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All results at: http://cern.ch/go/pNj7

W EW 'EW 7YY= EW EW 'EW EW EW
W Z Wy Zy Z ZZ vwwwwwwz wzz zzz WVy Wyy Zyy AW qaZ WW qaWyssWW qaZyqaWZqaZZ t-ch

EW,Zyy,Wyy: fiducial with W—lv, Z-lI, I=e,u

i 7 TeV CMS measurement (L <5.0 fb™)
i 8 TeV CMS measurement (L <19.6 fb™)

# 13 TeV CMS measurement (L <137 fb'1)
Theory prediction

% 4 Z CMS 95%CL limits at 7, 8 and 13 TeV

CMS Prelimina

tt g, Wt tty tZq tZ ty tW titt ggH B VHWHZH ttH' tH HH

Th. Ac,, in exp. Ac

KgOr K

0.8

Higgs boson }
{ couplings |}

LI

ATLAS Run 2

lIIIIIII | L | L |

E i Kc = Ky E
B K. is a free parameter -
= SM prediction =
= b =
— Leptons Quarks -
_ / Yo || Vu | V- - n |
E e d | s NS
:/f Force carriers Higgs boson
_ c 9| H|
El 111 I | 1 | N | l 1 | L1 1 111 | | | L1 1 111 | | E
HERR I | | L I | | I | | | L I |
_ o i
¥ |
-_Illll-- | | | ||I||| | ] | |l|||| | | IIIIII| I—-

107

1 10 10°
Particle mass [GeV]



A Toroidal LHC ApparatuS (ATLAS)
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ML in High Energy Physics (HEP)

ML is becoming more and more popular, HEP/LHC no exception

» Better algorithms — improved performance

Tracking: Finding Trajectories from space-points Classifying Jets (streams of particles)
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https://iopscience.iop.org/article/10.1088/2632-2153/abbf9a
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ATLAS Heavy Partlcle Searches

95% CL Upper Exclusmn L|m|ts

AT Preliminary

Status: March 2023 f-[: dt = (3.6 — 139) oL \/E =13 TeV
Model £,y Jetst ET™ [rdt[fb] Limit Reference
T T LI | I T T T T T T LI | I T T T T T T LI | I T T T T
. ADDGkk +g/q Oe,u,7,y 1-4j  Yes 139 [ Mp 11.2TeV n=2 2102.10874
oc.) ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
& ADDQBH - 2] - 139 | M, 94TeV. n=6 1910.08447
S ADD BH multijet - >3] - 3.6 Mgp 955TeV n=6,Mp=3TeV,rotBH 1512.02586
®  RS1Gkk — vy 2y - - 139 | Gkk mass 4.5 TeV k/Mp; = 0.1 2102.13405
= Bulk RS Gk » WW/ZZ multi-channel 36.1 Gk mass 2.3 TeV k/Mp = 1.0 1808.02380
w Bulk RS gk — tt 1e,u =1b,21J/2) Yes 36.1 8kk mass 3.8 TeV I/m=15% 1804.10823
2UED/ RPP leu >2Db, >3] VYes 36.1 KK mass 1.8 TeV Tier (1,1), B(A®YD - tt) =1 1803.09678
SSM Z" — ¢¢ 2e,pu - - 139 Z’ mass 5.1 TeV 1903.06248
@ SSM Z" - 11 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
c Leptophobic Z’ — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
& | Leptophobic Z’ — tt Oe,u >1b,>2J Yes 139 | Z’ mass 4.1 TeV M/m=12% 2005.05138
S  SSMW ¢y Teu - Yes 139 | W’ mass 6.0 TeV 1906.05609
() SSM W’ — 1v 17 - Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
S SSMW —tb - 21b,21J - 139 W’ mass 4.4 TeV ATLAS-CONF-2021-043
[\ HVT W’ — WZ model B 0-2e,u 2j/1J Yes 139 W’ mass 4.3 TeV gv=3 2004.14636
O HVT W’ — WZ — ¢v €'¢’ modelC 3 e, u 2j(VBF) Yes 139 W’ mass 340 GeV gven=1,gr=0 2207.03925
HVT Z - WW model B 1epu 2j/1J  Yes 139 Z’ mass 3.9 TeV gv=3 2004.14636
LRSM Wg — uNg 2u 1J - 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, g1 = gr 1904.12679
Cl gqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127
_ Clttqq 2eu - - 139 | A 35.8TeV. 7, 2006.12946
O | Cleebs 2e 1b - 139 | A 1.8 TeV g =1 2105.13847
Cl pubs 2u 1b - 139 A 2.0 TeV g =1 2105.13847
Cl tttt >1eu >1b,>21] Yes 36.1 A 2.57 TeV [Cae| = 4m 1811.02305
Axial-vector med. (Dirac DM) - 2j - 139 Mmed 3.8 TeV 84=0.25, g, =1, m(y)=10 TeV ATL-PHYS-PUB-2022-036
=S Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mped 376 GeV gq=1, gy =1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) 0O e, u 2b Yes 139 mz 3.0 TeV tanp=1, g7=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 m, 800 GeV tanp=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1t gen 2e >2j Yes 139 LQ mass 1.8 TeV =1 2006.05872
Scalar LQ 2"d gen 2u >2] Yes 139 | LQ mass 1.7 TeV B=1 2006.05872
Scalar LQ 3™ gen 17 2b Yes 139 | LQ; mass 1.49 TeV B(LQj — br) =1 2303.01294
QO Scalar LQ 3 gen Oe .  22j,22b  Yes 139 LQ; mass 1.24 TeV B(LQY - tv) =1 2004.14060
= ScalarLQ 3" gen >2e,pu, 21721, >21b - 139 LQS mass 1.43 TeV B(LQY - tr) =1 2101.11582
Scalar LQ 3™ gen Oe,u, 217 0-2j,2b Yes 139 LQ; mass 1.26 TeV B(LQY — bv) =1 2101.12527
Vector LQ mix gen multi-channel 21j, 21b  Yes 139 LQY mass 2.0 TeV B(U; - tu) = 1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3™ gen 2e,u,7 >1b Yes 139 LQ; mass 1.96 TeV B(LQY — br) =1, Y-M coupl. 2303.01294
- VLQTT - Zt+ X 2e/2u/>3eu 210,21 - 139 T mass 1.46 TeV SU(2) doublet 2210.15413
X ‘é) VLQ BB - Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
&= S VLQ Ts53Ts3lTs3 > Wt+ X 2(SS)/>23eu21b,21] Yes 361 | Ts3mass 1.64 TeV B(Ts3 > Wt)=1, c(Ts;sWit)=1 1807.11883
S e VLQ T — Ht/Zt lepu >1b, >3] Yes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
8 “q:) vLQY —» Wb 1eu >1b,>1] Yes 36.1 Y mass 1.85 TeV B(Y - Wb)=1, cr(Whb)=1 1812.07343
> VLQ B — Hb Oeu 22b,21j, 214 - 139 B mass 2.0 TeV SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL? — Z7/Ht multi-channel ~ >1] Yes 139 | «’ mass 898 GeV SU(2) doublet 2303.05441
© . Excitedquark g* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447
IS g Excited quark g* — gy 1y 1] - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
ﬁ O Excited quark b* — bg - 1b,1] - 139 b* mass 3.2 TeV 1910.08447
Excited lepton 7* 27 >2j - 139 T* mass 4.6 TeV AN=4.6TeV 2303.09444
Type Il Seesaw 2,34e,u 2] Yes 139 N° mass 910 GeV 2202.02039
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeV, gL = gr 1809.11105
S Higgs triplet H** - W*W=* 23,4 e, (SS) various  Yes 139 H** mass 350 GeV DY production 2101.11961
= Higgs triplet H** — ¢¢ 2,3,4 e, (SS) - - 139 H*t mass 1.08 TeV DY production 2211.07505
(@) Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV DY production, |g| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - - — 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
vg=13'rev ‘/_=13Tev r 3ol 1 1 1 L1 o1l 1 1 1 r oo gl 1 1 1 1
partial data full data 1 O 1 1
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tt resonance, (JHEP 2019, 031)

35.9 b 13 TeV
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Boosted dijet+y (PRL 123, 231803

359" 13 TeV

Boosted dijet (EXO-24-007)

138 fb™', 13 TeV

Dijet+ISR jet (PLB 805, 135448)

18.3fb™", 13 TeV

Dijet b-tagged (PRL 120, 201801)
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Dijet scouting (PRL 117, 031802)
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Dijet scouting (JHEP 2018, 130)
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Searches have yet to
find new patrticles...
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Standard LHC Searches

* Most searches have oroton 0
similar basic strategy - A proton

» Search for new particle decaying
to specific particles (H — 4¢)

» Select set of events that match this (eg. have 4¢)

e Define some variable based on this
(f(fl’ fz, f3, 54) ~/ Efl + Efz + Ef?, + Ef4)

Events / 2 GeV

50

40+

30

10

CMS 35.9 fb' (13 TeV)

70F

60

20+

H(125) _
n | qQQ—2ZZ, Zy*
B 99—ZZ, 2y
| Z+X

o

o

m,, (GeV)

« Compare the # of events we expect to find based on Standard Model
(simulation) to the # of events we actually measure (data) (Mm+ M+ vs. @)
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Anomaly Detection

 What if we don’t know exactly what we are looking for?
e Select set of events that match what?
e Define what variable?

ML offers unique solution to this challenge
(no traditional alternative)

 Broad field of anomaly detection (AD)




Unsupervised Learning

e What if we don’t have/can’t use labels? — “Unsupervised learning” or “self-
supervised learning”

Encoder Latent Decoder

Space
M

e Autoencoder (AE):

1 N
Loss = — Z (x; — £))* N7
= N KA </
mean squared error /&‘W
pie
(MSE) i

e AE is just simplest form of | %
unsupervised learning ﬁ

, Input Data Encoded Data Reconstructed Data |

3 b
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Anomaly Detection

e Train AE using known Standard Model processes

e Events with new particles may not reconstruct well
g

» Select set of events that don’t reconstruct well 3
£
2

o f(bl, bz,?) ~ Ebl + Eb2 + E?l

proton
_
proton
22
0.24‘_| | I LI I | I B | I | L I | L I | L I L | L | L I L I_—
0.22 = Data ATLAS _f
- Dark Jets (s=13TeV, 139 fb™" -
0.2 = m, = 3.0 TeV =
0.18  A—BC—qqqqqq =
0.46E (M= 30TeV,m, =200 GeV, m_ =400 GeV) =
0.14 ;— s ?rr; Iica._o)bTbé)\k/), m, = 200 GeV, m, = 400 GeV) —i
0.12 =
0.1 | 2
0.08F i =
0.06F- =
0.04F- i =
0.02 | g
0_1 PR EErRNTISTIG B _n_n__|_=: .. III_I'_-C'-‘:;lZI]I e e ey | | 1:
-1 0806 0402 0 02 04 06 08 1

J, Anomaly Score

arxiv:2306.03637
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https://arxiv.org/abs/2306.03637

Anomaly Detection p_,P_

e Train AE using known Standard Model processes 0 10° e , —
g = ATLAS ¢ Data -

_ . W el Vs =13TeV, 139 fb Hsk _

e Events with new particles may not reconstruct well = Two-Prong (Resolved) SR =9
- 284.5GeV <m, <322.5GeV 7 Uncertainty -

1O3§ =

10° —;

» Select set of events that don’t reconstruct well 10 -
107 =

- 700

: _» [, IR NI N VI AT B l///.//l///

o 107¢ ND 7 »

m 1.25f A ;

- Y/ ///

g 1 gpg

a 0.752} Y .%////

. 1lel | 77"~
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arXiv:2306.03637 20



https://arxiv.org/abs/2306.03637

Anomaly Detection

proton
. . )
e Train AE using known Standard Model processes proton

jJ bJ eJ y, IJ

e Events with new particles may not reconstruct well

arXiv:2307.01612

cow . =

0 100 ATLAS tbH* (2 TeV) -

" 10°E (s=13TeV, 14010 ;‘{KK —E*f"‘gf‘;)e‘/) -

e Select set of events that don’t reconstruct well ol 0 SSMZ'/W' 22TeV)
E v Z' (DM) (2 TeV) =

. . = —10pbAR 5

» JU Db UsDses v itn) ~ By F By ey,  19F ok
54

log (Loss)
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https://arxiv.org/abs/2307.01612

Anomaly Detection p_,P_

e Train AE using known Standard Model processes

' _—_Data10pbAR
— Background fit

¥2/ndf=0.92
x2/ndf=1.00

 Events with new particles may not reconstruct well <

102=

103 ATLAS
-1

(s=13 TeV, 140 fb

[ Zx I

-’W%A—LL

10 1 2 3 4 68

® Lr[vor\n:-

¥2Indf=0.77

* Select set of events that don’t reconstruct well =7 ~

° f({], b}19 {J9 b? e? }/Dﬂ}Q,) ~ E{],b}l + E{j,b,e,}/,//t}z

¥2/ndf=0.64
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https://arxiv.org/abs/2307.01612

Anomaly Detection

e (General AD can be much worse than a dedicated search

e Some methods try to use some concept of signal,
still remain insensitive to detalls

e “Semi-supervised” techniques

e fU?1,07) ~ Ejy + E

. CMS Preliminary 138 fb~' (13 TeV)
>10E'I""l""l""]""l""l""l""l""lz
8 - CWola Hunting: B Signal Regions —+— Data :
S — Bkg. fit _
2,

-
D
>
L

Data - Fit
Unc

4
. 2
O..
_2h
-4

A l L li L 1 I L li L 1 l 1 A l; L l | 1 1 L I L | L 1 l 1 L L 1 ;l | L 1 A l L 1 1 L I-‘
2000 2500 3000 3500 4000 4500 5000 5500 6000

mjj (GeV)
CMS-PAS-EXO-22-026 03



https://cds.cern.ch/record/2892677/files/EXO-22-026-pas.pdf

Classification Without Labels (CWolLa) .

e Semi-supervised method [arXiv:1708.02949] pmo—”»@){—

proton

» Requiresonly f(j?,j7,) ~ Ejy + Ex

Mixed Sample 1 Mixed Sample 2

o If ?2islocalized in f( - ), can train supervised
classifier based on mixed samples

e |n the limit this will approach normal
supervised performance: classifier learns

find whats different about sample 1 and 2
(S vs. B)



https://arxiv.org/pdf/1708.02949

Classification Without Labels (CWolLa) .

e Semi-supervised method [arXiv:1708.02949] p“’“’—”»@{—

proton

» Requiresonly f(j?,j7,) ~ Ejy + Ex

Mixed Sample 1 Mixed Sample 2

o If ?2islocalized in f( - ), can train supervised
classifier based on mixed samples

Hevents



https://arxiv.org/pdf/1708.02949

Classification Without Labels (CWolLa) .

e Semi-supervised method [arXiv:1708.02949] p“’“’—”»@{—

proton

» Requiresonly f(j?,j7,) ~ Ejy + Ex

Mixed Sample 1 Mixed Sample 2

o If ?2islocalized in f( - ), can train supervised
classifier based on mixed samples

Hevents
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https://arxiv.org/pdf/1708.02949

Quasi-Anomalous Knowledge: [2011.03550]

7o

/
 What if you has some general idea of what signals might /

look like, but you aren’t sure? proton | t
proton

* Also possible to set some criteria on roughly what signal should
look like, what features it might have

 Want to point AD in the right direction

* |deally want method that doesn’t break down if the hypothesis turns out to be
wrong (like supervised classifiers typically do)
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https://arxiv.org/abs/2011.03550

QUAK

* [rain an AE for background
* Train an AE for hypothetical signal(s)

e Construct N-dimension QUAK space from losses

Background

F

Background Loss (MSE)
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QUAK

* [rain an AE for background
* Train an AE for hypothetical signal(s)

e Construct N-dimension QUAK space from losses

Background

o

Signal

Hy,s,ls

Background Loss (MSE)

Signal Loss (MSE)

29



QUAK

* [rain an AE for background
* Train an AE for hypothetical signal(s)

e Construct N-dimension QUAK space from losses

Background

P

True

Signal l
Hy’sis

Background Loss (MSE)

Signal Loss (MSE)
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QUAK

* [rain an AE for background
* Train an AE for hypothetical signal(s)

e Construct N-dimension QUAK space from losses

Background

Signal Loss (MSE)

Detector
GIiWes

Background Loss (MSE)
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QUAK

* Train an AE for background

* Train an AE for hypothetical signal(s)

* Construct N-dimension QUAK space from losses

Signal Loss #1 (MSE)

Background Loss (MSE)
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QUAK

* QUAK can perform similarly to
supervised methods when given
correct signal

 QUAK greatly
supervised methods when signal
hypothesis Is wrong

Signal 2
(No train)

Bacl‘und

Signal Loss

L

Background Loss

106 ,
--=Supervised on Anomaly 1 (Trained)
—— QUAK(2D) on Anomaly 1 (Trained)
. Supervised on Anomaly 2
10 ~ QUAK(2D) on Anomaly 2
: --- Supervised on Anomaly 3
:_l —— QUAK(2D) on Anomaly 3
104
: 4tter
103 EL =
g b e T
Q ‘ T
w 11 ™~
~ IR
— \
102 1\
] A
\\
w0, TTeeall
/ Worse = TTTTee—l______
100 - : N
{ Trained Anomaly 1: (prong, mj;,m;;,m;;) = (2, 4500,500,150)
I Unseen Anomaly 2: (prong, m;,mji1,mjz) = (2, 6000,700,300)
| Unseen Anomaly 3: (prong, m;,m;;,m;;) = (3, 5000,500,500)
101 , . : :
0.0 0.2 0.4 0.6 0.8 1.0

& sig



Conclusions

* | hope you learned a little bit about LHC research and anomaly detection
« Many more AD methods | didn’t have time to mention

 TNT, CATHODE, SALAD, CURTAINS, ...
* \ery active area of research at the LHC!

 Recent AD sessions at ML4Jets2024 conference give a nice flavor of cutting
edge ideas [1]|2]

[1] https://indico.cern.ch/event/1386125/timetable/?view=standard#b-587345-anomaly-detection
[2] https://indico.cern.ch/event/1386125/timetable/?view=standard#b-587346-anomaly-detection
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ATLAS Slice
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Radiation
Tracking Tracker
Pixel/SCT

Neutrino: missing y
transverse energy (M ET)..‘
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Neutrino: missing g
transverse energy (M ET)‘.‘

ATLAS Slice
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L1 Trigger AD

 Depending on anomaly, we could have none left in recorded data

* |Low-latency ML is the only option! (eg. autoencoders)

One
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CMS Preliminary 0.527 fb~1, 2024 (13.6 TeV)
— 1 1 I 1 I 1 1 1 I I 1 1 1 I I 1

. ] )
% o7k Run 380470

- o f — JetHT :

L1 Trigger AD
- —— AXO Nominal

10°EE oL — AXOTight °

. . L 10%f 3

 CMS has already deployed multiple AD algorithms in trigger : :
0% i E

« AXOL1TL [CMS DP-2023/079, CMS DP-2024/059] & CICADA [CMS 102} -
DP-2023/086] (see Noah’s talk later [1]) ol -
* Currently collecting interesting events that would have been missed 10"; A T
_ _ o o _ L1 Object Multiplicity

* Network preferentially identifies large multiplicity events, potentially CMS Prori V537 -1 2008 (136 oV

. . . reiiminar ¢ I : =
large gains in new physics acceptance N e
§ _ Run 380470
. . CMS Experim?nt at the LHC, CERN LL i 1 Al Scouting o
+ Development ongoing in ATLAS as well [ EEee e 10% AXO Norinal

1043_ 117 AXO Pure i

103% :‘7.-.._% E

102é— ! ":._' _

' AXOLLTL 101; i

- MP7 payload E ; . -

, MP7 infrastructure : - T 1

. 100?_....|11115'.1...|.§EEEEIEEJI§§11_5

| = hls 4 mil 0 500 1000 1500 2000 2500

.- S m Emulated AXO Score
- _ [1] https://indico.cern.ch/event/1387540/timetable/?view=standard#66-realtime-anomaly-detection 39
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