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Overview of CMS EXO results

CMS preliminary
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But no conclusive signs of hew physics yet...

Moriond 2021



R-parity NMSSM

violating

MSSM

pMSSM

)

Dark Photon Qi
Conserving

/@7'

Light
Force Carriers

Theories of
Dark Matter

Sterile Neutrinos

QCD Axions

Lictlest Higgs

N— —\ Supersymmetry
=/}

Extra Dimensions

Warped Extra
Dimensions

>

[—

St resenance
2yresoan

ColorOctctSclar, K =12

1. predecate Gcsr). g x Ap-21)> =0.03(0.008)
44, preuiescal Gealrl. g x SAG-1)> 20051008

Gk compostaress 48] nme =1

Leptoquark o, L 00<mo<15006e
ROV stop . quarks
ROV gines 93 ks

2005 M2 nece 3

RS Gatad 9l K7Ts= 01

re——
it bk 1
it ot e a3,

WSVl =10, =10
WS VLVl Vol
el sessew ey o
Vectrtis e, Dot

e L0

), couplng 1 g, frmions, 1
Sl L0 i o). couptng o 1 g frmins

Sl L0 (pa ro). couplng o 27 gn. fermn

1) coping 27 g, frmons,

femon 505

Sl L0 (pa ro). couplng 0 37 gen fermens.

sl 0 e prod ), co. 10 3 g, e 8 =11 =1

2o rsonance

Overview of CMS EXO results

36-140 b~ (13 Te)

1011 0696 01, =t}

o109-03

190106958 01, 240)

03551 1720165
72533511300 01257 14 1y,
52370 1911 0947 2

O5Sa o1 0947 @)

w120 192 1y)

o= 1 03947 29

032560 2001 01521 204 2)
T 0257 201 01521 2w+ 20

o020 23
1512 10085 20
3 1603 0203 )
e 1045 20

190101553 0,1+ 23) +
19010155 6,1 235

o:
03-05

S 72 0ne s
05228 1901 03047 2i)

) 17120235 (2274677
asars 1910 1006 )
19080173 + £57)
055321 1906 01713 (o €571

352071 19110370 (=31
1211005 Qe 3y )

008052

1608 03124 25 )

=T 1506 010% 2)

s 1505 0105 2i)
15101009 )

6 150201122 a1

y9 1803 1113 1+ 6771
OsE2E 1911 0947 @)

g2 903 0203 )

<.
56 1902 01122 o)
= 1509 00327 2)

59 100003 2

1505 06013 (2 )

93 1512 10465 2v,20)
g 111202345 (2 1)+ )

20003 23

I
A 171 04652 v+

¥
£
T RS 1911 03057y + 20

x
121030 4+

o e
10120907 @iy

2

on-om

»

Q0011 1802 02965 160510505 3t o) = 11+ 20
1 005 (= s )
1011 0698 0, a0
905 10553 31, 241, 2 1v420)

< 1017 2o 2)
A7 16110107 e 2ire 4 24461
<53 1600508 2us2)
08-15 1111015 0 e 1y )

150605082 21042514 2 4 1)
150200206 v+ 2)

ooms=o07s

oor-os

012,067 )
ooz

10051033 21, 1v)

11200776 )

oossoass 190 00 @)

ossmn 911 03947 @)

i 2103 0210 2o, 200

0.
2= s oz
a5z 1503

A= 1507 1421 v
ns=351 1911006 @)

s e E
=)

g 1603 1016 20420

3w 1811 00s0s 2v+2))

e 011 0947 23)

mass scale [TeV]

But theory space will always be larger our
dedicated search coverage!
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« Targeting A—=>BC topology
- Heavy A = both B and C contained in large-radius jets

* Huge background from QCD — apply anomaly detection

- Employing data-driven machine learning methods to reject QCD and select
‘anomalous’ jets

» Goal is broad sensitivity to many different kinds of B and C with different

kinds of substructure -



CMS Simulation Preliminary
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CMS Simulation Preliminary
L B S B

(13 TeV
28

Inclusive: X — YY, =24 fb
—4— Simulated Pseudodata

5 == signal + Background Fit
10 — signal Cut on anomaly
10* —— Background S c Or e

108

Events / 100 GeV

¥2/ndf = 27.11/31 = 0.87
10° Prob = 0.667
102

10

L L HHHIl IIHHI‘ IIIHHIl \IIHI.LIJ IIIHHI‘ \IIHIH‘ \IIHHI‘ (AN

Data-Fit
|Unc.
AN ONE

2000 3000 4000 5000 000
Dijet invariant mass (GeV)

Without any substructure cuts —
Signal swamped by QCD background...

Events / 100 GeV

Data-Fit

CMS simulation Preliminary

~—

(13 TeV
°°

107 = T T T T T =l
] = TNT: X =YY, 6=241b ]
10 —+— Simulated Pseudodata
10° == signal + Background Fit
E —— Signal 3
10* L —— Background |
x2/ndf = 16.36/24 = 0.68 3
10° Prob = 0.875 =
102 i
10
1 = ™
il W
q -
620 g
€0
:)_2 o E
—4

2000 3000 4000 5000
Dijet invariant mass (GeV)

Anomaly detection
finds hidden resonance!




How do you identify
anomalous jets?

Encode a ‘prior’ of
potential anomalies,
look for similar

Learn QCD,
look for outliers

Train a signal vs. bkg
Classifier on data

Increasing Model Dependence



How do you identify
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Encoder
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Decoder
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e Learn to compress & decompress using sample of background events
in data

- Network won't learn how to do this for ‘anomalous events’

« Use difference between original & reconstructed as an anomaly score
Quantile Regression (QR) used to ensure no sculpting of Mjj shape
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Mixed Sample 1 Mixed Sample 2 1708.02949
A { 3\

» Train a classifier between signal-rich 00000 | (#0000

and background-rich mixed samples 06666

. ®@OOO®
— Learns to tag signal vs. bkg elelelele)
e Three methods to construct mixed \1 0 / evel substructune.
samples, all assume a narrow —— vaneples
resonance

mixed sample 2

- CWola : take bkg. samples directly from
sideband events

- CATHODE: bkg. interpolated from
sidebands

- Tag N’ Train: enrich purity of anomalies
before training by using autoencoder

CWola: 1902.02634 / CATHODE: 2109.00546 / TNT: 2002.12376
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https://arxiv.org/abs/1708.02949
https://arxiv.org/abs/1902.02634
https://arxiv.org/abs/2109.00546
https://arxiv.org/abs/2002.12376

Hypothetical QUAK
Space

12D QUAK .
Space

« Hybrid approach between fully
model-indep. and standard search

* |dea: encode a prior on what a
potential signal may look like

- AE trained on a mixture of signal MC's

e Construct ‘QUAK space’:
- Loss of signal AE vs bkg AE

» Select events with low sig loss and
high bkg loss %% ‘Bkg-like’ Loss :

‘Sig-like’ Loss

Selection

2011.03550

12


https://arxiv.org/abs/2011.03550

2 Pronged Signal

CMS Simulation Preliminary (13 TeV)
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3 Pronged Signal

CMS Simulation Preliminary
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Inclusive analysis (no substructure cuts) sees only “hints”
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2 Pronged Signal

CMS Simulation Preliminary (13 TeV)
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3 Pronged Signal

CMS Simulation Preliminary (13 TeV)
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Traditional substructure cuts enhance sensitivity for a specific model, but not others
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CMS Simulation Preliminary (13 TeV)
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3 Pronged Signal

CMS Simulation Preliminary
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Anomaly detection enhances sensitivity for many models at once!
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Anomaly detection enhances sensitivity for many models at once!

16



 CMS pursuing anomaly detection to enhance our
search program

* Using multiple methods based on different
philosophies = robust coverage

e Studies on simulation demonstrate enhanced

discovery potential beyond traditional techniques
- CDS Note (public): CMS-NOTE-2023-013

e Results on data being finalized, public in the very

near future!
- CADI Line (CMS internal): EXO-22-026
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https://cds.cern.ch/record/2881089?ln=en#
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=EXO-22-026
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e Decorrelation of CMS Simuaton Preiminary

(13 Te¥)

. >107§ L | R
anomaly score with § . TNT:Background Only
M =2 = —3— Simulated Pseudodata
MJJ ~10° L == Signal + Background Fit
E = —— Signal
. S 10' —— Background
— Crucial for weakly 2
10° & Prob = 0.565

supervised methods

» Ensures no artificial 1o
bumps in the case of
no signal

2000 3000 2000 5000
Dijet invariant mass (GeV)

19



* Do all methods agree on anomalies?
— Check correlation of anomaly scores

Single Comparison Linear Correlation Summary

5 CMS Simulation Preliminary (13 TeV) CMS Simulation Preliminary (13 TeV)
()] L e r 1
Ué) | XYY (Y/Y'=5qq) Signal | vaEl 015 017 oz o4 o Relatively low

4~ Linear Correlation = 0.436 ] I ] g
W | Disco Correlation = 0.193 | , , correlation of anomaly
O 3 - S CWoL.a Hurting - 0.15 065 018 014 scores between
< o i ; methods (~0.5 or less)
o | ] ™Il 0.17 065 025  0.30 | _
8T Wi 7 |« — Different methods
§ 0;’ ’ CATHODE} 039 018 025 0.62 f are complementary

1— — I ]

2_ ] QUAK|- 044 014 030 062 .

L ] S
B T e e a & < ,\\xOQ &
Normalized VAE Score & S
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 What features by each method are used defines
what anomalies they could be sensitive to

« VAE: Uses p+,n ,o of all PF candidates inside the
jet
— quite ‘model agnostic’
 Weakly supervised & QUAK: uses typical jet
substructure observables

- soft-drop mass, n-subjettiness ratios, b-tagging info,
lepton subjet fraction

21



» For the analysis, need uncertainties SRRt
on the signal tagging uncertainty to

set limits

* Many of our signals don’t have SM
equivalents...

« — Developed new Lund Plane e
Reweighting method to correct MC R

Subjet 175 < 50 GeV

p.< 2
Data/Sim. Ratio

1.8
1.6

128
1 E

QCD modeling & derive uncertainties

Corrects density of splittings in MC |
per-prong ) ood
- Validated to improve data/MC '

In(k /GeV)

7 i
000000000

agreement on W and top events in data 081
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https://cds.cern.ch/record/2866330?ln=en

