Search for Long-Lived Dark
Photons & ATLAS Detector
Upgrades

Connor Stewart, Columbia University

ATLAS

EXPERIMENT

—

— == NEVIS LABORATORIES
“%H' COLUMBIA UNIVERSITY




Introduction

July 31, 2025 @ COLUMBIA UNIVERSITY Connor Stewart

IN THE CITY OF NEW YORK



The Standard Model and Beyond

* Describes elementary particles and
phenomena

* Classifies particles as:

Fermions: Quarks and leptons, coming
in 3 generations, 1°* generation
fermions make up stable particles

Bosons: Force carriers and the Higgs
boson

e Still incomplete, with dark matter
being one thing not accounted for
despite making up 27% of the
universe

QUARKS @ LEPTONS @ BOSONS @ HIGGS BOSON
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The Large Hadron Collider (LHC)

* Particle accelerator at CERN
capable of proton-proton
collisions at 4/s = 14 TeV

ALICE

* |ts tunnels are 27 km long under
the French-Swiss border in
Geneva

 Largest and highest-energy
particle accelerator in the world
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The ATLAS Detector

* One of 2 general purpose
detectors at the LHC

* Weighs over 7000 tons and sees
over 1,000,000,000 collisions (" |V
per second

* Comprised of an inner detector, | , _,
electromagnetic and hadronic | =N e

calorimeters, and a muon N e
S p e Ct rO m Ete r ____________________________ S — forward calorimeters

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor fracker
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Mass Resolution Study
in Long-Lived Dark
Photons Search




The Hidden Abelian Higgs Model (HAHM)

* One possible dark matter theory

e Proposes the existence of “dark photons”
}Zd) which decay from a Higgs-like scalar D
S) and into a 4-SM-fermion final state

We are interested specifically in the 4-electron
final state

* The dark photons can have lifetimes to
the order ofFicoseconds/nanoseconds
#Iong-lived) it their coupling with SM
ermions is small P

* The parameters of this theory are S mass,
Zd mass, and the lifetime of the dark
photons
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Prompt Dark Photons Search
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* A search for prompt dark photons (not ¢ —a 12 ' e :
. - . = 12— . —
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* Filled-in histograms represent simulated B | ' :
background, the dots represent the data | 1 o .
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masses respectively of 4 o
* The data found agreement with the SMg & : s 1 | T 3
and set limits on the dark photon s 2l }'I'I e — = 2 T ] %
possibilities 8 & R A 8 A i 50 S
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{ms¢) [GeV] ma, [GeV]
. .
Found a small (1.60) excess around https://arxiv.org/abs/2410.16781

mS=110 GeV and mZd=30 GeV

This makes this mass point of special interest
in the current long-lived search
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Long-Lived Dark Photons Search

* The lifetime of long-lived particles allows the possibility that they
move from the primary vertex before decaying at a displaced
vertex (DV), resulting in displaced electrons

These could thus evade the limits of the prompt search and
explain the relative faintness of the signal in the prompt search

We only require at least two objects instead of all four

* Our analysis looks at the “ee channel” with two reconstructed
electrons

Displacement can lead to electrons being mis-reconstructed as
photons, so others are working on the “yy channel” for this

case which can become increasingly important for longer -
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* We look at simulated signals with mS between 60 and 600 GeV,
mZd between 10 and 290 GeV, and Zd lifetime values of 0.1, 0.5,
2,and 10 ns

This means we can also investigate the slight excess observed
in the prompt search
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Displaced Vertexing

* Displaced Vertices (DVs) are where particle
tracks meet which are far away from the
primary vertex where collisions occur

e DV-matched electrons are electrons which
are reconstructed and traced back to a DV

e Others have worked on optimizing an
algorithm to sort candidate DVs based on
charged particle tracks

* The reconstructed mass of the DVs heavily
relies on the number of matched
reconstructed electrons

The following study measuring how well the DV

mass is reconstructed focuses on the (ideal) case
with 2 reconstructed electrons per DV
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Mass Resolution Study

* My work involves studying the DV
mass resolution

This means plotting the masses of DVs in
Monte Carlo simulated signals and finding o
of a truncated gaussian fit

The fit is performed iteratively to focus on
the core and account for non-gaussian tails

* The better (narrower) a signal’s mass
resolution is, the better we can
reconstruct the mass of the Zd and
therefore the better we can
discriminate the signal from the
background
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Looking Across Lifetimes/ I\/Iasses

* We have Monte Carlo signal 1
samples across 17 mass points
each with 4 lifetimes :

* We must account for differences e
in mass and in lifetime when R

performing the analysis i —
e Our studies showed that the f}
mass resolution does not e Er s 1 *
depend on lifetime (see next Al LI il HH WH\H\I I
slide)  E— 1Mﬁ'

DV Mass [GeV]
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Resolution Dependence on Zd Lifetime

* First overlaid and normalized the mass histograms for all lifetimes on the same plot for
each mass point

* There did not appear to be significant difference between the lifetimes, which justifies
using the combined signals from all lifetimes together for this analysis

Instead, increasing lifetime just decreases the number of reconstructed DVs
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Resolution Dependence on Number of
Reconstructed DVs per Event

* There are cases where only 1 DV is detected per event, and others where we have at least 2 DVs, so we
must look at these differently too in case there is a difference, as we’re less likely to mistakenly pair
electrons from different DVs if there are 2 reconstructed compared to if there is only 1

* Next overlaid and normalized the mass histograms for both regions

* Again, did not see a significant difference so we can focus on the combined region with at least 1 DV
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Mass Resolution Versus Zd Mass

* Plotted, fitted, and retrieved the resolution for each mass point in this combined region
* Resolution follows a linear trend against mZd with a slope of .01

* Resolution also increases with smaller effect against mass splitting for a fixed mZd
This effect of mass splitting can explain the variation around the fit in the plot against mZd

Single-DV mass in the >=1 DV region
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Mu (Mean) vs Dark Photon Mass

Single-DV mass in the ==1 DV region

* To confirm linearity, the u values " ATLAS Internal— Unear it y= (1002 = 00017+ (0.00 £.0.06) ]
of the gaussian distributions =F ]
were also plotted against mZd 0 o]

) ) 250 | -

* Shows there is no observed bias < ¢ ;
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Front End Board Upgrades
for the ATLAS Liquid Argon
Calorimeter




The High Luminosity LHC (HL-LHC)

i The LHC Wi ” SOOn be u pg radEd to improved muon coverage new and upgraded forward

and luminosity detectors

trigger and DAQ

the High Luminosity LHC which will < inreased teadoutrates
produce a much higher (up to 10X)
rate of particle collisions than we
do now

* The larger rate of collisions will
require upgrades to ATLAS and
other detectors in order to handle
the larger amount of events

[Tk — the new all-Si tracker

new High-Granularity
Timing Detector (HGTD)
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The Front-End Board 2 (FEB2)

* One necessary upgrade is to the LAr
Calorimeter, and Columbia is
developing the new Front-End Boards
which digitize the signals from the
produced currents

The upgrade will require 1524 boards to
read out all the ~200k channels of the LAr
calorimeter

* These boards include custom
designed COLUTA analog-to-digital
(ADC) ASIC chips which digitize the LAr
calorimeter signals to convert the
measured (analog) voltage into binary
(digital) numbers
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Calibration Constant Histograms

W 15T 128

BN 3072 channels

* Each board has 32 COLUTA chips and each chip has
8 channels, each with their own set of calibration
constants

125 4

(unscaled)

* The chips are robotically tested standalone at UT
Austin and in Saclay (Paris) and sorted for
constants within 20% of the mean
Our goal is to identify an acceptable range for a chip’s 25 ]
constants to be within to use Por quality control testing, ¢
and to test the chips we receive in situ to cross check that “105 Q0 15 10 13
they are satisfactory [ADC Counts]

W _1ST 128
100 - BN 3072 channels

* For each of the constants, we plot the distribution
of the values across all channels

* Some of the constants are offset by a scaling
factor, which when accounted for makes the
distribution thinner

Scaling the constants makes the histograms go from having

np]any non-gaussian outliers to having a much cleaner
shape

127.8 127.9 128.0 128.1 128.2 128.3
[ADC Counts]
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Calibration Constant Outlier Analysis

* For these distributions, channels were
identified if their unscaled constants had any
values which were outliers (+50)

E190324coluta25channel6 E191700coluta3channel8
* The difference between these unscaled * *
outliers and the mean were then plotted, outiers _outers
with many of the plots looking almost — wasTaoem 02| 2o — WSt 204s 079
identical — s | o s
« Taking these constants which were unscaled ™ —wisrnen 2 — wisrion oo
outliers and scaling them before plotting, the .| — v 126018 13 — wanp 126026
Battern went away, and the differences — vonosmons | 10 — oo 020
eca me Sma ” 05 = \V_2ND_16: 0.11 . = \/_2ND_16: 0.23
This tells us that the scaling and sorting done at UT __ | ool
Austin/Saclay is working and our constants are o itves aean 14D Count] Suter values - ean [ADC Counts]

within an acceptable range, since constants which
are outliers while unscaled are no longer outliers
after scaling
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Next Steps

Dark Photon Search FEB2

* The results of these DV mass * The boards will soon go into mass
reconstruction studies will be used to production and quality control (QC)
search for a signal over background in  will be run on them

2-lepton DV events * The QC process will use these

* We are performing similar studies for distributions of constants to help
the 1-matched-lepton case to determine if a chip is up to quality
optimize how to treat those events

* We've plotted the MC signals for the O
matched lepton case

Now we’re ready to start looking at data in
the 0 matched lepton case since it’s not our
signal region
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Backup
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Combined Lifetime/Region Mass

Histograms

I
10° = ATLAS Internal =

* Plotted the mass histograms of
the combined lifetimes in the
combined DV region

e Extracted o of an iterative
gaussian fit to these
distributions as the mass
resolution
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Single-DV mass in the >=1 DV region

F. . S 2 Zd 1 D 5L ATLAS fntermal — e oo ot
itting to mS-2mZzd (1D) =, |
* To account for the dependence on o _
both mS and mZd, plotted e S
resolution against mS-2mZd e e
This was chosen to account for available T Ve T 7T
energy the S particle has for the Zd
after producing the two Zds L ATLAS internal o' tnea Fity = -o.0021xs 135 |
* Also produced a linear best fit to e _
this plot 7 i ' |
The residuals from this fit were plotted ' 0-0: ) . . .
and seen to be small (less than 1.5 GeV) i . to
suggesting a good fit oo . " ‘_
s -2mgd ceV]
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Fitting to mS-2mZd (2D)

* Also created a 3-dimensional ATLAS nternal Panere T
plot of resolution against both =F I I Y
mS-2mZd and mZd to account iy | ;
for the effects of both masses %2502— 1 Blez
§ I - 5
e A plane was fit to the points, §7 e 1l E
and the residuals from this plane ~ ™ = -
were plotted against the two 100 ﬂf || oo 1B
variables m& | -
o 0 100 200 30 -1;::(1' ~ 50 %ﬂ 04

mS - 2mZd [GeV]
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0 Matched Leptons Case

* Also began exploring the case | o
where we have 0 matched T
electrons MWW ‘ | \‘ ‘
e We’re not able to reconstruct HlHH h HH HMHHH N \
anything frOm these Shapes; T IéomﬂmstVh:‘; (r35 ) 0‘“: tn‘*j[e V_S]O 5 20 25DVM6" '(rss ir 04(: tn4j[G Vg]O
meaning there’s no signal in it
* Therefore since this is a “blinded” F e
search, we can now plot the data | e , I s

in this case without accidentally

unblinding since there’s no signal
anyway
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Extra O Matched Leptons Plots
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L ATLAS Internal
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* Plots in the various DV regions | wwuwia

of the 0 matched lepton case for"
a different mass point and
lifetime
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COLUTA ADC ASIC Calibration Constants

* To optimize the speed of the chips,

they use nOn'b|nary Welghts Binary weights Non-binary weights

(calibration constants) to perform o4 3 7 3 2 2
this digitization Wi e ][R
We are willing to sacrifice some & A N Weong Declsian |
mistakes for speed, and unlike binary T > pi input_| 737
weights non-binary weights allow us to I d TN [ IET NNV A0 N o N

correct those mistakes later 2 e R —

* |deally the weights would be the RO O
same among chips, but the o s e e e N s s S s
CapaCItOFS inside them are output 81+470+2"1+1"1=11 d::t::::n7*11+3*ofz*1+211+1*t:=11 ’
inconsistent and cause small Geciwon ' 10 0 wong 4 4 o o g
ﬂUCtuationS output 8"1+4*1+2%0+1*0=12 output 7*1+3*142*0+2*0+1*1=11
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Detailed Calibration Constant
Explanation

 Binary weights (16, 8, 2, 4, 1) can be

used to relate our binary and voltage

Binary weights Non-binary weights

numbers 8 4 2 1 7 3 2 2
If the voltage is greater than 16, add a 1 KA e o B s
Then if the voltage is less than 16+8 add a 0 (72 N KEN S T
If the voltage is greater than 16+4addal, [/ N2> .

and so on [ o/ - A -

* These binary weights only have one |
way to get to a specific number, so to S et e S
. ecision decision 1 0 1 1 0

correct mistakes we make for the sake

output 8*1+4*0+2*1+1*1=11

o o e e

output 7*1+3*0+2*1+2*1+1*0=11
wrong 1 1 0 0 wrong 4 1 0 0 1

of speed, we use non-binary weights decision

which can recorrect us later

July 31, 2025
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output 7*1+3*1+2*0+2*0+1*1=11
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