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Outline

1. Past: motivation for new fundamental physics

2. Present: novel ATLAS searches
- Long lived particles

- Heavy resonances & anomaly detection

3. Future: the High Luminosity LHC upgrade & beyond the
LHC
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Collider Experiment Strategy

High Energy Accelerator
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Collider Experiment Strategy

Maximize chances to
discover new physics!
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The Higgs Boson

* Higgs boson discovery at the Large Hadron Collider in 2012 “completes” the Standard Model
-Least precision measurements on its mass, couplings, branching ratios...

-Emphasizes TeV mass scale for new physics: mitigate fine tuning in Standard Model,
Higgs coupling to particle mass

Higgs — yy Observation
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The Higgs Boson

* Higgs boson discovery at the Large Hadron Collider in 2012 “completes” the Standard Model
-Least precision measurements on its mass, couplings, branching ratios...
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The Higgs Boson

Takeaway: The Higgs boson & high center-?
1 of-mass energy particle collisions are |
Acrucial to understand fundamental universe
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The Large Hadron Collider

- 27 km synchrotron at CERN colliding protons at Vs =13 TeV
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The Large Hadron Collider
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EXPERIMENT
Run: 331129
“vent: 439589210
2017-07-30 21:17:50 CEST
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ATLAS LAr EM Calorimeter

- Sampling calorimeter with accordion geometry of active (LAr) and absorber (lead); three
layers in barrel

- Key measurements of Higgs —YY discovery channel

- Readout electronics system samples calorimeter cells at LHC frequency of 40 MHz and
sends a digitized pulse off the detector

Towers in Sampling 3
ApxAn =0.0245-0.05

ol

/EOL Fjgg”","’L Photon in LAr Calo
f ~— -~ I

K

N
':/: Mb
(P = 0.0245
375 \ jj* }‘\ 1

S o g o =0.025

An = Ty,

Strip towers in Sampling 1

Square towers in
Sampling 2

6 February 2023 &2 COLUMBIA UNIVERSITY J. GonskKi

IN THE CITY OF NEW YORK



Where To Look For New Physics”?

~TeV scale exclusions across many final states?

| ATLAS SUSY Searches |- 95% CL Lower Limits ATLAS Preliminary
tne Vs=13TeV

Model Signature  [Ldr [ Mass limit Reference
3, G—q%) Oe.pn 2-6jets E’f’" 139 | @ [1x, 8x Degen] 1.0 1.85 m(¥})<400 GeV 2010.14293
@ mono-jet  1-3jets EMT  36.1 G [8x Degen.] 0.9 m(g)-m(¥})=5GeV 210210874
5]
S @ oqh Ocu  26jets EFS 139 |z 23 mEE))=0GeV 2010.14293
5 3 Forbidden 1.15-1.95 m(¥})=1000GeV 2010.14293
3 oWy 1epu 2-6jets 139 |z 2.2 m(¥})<600 GeV 2101.01629
2 g-qa(tOF] ceHp 2jets  EP™ 361 | & 1.2 m(z)-m(¥))=50 GeV 1805.11381
g 22, 3oqqWZY, 0e.pu 7-11jets  EP 139 |2 1.97 mw_‘.’ <600 GeV 2008.06032
S SSeu 6 jets 139 2 1.15 m(z)-m(¥})=200 GeV' 1909.08457
= 2. gt 0-1eu 3b  EPY 798 |& 2.25 m(F})<200 GeV ATLAS-CONF-2018-041
SSe.u 6 jets 139 |2 1.25 m(E)-m(E)=300 Gev 1909.08457
bby Oe.p 2b Epis 139 | b 1.255 m(¥})<400 GeV 2101.12527
by 0.68 10 GeV<Am(b, ¥])<20 GeV 2101.12527
@ o biby, bi—by - bhi] Oe.p 6b E;T""“ 139 | &, Forbidden 0.23-1.35 Am(¥3,%0)=130 GeV, m(¥})=100 GeV 1908.03122
E S 27 2h EPS 139 | b 0.13-0.85 Am(¥3,£0)=130 GeV, m(})=0GeV ATLAS-CONF-2020-031
g% i, i) 0-1e,pu >ljet EPS 139 |7 1.25 m(r})=1 GeV 2004.14060,2012.03799
‘;’ 8 i, fi-woi} lep  Bjetsith EPS 139 | Forbidden ~ 0.65 m(El)=500 GeV 2012.03799
%g hiy, h—=T1by, 111G 1271 2jetst b EPS 139 # Forbidden 14 m(7,)=800 GeV/ ATLAS-CONF-2021-008
s 2 Af, oot /e, eock) Oep 2c B 361 |z 0.85 m(E})=0Gev 1805.01649
G2 Oeu  monojet EP™ 139 |7 0.55 m(i1,&)-m(¥})=5GeV 2102.10874
nfL b wv‘g s X/‘z’az/hﬂ’ 1-2epn 1-4b  EPS 139 I 0.067-1.18 m(¥3)=500 GeV 2006.05880
b, h—oh +Z 3en 1b Eps 139 [ Forbidden 0.86 m(¥)=360 GeV, m(i)-m(¥})= 40 GeV 2006.05880
B viawz Multiple ¢/jets Ep 139 | 0.96 m wino-bino 2106.01676, ATLAS-CONF-2021-022
ee. pupt >ljet EPS 139 | /A 0.205 mFT)-m(¥})=5 GeV, wino-bino 1911.12606
XX via ww 2epn EMS 439 |0 0.42 m(#})=0, wino-bino 1908.08215
Y X3 via Wh Multiple ¢/jets EMS 139 | #*/¥) Forbidden 1.06 m(E2)=70 GeV, wino-bino 2004.10894, ATLAS-CONF-2021-022
] XX vialy/v 2ep EpS 139 ¥ 1.0 m(Z,7)=0.5(m(¥5)+m(¥}) 1908.08215
o Foot) 27 Eps 139 |7 FL.RLl 0:16-0:3] 0.12-0.39 m(@?)=0 1911.06660
S i, -0 2ep Olets  Ex™ 139 |7 0.7 m(i})=0 1908.08215
ee. it >1jet  EPS 139 |7 0.256 m(?)-m(¥})=10 GeV 1911.12606
HA, H-hG2G Oe,p >3b E%““* 36.1 i 0.13-0.23 0.29-0.88 BR(T} — hG)=1 1806.04030
e Ojets  EP 139 | @ 0.55 am}:\’ — Z 2103.11684
Oep > 2large jets EP™ 139 " 0.45-0.93 BR(Y; — ZG)=1 ATLAS-CONF-2021-022
Direct Y%7 prod., long-lived ¥}’ Disapp. trk  1jet  Ep™ 139 |} 0.66 Pure Wino ATLAS-CONF-2021-015
B o X 0.21 Pure higgsino ATLAS-CONF-2021-015
L} !
=G Stable g R-hadron Multiple 361 |2 20 1902.01636,1808.04095
2 % Metastable g R-hadron, g—gqt] Multiple 36.1 & [r(3) =10ns,02ns] 205 2.4 1710.04901,1808.04095
AN Displ. lep EpS 139 |é&a 0.7 2011.07812
% 0.34 201107812
Vi R Wiszeeer 3epu 139 TIX [BR(Zr)=1, BR(Ze)=1] 0.625 1.05 Pure Wino 2011.10543
;(f“{/)z‘z’ — WW/zZetttvy 4epu Ojets  Epis 139 X'f/»\?z [Aizs # 0, A12¢ # 0] 0.95 1.55 m(¥})=200 GeV 2103.11684
2-qq%1, ¥ - qqq 4-5 large jets 361 |z [m())=200 GeV, 1100 GeV] 1.3 1.9 Large 17, 1804.03568
S 0l 8 - ibs Multiple 361 |7 [A,-2e4,1e2] 0.55 1.05 m(¥)=200 GeV, bino-like ATLAS-CONF-2018-003
& i, b1, X1 — bbs > 4b 139 |7 Forbidden 0.95 m(¥})=500 GeV 2010.01015
Qi hi—bs 2jets +2b 36.7  |lEggues] 0.42 0.61 171007171
iy, fi—qt 2ep 2h 361 | 0.4-1.45 BR(T| —be/by)>20% 1710.05544
1 DV 136 | f [1e-10< 4, <1e-8,3e-10< &, <3eq] 1. 1.6 BR(7) —q41)=100%, cos,=1 2003.11956
T3 1030, 10, —tbs, X7 —bbs 1-2eu  >6jets 139 | 0.2-0.32 Pure higgsino ATLAS-CONF-2021-007
L L L L PR S | L L L 1 L
*Only a selection of the available mass limits on new states or 107! 1

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made. ass s ca e e
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Where To Look For New Physics”?

TeV seal lusi final states?

ATLAS SUSY Searches* |- 95% CL Lower Limits
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Outline

2. Present: novel ATLAS searches
- Long lived particles

- Heavy resonances & anomaly detection
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1. Long-Lived Particles

* Problem: the majority of collider experimental exclusions pertain to promptly
decaying new particles

- Long-lived particles (LLPs) are theoretically well-motivated (eg. small couplings
in supersymmetry, dark sectors)

- But their decays are challenging to reconstruct: create final state objects that are
> displaced (produced off the beam line); and
> delayed (late with respect to bunch crossing)

= Example: generic new long-lived particles x producing a displaced H—YY decay

displaced diphotons
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LAr for Delayed Photons

* Collaboration: work with engineers to ensure the detector and its readout electronics are robust and precise
* Solution: creation of new analysis techniques based on precision low-level detector info
- Timing: ATLAS LAr calorimeter provides timing measurement from ECAL cells with ~200 ps resolution

- Spatial: LAr calo segmented into multiple layers, which allow us to get photon’s direction of flight

- New ! For sensitivity to displaced di-e/Y vertices, combine directional info of 2 paths to localize vertex position

in 2D (Vr, Vz)
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/ / g 10g
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Displaced

Diphoton

- No significant excess above SM background

- Sensitive to LLPs with ~100s GeV mass and 0.1 ns < t < 1000 ns

Results

=Takeaway: LLP to e/Y tools validated & primed for use in future searches

(2]
c
—

ey 1035—

1021

LLP Lifetime

101:—

100

| ATLAS Preliminary
% Vs =13 TeV, 139 fb~!

—— Observed
---- Expected
B Expected + 10 _|

e=B(F) = H+G)
l-e=2(F)—72+G)

e=1
e=0.9
=07
=05
=03
e=0

ofs
=
=
=

700 800
m(x}) [GeV]

LLP Mass

&2 COLUMBIA UNIVERSITY

[2209.01029,
ATLAS-CONF-2022-051]

J. Gonski

6 February 2023

IN THE CITY OF NEW YORK


https://arxiv.org/abs/2209.01029
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-051/

2. Heavy Particles

* Problem: we need heavy (~TeV scale) new particles & haven’t found them

- TeV-scale new physics motivated by Higgs mass & directly accessible at the LHC

- High mass A creates high momentum B and C: boosting means decay products
overlap; reconstruct each daughter as single large-radius jet with substructure

- Highly generic signature: we cannot rely on having a full analysis for every topology

6 February 2023
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Machine Learning & Anomaly Detection

- Collaboration: computer/data scientists with sophisticated

machine learning algorithms for signal model-independent
anomaly detection

- Goal: identify features of the data that are inconsistent with a
background-only model

* Strategy: train an ML architecture to reconstruct its input
- Unsupervised: train over unlabeled events (data)

- Rarer events with unusual features will be poorly reconstructed
— reconstruction accuracy is a good discriminant

- -
W TR -
> 55 - il
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Autoencoders for Jets

* Input: jets are composed of constituent particles with ]
“prongs” if distinct particles exist within the jet Single q/g H—bb t—-W(qq)b

Input

Output
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Autoencoders for Jets

* Input: jets are composed of constituent particles with .
“prongs” if distinct particles exist within the jet Single q/g H—bb t—-W(qq)b

- Model jets as a sequence of constituent 4-vectors
 Autoencoder: generative model that encodes input in

lower-dimensional latent space, decodes from latent
space, and checks reconstruction error

=\/ariational recurrent neural network (VRNN): variational
autoencoder embedded in recurrent architecture
(sequence modeling) to generate per-jet anomaly score

No

substructure 2-prong 3-prong

high reco error

Input Output
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Y—=XH Analysis

—p ?
» Solution: ML-based taggers for a generic Y —=XH process
1. Novel neural net-based algorithm for tagging boosted ' b
H—bb topology R
2. VRNN trained without labels over full Run 2 dataset of @
high momentum large-R jets )
- Per-jet anomaly score provides signal-model-independent
selection of anomalous X candidate jets b
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Y—=XH Analysis

Y

» Solution: ML-based taggers for a generic Y —=XH process
1. Novel neural net-based algorithm for tagging boosted ' b

H—bb topology R
2. VRNN trained without labels over full Run 2 dataset of @

high momentum large-R jets )

- Per-jet anomaly score provides signal-model-independent
selection of anomalous X candidate jets b

Jet Anomaly Score
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Y —XH Results

* Fit invariant mass of X and H for excesses in overlapping windows of mx

* No significant excess in data: interpret in nominal X—qq, sensitive up to 6 TeV resonance mass

= First application of fully unsupervised machine learning to an ATLAS analysis
= Takeaway: anomaly detection tools & searches are the future!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-045/

Outline

3. Future: the High Luminosity LHC upgrade & beyond the
LHC
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The Future of the LHC

2022: Snowmass Community 2026: Upgrade for 2029: HL-LHC
Planning Process High Lumi LHC Data Taking
* Today
Shutdown/Technical stop
Protons physics 2021 202 202 2024 202 202 202 202 2029
Ions J|FMAM|J|J|A[S|ON|D|J |FIM/AM|]|] |A|S|OIN|D|J|F|M/AM|]|]|A|S|ON|D|J|F|M|AIM|]|J|A|S|O|N[D|J |FIM|A[M|J |J|A|S|O|N|D{J |[FIMIAM[] |J |A|S|O|N|D{J [F[MIAM|J {J |A|S|O|N|D{J | F[M|AM|]|J |A|S|O|N|D|J | F|[M|AM|] | |A|S|O|N|D]

Commissioning with beam

Hardware commissioning/magnet training Run 3 [ Long Shutdown 3 (LS3)
LT

2030 2031 2032 2033 203 203 203 2037 203

J[FMAM]3]3]A[S[OIN]D]3]FIM[AM[3 [3]A]S|OINID| 3 [FIM[AM]3[ 3 ]ATS[O[N]D] 3 [FIMIAIM[3[3 [A[S[OIN[D| 3 [FIM[AM] 3 [3]ATS[OINID| 3 [FIMIAIM[3 |3 |A[S|OIN]D| 3 [F[M[AM] 3 [3 [AJS[OINID| 3 [FIMIAIM] 3 3 [A]S[O[N]D] 3 [FIM[AIM[3 |3 [A[S[OIN[D)

i

Run 4 LS4 Run5

* High Luminosity LHC (HL-LHC) in ~2029: up to 200 simultaneous pp collisions to give better
handle on very rare new physics processes
- ATLAS & CMS detectors: many subsystems must be upgraded for high occupancy/trigger rates

= As of now, we've only recorded ~5% of anticipated total lumi!
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HL-LHC LAr On-Detector Readout

* LAr calorimeter must function for 10 years of HL-LHC operation (~3000-4000 fb-1)

- Entirely new electronics system to accommodate higher bandwidth for trigger and radiation tolerance

* Columbia responsible for the analog-digital converter (ADC) ASIC and the Front-End Board (FEB2)
- COLUTA ADC: full custom 40 MSPS in 65nm CMOS with 8 channels

- Slice Testboard = pre-prototype of FEB2 (32 of 128 channels)
- For large pulses, energy resolution < 0.02% (cf. spec 0.25%), timing resolution ~50 ps

=Takeaway: custom ASICs are key for unique HEP DAQ needs; instrumentation experts/engineers are crucial

Slice Test\board LAr Pulses

ATLAS Upgrade — 2.0mA
| Board 634 500hm — A
20000 Ch075 20dB lo Lm
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3
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0

~5000 . : . : : . . :
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Future Vision

Don't lose sight of new scientific discovery as both
the ultimate end goal and a real possibility!

* How can we best exploit the unique LHC environment
- while we have it?

-+ How can we ensure continued success of particle
. physics into the far future?

+ How do we foster connections among “data sciences”
. for long-term mutual benefit?
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Short-Term: Run 3 at the LHC

— Standard ID track

1. Continue searching!
\_ LRT track formed from

unnassociated hits

- New LLP triggers: unprecedented sensitivity to
novel signatures, eq. via large-radius tracking

- Build out end-to-end anomaly detection search
pipeline for ATLAS, from data acquisition to
final results

> EX. generic selection of

- Keep connecting to the Higgs: expertise within
SLAC ATLAS group

2. Prepare for Runs 4-5:

- Ensure successful HL-LHC detector upgrade: aim
to keep a hand in ATLAS upgrade and operations
(collaborating with SLAC silicon ITk responsibilities)

- Shared interest with SLAC on precision timing &
Run 5 potential

6 February 2023 @ COLUMBIA UNIVERSITY J. Gonski

IN THE CITY OF NEW YORK



Mid-Term: Instrumentation Advances

1. Fast ML algorithms for real-time scenarios (FPGAs, ASICs)

- Application in ATLAS data acquisition: anomaly detection trigger stream could record never-
before-seen events and handles to BSM physics

- Many uses beyond HEP: collaborate with other directorates (ex. LCLS-Il data acquisition

upgrades, TID infrastructure) SLAC
The conce pt T ML On-detector ASIC Off-detector L T E
Encoded programmable logic ’..
( image _ ==.
‘\WH‘ =(*ﬂ::\ﬂ ’..
=i W= ‘.‘..
T Decode or p 0’0‘0.
CO eor_ rocess “‘
- encoded image ‘ ‘
Convolutional + Dense ‘ N Tran

2. LHC-adjacent LLP experiments, eg. ANUBIS: 3 ,
cover very long lifetime phase space on il ANUBlS!m
Sma”er bUdgetS b Bauer, OB, Lee, Ohm 1909.13022

e

= L HO

)

- Opportunity to pursue precision timing/
tracking ideas: could provide continuity
for existing SLAC silicon infrastructure
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Long-Term: Beyond the LHC

* Future colliders

- Colliders are unigue tools!

> Novel C3 opportunity taking off with SLAC
leadership Snowmas 2021

) ) . . _EEPL 15w B
- Personal interest in future silicon high- Tk 1 d
. . . wfg B
granularity calorimeters & readout _Pj =
technology - PR

- Experienced advocate and community
organizer for long-term strategic planning
(eg. Snowmass, APS)

< Cross-field applications of fast ML/
anomaly detection across sciences

- Accelerator control & optimization, data
reduction, eg. at LCLS

- Model-independent/real-time
classification, eg. DUNE, automatic phase
identification at SSRL

Machine
learning
techniques

2110.13041
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https://arxiv.org/abs/2110.13041

Conclusions

- Now more than ever, particle physics has a well-diversified search effort with exciting
discovery prospects

» My focus: novel search ideas and machine learning applications (long-lived particles,
anomaly detection)

- Performance of instrumentation is crucial...
» Ensure success of ATLAS HL-LHC upgrades and brainstorm future readout advances

- .. as is the quality of the scientific community
» Key collaboration avenues beyond EPP: Technology Innovation, LCLS, Accelerator, and more
» Ongoing commitment to cultivating inclusive & equitable organization of the field

* International collider research provides unique reach towards BSM prospects

- Long-term planning for future experimental program can start now!
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Backup
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LLPs in LAr: Timing

* Calculated from calorimeter samples using LAr optimal filtering coefficients (OFCs)
- Determined by middle layer maximum energy deposit (maxEcer)
- Online ~1 ns resolution, calibrate offline with W—ev/Z—ee to reach ~200 ps
(dominated by beamspread)

* Photons from the decay of an LLP will be /ate with respect to the bunch crossing time:
timing is highly discriminating for LLPs with lifetimes O(ns)

Timing Resolution vs. E Timing in SUSY LLP Signals

@ - ] T g 10g
=) - ATLAS Internal EMB Inl < 0.4 High Gain . 3 - ATLAS Pre“ml_?ary
c 0.55F 1 —® p,=2.069ns - GeV,p =0.208ns —] a . Is=13TeV, 139 fb
2 - fl- =26.11b", 's=13 TeV . 3 E  —e DatacCR Template
"5’ - EMB hl < 0.4 Medium Gain — = = o, -
=2 0.5k T p,=2763ns -GeV,p,=0217ns | ] - %,(135 GeV, 2 ns)—HG - i
S - ] T 0 e (135 GeV, 2 ns)—~ZG N i
L 0.451 oft) = Po g = 2 E 7(135GeV, 10ns)>HE o | . o G
0] - “EVP . E [ —-%(185GeV,10ns)>2G R
e 0.4t — 2 107 7.(325 GeV, 2 ns)~HG { s v
= = ] Eo 7625 GeV, 2 ns)—ZG 'l_ * A% It
0.35 = 10 e ]
C . E ! H
c ] = o
03t E : -
o 7 10 i l
0.25 - = # | l 4
= E 107° i
0.2 E 0°E f b }
0-157 ‘ ‘ ‘ ‘ ‘ ‘ ‘ L . . . 1l 10_6__J_lJHJ,_L4J_J.J_L,_L3,|_L__L_J__L2,I_J-I’-J;:‘1; i 1 Iél 111 Li 1 Itl 11 Iél 11 ILI 11 |5
5 678910 20 30 40 50 e

Ecen [GeV]
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Diphoton Vertices
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Eqiss > 30 GeV
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Y VR(t

YY
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)

(t,1+t,,)/2 [ns]

&2 COLUMBIA UNIVERSITY

Er_lr_riss [GeV]

J. Gonski

IN THE CITY OF NEW YORK



LLPs Towards Run 3

* Run 2 Highlights Run 2 Displaced Lent
. n | n [PRL 127 (2021) 051802]
- LLPs — e/y objects u Splaced Leptons
- Displaced (high do) leptons: | Topology | Trigger |
exclude pair-produced slepton if > ¢, pr > 160 GeV HLT_g140_loose
decays up to ~500 GeV for ~0.1 ns else if > 2¢, pr > 60 GeV HLT_2g50_loose’
' else if > 1y, pr > 60 GeV, |p| < 1.07 | HLT_mu60_0etal®5_msonly

lifetimes (flavor dependent) using

extended tracking out to 30cm “no tracking in triggers
T—>1GIG, le[e,u,
° ! NveOrRun3,. 105||||:>||||||||[|e|';1|1|:]|||||||||||||||||||||||
- Large radius tracking: additional ID tracking pass run after 1o - ATLAS L e
standard tracking on leftover hits with relaxed tracking cuts /ﬁj:ji;ea\i’;;ff& LS
. . . . . 103 — o U.L. LR |
- Displaced lepton triggers: considerable expansion of trigger e
acceptance do and lower pr threshold by including LRT 7 107 S -
° R
E 10'E -
+«—— Standard ID track 2
-
10°
LRT track formed from
\'— unnassociated hits 107"
1072

-3
10 100 200 300 400 500 600 700 800 900

m) [GeV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.051802

VRNN Architecture

* Variational RNN: recurrent neural network (RNN) that

updates a VAE latent space at each time step; L(1) = / x(1 2 \D
. : — — ALV
accommodates variable-length input sequences ( ) ‘Y( ) ( >| ™ KL( H t)
* Define anomaly score per jet as a function of the KL
divergence loss term: AS = 1 — e Pxe
* Train directly on data (avoid data/MC discrepancies in QCD) recl\gﬁ:tr;iqtil:;n:?ror Kug?vii;‘rfc'ger

Latent Space (Gaussian)

prior »" ", posterior

Input 6. N Olt{ :p utt .
(constituent4- | %| | | |* e ' |=| (constituent 4-
vectors) il ik A vectors)

I z * u—+oe J
o —| .
P Feature extracting layers
— G
Hidden State - R [EIR - O
long-term 18] 1% = [ (9o, 0=, h(t —

representation of info
over sequence

h(t-1)

h(t-1)
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VREBNN In Action

* VRNN for anomalous jet tagging developed in simulation via the
LHC Olympics community anomaly detection challenge
[2101.08320]

- Achieve sensitivity with resulting jet-level anomaly score to both 2-
and 3-particle decays over QCD/multijet

=VRNN paper published using this dataset [2105.09274]

myJy, QCD + signal

105
mmm Contaminated (1.0%) mmm Contaminated (1.0%)
mm Signal 10 mm Signal
104 [— . [
3
" 10 " 102
- -
C C
Q [
> >
m 102 m
No
10!
Selection
10° 10°
2000 3000 4000 5000 6000 7000 8000 2000 3000 4000 5000 6000 7000 8000
My [GeV] My [GeV]
5 5
4 4
B 3] B 3
— 24 — 24
N N
1 1
0 0+ o
2000 3000 4000 5000 6000 7000 8000 2000 3000 4000 5000 6000 7000 8000
My [GeV] My [GeV]
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https://arxiv.org/abs/2101.08320
https://arxiv.org/abs/2105.09274

Neural Net H—bb Tagging

*Neural net-based double b-tag algorithm to select Higgs vs. dijet or top backgrounds
[ATL-PHYS-PUB-2020-019]

- Train over large-R jet pt/n and up to 3 subjet b-tagging scores
- Outputs: three class probabilities — discriminant Dpb

= Tag Higgs boson using 60% WP and ftop=0.25 as per central FTag recommendation

PH
ﬁop “Prt (1 - ftop) * PQCD

DXbb = In

7I‘Il\ll\I\Il\l\\l\\l\l\\l\l! I\ll\l\ T T 171 ] > 103||||||||||||||| |||||||| IIIII||||||||||||l|l]|l|l
Jo.16 : : . 3 =
&L ATLAS Simulation Preliminary 1 5 1PE Do ATLAS Preliminary
£ 014l ‘/J?=13 Tev . E ° — Y-XH (m, = 2000 GeV,m, =300GeV) 5 — 13 TeV. 139 fb™!
5 fT|><2‘gOOGeV Multijet ] = 10 Y-5XH (m, = 3400 GeV, m, = 110 GeV) ’
Z C 7’7é<m}G vV Higgs-matched jets | 2 — YXH (m_ = 5000 GeV, m., = 2500 GeV)
20120 )/GeV < 146 _ E @ 1 v X
5 i —— Top-matched jets = > SR
C 1 1
0.10:— _: g 10
- ] z
0.08F- J

0.06}

0.04

0.02f

Dxbb, ftop =0.25
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-019/

Analysis Flow

1. Large-R jet trigger: J1(pT) >
500 GeV and my > 1.3 TeV

2. Ambiguity resolution: jet with
highest Dhbp score is Higgs
candidate

3. X-tagging: AS of X candidate
> 0.5 (plus 2-prong regions)

4. Higgs tagging: Drpb of H
candidate > 2.44

'

» SR selection: 75 < my < 145
GeV

» Background estimation:
DNN-derived reweights for
untagged high sideband
(HSBO—HSB1)

» Validation: low sideband
(LSB)

X/H Candidate Large-R Jet Selection

min(Dy, (J,,J,))

max(Dy, (J},J5))

X-Tagging H-Tagging & Background Estimation
/
___________ Dy, 4
n 1
' Anomaly lmmmmmme= >
‘ 'l
LSB1 SR m
-----------
[ ] 1
Two-prong (merged) 1====== === >
I‘ prong (merg 1' 60%WP CR
---------- (=2.44)
ST EnEEEEn 1 LSBO CRO HSBO
1 TWo-prong (resolved)i= = = = = = = = = >
)
| 3 5 |
~ 50 75 145 200
VR my; [GeV]
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Background

—stimation

* Fully data-driven background estimation (~97% multijet processes)

* Derived from data template in high Higgs mass sideband that fails H tagger score, reweighted to

shape in H-tagged region

* Build DNN to provide a reweight for each event
- 3 fully-connected inner layers, 20 neurons each

- Train inclusively in X-tagging over variables associated to the Higgs large-R jet (4 vector, 4-vectors of
leading & subleading track jets associated to Higgs, # tracks)

- Minimized on log-likelihood ratio of tagged to untagged regions’
- Systematics on DNN training region, statistical power of training sample, LSB non-closure

LSB Validation

> 1P g I o o
c ATLAS Preliminary
2 10 = Vs=13Tev, 139" LSBO
; Two-Prong (Merged)
&8 TE LsBo(65<m, [GeVI<75) e |SBt
= ’
E 107 ceseo®sseg, O LSBO (reweighted)
2 0
102 ®ee

dao(to

o™ ?Q??

A
]
010)

ot F ‘
100 200 300 400 500 _ 600 _ 700 800 900 1000
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e
3
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y

—

o,
™
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e
o

-
o

-

0.5

— T —T T
ATLAS Preliminary

Vs=13TeV, 139 1b” LSBO
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Y —XH Statistical Analysis

* Fit my across overlapping categories of mx
- Bins chosen based on signal mass resolution

* Use BumpHunter as signal model-independent “excess finder” [1101.0390]
- No significant (p-val < 0.01) excess across mx bins in the LSB VR

= No interpretation in anomaly region (no signal systematics)

Post-fit LSB mx Windows
g 105 T T I T T T T N T T T T N T T T T N T T I T
g ATLAS Preliminary $Data 1.0
w 10 (s =13 TeV, 139 fb™ ek
Anomaly LSB1 EE=K9.
284.5 GeV <m, <322.5 GeV ~ Uncertainty
3 0.8 4
10
10?
0.6 1 = e i =TT
10 it | e =
1 044 —= i s o 1 bt
107"
0.2 1
o 1072
m 1.25
@ 1
b 0.0
8 0.75 T T T T T T T
0.5 0 100 200 300 400 500 600 700 800
my [GeV]

6 February 2023 &2 COLUMBIA UNIVERSITY J. GonskKi

IN THE CITY OF NEW YORK


https://arxiv.org/pdf/1101.0390.pdf

Y—=XH Systematic Uncertainties

Background Signal

- Determined inclusively in m, and then applied to each

exclusive m bin * Flat luminosity uncertainty of 1.7% (as

measured with LUCID)

- Jet uncertainties implemented with

1. DNN Source Systematic o
standard variations from

- Difference in resulting mJdJ distribution due to the choice

of training region jet/ E»=CP group
- O(1-10)% effect across mJJ - Included for both large-R (merged and
resolved) and small-R (resolved only)
2. DNN Bootstrap Systematic jets
- Statistical error from neural network performance - Rtrk Baseline, Modeling, Tracking,
determined via the bootstrap procedure TotalStat, Closure uncertainties
- O(1)% effect across mJJ - JER Mass and p.variations

: * PDF variation uncertainties
3. Non-Closure Systematic _ . _
- Determined in the LSB as the difference between - ISR/FSR mclu.de.d as flat 3% uncertainty
reweighted LSBO and LSB1 data, with smoothing * XbbSF uncertainties

- Characterizes additional mis-estimation of data in the VR
after determining weighting parameters from the HSB

- Negligible for low mdd, O(10)% effect in the tails

6 February 2023 &2 COLUMBIA UNIVERSITY J. GonskKi

IN THE CITY OF NEW YORK



V

BNN Anomaly Score

Preprocessing (right)
Sequence Ordering: decreasing kt

distance from hardest constituent

layer,

500 epochs

Results: sensitive to 2 and 3 prong

signals, while less mass correlated
than typical high-level substructure
variables

Two Prong Jets

10°

Events

3000 4000

mmm Contaminated (1%)
mam Signal (1%)
£2273 Background Only

5000
My [GeV]

6000 7000 8000

3000 4000

6 February 2023

5000
My [GeV]

6000 7000 8000

z[o]

2000
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2000

Training: 16 neurons per intermediate

Two-Prong: Dijet Mass, EventScore > 0.65

- Signal (1%)
£2273 Background Only

3000 4000 5000

My [GeV]

6000 7000

mmm Contaminated (1%)

00

A

3000 4000 5000

My [GeV]

6000 7000

8000

Algorithm 1: Jet Boosting

Start
Boost jet in z direction until 77, = 0
Rotate jet about z axis until ¢j.; = 0
Rescale jet mass to 0.25GeV
Boost jet along its axis until Fj.; =1GeV
Rotate jet about x axis until hardest constituent has 7; = 0, ¢; > 0
if Any constituents have AR > 1 then
Remove all constituents with AR > 1
Rebuild jet with remaining constituents
Repeat from start
else

| continue
end

if Number of constituents > 20 then
Keep up-to the first 20 constituents, ordered in pr
Rebuild jet with remaining constituents
Repeat from start
else
| continue

end

Reflect constituents about ¢ axis such that the second hardest constituent has 7, > 0

Three-Prong: Dijet Mass, EventScore > 0.65

Three Prong Jets

mmm Contaminated (1%)
m Signal (1%)
£2273 Background Only

Events

5000
My [GeV]

6000 7000 8000

4000

5000
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6000
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7000

00

z[o]

4000 5000
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6000 7000 8000
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AS Comparison to D2

- Dataset = 2-prong % contaminated
- Selections: D2 < 1.4 / AS > 0.65 (equivalent background rejection)
- AS creates less mass sculpting than substructure variables

*In Y=2>XH—=qgbb, cut on D21« < 1.2 (merged) or > 1.2 (resolved)

Contaminated: Leading Jet Mass, Shape Comparison

b E' T T 1 I T T 171 I T T 171 I T T 171 I T T 171 I T T 171 I T T 171 I T T 171 I T T 171 I LI |E
1054 - Anomaly Score > 0.65 5 - [[]pata ATLAS Preliminary
! ‘ D2 < 1.4 o - — Y—=XH (mY =2000 GeV, m, = 300 GeV) vg =13 TeV, 139 fb-1 1
_____ No Selecti '; 1= Y=XH (m, = 3400 GeV, m =110 GeV) —
J L2222 No Selection o E — Y—XH (m_=5000 GeV, m_ = 2500 GeV) 3
104 4 N C Y X 3
c_és L _
l_._~ = 10—1 g__'_l_lﬁ =
10° 3 , o) = 3
"L,H < C ]
102 5 | ) 10—2 E
10! 4 - i _ N
10l =
L i o .
100 J _I 111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 11 1 I_
0 200 400 600 800 1000 1200 1400 0 1 2 3 4 5 6 7 8 9 10
M, [GeV] trk
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CWola Weakly Supervised Learning

different fraction of signal

A |nclusive search

- NN input training features = two leading jet masses

e Classification without labels (CWolLa) [1708.02949]: NN % =, "1 aTLAs E
trained in signal region vs. sideband is sensitive to Q ﬁ.—.: | ngfgff;fg%g:g
signal vs. background characteristics l <3 Observed

- SR and SB defined in windows of mJJ, each region has g f iﬁp?ted E
11 20 =

PRL 125 (2020) 131801, 2005.02983

ATLAS Collaboration

> "< 95% CL Exclusion Limit

% Dedicated W/Z
. . . . . B boson search
= First application of weakly supervised learning from @0 e e ) [GoV]
ATLAS! [PRL 125 131801] Cs 25,%)
. ) ) /k v, ©
= Qutperforms inclusive search at high mass hypotheses
Mixed Sample 1 Mixed Sample 2
00000 | (eees® ]V¥ﬂ]
©16I6I6)6); ®e®®6 ;4
OOE®® OEe®®® §
©]6I6I6)6); ®ee®e®Oe® Z
.@@@@ @@‘.‘ background
‘ \ / signal A/
. 0 1 R
/) >

Classifier / m;
1708.02949 Features for

training CWolLa
1805.02664 classifier
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https://arxiv.org/abs/1708.02949
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.131801
https://lhco2020.github.io/homepage/
https://arxiv.org/pdf/1708.02949.pdf
https://arxiv.org/abs/1805.02664

CWola in e+te-Collisions

- Radiative return: “scan” new particle masses with ISR photons, a la dijet invariant mass bump hunts

* Apply CWolLa method with high- and variable-dimensional inputs with Particle Flow Networks:
model an event as an unordered, variable-length set of jets

- Up to 15 jets per event & 10 features per jet: 4 vector (pT, n, ¢, m), b-tagging bit, 5 N-subjettiness variables
=150 input features per event

e+e-Vs =1 TeV

_ 10! _ ) Background

b MadGraph5 + Pythia8 + Delphes3 [ZZ Signal, mx = 350 GeV

— o] E—=1 Signal, mx = 700 GeV
e 10° A

1 350GeVX
% S 0] ~ 650 GeV y 700 GeV X
a . < 107" 3
, = ~300 GeV y
/7 + ]
X / b GCJ ]_0—2 4
3 E
N 1 ‘G ]
AN b 51073 ;
N 3
a "« E ]
< 1074 4
+ ]
e Y ; 10 ]
10_6 ] T T T II I I T

0 200 400 600 800 1000
Truth V§ [GeV]

[arXiv:2108.13451]
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https://energyflow.network/
https://arxiv.org/abs/2108.13451

CWola in e+te-Collisions

- Select signal and background in £25 GeV windows in /s around the resonance mass (SR = [675,
725)) with sideband in 50 GeV windows on either side (SB = [625,675) U [725,775))

* Train with a variety of signal contaminations: 0=0.0, 0.5, 1.0, 2.0, 3.0, 5.0, and « (eg. all S vs. all B)

- Significance Improvement Characteristic (SIC): sensitivity proxy that gives multiplicative factor by
which the NN can improve signal significance

=Enhance sensitivity to signal contaminations down to 0.3% by a factor of ~3

ROC: X=700 GeV vs. bkg SIC: X=700 GeV vs. bkg
1.0 -
= 0.8 1 = 10!
g g
i =
S 0.6 g
5 E
Sé 2 10° -
o =
S 041 — 00%(g=00) @ —— _0,0% (0=0,0); AUC=0,42
5 —— 0.3% (0=0.5): AUC=0.73 @ E—rT (0=0.5): AUC=0.73
9 e —— 0.6% (0=1.0): AUC=0.79
0 0.2 A 1.3% (0=2.0): = o 107!
.21 — 1.3% (0=2.0): AUC=0.91 & —— 1.3% (0=2.0): AUC=0.91
1.9% (0=3.0): AUC=0.87 1.9% (0=3.0): AUC=0.87
—— 3.1% (0=5.0): AUC=0.93 —— 3.1% (0=5.0): AUC=0.93
0.04 —— 100.0% (0=w): AUC=0.99 —— 100.0% (o0=w): AUC=0.99
T T T T T T -2
0.0 0.2 0.4 0.6 0.8 1.0 0 0.0 0.2 0.4 0.6 0.8 1.0
Signal efficiency (TPR) Signal efficiency (TPR)
[arXiv:2108.13451]
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https://arxiv.org/abs/2108.13451

HL-LHC Upgrade: Physics

-Key physics drivers motivate precision reconstruction of electron/photon energy
& time
1. High expected dynamic range (eg. massive Z'—ee with high E electrons)

2. Precise mass resolution for measurements of key SM processes (eg. di-Higgs: small,
narrow myy peak on top of large irreducible background)

3. Ensure that photons from H—yy are mostly digitized on Resolutions [GeV] ggF HH
High gain and minimize gain intercalibration systematic — Pessimistic 2.64 2.06
new 2 gain scheme Optimistic 1.99 1.62

ATLAS-TDR-027

o Z'—ee Invarlant Mass Di- nggs Slgnal mW
= ] > T T T T T T T T T T
9 10° Z(5 Tevy) €€, 18 = 14 TeV 3000 fb1 <H>= 200 8 ATLAS S|mulat|on Stat. Unc. 7
I To) Baseline -HH bbyy |
£ 10 ATLAS Simulation S e V. 3000 b :
0 107 —2y S ® Eibbyy
10° 1 TeV o [ Reducible 7
— SSM Z' (5 TeV) Lﬁ Others -
10° ]

eSS\

7010 2x10? 10° 2x10° 10* 00 105 110 115 120 125 130 135 140 145 150
Me e [GeV] m,, [GeV]
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https://cds.cern.ch/record/2285582/files/ATLAS-TDR-027.pdf

HL-LHC Upgrade: Triggering

*New trigger/DAQ requirements: rate
will be increased 10x to 1 MHz, latency

5-10x t0 10 pis HL-LHC Ermiss Trlgger Turn On

> ' I
- Motivates a new LAr readout e | ‘;‘:‘f’v ;’)’"“’a’”" |
architecture — free-running all digital __g I HLLHCi>=200 o o 87800000
design with no on-detector pipeline o L > o -
- Already installed (“Phase-I”): Super Cells % - HL-LHC o .
to provide finer granularity to trigger = i Phase 1 |
o Super Cells
i - _
«For HL-LHC: Read out entire LAr 0.5 ~
calorimeter with full precision at 40 - « = Run2Offline I
MHz LHC bunch crossing frequency - Algorithm -
- Data rate = 40 MHz x 16 bits x 2 gains x - - X ]
128 chans x 1524 boards = ~350 Tbps - " .
_ : H _ _._..:’:@ngzl | ! ! ! | ! ! !
Res_ults_ in Io_rver tngger turn (l)n curves 0O 500 200 600
- - ruth
Maintain ability to trigger on low-pr ATLAS-TDR-027] EtTut (GeV]

objects
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https://cds.cern.ch/record/2285582/files/ATLAS-TDR-027.pdf

HlL-LHC Readout

»Phase-I: installed 2019-2022 & _
commissioning now! On-Detector Off-Detector HL LHC

l LAr Timing System (LATS) I

Calibration Board

Lo/L1

R e
s P FIR
- Arrays Ped £t
) Linear 3
sib R
REZT m e - d
Accept
y Logic
< CLK | | orx
- Fanout Array
=
ayer Sui
Boards

LAr Trigger Digitizer Board (LTDB;

Clock & Control |
HL-LHC: H ] I i o I
H Phase-ll Upgrade 3 l

~Cover full energy range expected in i FronkEnd Board (FEB2) ocs

a Slngle Ce” (~5O Mev eleCtronlC w aper * Clock & Control LAr Signal Processor (LASP) — ’_'

noise to ~3 TeV) D <CE > — 2 [cnite]

. . . » O ‘ SR Mgy SR
- 16-bit DR with 11-bit precision = D L= L=
—l

(implemented in 2 overlapping 14-
bit gain scales)

*Nonlinearity < 0.1% up to ~300 GeV

> Electronics noise < minimum
ionizing particle (MIP) energy /
intrinsic LAr resolution

4
o

)
LAr Digital Processing System (LDPS)
ase-
£t
ap FIR

=00
» Radiation tolerance: full HL-LHC ’ e
dose, eg. max TID 1400 Gy (1.5), o —

NIEL < 4.1 x 1013 ngg/cm?2 (2)

Level-0,1 Calorimeter Trigger
System

TID [Gy] NIEL [neq/cm?]  SEE [hs20 mev/cm?]

FEC (barrel) 1400 (1.5) 4.1 x 10 (2) 1.0 x 103 (3)
FEC (endcap) 210 (1.5) 6.0 x 1012 (2) 1.2 x 102 (3)
LVPS between TileCal fingers (barrel) 430 (1.5) 1.1 x 10'® (2) 2.8 x 1012 (3)
HEC and FEC LVPS (endcap) 81 (1.5) 2.0x10™ (2) 4.1 x 10 (3)
LVPS new position (barrel) 18 (1.5) 5.1 x 10 (2) 1.1 x 10 (3)
LVPS new position (endcap) 33 (1.5) 5.2x 10 (2) 8.6 x 101 (3)
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ADC Characterization

- COLUTA ADC ASIC: full custom 40 MSPS in 65nm ~ ADC Testboard

CMOS with 8 channels
- > 14 bit dynamic range with > 11 bit ENOB

- Radiation tolerance: irradiate chip & measure SEUSs,
TID, NIEL (full HL-LHC dose in ~few hours)

= Takeaways: custom ASICs are key for unique HEP
DAQ needs
- Final Design Review in October to start pre-production
(need 80k chips total produced & tested)

1 010 2:5 S.IO 7.I5 1d.o 12l.5 ISI.O 17.5 20.0
Frequency [MHz]
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i H "" = ""‘!': ] 0+ =
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"""" e et | [ L
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Slice Testboard

- Slice Testboard = pre-prototype of FEB2 (32 of 128 channels)
- Characterize performance of 3 custom ASICs in full readout chain (PA/S, ADC, IpGBT)

* For large pulses, energy resolution < 0.02% (cf. spec 0.25%), timing resolution ~50 ps
(dominated by system |itter)

= Takeaways: front end design is as crucial to experimental success as detector itself
- Preliminary Design Review in December: full 128-channel FEB2 prototype + system tests

LAr Pulses Energy Resolution

10°

ATLAS Upgrade
] Board 634 500hm
2000041075 2008 lo

Og/E

ATLAS Upgrade $ HG;50dB
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thozs ! LG;20dB

1071 4 ¥
15000
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5000 +
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LAr Pulse Analysis

Samples: 5 Phase: 15

Pulse Train, 1.0V Amplitude Pulse

20000 = mcose 20000 —e— Finely Sampled Pulse
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g 100004 mg;zx 10000
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. o Samples from one phase
AWG sends a pulse train of Pulse train is interleaved to (containing peak) and derivatives
known amplitude to ADC reconstruct fine pulse for each
. . —_— \ are used to calculate OFCs, then
chip, sampled at different amp. Check that maxima and zero used to find enerev and timing of
phases point match across amplitudes each pulse &Y 8
g
Zr ATLAS
£ . . . .
<<
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0.6 - —
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0.4 | i
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Offline LAr Timing Calibration

- Times are calibrated offline via © Calibration achieved via a series of passes to empirically

a series of passes to remove averaged/fitted variations
synchronize cells and improve » Pass 0: time-of-flight (TOF) from PV to cell
resolutions for analysis use » Pass 1: average time per FEB
- Uses electrons from Wev data » Pass 2: average time per channel
to calibrate, Zee data to » Pass 3: energy-dependence (by slot)
validate » Pass 4: middle-layer cross-talk (by slot, based on dn, d)
- Studies have shown (as » Pass 5: inter-layer cross-talk (by slot, based on f;, f3)
expected from MC) that » Pass 6: average time per channel (pass 2 repeated)

electrons and photons behave

o o » Added because patterns re-emerged after applying other passes
similarly for timing purposes

(passes are actually subtly correlated with each other)

* Corrections obtained per gain

1-5IIIIIIIII|I|I||||I|I|II||I||I_ 0.6 LA L B LB L L LN L

@ UL L UL UL
. £ I ATLAS Internal EMB 1 - ATLAS Internal EMEC
aﬂd pel’ | OV (lnterval Of _g 1 IL=33.2 o, s=13 TeV 4 0'55 JL:SS.Z b, 5=13 TeV ]
N = E High Gain Before and After E 0.4;— High Gain Before and After _;
validity for OFCs) for cells o5 R | Runbpruncorection || ook P T 50 cross.talk correction |

' data16 E data16

* ~10 channels (of ~46K) per of By >
year are flagged as “bad” for osp E })M

time variations within an IOV A 1 o :
. ] -02F =

_15lIIllllllIlllllllllllllllllll- _03:...I..\I.‘.IH.],..I...I...l.x.l...l.,.:
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ANUBIS Sensitivity

10° Higgs to 10 GeV LLP 109 Higgs to 20 GeV LLP
)
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J. Burr, LLP Forum [8 Dec 2022]
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https://indico.cern.ch/event/1225761/#2-anubis

Resources

<+ Research team
- 1 postdoc + 2 PhD students + 1 (partial) firmware engineer for ~3 years

- Encourage & mentor students through dedicated funding opportunities, eg. NSF GRFP
applications

< Labs (in order of space)
- Electronics development: fast ML to FPGAs (FPGA development board)
- ANUBIS/small-scale LLP detectors
- Future calorimeter development

< Miscellaneous: travel for self/team, summer salary, etc.

< Grant strategy
- Establish sole funding: NSF CAREER/DOE Early Career, Sloan, Simons, etc.
- Join SLAC ATLAS base grant at next renewal

- Dedicated Al initiative grants (eg. “Artificial Intelligence Research for High Energy
Physics” from DOE)

- Dedicated FOAs for inclusion (eg. RENEW, FAIR)
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Societal Benefits

[CERN Courier, 2018]

- Technological spillover; eg. MRIs/proton therapy,
World Wide Web

- LHC as a “sandbox” for data science &
engineering
» Training a skilled future workforce

- Qutreach opportunities & enhanced scientific
literacy in general public

Medical
+ & Biomedical

Technologies

o) | pace @ human capital 33% @ technological spillovers 40%  public-good value
|—1} Applications [ ] pUincatiOnS 2% cultural benefits
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