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Introduction of long-lived particles (LLP)

disappearing or
o e )
e Although the discovery of Higgs Bosons has / R e
S ,.
completed the Standard model (SM), there are still WS i A
lept ts, or H
some problems can’t be explained: b ' e':‘,’?g;?": . \
//-//M // [, trackless,
e Dark matter and dark energy; W L low-EMF jets
/’/ 71 quasi-stable
> . q charged particles
e Matter—antimatter asymmetry; sy, il g \ 3
e Strong CP problem. /- ',’ \
e Lots of extensions to the SM try to explain these
problems, and many of them predicts new particles e LLPs have unusual experimental signatures:

which acquire large lifetimes, becoming long-lived e Small, localized energy deposits inside the

particles (LLPs). calorimeters without associated tracks;

e Displaced vertices in the inner detector or muon

spectrometer;

e Disappearing, appearing, and kinked tracks.



Differences between SM |ets

Jets from SM decays:

e Originate from the interaction point;
e Associated tracks ;

e Energy deposits in the Electromagnetic Calorimeter (ECAL) and the
Hadronic Calorimeter (HCAL).

Jets from LLPs decaying after the 1st HCAL layer:
e Originate from a point in the HCAL;

e Trackless;

e High Ey/EgM, the ratio of energy deposited in the HCAL to that deposited
in the ECAL, the so called CalRatio (CalR).

The standard reconstruction algorithms may reject events or objects

containing LLPs precisely.

Dedicated searches are needed to uncover LLP signals.

and LLP jets

SM jets vs LLP jets



Previous searches for LLPs at LHC

e LHCHh:

e Search for LLPs decaying to jet pairs [1]

e CMS: 7 E SN R -
i F E
@ L _
e Search for LLPs using displaced jets [2] O R Wt N L ]
e Search for LLPs produced in association with a Z boson [3] - F ]
e Search for LLPs using displaced vertices and missing 102 5— =0 W ARVAVAY i —5
transverse momentum [4] f%‘ %f
a: t |
e Search for LLPs decaying in the CMS muon detectors [5] 10’3;‘ """""""""""""""""""""""""""""""""""""""""""""""""" =
e ATLAS: B : : ]
104 = el v v d vl e sl sl sl B
] ] ] ] 10° 10* 10° 102 10" 1 0 100 10°
e Search for displaced vertices in the tracking system [6][7][8], ot [m]

hadronic calorimeter [9], and the muon spectrometer [10]

e Search for the combination of one displaced vertex in the

muon spectrometer and one in the inner tracking detector [11]
e Search for hadronic decays of LLPs in association

with a Z boson [12]

] ATLAS Preliminary (March 2024) Ys=13 TeV, 36-140 fb
T T 11T T |||‘|"| .Ill”l"l LELRARLL LBLRLRRLLY AL LU LBLLRLL T T T TTTr

Hidden Sector, m, = 125 GeV

Selected ATLAS results
95% CL observed limits

Searches:

—..— Muon System (2 Vitx Only), 139 fb™!

Phys. Rev. D 106 (2022) 032005

—n— Muon System (1 Vitx + 2 Vitx), 36 fb"!

Phys. Rev. D 99 (2019) 052005

—— Calorimeter, 139 fb~
JHEP 06 (2022) 005

-+ -. Tracker+Muon System, 36 fb!
Phys. Rev. D 101 (2020) 052013

-.=. Tracker, 139 fb"
JHEP 11 (2021) 229

e Tracker (b-tag), 36 fb™

JHEP 10 (2018) 031

—.— Monojet, 139 fb""
ATL-PHYS-PUB-2021-020

m H-inv, 7-8-13 TeV combination

ATLAS-CONF-2020-052
Tracker, 37.5-140 fb"’
arXiv:2403.15332

LLP masses:

Psscev Wis20cev [ 2535 Gev

s0Gev [JJase0cev [Jany

Summarized ATLAS 95% confidence level exclusion

limits on the Higgs boson branching to a pair of LLPs as

a function of c1. Current as of March 2024.
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Signal models and channels in this analysis
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Benchmark HS model HS model associateé t

with a vector boson ALP model Dark photon model

e Hidden sector(HS) model:

. _ e CalRatio + 2 jets channel (CalR+2J):
e SM and HS are connected via a heavy neutral boson @, which can

decay into neutral long-lived scalars S. e HS model: One LLP decays after HCAL,

e ® can be produced in association with a vector boson (W/Z) another decays before HCAL, leading to one

) CalRatio jet and two prompt jets.
decaying to leptons. (ZHSS/WHSS)

CalRatio + lepton(s) channel (CalR+W/Z):
e Axion-like particles (ALPs) model: (ZALP/WALP) ¢ P (s) ( )

e ZHSS, WHSS, ZALP, WALP and HZZd: At

e The long-lived ALP a decays into gluons, produced in association
least one LLP decays after HCAL and W/Z

with a vector boson (W/Z).
boson decays into leptons, leading to at least

e Dark photon (Z;) model: (HZZd) one CalRatio jet and leptons from W/Z.

e 7, is produced with a Z boson from the decay of a mediator .



Analysis

Use the ATLAS Run 2 dataset of 140 fb~! of pp
collisions at /s = 13 TeV.

A jet-level neural network (NN) is used to identify
CalRatio jets, gqcd jets and beam-induced

background (BIB) jets.

For different channels and different E; regions,
use different event-level Boosted Decision Trees

(BDTs) to tag events as signal or background.

Use a modified ABCD method to do the data-

driven background estimation.

Use the Blind Analysis to avoid bias.

strategy

Low-E7 & High-Er
separately

CalRatio Triggers

Preselection

On jet and event variables

Low-E7 & High-E+
separately

Low-Er & High-Er Per-Event BDT Per-Jet NN

separately Separates signal & background events o A
even

variables

Separates signal, QCD & BIB jets

Event Cleaning & Low-Er & High-Er

Final Selections separately

ABCD Method

Data-driven background estimation

Low-Et & High-Et
separately

Key

Signal Significance & Calculation

Limit-setting if applicable

Includes lifetime extrapolation




Event selection

e In CalR+2J channel, besides a series of basic preselections on events and jets, an event-level NN

Is trained to remove all remaining BIB events.

e In CalR+W/Z channel, after the preselection, combinations of additional cuts are optimized to
maximize the S/+/B ratio in signal region. And several BDTs are trained with different input signal

sample sets to discriminate the signal against the background processes.

) _ All ZALP mass points,
_ WHSS events with mg < WHSS events with mg > HZZd and ZHSS events
All WALP mass points HZZd and ZHSS events
200 GeV 200 GeV _ with m4 > 200 GeV
with m4 < 250 GeV



Main background and data-driven ABCD method

Region C Region A (signal region)
e CalR+2J: ekl

Signal shape

e SM multijets events;
e Non-collision backgrounds (NCBs):
e Beam-induced background (BIB);

e Cosmic rays.

IlllIIIIIIHII]IHIIIHIIIIll[””lllll'”lllllll

o

e CalR+W/Z:

e SM processes involving vector bosons produced with jets;

e Single or pair production of top quarks. e Use data-driven ABCD method to estimate

, _ _ _ the remained backgrounds.
e After event selections, the contributions from cosmic rays

are found to be negligible. e One axis of the plane is ) AR in(jet, tracks),
and the other is the score of NN/BDT ,

which are uncorrelated.

Y AR in (jet, tracks): Sum of the angular distance between the jet axis and the closest track over jets above a certain pT threshold.



Systematic uncertainties

e The maximum uncertainty caused by this background estimate is approximately 5%.
e All remaining sources of uncertainty affect the signal efficiency estimate.

e For CalR+2J, the largest contribution comes from jet energy scale and jet energy

resolution: 0.3-16.0%.

e For CalR+W/Z, the largest contribution comes from mis-modelling in Machine Learning

(ML): 0.4-9.1%.

e Lepton systematics and luminosity errors are independent of the signal model, included
in the total systematic uncertainty.

10



Unblindi

e The a priori estimate refers to the “pre-

unblinding” case:

e Data in region A is ignored

e Signal strength is fixed to zero.

e The a posteriori estimate refers to the “post-

unblinding” case:

e Observed data in region A is included in the
background-only global fit.
e The post-unblinding yields in region B, C
and D remain consistent with the observed

yields within their statistical uncertainties.

e No significant excess is observed in signal

region A.

ng Results

CalR+2] channel
a A B C D
Observed data 92 18 25213 4774
Estimated background a priori 95+ 23 18+4.2 25210 + 160 4774 + 69
Fitted background a posteriori 93+ 10 18+4.2 25210 + 160 4774 + 69

CalR+W channel
W ALP selection A B C D
Observed data 27 23 122 82
Estimated background a priori 342+85 23.0+4.8 122 + 11 82.0+9.1
Fitted background a posteriori 293+44 20.7+4.5 120+ 11 84.3+92
low-ET WHS selection A B C D
Observed data 59 53 155 155
Estimated background a priori 53.0+94 53.0+7.3 155+ 12 155+ 12
Fitted background a posteriori 56.8 + 6.0 55.2+7.4 157 +13 153 +12
high- ET WHS selection A B C D
Observed data 33 21 261 220
Estimated background a priori 249+58 21.0+4.6 261 + 16 220+ 15
Fitted background a posteriori 296 +4.2 24.3+49 264 + 16 217+ 15

CalR+Z channel
low-E1 ZHS selection A B C D
Observed data 36 12 64 43
Estimated background a priori 17.9 £ 6.1 12.0+3.5 64.0+8.0 430+6.6
Fitted background a posteriori 31.0+48 17.0+ 3.9 69.0+8.3 38.0+£6.2
high- Et ZHS selection A B C D
Observed data 32 21 75 52
Estimated background a priori 30.5+8.5 21.0+4.6 75+ 8.7 520+72
Fitted background a posteriori\_ 31.6 4.7 21.3+46 75.6 +8.7 514+72

Signal region Control region

11
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Upper limits Results for HS model |,

Benchmark HS model
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E 1 E 1 £ 0 |
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3 C ] % =] - -
3] " CalRi2J 1 a 17°F E o I |
o 107' - (ms.me)=(125,5) GeV., cTgen =0.127 m - o E CalR+2J 3 o 107 calR+2l -
b E — (mes,ms)=(125,16) GeV, CTgen=0.58 m E % F —— (me,ms)=(600,50) GeV, cTgen=0.59 m B b F — (me,ms)=(1000,50) GeV, cTgen=0.406 m B
@ F —— (M, ms)=(125,35) GeV, CTyen=1.31 m — Observed o [ —— (ms,ms)= (600, 150) GeV, €Tyeq=1.84 m —— Observed | o [~ (me,ms)=(1000,275) GeV, CTgen =2.399 m —— Observed |
= (me,ms)=(125,55) GeV, cTgen=1.05m ——- Expected - [ —— (ms,ms)=(600,275) GeV, cTgen=4.288 m ——- Expected | L — (me,ms)=(1000,475) GeV, CTgen=6.039 m --- Expected
107 = = = 50 57 2 102 ‘ ' ' ' ' 107 3 = = 50 a7 2
10 10 10 10 10 10 10 102 102 102 1077 100 107 102 10 10 10 10 10 10 10
ct[m] ct [m] et [m]

e The constraints obtained by CalR+2J shows about a threefold improvement relative to the previous
search [9], with the branching fraction of Higgs bosons to LLPs above 1% excluded in the cT range

of 30 cm to 4.5 m.

e This improvement comes from relaxing a restriction and exploiting additional jet information, which

allows a substantial background reduction while maintains signal efficiency.
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HS model association
with a vector boson
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1 F 3 1 = E
I r T T r T
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Z E 3 L g 3
& nol i S i ]
c 107 E 107 E
2 F WHS (m_m,) . S F ZHS(m_m) .
£ 103 = — (125, 5) GeV, €7y, =0.10m ATLAS = £ 10— (125,5) GeV, 074, =0.10m ATLAS -
= E —(125,16) GeV, 07,0, =0.30m  V5=13TeV, 1401b" > 5 £ —(125,16)GeV, 07g=030m  Vs=13TeV, 140 16" 3
&10_4:__ (125, 35) GV, CTye,=1.01m  — Observed N %10_4:_7 (125, 35) GeV, €1y, =2.50M  — Observed B
_|= E — (125, 55) GeV, c7y,,=3.57m --. Expected E j E — (125, 55) GeV, €7y, =3.50m -+ Expected 3
o E . ®] C ]
3310—5 MY B AR R T SN T TTT] B RN T 1T B S A T TTT] BT EQ‘IO_S NI B AR T B SN ETTT] SR T B S E A TIT B
& 102 102 10" 1 10 107 10° & 10° 1027 107 1 10 10? 10°
cr [m] c [m]

e The CalR+W/Z channels provide the first constraints on the process where a scalar mediator is
produced with a vector boson. Higgs boson branching fractions to LLPs above 50% are excluded

for cTt in the cm to m range.

e This provide a complementary constraint in a different production mode.
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95% CL upper limit on ¢ x B [pb]

Upper limits Results for ALPs model and Z; model
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Dark photon model

e Constraints on photophobic ALP models are set for the first time with cross-sections above 0.1 pb excluded in

the 0.1 mm-10 m range.

e New constraints on the HZZd model are set, which are more sensitive than previous results [12] by an order

of magnitude, with production cross-sections above 0.1 pb excluded for the 20 cm to 50 m range.

e The improvement is because displaced jet identification efficiency and background rejection are improved by

using the per-jet NN. And also a four times larger dataset is used.


https://arxiv.org/abs/1811.02542

Summary

e This analysis uses the ATLAS Run 2 dataset of 140 fb~! of pp collisions at /s = 13 TeV to

search for hadronically decaying LLPs giving rise to displaced jets in the ATLAS HCAL.
e No significant excess of events is observed.

e Constraints on the production cross-section times branching fraction at 95% confidence

level are set.

e This analysis is part of a wider programme of searches for LLPs with the ATLAS experiment,

and has unique sensitivity to LLP laboratory decay lengths of the order of 1 m.

e |t targets signatures involving neutral hadronically decaying LLPs with prompt objects in

that decay range for the first time with the aid of ML discriminants.
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NN training sample and variables

Samples:
* Signal jet:
* Use clean Jets
* Jet passes LooseBadLLP trigger
* Jet pr >40 GeV
* Jet |n]| <25
* For truth particle associated with the jet
* Inl<1.4,1.2m<L,, <4.0m (barrel)
* |n|l>1.4,3.0m< L, <6.0m (end-caps)
* QCD jet:

* jets from QCD MC samples with 60 GeV < p < 800
GeV

* BIB jet:
* events that pass the HLT CalRatio triggers for BIB but
not pass HLT BIB removal algorithms
* AR (BIB HLT jet, offline jet) < 0.4
* find the offline jet closest to the HLT-triggering jet

Variables for each jet (total 743):

Track Topocluster

Variables variables
¢ pr * pr
- |’] . n
- d) - {p
» vertex_nParti * |1hcal

cles * |Zhcal
* do + I3hcal
* Zo * |4hcal
+ chiSquared + [1ecal
* SCTHits + |2ecal
+ SCTHoles + |3ecal
+ SCTShared s |decal

X Up tO + time
20 tracks X up to 30

topoclusters

Muon Segment Jet
variables variables

* 1 position s pr

+ ¢ position *n

« ndirection s ¢

= ¢ direction

+ chiSquared

+ 10
X up to

30 segments

Control region for NN training:

« J400 HLT Trigger,
* PTleading = 400 GeV,

* PT. subleading = 60 GeV,

¢ |°6Je:,h’mh'ri,=: - 'QbJ{'I_.n.rb.‘mmh'ng| > 3 - true dijtﬂﬂ are back to back,

o PT.leading=PT subleading
PT leading T PT subleading

< 0.3 - leading and subleading jets should have balanced pr,

* Hr miss < 120GeV - low Hr amiss typical of dijet events.

17



Machine Learning Method

— Signal+QCD+BIB

ATLAS Internal

Maln 'Jet NN /C\(fl‘“‘."(',’I’?%cflf“y'
Input features 1D Convolutions LSTM e
e EHHHHSHS
Tss)=2| |B Dense o
ot R Predict if
'—'_gggg_;‘g_: g e é .'g MC)OIHD ita)
e s |s|=]| |28 3 — (QCD, BIB, —| ¢ | using
nn ] g - ‘control region’
L | . g
d|d =
(2] e 8 |
(/‘ YNtro Reqiotr Feed performance of MC/data discriminator
) “xu" )T in ‘control region’ to loss function of jet NN
QH'HH:”‘W)I i D"i;"i loss = ‘how well NN is doing’ - SF*(‘how well adversary is doing’)
- AICLIN - LJAld

The control region contains selected QCD MC and data samples.

* The NN calculate the correlations of
the input variables and use that to
predict signal weight, QCD weight
and BIB weight.

* An adversary network was added to
the network to reduce dependence
of output on MC/data mis-modelling

* The adversary network calculates
MC, Data scores. Then return
negative loss of VIC, Data cross
entropy and positive loss of Signal,
QCD, BIB cross entropy.

ATLAS Internal
10'} VS = 13 TeV, 139 fo~!
Low-Et Training

s Signal
e SM Multijet MC
o BB

.

Fraction of Events

oe

L]
885888‘0833

Signél NN score
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BDT of CalRatio jets + leptons channel

* BDTs are trained with XGBoost corresponding to three input signal sample sets = discrimination
of signal and bkg

* 5 BDTs trained: WALP, low mass WHSS, high mass WHSS, low mass ZHSS, high mass ZHSS
* BDT output as one of the ABCD plane axes

i eeslection
$ PP g g s e e 3 g :9*"‘;""-’-"'-“ --------- e rererpeeey CoRato s Woreselection , CalRatio s Zpreselecton - g CalRatio + Zpreseloction TP
§ 1o BTV o' '_’_:'_ 1 4 ‘0?[ :::f.v':ro":, :'.zfs&"zm 1 § 107y ATLAS lnternal é;,‘f“‘"’““‘ 1 g 1 ‘[AYLAS Internal . Ful Aun 2 data 1 £ 102k Aj’LAS Internal . FusRun 2 data
3 WP docayater 10 BN 1 8 0y ' - 1 & qof NTev.0N . S F (13Tev,140m" | Zedess i € F e13Tev, 100" Zodets !
1 ’ - B ! UPoscayaheriD Tim mie015Gev 1 3 Upekpmann B . Y S 10+ o My = 40 GoV 3 2 40 - (m, m, }+(400,100) GeV
§ ] < m s 10 dey i § 1 ;g;;::;:j%v @ g ! T mrfd%ﬁ% ¥ O 'UF wPdocayahoriD - (m m)e(12555Gev 1 S 'VF LPdecayaherID . (m,,m;)«(600.400) GoV |
210'F0 =R 0 g o o {3 =200 38) Gov ! 10" o I A B ) G S i Firo = (m, m }=(200,50) GeV 5 1 Hich-F o (m, m J=(600,150) GeV
S . Eia. ottt ! @ ,o-F- "y 5 . | 4 Low « (m,_m, }=(250,100) Gov Y ES 4 1gh - (M m)=(1000,475) GeV'
10°? ""’MA* evtatzenaltsl [ e egeetd! 107 aelt 8 F lection x - ® E selectior 5
Cit Y Rl ! vesenesets srprilyed ] perLEe: 1 £ ction o ‘0,!,

Aoerrsoay i 10°? shgyres BBiaecatsasssatersiitostes 3 10, 1 " =
= C R o TSR ¢ RTGTRI e '\ .
i o S IR A STELE Ty priid
S E 4 1L 3 : e ;§ 3
10° s 1078 it T 1 107y i
L3

T T RN T

g o ot | , : : a
éoe‘i' LML Nt H..".",i ; e WO AL LAT MUY L LY PRPPS §l }‘.-.o...”’o’..0,0“{’0"09ou*3 guUF S ;
0 07020370405 0607 0808 1 [V | S AL T - 5 4f ; i
0 0.1 020304 0506070809 1 0 010203 04050607 0809 1 1.2} t b4 e 13, t f
BOTEY,  score SOT=" soom w3 ettt bbb S et
S 0 0102030405086 0-71)g-g 091 S 0 070203040506070809 1
Combination of all Low (mg <200 GeV) High (m > 200 GeV) B0Tcun,z SCOr0 BDTy,} SCOTE

WALP mass points WHS mediator masses WHS mediator masses



ABCD Plane: background estimation

Main dataset

NNcaiR + 24
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e The maximum uncertainty
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Systematic uncertainties

Signal ML JER JES JESEMF PRW MC stat. Trigger NNLO
mg, = 1000 GeV, mg = 475 GeV 0.4%  1.3% 0.3% 1.5% 3.0% 1.2% 2.4% 15.9%
mg = 1000 GeV.my =275 GeV,cr=4328m  03%  1.1% 0.7% 0.7% 2.2% 1.7% 1.0% 2.1%
mg = 1000 GeV,mg =275 GeV,er=239m  0.3% 04% 1.0% 0.7% 2.7% 0.9% 1.0% 1.9%
mg = 1000 GeV, mg = 50 GeV 0.8% 04% 1.3% 1.0% 1.7% 1.1% 0.7% 3.3%
mg, = 600 GeV, m, = 275 GeV 0.4%  08% 0.5% 0.8% 3.2% 0.9% 2.5% 6.4%
mg = 600 GeV.m, = 150 GeV, et = 3.309 m 1L1%  20% 1.8% 1.4% 3.7% 2.2% 1.7% 1.2%
mg, = 600 GeV,m, = 150 GeV, et = 1.84 m 0.9%  0.6% 1.6% 1.4% 2.5% 1.2% 1.7% 0.8%
ma = 600 GeV, ms = 50 GeV 1.8%  05% 2.5% 1.7% 2.1% 1.5% 1.5% 1.2%
mg = 400 GeV, ms = 100 GeV 1.9%  05% 3.5% 1.5% 4.2% 2.1% 2.8% 0.3%
ma =200 GeV, ms = 50 GeV 3.5% 2.8% 3.0% 2.3% 4.9% 5.2% 3.3% 1.8%
mg = 125 GeV,ms =55GeV,cr =532 m 1.7%  8.8% 6.7% 1.0% 5.6% 9.3% 3.7% 6.1%
ma =125 GeV,ms = 55GeV, et = 1.05m 31%  3.0% 29% 1.8% 3.5% 4.1% 5.2% 2.4%
mg = 125 GeV,m, =35GeV,cr = 2.63m 4.6%  69% 34% 1.6% 4.6% 7.5% 5.8%  0.03%
mg =125 GeV,my =35GeV,cr = 1.3l m 34% 1.3% 2.8% 2.3% 4.3% 4.6% 3.5% 2.6%
mg = 125 GeV,m, = 16 GeV 9.4%  49% 3.3% 1.7% 3.1% 6.6% 4.0 3.3%
mep =125 GeV,my =5GeV,cr =0.411m 104% 10.5% 4.3% 2.9% 5.0% 8.9% 5.9% 1.1%
mg =125 GeV,.my=5GeV,cr =0.127m 108% 58% 9.2% 1.2% 43% 11.1% 6.5% 3.8%
mg =60 GeV, m, = 16 GeV 6.2% 16.0% 7.5% 4.4% 1.3% 17.2% 3.6% 17.0%
mg = 60 GeV,m, =5 GeV 11.2% 4.7% 4.5% 0.9% 6.7%  12.8% 5.2% 1.9%
CalR+2J

e For CalR+2J, the largest contribution on signal efficiency comes from jet energy scale (JES) and jet energy

resolution(JER): 0.3-16.0%.

Signal MC Stat. ML JER JES JETEMF MET PDF PRW Scales Total
WALP samples:

MALP = 1 GeV 3.6% 7.8% 2.1% 2.1% 1.6% 1.3% 0.0% 1.7% 2.9% 9.7%
MALP = 40 GeV 2.4% 74% 1.5% 0.7% 0.3% 1.0% 0.0% 0.5% 1.6% 8.2%
Low-Et WHS samples:

mge = 60 GE!V, mg = 15 GeV 4.6% 9.1% 5.9% 1.0% 2.2% 0.7% 0.0% 2.7% 0.5% 12.4%
mge = 125 GBV, mg = 55 GeV 2.4% 4.1% 1.5% 1.0% 2.2% 1.2% 0.0% 29% 0.1% 6.4%
me = 200 GE!V, mg = 50 GeV 2.5% 3.5% 1.5% 0.6% 0.2% 0.8% 0.0% 2.0% 0.3% 5.2%
High-Et WHS samples:

me = 400 GeV, mg = 100 GeV 1.7% 7.1% 0.5% 0.9% 0.3% 09% 0.1% 0.7% 0.5% 7.5%
me = 600 GE:V, g = 150 GeV 1.3% 7.5% 0.7% 0.5% 0.2% 04% 0.0% 0.8% 0.3% 7.8%
me = 1000 GE:V, mg = 275 GeV 1.0% 57% 0.3% 0.3% 0.6% 0.1% 0.0% 0.3% 0.7% 5.9%

CalR+W

Signal MC Stat. ML JER JES JETEMF MET PDF PRW Scales Total
Low-Et CalR + Z samples:

mge = 125 Ge\’,ms =55 GeV 2.5% 0.5% 19% 1.5% 3.2% 0.1% 02% 1.2% 1.5% 5.2%
mg = 200 GEEV, mg = 50 GeV 1.6% 0.8% 0.5% 0.7% 1.5% 0.0% 0.0% 1.0% 1.2% 3.2%
mge = 250 GE:V, mz‘, = 100 GE:V 2.2[?(- 0_4[70 0_9“]0 0_3(7"(- D_ 1% D. 1% 0.0[70 0.9[)"(- 0_ 1% 2.9070
High-E1 CalR + Z samples:

mg = 400 GEEV, mg = 100 GeV 1.4% 2.3% 0.3% 0.1% 0.2% 0.0% 0.0% 1.2% 0.6% 3.2%
mge = 600 GE:V, mg = 150 GeV 2.6% 3.8% 04% 0.1% 0.3% 0.0% 0.0% 0.3% 0.1% 4.8%
Me = 1000 GE:V, nig = 275 GeV 3.6% 7.2% 0.5% 0.5% 1.6 % 0.0% 0.1% 0.3% 1.2% 8.4%
mg = 600 GEV, mz" = 150 GEV 2.2':?(- 3.3':70 0.9 Yo 0.3‘?(- 0. 1% 0. 1% O.Dqﬁ 1.5% D. 1% 4.5070

CalR+Z

Systematic Error Value
Lepton systematics | 1.0%
Luminosity 0.83%

e For CalR+W/Z, the largest contribution on signal efficiency comes from mis-modelling in Machine Learning (ML): 0.4-9.1%.

e Lepton systematics and luminosity errors are independent of the signal model, included in the total systematic uncertainty.
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Event selection for CalR+2J

Selection | CalR+2]

Trigger | Satisfy CalRatio trigger
Number of clean jets | > 3
2 ARmin | > 0.5
Trigger matching | At least one signal candidate
Signal/BIB jet candidate time | —3 ns <t < 15 ns
Signal/BIB jet candidate log,,(En/Egm) | > —1.5

Signal jet candidate | ¢ (1.45,1.55)

NNcar+2s | =23

> ARpmin > 0.71

Region A
g NNcars2y = 7.61

Clean jets: pt > 40 GeV, |n| < 2.5 and satisfy the

CalRatio jet cleaning requirement.

AR = \J(An)2+(Ag)2.

AR, in Tepresents the angular distance between the jet

axis and the closest track with pr > 2 GeV.
AR in: The sum of AR,,;j, over jets with pt > 50 GeV.

CalRatio jet candidate: Be matched to an HLT jet that
meet the criteria of one of the CalRatio triggers.
AR in(jet, track) > 0.2 and log,9(Ey/Egm) > 1.2.

There must be a candidate in the three jets with the

highest signal scores.

The two other jets represent the resolved additional

jets from a second LLP decay.

t: Relative to the time a particle take to travel at the
speed of light directly from the interaction point to
the jet’s calorimeter location, aiming to reject BIB

jets and noise-induced jet candidates.

The jets with the highest signal scores should not

be in the barrel-endcap transition regions.
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e Preselection:

Event selection for CalR+W/Z

e For CalR+W:

e At least one trackless jet with pt > 40 GeV. A trackless jet

means a clean jet with AR ;, > 0.2.

® YARgin > 0.5, where the sum runs over jets with ppr > 40 GeV.

e The most signal-like jet:

e Trackless;

° prt > 50 GeV,

e logo(Ex/Egm) > -1;

e -3 ns<tx< 15 ns;

e Not be in the barrel-endcap transition regions;

e NN signal score > 0.4

Selection | CalR+W WALP CalR+W low-Et CalR+W high-E1
Vector boson candidates | 0 Z, 1 W 0Z,1W 0Z,1W
low-E- high-E-
‘ BDT score BDT&&W > 082 | BDT oy > 0.92 BDTCL%H’,', > (.89
7 log o (En/Epm) | > 1 >1 -
I pr | > 70 GeV > 60 GeV > 100 GeV
Lepton pt | — > 40 GeV > 60 GeV
A¢(lepton, ET'?‘“) <1.5 - -
ALP Tow-E- high-E
Region A BDT L, w = 0.975 | BDT. o1y = 0.985 | BDT S = 0.99
> ARmin > 1.1 Y ARmin > 1.4 Y ARpin > 1.1
Selection | CalR+Z low-ET CalR+Z high-Et
Vector boson candidates | 1 Z,0 W 1Z,0W
) BDT score BDTE’;EETZ score > 0.6 BDTE‘ﬂf% score > 0.7
79 log,o(En/Epm) | > 0.8 > 0.8
7 pr | > 80 GeV > 70 GeV
Lepton pr | > 70 GeV > 60 GeV
low-E- igh-F-
Region A | BDTcalks7, score > 0.99 BDTeer T score > 0.985
Y AR = 0.9 Y AR = 1

e Pass at least one of the single-lepton triggers;

e A W boson candidate is required;

e Events with more than one lepton are rejected;

e The most signal-like jet: Ap(jSi8tl, EMisSy > 0.5, to reject

any potential fake electrons.

e For CalR+Z:

e Pass at least one of the lowest unprescaled single- or

di-lepton triggers;

e A Z boson candidate is required;

All ZALP mass
All WALP mass WHSS events with WHSS events with points, HZZd and
points mg < 200 GeV mg > 200 GeV ZHSS events with

me < 250 GeV

BDTs and their training samples

HZZd and ZHSS
events with mg >
200 GeV
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