L L L BN L B BB R T T T T ]
5 = ATLASInternal oata [N = 194250580, p=4353] §  0.05[ ATLASInternal —— DataN= s7%3620, = 5056 —|
Ys =13.6 TeV ] w - s =136TeV ]
- MC [N = 37216776.0, p = 43.20] - 0,04:_ 602830, 1 _:
. 0.03f- =
E o.ozf— —f
0.015— —E
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¢ ET | | T T
I IR YT
a I+ ——— Jf., o e
150 200 250 p [GEV]JOO 9 N R N N =K
[Gev]
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Spatial Distribution of Events in the Detector

ATLASInternal s =13.6 TeV

S

- Good agreement between simulation and
data in both nand ¢

: . Data
- Unrolling the inner surface of the detector
around ¢ creates an n-¢ plane
. Azimuthal Angle () o Pseudorapidity (n)
I I ey - ] - TS ] >
j | Simulation

Data/MC
3
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;
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5
[
i ) ]
g
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eammmm e Sl 1 10
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]
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Shower Shape Variable Agreement Between Data and Simulation

Data and simulation show reasonable agreement across shower shape variables

n Energy Ratio (R,) ¢ Energy Ratio (R,) Energy Fraction (f,) Energy Fraction (f;)
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Data-Simulation Disagreement in the Transformer

Unexpectedly, the transformer performance on Transformer Score for Z — e*e™ Sample

ATLASInternal Vs =13.6 TeV

electrons is not the same in data and simulation 0.06

Events

0.05
- As expected, the transformer categorizes the 0.04

——  Data[N=19478724.0, p = 0.271]

. MC [N = 37320526.0, i = 0.203]

electrons as background-like 0.03

0.02

0.01

— Can correlations with physical values like

. 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1
kinematics or shower shape variables reveal an Transformer Score
Q ; ! ' ' ' ! ; - . !
s |
underlying pattern behind the transformer’s g i
inconsistency? TS

Transformer Score
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ATLASInternal g
s =136Tev Cusp=frcoeisp=anl o

- MC [N = 37216776.0, p = 43.20] .

p; Bins According to Transtormer Score Distribution

L L L -
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. . . e . - o togon g,
- There is noticeable variation in transformer score across p; I TP
Data Bins [GeV] Simulation
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p--Binned Transformer Score

72 [

: [ s Dota pT: [20, §5) GeV [N = 1BETTZ40, y = 0.204) I
¢ 01 ATLASInternal R

w - Js =13.6 TeV e o et

- p; Bins (GeV): [20, 65), [65, 100),
[100, 140),

- There is a strong disagreement between

data and simulation in the highest p; bin Transformer Score

% 8':— :_: “::: | | T H_‘
. . S I
- Highest p; bin = 0.1% of overall sample ' f i b T
) _:T. i.“““;;him““mﬂgfn.l:'. srmepesesets P ANkt j
-2; ________________________________________________

0.8 0.9 1
Transformer Score
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Sample Purity Across p+ Bins

0 ! 1 e Data pT: [20, 65) GeV [N = 8996512.0, y = 90.601]
t ATLAS Internal —————— Data pT: [65, 100) GeV [N = 610789.0, p = 91.488]
- Y5 =136TeV —

- Electron parent mass shows no 0.08 *

Events

Data pT: [140, 200) GeV [N = 31420.0, p = 90.989)
Data pT: [200, 300) GeV [N = 10252.0, p = 90.949)
MC pT: [20, 65) GeV [N = 17363977.0, p = 80.630]
’ MC pT: [65, 100) GeV [N = 1095888.0, p = 91.557)
006* MC pT: [100, 140) GeV [N = 136846.0, p = 81.146] —

significant variation across o bins | sl sors e QR

MC pT: [200, 300) GeV [N = 14209.0, y = 91.011]

- All bins average between 90.60 GeV and

0 82 84 86 8 90 92 94 96 98 100

91.55 GeV (Z boson: 91.2 GeV) m.. [GeV]

- The data-simulation disagreement is not } Somms
. : 1-511 . l! l‘hu s .llllhl Wledhd 1 NRTIWLISEPR LI LT ll
due to lack of sample purity at high p; ;ﬁ-;-.»vq;-.-%ﬁﬁ:ﬁrz bl ettt u,-ﬁ,-ﬂ*#,ﬁlj.%
0 01 02 03 04 05 0.6 0.7 0.8 'ofn?; [GeV]1
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n Bins According to Detector Geometry

Different regions of the calorimeter

correspond to different values of |n]|
- Inner Barrel: [0, 0.4), [0.4, 0.8)
- Quter Barrel: [0.8, 1.37)

- Endcap: [1.52, 2.0), [2.0, 2.37)

Events

0.025 T — : T
- ATLASInteinal . A
0.02 :_ Vs =13.6 TeV mc] [ , 4 = 0.00] _:
0.015 | —:
F w-.m B
0.01 [ M w,..w""'J ¥ oy ""M..q% %‘N E
0.005 ?d“.‘“ ”“'%.E_
O -SRI ST TR | FO% |- TN NI SR N ST T NSNS S NI S R
-2.5 2 1.5 1 0.5 0 0.5 1 1.5 2 2.5
—_—
-
(! =~

LAr electromagnetic ”
end-cap (EMECQ)

LAr electromagnetic
barrel (EMB)

FCal) \ﬁkw ’
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n-Binned Transformer Score

IITIIIWI ITIITTIIII[IITTI IITIIIWI

B ATLAS Internal —— Datan: [0, 0.4) [N = 4424500.0, 1 = 0.293]
0101 s =136TeV

Events

Data n: [0.4, 0.8) [N = 4368616.0, j = 0.277] —

Data n: [0.8, 1.37] [N = 5396281.0, p = 0.228]
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0.06 il 'r'—l o
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0.04 [ |

002 B

- There is a significantly stronger ol — -
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Transformer Score
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D-Binned Transformer Score

- @ Bins: [-, -1t/2), [-11/2, 0),
[0, 11/2),

- Data and simulation show

individual consistency across bins

- The disagreement between data

and simulation remains in all bins

July 31, 2026

Events

Data/MC
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~1 ATLAS Internal
Vs =13.6 TeV
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ATLASInternal Vs =13.6 TeV )

A Spatial Representation of Transformer Score - [
- There is spatially-correlated disagreement between data . | RN ; ZOO

and simulation transformer scores

Data Simulation

ATLASInternal Vs =13.6 TeV 1 ATLAS Internal s =13.6 TeV 1
9. 3:”’Y'"]""I""f""]""l'"l""l""l"': 9— 3i"'l""I'"'1'"'I""I""I""l“"l"' R
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||LA_1114!1J111J
!
—
L

o
T
L
1
o
tieetimany )
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Conclusions

Transformer Score for Z = ete™ Sample

ATLASInternal s =13.6 TeV .

I A A A A AR AR Despite good agreement between data and
o 0.05F —

ooab sy ] SimMulation events in kinematics and SSVs, we see:

0.03; . MC [N =37320526.0, p =0.203] _;

0.02] 4 - Anunexpected magnitude of disagreement

oo 4 between data and simulation scores at high p;

0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Transformer Score i . .

g ' - Spatially-localized regions of transformer score

(=R =T= = R gy

disagreements between data and simulation

1 I I 1 I I I L L
4] (5] 02 03 04 0.5 [iX= [N [iX:) 09 1

Transformer Score
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Future Work

- Re-sample along p; and n in the training

samples to match signal and background

distributions ‘G [N
%%19' a ;W.IL n
\{; _ Fa
- Re-train the transformer on new samples to &7 _1{_ I
Ny - h .
improve on the initial round of training 7 g o '.

- Re-examine the improved transformer’s

performance on background samples
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Questions?
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Backup
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The Liquid Argon Calorimeter

Cellsin Layer 3
ApxAn = 0.0245%0.05

- Measures energies of EM particles

- 3 Layers:

——

S>>

o

L
/

—

7

N

1. Fine Granularity Strips &

6'8""71):4

2. Majority of Energy Collection L YT -
s e =

3. High Energy Shower Correction . I \ay |
= \gﬁgz::g.ozsxox
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/ Boson Data

10° 3
- In data, the Z boson occurs far ;

. L
more frequently than the noise e e'e” —» hadrons
around it < 103+

5
2 It
- Strongest peak: 80-100 GeV © 10° J60RIS o

3 o |
ETRA :

- 1 (™ n ~
1 keka TRISTAN SLC

10 o PEP = e

T T T T T T T T
0O 20 40 60 80 100 120 140 160 180 200 220

using data as baCkgrOund validation centre-of- mass energy (GeV)
CERN Courier, 2004

- Allows for good assurance when
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Further Kinematic Plots
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Extended p;-Score Distribution

Data Simulation
_ = 13.6 TeV
< 500 ._ATLAS.Ir.ltern?I- E 13f5 TeV _10° S — |HIATLASI_nt_er_naI ) _J? _ e 10°
S 450 - S ] ? 450 E
. 400( " LI - =~ 400F 1
2 350F ~10? = 350F =10°
300 300F-.
250 250F
200 10 200F 10
150 oS
O —— 1
50
0 6.7020304050607 0809 1 0 0.10203040506070809 1
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Events

Events

Events

Transformer Score - Stratified p; Binning
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2-Variable Kinematic Score Correlations — p; vs n

Data Simulation
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2-Variable Kinematic Score Correlations — p; vs ©

Data Simulation
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   s =


  X → a a → 4 𝛾


  X → a a → 4 𝛾  


  Z →  e +  e −


  Z →  e +  ⅇ −  


  Z →  e +  ⅇ −  


  Z →  e +  ⅇ −  


  ≈


  Z →  e +  ⅇ −  

