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rches™ - 95% CL Upper Exclusion Limits ATLAS Preliminary

Vv Vs =13 TeV

1071 1

 phenomena is shown.

10 Mass scale [TeV]

[Ldt=(3.2-79.8)b! Vs=8,13 TeV
vy Jetst ET [rdifib] Limit Reference
L ' ! o i ! A ! ! o
e, 1-4j Yes 36.1 Mp 7.7 TeV n=2 1711.03301
2y - - 36.7 Ms 8.6 TeV n =3 HLZNLO 1707.04147
2j - 37.0 Min 89TeV n=6 1703.09217
leu >2j - 3.2 My, 8.2 TeV n=6, Mp = 3TeV, rot BH 1606.02265
>3] - 3.6 M 9.55TeV n=6, Mp=23TeV,rotBH 1512.02586
2y - - 36.7 Gk mass 4.1 TeV k/Mp; =0.1 1707.04147
channel 36.1 Ggk mass 2.3TeV k/Mp; =1.0 CERN-EP-2018-179
e, =1b,>1J/2) Yes 36.1 8Kk mass 3.8 TeV r/m=15% 1804.10823
e, =2b,>3j Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMD - tt) =1 1803.09678
e u - - 36.1 Z’ mass 4.5 TeV 1707.02424
21 - - 36.1 Z’ mass 2.42 TeV 1709.07242
- 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
e, =1b,>1J/2) Yes 36.1 Z’ mass 3.0 TeV r/m=1% 1804.10823
e n - Yes 79.8 W’ mass 5.6 TeV ATLAS-CONF-2018-017
17 - Yes  36.1 W’ mass 3.7 TeV 1801.06992
e u 2J - 79.8 | V' mass 4.15 TeV gv=3 ATLAS-CONF-2018-016
channel 36.1 V' mass 2.93 TeV gv =3 1712.06518
. - channel 36.1 W’ mass 3.25 TeV CERN-EP-2018-142
Main purpose of LHC: discover BSM = |
" e u - - 36.1 A 40.0 TeV 1, 1707.02424
lepy >1b>1] Yes 36.1 A 2.57 TeV |Cael = 4n CERN-EP-2018-174
e,u 1-4j Yes 36.1 Mpmed 1.55 TeV £4=0.25, gy=1.0, m(y) = 1 GeV 1711.03301
e, 1-4j Yes 36.1 Mped 1.67 TeV g=1.0, m(y) =1 GeV 1711.03301
e u 1J,<1]  Yes 3.2 M, 700 GeV m(y) < 150 GeV 1608.02372
. . . 2e >2]j - 3.2 | LQmass 1.1 TeV p=1 1605.06035
Hypothesis: subtle signatures TR
e =21b,23] Yes 203 [IOmEScaocew B=0 1508.04735
channel 36.1 T mass 1.37 TeV SU(2) doublet ATLAS-CONF-2018-XXX
channel 36.1 B mass 1.34 TeV SU(2) doublet ATLAS-CONF-2018-XXX
>3eu>1b>1j Yes 36.1 Ts/3 mass 1.64 TeV B(Tsj3 = Wt)=1, c(Ts/3Wt)=1 CERN-EP-2018-171
e =1b>1j Yes 3.2 Y mass 1.44 TeV B(Y - Wh)=1, c(YWhb)=1/V2 | ATLAS-CONF-2016-072
- - u,2y =1b,>1j Yes 79.8 B mass 1.21 TeV k=05 ATLAS-CONF-2018-XXX
Obligation: no stone unturned = = = J————
u _ 2j - 37.0 q* mass 6.0 TeV only u* and d*, A = m(q") 1703.09127
1y 1j — 36.7 q* mass 5.3TeV only u* and d*, A = m(q*) 1709.10440
1b,1] - 36.1 b* mass 2.6 TeV 1805.09299
e u - - 20.3 A=3.0TeV 1411.2921
e u >2] Yes 79.8 560 GeV ATLAS-CONF-2018-020
e,u 2j — 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
eu(Ss) - - 36.1 H** mass 870 GeV DY production 1710.09748
T _ _ 20.3 DY production, B(H;* — (1) =1 1411.2921
e u 1b Yes 20.3 Anon-res = 0.2 1410.5404
- - 20.3 DY production, |q| = 5e 1504.04188
- - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059
TR | N 1 M TR | 1 1 PR



New search portfolio
s diverse &
powered by ML



Concrete challenges

1’ Computing (simulation, on-the-edge,...)

|Z| Modeling (pileup, reco,...)

ATLAS + CMS = O(1000) search papers
e\ * ~2 years per analysis
«<&  Human resources

Average of 4 people
8000 person years

[*inspired by talk by Shikma Bressler, Hammers & Nails '22]
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Core Challenge:
vast signature space unexplored

teJAY I\Y b J\Y O —» S .\' “ ‘\' : e J\Y 2

. # , e b ¢ 5 Z/w H BSM —> SM; x SM; BSM — SM; x SM» BSM — complex

a/lg  v/m"'s b - | tZ/H bH - | Ted eqq’ paq

e [37,38]  [39,40] [39] %] %] %) [41] [42] %] %) %) 1% %) 2z o %) [43,44] %)

[37,38] [39] @ 1] 1] [41] [42] ] 1] 1] 2 1] z @ %) a [43,44]

[45,46] ] [47] %) a %) %] z @ /%) %) Z o [48,49] %) %)

q/g [29,30,50,51] [52] %) [53,54] [55] %] I @ @ %) z o @ %) %)

b [29,52,56] [57] [54] [58] [59] 1] 2 2 60 @ o @ 1] 1]

t [61] a [62] [63] 2 2 2 [64] [60] @ 1) a z

o} [65,66] [67-69] [68,70] | @ /%) @ %) Z @ %) %) %]

Z/W [71] [71] 2 2 2 1] z @ 1) 1] 1]

H [72,73] | [74] 1] @ I] z @ @ I] 1]

- a/g I} ) ) 2 s o 2 2 o}

& v/7%s [75] @ @ z @ @ @ @

b [76,77] 2 © @ @ @
Z
wn
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Multi-body final states, unconventional signatures...

[1907.06659]



https://arxiv.org/pdf/1907.06659.pdf

"o S
.
- .
. -
L
; ws
2 .20
o L .
V. .
4 ;
) .
-
.
b ~
h -
’ ¢ P
Al
p
\ ¥
B
; UBR. "
~ \ .
- .
Bl
. 1 - & ..
. ~
i o
_. .
- ’ ’
-
% e :
% - £
3 » -
. -
-
'- -
. ‘.. -
|
.
. =,
- .
LR
vk,
B8 AU e
»
&
&
.‘
o
Yoo
'
; PP
v ¥
- ' .
/ .
A

A &
" iy & - - "
) : ; a ¢
. - : %
. P = . i .
%
: é : :
. . ; e Z
.- 5 - & & :
s g v a .
: - .
e 5
. . e o ! : .’ . :
-~ b ] * . §
~ z — '. A
g G2 G z &\
.~ ‘.l H %
g y x L
N * & + . " P ‘ .,\‘ 5
. 5 % ’ . % ' . ol
A Slai e Clo, : ‘
: . '
.J * b, » 'u » ;
’ \ y t X W ' ; ;
s r . \ \
= -~ .n - v X . i
& i e f s
¥ « R ” . . . 23 ;
3 - S - N
A - . . w & .
o ” o S . : : _
- b X /: v \ N -
-, '
Y : ‘ M !,I \ . :
i i “
s »
o . . 2 .;. : t S
: s : :
» 1 ‘
¥ : :
r . * ' .
‘% e
b -e
« ;
e ~ e
Al \ ‘
. i : .\.
o 45 §
Sy L . .. c \ o
S i ,... »” 2 Sl 3 ’
. . ' .
L . ; T
- -
- 3 : . :
\ \ » ” - ¥
£ A 1
- - - o
g P ‘ “
: o ¥ » 3 ;
A ; o i
. el -2 Lo .- s
3 Y
-

8 . 3 e O.., G W ¥
b e g e & 8
o ’ - .- By .
P A : Yy * ’ p 4 “..h A
i o~ . K
i e . r ’ oy
" - % £ - pk\
- & . ’
p b . s A
\
3 o . \
; - -‘ -
. : »
g, VS Y
s e N 2 " . it )
™
, . . /
. ~ . 3
-
g $ L™
i 4 o Ir. _’ 2 ~
e §i 2
. » C " .
. o ~ S , o
e R i S -



Two complementary approaches

Theory at face value Model-agnostic signature-based
e.g. MSSM (105) — pMSSM (19) | e.g. [1807.07447]
Strong physics bias S e v o B B o B

10¢ & ET™ + single lepton

Smart sampling

o
(o]

o©
o

10° signal region

©
I

Fraction of allowed pMSSM points

Limitations
MC mismodeling
Only cut and count

Look elsewhere effect
[2207.05103] 13
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https://arxiv.org/pdf/2207.05103.pdf
https://arxiv.org/abs/1807.07447

Pros & Cons

Theory guided: forward modeling
Interpret
Incomplete signatures space 0

SUPERSTRIN G
M-theory heterotic

Grond
e Unification

Model-agnostic:
Interpret 0

[Courtesy of Hitoshi Murayamal]

Scan all signature space — data-driven

14

BSM — SM; x SM BSM — SM; x SM: BSM Cl le:
u . als b " 5 zw " — 1 X 1 — 1 X 2 — complex
a/g /s b - | tZ/H bH ¢ eqq nag -
[37,38]  [39,40] [39] 2 2 2 [41] [42] ] ] 2 I} 2 2 @ 2 [43,44] 2
" [37,38] [39] 2 2 2 [41] [42] 2 2 2 ] 2 2 2 2 2 [43,44]
T [45,46] 2 [47] 2 2 2 2 2 2 ] 2 2 @ [48,49] 2 2
alg [29,30,50,51] [52] 2 [53,54]  [55] I3 @ z z 24 s o I3 z @
b [29,52,56] [57] [54] [58] [59] ] 2 ] 6] o o 2 2 2
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What if we had perfect modeling

Extend this to all d ata? ——'%L” ,
"”’H ~H ii[ﬂ o,
0 [ e, B O

—

L

|
A0

Data slicing?
Does this scale?
Look elsewhere
— Data-driven



What if we had infinite
compute & storage

The human factor w

16




A word on labels

No notion of event label

Only probability to be S or BG

Events / 2.5 GeV

T

B T TT I T TTT I |||||||| I TTTT I T TTT | |||||||||||| ]
~ ATLAS ¢ ou —‘
= Signal (m_ =124.5GeV 1 =1.66) —
C Hozzr 4 LS ]
- Back dZZ* 1
" \s=7TeV: ILdt _ 451" B oo ]

L \s=8TeV: JLdt -203f0"

- Background Z+jets, tf ]
%//% Systematic uncertainty _:

90 100 110120 130 140 150 160 170
my, [GeV]

17



Classification without labeling (CWoLa)

Mixed Sample 1

7

BASCOSN

00O

OCCO®
OOIGIGLE)
OCCOO®

Mixed Sample 2
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Classtfier

[1702.00414, 1708.02949]

Feature space = prior

Bump hunt [1902.02634]
ATLAS analysis [2005.02983]

Beyond resonances
e.g. symmetries [2203.07529]



https://arxiv.org/abs/1902.02634
https://arxiv.org/abs/2005.02983
https://arxiv.org/abs/2203.07529
https://arxiv.org/abs/1702.00414
https://arxiv.org/abs/1708.02949

The CWala
S[@ﬁ[ﬁﬁti @I/ iﬂ I\/Ia.in Challenge:
calibration
aata




Background calibration in bump hunt

Signal
SideBand 1  Region

Interpolate BG template
from SB’s to SR

20



Calibration methods

Matrix method. no signal enhancement possible
Traditional interpolation: high feature space

Density estimates: ANODE, CATHODE, LaCATHODE*

Transform BG template: CURTAINs & update*

Hybrid BG in MC morphed to data: SALAD & variation™

*talks by Manuel Sommerhalder, Johnny Raine, Radha Mastandrea


https://arxiv.org/abs/2109.00546
https://arxiv.org/abs/2210.14924
https://arxiv.org/pdf/2203.09470.pdf
https://arxiv.org/abs/2001.05001

La
CWo-CUR-CATH-LAD







Mix & match

Room to optimize & extend
Complementarity — Robustness

24



The edge of data-derived

Ticks all boxes: “compute, modeling, human”

Simplified systematics treatment é

Automation

25



The next level
of MC
corrections

Feed smart corrections backtoour .. .........

theory models o .. ........




Transport your problems away

Calibrating stochastic simulations with optimal transport

p(D)
p'(D) uncalibrated calibrated

p(x)

[2107.08648] 27



https://arxiv.org/abs/2107.08648

The 5t paradigm of scientific discovery

« Simulators: costly, non-differentiable

* (Local/modular) surrogate simulators™
— Fast & differentiable
— Incorporate inductive bias
— Anomaly detection, optimisation, design, inference,...

*This finally just came out

28


https://arxiv.org/abs/2210.06204

GNN
Transformers N
Foundation models: backbone:

i
g
\ //\ A R Ry Run: 427394
* o . \ ** Event: 3038977 29
Lukas HelanCQ, H&Ni 22 \ _W,f 2022-07-05 17:02:31 CEST



https://arxiv.org/abs/1810.05165
https://arxiv.org/abs/1902.08570
https://arxiv.org/abs/2202.03772
https://cds.cern.ch/record/2825328
https://cds.cern.ch/record/2825379/files/ATL-PHYS-PUB-2022-040.pdf

Variation on typical bump hunt

Regression:

Mass distribution

p-value distribution

Observed

200 +

100

Challenges: training, validation, out of domain etc.

[2107.11573]

30



https://arxiv.org/pdf/2107.11573.pdf

Fabulous idea: VAE-based outlier detection

Distance
original — reconstructed
— anomaly metric

Encode Decode

Train on normal

HOW DEEP IS THE LEARNING AT

ARAl
CHABLLENGE

ACCEPTED

THIS 15 HMROER.
THAN | THOOGMT

WNT A
SECOND, ..

\s
\%‘ | DONt GETIT,

Is it working?

MODEL "
JNMES NOTTINGHAM 31

[many references... extend to trigger] challeninearring com sketchplanations



Fabulous idea: VAE-based outlier detection

Distance
original — reconstructed
— anomaly metric

Encode Decode

Train on normal

HOW DEEP IS THE LEARNING AT

CHBLLENGE .
ACCEPTED o
THIS 15 HARDER. f
s it working? T et [NAE]
\\m - z
\%‘ | DON't GETIT,
MODEL "
JPMES NOTTINGHAM 392

[many references... extend to trigger] chollengingleatning com sketchplanabions


https://arxiv.org/abs/2206.14225

The add-on anomaly search

For any standard search H<

Add anomaly signal region* ’
Comes for free

[ATLAS-CONF-2022-045]

*Sascha Caron


https://cds.cern.ch/record/2816323/files/ATLAS-CONF-2022-045.pdf

=

THE UNKNOWN UNIVERSI

Imagine we abandon theory guidance

Instead we have an Al oracle

Would we be satisfied?
A GUIDE TO

34



THE EXD OF THEORY: THE
DATA DELUGE MARES THE
SCIENTIFIC METHOD OBSOLETE
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— GEORGE BOX

but some are are useful
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inject domain
Knowleadge

INto ML
SYSIEI

« BSM priors:

— Crowdsource theorists
— Generative models

 Differentiable programing*

* End-to-end systems

*Lukas Heinrich, H&N’s ‘22 39



1 Priority
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Observation
//527 / question
Report Research
conclusions toplc area
Scientific )
method

Analyze

d ata ypotheS|s

Test with
experiment




No 2

(Re)lnterpret
Results



Smart sampling with active learning

What we do now What active learning can do for us

()]

N "
gl o Thrives on
‘g 0000000000 &

©0 000000000 © . . . .
S| eeevoveeces 5 high-dimensional
; 0 o ¢ (K XX =
n| e o) Q@ 0 o n
2 | ofe e o o0 ® theory space

0 0
g BSM Parameter 1

BSM Parameter 1

Q:MI llf\'l'f\ N\ S AI‘\MI‘\V‘\A

[Regress on upper limit with GP for ATLAS mono-H(bb) search, ACAT22, ATL-PHYS-PUB-2022-XXX] 44


https://indico.cern.ch/event/1106990/contributions/4998037/attachments/2535599/4363788/activeLearning_acat22_track2.pdf

Search Strategy

Diverse

Generalisability & automation

Data-derived signal regions

Inject domain knowledge

Go beyond resonances

Sensitivity

45



Device
Strategy
IN
EXperiment



"There is no
power for change
greater than a
community
discovering

it cares a

[Margaret Wheatley ]




Be Edable Accessible nteroperable Reusable
0, 9y
JORUE: I

Reusable & differentiable code [e.g. ACTS] — Geant4,...

Common benchmarks, metrics, staged, ceiling analysis,...



Known knowns

Proof of concepts are easy
Production-readiness is hard — Delay

49



Experiments buy into ML @

Brain drain

ML@HEP <~ Open Science @ Experiment
Recognition

Experiment time scale < Fast-moving ML

50






Concluding remarks

HEP evolves

ML is one of our sharpest tools .o
DOTA
Tackle Big Goals as a Community : Ry /A
INFORMATION Ay TR
. . R TR
RO
Value human resources — automation with ML v NOWUEDGE b
F| 2
Concept — production | ATERAR
WISDOM e &

New diverse search strategy CHNN ?fy

Skekch p\ana(:i 0ns

Need all you bright young ML4Jets minds !
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PhD students
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Tomke Schréer Malte Algren Lukas Ehrke Matthew Leigh Debajyoti Sengupta Sam Klein Knut Zoch Manuel Guth Johnny Raine This could be you !
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This could be you !

Contact Tobias.Golling@unige.ch



mailto:Tobias.Golling@unige.ch
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Qualitative change

Three Dimensions of Computer-Assisted Scientific Understanding

Resource of
Inspiration

Computational
Microscope

Agent of
Understanding

i

\“J

[Mario Krenn, et. al. 2204.01467]



https://arxiv.org/abs/2204.01467

W=

The 4 paradigms of
scientific discovery

Observation of natural phenomena
Theoretical models of nature
Numerical computation
Data-intensive scientific discovery

r -

d A 7

. . P
f

The
FOURTH
PARADIGM
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TLA TLA stream has highest rate...

~30 MHz — . . . .
2 ATLAS Trigger Operations 3 TLA
X pp data, Aug 2022, /s = 13.6 TeV 3 Calibration
1] z £P2K =1.7x10%cm 25" E Main
© N [ VBFDelayed
—~
v 7N B BPhysDelayed
~100 kHz 4
g P~ I Other physics
v 6F = B Express
5 — = HLT Global Rate
T NZ'S
HLT Reco
- 4k \‘I-\.’~_\-
~1kHz  HLT Filtering ~3 kHz P h . . o \A\H;
y | |

o et ~1kHz x 1.5 MB — 1.5 GB/s

“ =y 08-22 00 08-22 02 08-22 04 08-22 06 08-22 08 08-22 10 08-22 12
Main TLA

Stream Stream Time [day h]

+ + TLA ...but lowest bandwidth
T T HLT Jets ~ 4 kHz x 5 kB — 20 MB/s

HLT Tracks HLT Photons

4 'ATLAS Trigger Op‘erations ' I -| Main '
pp data, Aug 2022, /s = 13.6 TeV [ VBFDelayed

351 L0 =1.7x10%cm 25" I BPhysDelayed
Calo Clusters = calibration
3 I Other physics
MS Segments B Express
2.5 O3 TLA

HLT output bandwidth [GB/s]

Trade event size for rate!
Save only HLT objects
Challenge: calibration! :

08-22 00 08-22 02 08-22 04 08-22 06 08-22 08 08-22 10 08-22 12
Time [day gg

[TriggerOperationPublicResults]



https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults

BSM@TLA

¢ T 957% CL pper s « Extent search to

| ATLAS Preliminary Vs =13 TeV, 3.6-139 fb‘1 y
--- Expected

ij =015 ______ JU|y2020 7777777777 — Boosted dijet + ISR anomaly@TLA

0 5 _,ij,zj;O.J ,,,,,,,,,,,, L Phys. Lett. B 788 (2019) 316
. —— Boosted di-b-jet + ISR

()4_7—””Z 777777777777777 e ____._ 80517
e A Y & Kk ATLAS-CONF-2018-052

0 3 L | — Resolved dijet + ISR
. 79.8 & 76.6 fb

Phys. Lett. B 795 (2019) 56

Resolved di-b-jet + ISR

79.8 & 76.
Phys. Lett. B 795 (2019) 56

—— Dijet TLA
36&293f"
Phys. Rev. Lett. 121 (2018) 081801

e Di-b-Jet
243 & 139fb™"
Phys. Rev. D 98 (2018) 032016
JHEP 03 (2020) 145
Dijet

JHEP 03 (2020) 145

single y
trigger

0.2

-~ -
-, e

0.1

DUet angular
* O 3 370"
|Y12| < V. Phys. Rev. D 96, 052004 (2017)

0.05

. . jet trigger
O 04_ Axial-vector mediator J '99

_ 1] < 0.6 z
g, 1.0 Y7ol < — ti resonance, OL

O 03 | L 1 I R "'I""""'I'””””I"""'M arXiv:éoos.05138
2100 200 1000 2000 . — pjt et
my, [GeV] ™ s [CombinedSummaryPlots/EXQTICS ]~ 59

—— tiresonance, 1L
36.1 b

— Eur. Phys. J. C 78 (2018) 565



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html



