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The LHC So Far
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The Standard Model at the LHC

Standard Model Production Cross Section Measurements

Stalus: February 2022
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» Excellent agreement with theory across 14 decades of cross section values

» Measurements of weak bosons, Higgs, top, including multiparticle processes
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Inclusive tf cross section [pb]

More Standard Model
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Further excellent agreement with theory:
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o tt cross section measurements from Vs = 1.96 to 13.6 TeV

o Higgs couplings (even in 2" generation!)

» What is missing from the standard model?
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The Standard I\Qodel & Beyond

W/Z mass Flavor physics pdf
W/Z couplings Strong
Interaction
~ Properties
Multibosons EW
Gauge 4. : .
SIS Evolution of early Universe SSpwssmp e
Higgs couplings Matter Antimatter Asymmetry
Nature of Dark Matter s
Higgs mass Nature Origin of Neutrino Mass Dias il o
_ of Higgs Origin of EW Scale Production of
P Origin of Flavor Dark Matter Long lived particles
Rare decays Explorin New
Top P E Particies Susy
] Physics he Unknown Interactions  Heavy gauge bosons
op mass el
Symmetries
Leptoguarks
Top spin FCNC New scalars Heavy neutrinos

» SM alone cannot answer the big questions
» Motivation to search for new particles & interactions
* What wouldn’t we have seen yet?
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Unusual
signatures
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» Celebrating a successful data analysis school!
o First in-person school since 2020

» 8 speakers, 46 facilitators, 46 students
Wine & Cheese Kevin Pedro
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Likelihood

Our First Excess
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* \Which of these resonances is real?
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Likelihood

ook Elsewhere Effect

arXiv-1005.1891] ° Which of these resonances is real?
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=
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* None of them!

)
=
T

s o All points from toy dataset generated
P L from background-only distribution

[—
=
T

events \ mass

(=)
T

os ‘ * Need to consider probability of statistical
[ fluctuations
0 “Multiple comparison problem”
mass m

« Compute trial factor: t = P(my resonance)/P(any resonance)
(for a given threshold)

 Local significance: before accounting for LEE

o Divide local p-value by trial factor, then recompute z
» Global significance: after accounting for LEE

o Always lower than local

Wine & Cheese Kevin Pedro 11


https://arxiv.org/abs/1005.1891

Significance [0]

Recent Excesses

 Past ~year has seen a slew of results from the “full Run 2” dataset (~138 fb!)
* Many intriguing excesses:

* Local
* Global ¥
4 T x 5 ww .
a o X o (] [ )
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Today’s Menu

* Focus on a few of the most significant excesses
 Brief details on others in backup

b T

Dijet resonances A T

b Tt
Leptoquarks

Wine & Cheese Kevin Pedro

Heavy long-lived
charged particles
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Dijet Resonances
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o Data
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One of the simplest and most generic
signatures of new physics

« Applies to any resonance that can be
produced in s-channel by gluon-gluon
fusion, quark-antiquark annihilation, or
quark-gluon scattering

Benchmark models: W', Z', excited quarks,
Randall-Sundrum gravitons, dark matter
mediators, and more...

CMS strategy:

0 Combine R = 0.4 jets into wide jets if they
have AR < 1.1 — collect final state
radiation to improve mass resolution

o Estimate background via analytic fit to
observed data

Kevin Pedro 14


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-17-026/index.html

High Mass Events

* Our story begins in 2018: m;;=7.9TeV isan

eta = 0.58

o Two events near 8 TeV
0 One with unexpected properties!

» Theoretical prediction for QCD
background with m;, = 8 TeV,
m;, =m,; =18 TeV: 4.5 x 10~ events

m,; = 8.0 TeV
0 Uncertainty: < 100% e
Mass = 1.8 TeV eta =027

» While dijet search is generic by design,

It doesn’t target this topology directly...

Wine & Cheese Kevin Pedro

‘.
¢
’
AK4 Jet 3,
” pt = 1.40 TeV
= eta =-0.74
o phi=-1.17
Wide Jet 1:
pt = 1.99 TeV pt=3.4 Tev
eta=0.29 Mass = 1.8 TeV
phi = -1.27
15



» Several signal models proposed: diquark, coloron P
e 4 narrow jets j, paired to make 2 wide jets J

O Require AR < 2.0 to combine narrow jets
(looser than dijet search) & low wide jet

Dedicated Search

mass asymmetry

O Bin in a = my/my; (avoid correlations), fitm,;

» Result: a second event!

omy=8.6"TeV, my=2.1TeV:
3.96 local, 1.66 global
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Nonresonant Excess

« Also search for nonresonant dijet pairs p Jet
0 e.g. from R-parity violating supersymmetry X Jot
« Same strategy, but fit m;

Jet
X
 Another excess observed! /

p Jet
o my =0.95 TeV: 3.6c local, 2.56 global

« Maybe compatible with small excess from 1387 (13TeV)
[<b] FrrTTTTTTT T T T T T T T 5
ATLAS trlgger-level (scoutlng) search 3 XX | S
> 1
o CT ™ T | T = A, 2
02:— ATLAS 95% CLupperllmlts E B =
0.18= |s=13TeV —— TLA Observed - 210 090
016F a6 | 208! TLA Expected (+ 1-20) ] B o S 05
- ' —— Dijet Observed ] 1072
0141 |y"|<0.3 | |y <06 2 T 10"
0.12F - B
0.1¢ v [ R | 10
0.08 - 10—47
- s i 3g---------------
0 06; 7: ”-40-------"---"--------------"---"---"--------"---------; 5X1 0'3
0.04- = 10°%
0.02Ls E 05 1 15 2 25 3
400 600 800 1000 1200 1400 1600 1800 2000 Dijet resonance mass [TE,‘V]
ATLAS-EXOT-2016-20 m,, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-20/

Meanwhile...

Both CMS & ATLAS published full Run 2 dijet searches
» Each has a few events near or above 8 TeV

 Potentially consistent w/ resonant paired dijet signal models:
ifqqg — Y — XX, thenalsoqq — Y — qq

137 fb.l (13 Tev) -.9 1 09 T I T 1T ‘ LI | T 17T L | | LI I | T 17 T 1T 1T 1
< L L R LA S . Data

© 10° . Ptmethod &' ATLAS ] Back d fi
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8 10 Ratio method W* Select — BumpHunter interval

i ¥2INDF = 42.04/ 32 10° election o WEm  =4TeV

E'= 10 . - - gg(20TeV) . W
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-012/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-03/

g

g

pair b b single T b T

« Particles that couple to both leptons and quarks are predicted by many

theories: grand unification, superstring theory, compositeness, etc.

o LQ properties:

O Spin: scalar or vector

0 Yukawa couplings A to lepton £ and quark g

0 Branching fractions B to given £, g flavors
= e.g. B(bt) and B(tv,) for LQ shown above

0 Anomalous couplings k to SM gauge fields

Wine & Cheese Kevin Pedro 19



LQ/t /NLQ=T b

L_eptoquar

Run 1 (7 TeV)
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Mid Run 2
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ks: Then to Now

Run 1 (8 TeV)

19.7 b7 (8 TeV

Early Run 2
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-023/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-12-032/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-12-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-029/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-016/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-016/index.html

An Excess App

Previous: scalar leptoquarks w/ A=1,k=0
Here: choose signal parameters to fit excess
(vector LQ,A=2.5,k=1)

0 m o =2TeV: 3.40 local

Sort search variables by sensitivity

0 Resonant channels:

St = pr(ty) + pr(ty) + pr(y) + pr(y) + PT s

o Nonresonant channels:

X = exp(ly(ty)-y(z)l), y = rapidity

 Driven by nonresonant signal
. mrQ = 1400 GeV MmLQ = 2000 GeV
Signal o [pb] 2 o [fb] z
Vector, x« = 1
Pair 0247935 00 024703 00
Single, A =1 1001080 12  0.6070% 1.0
Single, A =25  9.17%3 1.5 25118 1.4
Nonres. 58118 3.5 51+16 3.5
Total, A = 1 04219¢ 00 137 0.5
Total, A =25 122771 18 43115 3.1
Wine & Cheese Kevin Pedro
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Events in 3 & SMFT bins
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600 800 1000 1200 1400 1600 1800 2000 2200

—_
o
™

_.
<

10*

10°

102

1.6

1.4
1.2

0.8

Leptoquark mass [GeV]

CMS Preliminary 137 fo 1 (13 TeV)
FTTrrrrrrr [ rrrr[rrrr[rrrrp e
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* Driven by “no b tag region” (no jet requirement)

A Related Excess?

 Search for ¢ — t1, USING n{t = \/mT (P1', Pr?) + ma(prt, Priss) + m2(pp?, pmiss)
o Also provides a vector LQ interpretation
* m,=1200 GeV: 2.8¢ local, 2.4c global

0 Search also has 1b region
» vs. LQ search: 0j (jet veto), Ob+>1j, >1b regions

> Seemingly quite compatible...

Thth No b tag

138 fb (13 TeV)

8000— CMS

©' (1/GeV)
? Q

dN/dm

D Tt bkg. D Jetor,

D it I:I Others ]

¢ Chbserved Bkg. unc. J
QQ¢@311D bbe@1.0fb

(my=1.2Tev) ]
VLQ, gu=1.2 -
T mg=1Tev)

(mp=1.2TeV)

8|EDS JBaL)|

ojeos Ho|

—[C]

2; —ggo

| ® Observed

—bb¢ —VLQ

Bkg. unc.
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102 10°
miet (GeV)

stay tuned!

Kevin Pedro

Local p-value
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1000 2000
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Heavy Long-Lived Charged Particles

 Predicted by many models of supersymmetry:

o Charged superpartners (charginos ¥, sleptons {) make ionization deposits
(dE/dx) as they traverse the detector

0 Gluinos are EM neutral but color-charged: can form R-hadrons w/ SM

quarks, which can have EM charge
+ 4

.
P . P p ]
X1 (LLP) X7 > ¢ (LLP)_ G

-

.

T % £ LLp)™ G
p e ~ p
~

T ¢

* lonization: dE/dx depends on mass m, charge Q, Velocity B

1E
_ <i£_$> — 47Tm€n€?“gQ2 ( 1+ @ In 67)
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Heavy Long-Lived Charged Particles

miss

 Trigger on p7  (from neutralinos or gravitinos)

» Require at least one high-p- track with various quality & background
rejection requirements

e Measure dE/dx (in MeV gt cm?) using inner detector:
0 Reconstruct track mass: Mg /dx = Preco/BY ((AE /dxX)corr)
o Signal regions: low (1.8 <dE/dx < 2.4), high (dE/dx > 2.4)

> 1 06 T T T T | T T T T ] T T T T ] T T T T T T T T > 1 06 T T T T T T T T | T
8 10°F ATLAS Ys =13 TeV, 139 f" 8 10°F ATLAS Ys =13 TeV, 139 f"
o 4 SR-inclusive_High P> 120 GeV, In| < 1.8 o 4 SR-inclusive_High P> 120 GeV, In| < 1.8
o 10 m(g) = 2.2 TeV, m(i?) =100 GeV, 1(g) = 10 ns L 10 m(g) = 2.2 TeV, m(i?) =100 GeV, 1(g) = 10 ns
T Pk -7m@) = 13Tev. 5@ = 10ns § coserved ~ {03k M) =13TeV. @)= 10ns f osservea
—~ -+ M(T) = 400 GeV, 1(7) = 10 ns w0 -+ M(T) = 400 GeV, 1(7) = 10 ns
g 102 — Expected ?__-) 102 — Expected
e — E
E 10 @ 10 :
1 1 T Tl

O P = o 107 LT

1020 0 102" R

1 0_3 i :‘:: L1 T 1 0_3 1 TR SR N SN T S

- T T T T T I 1] T - T T | A
KW A RRTRN
Rl siaky S A S
*(E10-1 owvdl o owl ooy o ey w | owy ow |ow |'1: 91 1L L i Y YL Y | L vy |
CDU 0 1000 2000 3000 4000 5000 CDU 012 02 0304 086 1 2 3
m [GeV] pI* [TeV]
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Upper limit on cross-section [pb]

Statlstlcal AnaIyS|s

: T | T | T : q)
- ATLAS ] C_DU
- s=13TeV, 139 fb" — Obs. - T 4l
{0-'— Alllimits at 95% CL i e
= Gluino R-hadron, Am = 30 GeV ses Exp. (£1064,) 3 -
C ~ ~0 . 1 071 E
- 99X, = 30 ns ] g
= -- EXp (i 2 Gexp) . =
102 E 107
- _ 1 073 ; \
- 7 ; \\ / ® Short lifetime
1 0_3 é_ o ———— _é 1 04_]. = ‘ e Long lifetime =
I R R B T B B ] 1075 I R B B I ]
14 15 16 17 18 19 2 . . 2.4 0 500 1000 1500 2000 2500 3000
m; [TeV] Target Mass [GeV]

* m;=1.4TeV: 3.60 local, 3.3c global
o 7 excess events w/ 1100 < m < 2800 GeV:
o 2 likely background (overflow in pixel tracker dynamic range)

0 Other 5: 2.4 <dE/dx < 3.7 MeV g~ cm?
— predicted B = 0.5-0.6, but measured § = 1 (from ToF, MS, Calo)

» Not consistent with heavy LLP hypothesis...

Wine & Cheese Kevin Pedro 25



Entries/100 GeV

Another Interpretation

» Doubly-charged particles have B values

» Resonant production of relatively

compatible w/ measured dE/dx!

light daughter particles d from massive

parent particle P — boosted

» Good match for kinematic properties of

excess events

107 £ arXiv:2205.04473 m; = 800 GeV
1ol L Mp = 5000 GeV
; Q=2
100 ‘F_
107 ¢ T
_2
ol Bagis
103 1.
0 1000 2000 3000 4000
MIEdx [GeV]
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dE/dx [MeV g~! cm?]
iy

[\

TERRTT L L
e L

ionisation

Mp [TeV]

04 0.6 0.8

/' Best fit:
/" M, =52TeV

Q.
gy myg=650GeV |
I —
1/ @=2
- 05 10 15 20
mg [TeV]
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https://arxiv.org/abs/2205.04473

Prospects



Run 2 Prospects

A statistically independent dataset exists just on the other S|de of the rlng

 Paired dijet search:

no corresponding result from ATLAS (yet)

» Leptoquark search:

o0 ATLAS has full Run 2 results for
btbt, bLbl, or btz final states, but:

= All require >1 b-jet in all signal regions

= No nonresonant interpretations
(only pair or single production)

o ATLAS also has a search for A/H — z1:

= \Very minor excess in last bin,

potentially consistent but not convincing...

* Heavy charged LLPsearch: —_— -

o Latest CMS result from early Run 2

o0 Updated result eagerly awaited!

Wine & Cheese
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2019-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-12/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-46/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-036/index.html
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; Run 3 Luminosity
I /
I /
E Strong performance in first year of Run 3: 41.5 fb! delivered””
| ~
1 » Expect ~80 fb-t/year for remaining 3 years of Run 3 //
I /
' » LHC dataset will double in size! 7
| 7
| -
250 ——— f—— f——— A F—— A —
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2
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Run 3 Parton Luminosity

5.0

13.6 TeV /13 TeV gg
451 ctegel qq

inN
o
|
i
[
o
Q

w
U

N
Ul

N
o
=

parton luminosity ratio
w
o

=
—
gL

1902 103 10%

 Parton luminosity: generic cross section to produce an s-channel resonance
« s increase to 13.6 TeV: especially impactful for massive resonances

» Production rates can increase by a factor of 2 or more in Run 3
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Run 3 Prospects

Search Mass [TeV] | Parton lumi Significance 1: | Significance 1:
ratio factor Run 2 lumi Full Run 3

Paired dijets 40% 100%
LQ, HCLLP 1-2 1.1-1.2 5-10% 50%
Boosted LLP pair 5 1.5 20% 70%
 Paired dijets, 2 events in Run 2 dataset: ! 36 &

0 4 events in Run 3 w/ Run 2 lumi

w
B

w2
w
TTT

[ ]
|
-log(likelihood)

1 E
150 160 170 180 190
Top Mass (GeV/c?)

o0 8 events in full Run 3 dataset

» Almost 5o, 8c local

Events/10 GeV/c2

—
T

o And no LEE! (search for specific mass)

 Parton luminosity increase less relevant for
lower-mass excesses P a0

Top Mass (GeV/c?)

« May need to wait for end of Run 3 to conclude... Firstevidence of top quarks from
CDF in 1994: only 12 events!
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Searches: Imagination vs. Reality

Experimental
EXpeCtEd Theoretical search -
v : Nobel prize
- prediction confirms
prOCGSS . theory
Experimental
ACtuaI Theoretical search finds 799

. prediction something
prOCGSS . different

The most exciting phrase to hear in science,
the one that heralds new discoveries, is not
“Eureka!” but “That’s funny...”

— Isaac Asimov
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Observations from Our Survey

 For all three significant excesses we’ve studied today:

o Signatures don’t match signal models that initially motivated the searches
 Let’s ask again: what wouldn’t we have seen yet?

o Something we weren’t looking for!
> Need to search where the light isn’t

* S0... how do we do that?

THIS IS WHERE YOU
LOST YOUR WALLET?

NO, T LOST IT IN THE PARK.
BUT THIS |S WHERE THE LIGHT I5.

Wine & Cheese Kevin Pedro 33
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Machine Learning
IEROMETHEN®

output units

input units

Feed forward neural network

inputs

Recurrent Network

B. Denby, “Neural Network Tutorial for High Energy

Physicists”, FERMILAB-Conf-90/94, May 1990

Wine & Cheese
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http://lss.fnal.gov/archive/1990/conf/Conf-90-094.pdf

ML for Searches

Usage of ML in HEP is growing, including searches

Most common usage: object or event classification

0 e.g. CMS leptoquark, ¢—1t searches:
deep neural networks for b- and t-tagging

Many searches develop custom classifiers for their signal models
0 Pros: higher sensitivity (reject more SM background, keep signal)

o Cons: (potentially) lower sensitivity to other BSM signal models

Can we get the pros without the cons?
» Anomaly detection:
o Learn (train ML algorithm) based only on what we know (SM)

o Pick out what doesn’t match or isn’t recognized — something new?
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Case Study: Semivisible Jets

« What if dark matter is made up of composite particles, like visible matter?

 Strongly coupled hidden sector: dark QCD force with dark quarks & gluons
0 Unstable dark hadrons: decay to SM quarks — jets q

o0 Stable dark hadrons: dark matter candidates

» Semivisible jets (SVJs): mixture of SM hadrons and DM!
o Look like mismeasured or neutrino-ful SM jets q

» First CMS search: use BDT to tag SVJs, but also present results w/o tagger
o Dark QCD models have many undetermined parameters

138 fb™' (13 TeV)
L LSS

[ T T T —
: w 95% CL upper limits 107 '8_
IR Inclusive —
E —Observed m
0.8 E 3 — Median expected 1 o}
E 1 - -68% expected 0 s
0.78 el ... --.95% expected o
T e My = 20 GeV, o, = o e
O'GZ_ 0 1 £
0.5p" =
c Q.
0.4f 2
0.3F 107 =
I w
s\ Ro!
02 = \. (@]
0.1 :-"'.::: 10‘26
I 1 1 \9‘
0 2 3 4 5 {;)o

m,, [TeV]
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-
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-
-----

C  95% CL upper limits
L BDT-based

= —Observed

L — Median expected

L - -68% expected

E .- 95% expected

. Maanc = 0GeV, oy, = uﬂf.f

95% CL obs. upper limit on ¢ B [pb]


http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-020/

Autoencoders for Semivisible Jets

» Supervised classifier: trained on specific signal models (e.g. BDT)
— may be insensitive to other signal model variations

« Autoencoder: creates latent representation that accurately reconstructs
background — knows nothing about signal!

» Comparison: AE trained on QCD background, vs.
BDT trained on signals w/ m,, = 20 GeV

> Autoencoder can outperform BDT! 5D AE

( input (9) ) 0.816 0.716
!

dense hidden layer (10) ) 0.777

|
( dense hidden layer (10) )

encoder

0.727

mdark (GEV)

decoder

potfenect® 0703

( dense hidden layer (10) )
| |

dense hidden layer (10)

_ |
( output (9) )

_ 0.3 0.7 0.3 0.7
r r

arXiv:2112.02864 «invisible fraction”
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https://arxiv.org/abs/2112.02864

First Experimental Anorrh]lgsalm}e{

» Targets A — BC signatures

o A more general dijet search

» Uses “classification without labels” (CWoL a)

technique: train on multiple data regions,

assume different mix of processes in each

Training/validation

—y
o

“:"Vh"'

=
o]
1o
Data
8 Vs = 13 TOWN(39 fb” iFit
émﬁf €=0 =
@
i
100 —
+
10 +i‘ =
1; -
TR LR
S
3] 4:_

PRL 125 (2020) 131801 ™
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2500 3000 3500 4000 4500 5000 5500 6000 6500

,[GeV]

Search

Mixed Sample 2

ePOO0 | |eEEO®
OPCOG | | @OG®H
OGO | | COGO®
OOCOG | | COGO®
COOG | | OCOO®®

\o

/

Classifier

* No sign of a high-mass dijet excess...

o BUT: only considers 30 < m,; < 500 GeV,
2.28<m,;;<6.81 TeV

> Need to be as inclusive as possible, even
w/ anomaly detection!

« Newer ATLAS anomaly search for Y —
XH uses autoencoder + Higgs tagger

Kevin Pedro
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-59/
https://arxiv.org/abs/1708.02949

Anomaly Challenges

Reshet + 80T | LHC Olympics 2020:
PCA1 ———— ®
Lo . . . Fl_rst challenge in
High-level features AE ——— » thIS arena
Tag N Train ' . ° Led 10 new
Density Estlmatlnnx:s:r\: I L . teChanueS Ilke Ta
Latent Dirchlet Allocation ] N Tl‘ain, QUAK
Human NN o :
0 2000 4000 6000 —5 O 5 "nes Unsupervised Challenge Secret Data
Resonance Mass [GeV] Pull

Dark Machines Anomaly Score
Challenge 2021

« Wider range of BSM models
« More techniques investigated

Minimum TI

0

i > TI=

» Challenges provide open datasets s .
: » « Technical
o Crucial for benchmarks & - " Y Improvement
comparisons of different methods oo 8 T W e
« See also: Anomaly Detection Data s oyt & Dicavs Ry
Challenge 2021 o Comm RS s :.;;11;'::]_\ oot & MAD bz

Wine & Cheese Kevin Pedro 40


https://arxiv.org/abs/2101.08320
https://arxiv.org/abs/2002.12376
https://arxiv.org/abs/2011.03550
https://arxiv.org/abs/2105.14027
https://mpp-hep.github.io/ADC2021/

Anomaly Detection In Trigger

existing datasets

o Now applied to autoencoders!

Anomaly detection in offline analysis is a great way to extract more from

But can we take more interesting data in ongoing Run 3?

Substantial work to accelerate ML inference on FPGAs for L1 trigger

Effective models easily fit into ~1us latency budget

hils 4 ml

-0 DNN AE
Post-training quantization
©®15{ . . . ¢ . 1 1
]
g $ 2 ¢ ¢ % ¢ ¢ 9
21.0{ -4
o
5 ® LQ - bt
0.5 & A-u
. h* -
arXiv:2108.03986 o
0.0 -
2 4 6 8 10 12 14 16
Bit width
Wine & Cheese

Model Latency [ns| |1l [ns]
DNN AE QAT 8 bits 130 5
CNN AE QAT 4 bits 1480 895
DNN VAE PTQ 8 bits 80 5
CNN VAE PTQ 8 bits 365 115
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https://arxiv.org/abs/2108.03986

How to Use Anomaly Trlggers

» AE from semivisible jet study: £t i
=k : T . svJm. % i ﬂ ;::: E 8:;
« Turn it into a trigger: IS £ R
5 | i
1. Optimize threshold based = L
@ 107 1
on trigger rates & acceptance ="'t le
|
2. Deploy on FPGA w/ hls4ml |
|
. P I U I | P I = 1 ;
3. Nobel prlze’) 0 0.05 0.1 0.15 0.2 0.25 03 55

autoencoder output
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How to Use Anomaly Trlggers

* AE from semivisible jet study: & |-, L
ot e [ T S SVJ m % ;21 ?g: ; ; §:§
e Turn itinto a trigger: S B PEEpL! v [ Swmp=aTeV. /=0
g ; : \]I-]L—u_‘::—f::
1. Optimize threshold based ST | e )
(© 10° ; 1r
on trigger rates & acceptance ="'k ! ! HU
= | | |
2. Deploy on FPGA w/ his4ml [ : : T
Pz + P2y P14 Po=
- o3l v s b s e s L e
3. Nobel prlze’) 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

autoencoder output
» Important part of science: convincing other scientists!

o Are the triggered events signal or background?

» Need to characterize entire AE response: use different prescales to control
rates, p3 > P, > Py > P =1

o Also need to monitor data: avoid collecting detector noise for 3 years
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Another Way to Use Anomaly Triggers

significance improvement

= AL 4l L hﬂ—nr Goml:-med autoencoder .
B — Single AE
h* =1V — LQ
61 _
4+ _
o _
I arXiv:2111.06417
0 L | 1 | 1 I 1 | 1 1 1 | 1 L | | 1 L | |
0.0 0.2 0.4 0.6 0.8 1.0

True positive rate

 Trigger strategy, as before:

0 Accept all events in signal region A

o Prescaled triggers for regions B, C, D

Wine & Cheese

» Related idea: 2 decorrelated AEs

o Con: decorrelation procedure

reduces sensitivity vs. single AE

o Pro: facilitates “ABCD”
background estimation

Q
o
no
(=

0.015

Autoencoder 2 loss

Q
[
—h
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0.005f

L 1 ] 1 L | L II L Il L L
0'089000 0.005 0.010

0.015
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o

|
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significance improvement

i1.0

0.020

Autoencoder 1 loss
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https://arxiv.org/abs/2111.06417

Conclusions o2

* Run 2 has produced many tantalizing hints of new physics
O Possible new resonancesat 1, 2, 5, 8 TeV...

* Run 3 provides exciting opportunities! =,
0 Vs — 13.6 TeV: ~2x increase @ 8 TeV

0 Also 2x increase in luminosity

» Many excesses observed look
quite different from motivating
signal models

> Avoid the streetlight effect:
search where the light isn’t

Wine & Cheese Kevin Pedro
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References

o https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

» https://atlas.web.cern.ch/AtlassiGROUPS/PHYSICS/PUBNOTES/ATL -
PHYS-PUB-2022-009/

» http://cms-results.web.cern.ch/cms-results/public-results/preliminary-
results/TOP-22-012/index.html

o https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
* https://arxiv.org/abs/2211.11084
* https://arxiv.org/abs/2209.13128
o https://Iss.fnal.gov/archive/1994/pub/Pub-94-116-E.pdf
» See table (next slide) for links to search papers/conference notes
0 Subsequent slides have links to additional references, if any

Wine & Cheese Kevin Pedro 47


https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-012/index.html
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
https://arxiv.org/abs/2211.11084
https://arxiv.org/abs/2209.13128
https://lss.fnal.gov/archive/1994/pub/Pub-94-116-E.pdf

Table of Excesses

Experiment Process Mass(es) Localc | Global o

CMS ¢ — 1T m, = 100 GeV 3.1 2.7

CMS ¢ — 1T m,=1.2TeV 2.8 2.4

CMS H—-> WW my, = 650 GeV 3.8 2.6

CMS Y — XX — (4)(j) m, = 8.6 TeV 3.9 1.6
my = 2.1 TeV

CMS XX — ()Gi) my = 0.95 TeV 3.6 2.5

CMS W — WZ My, = 2.1 TeV 3.6 2.3

CMS W — WZ My, = 2.9 TeV 3.6 2.3

ATLAS X — HH — bbbb my = 1.1 TeV 3.2 2.1

ATLAS H. —» WZ m,,. = 375 GeV 2.8 1.6

CMS X — @@ — bbbb my =1 TeV 3.1 1.3
m, =75 GeV

ATLAS Heavy Charged LLP m; = 1.4 TeV 3.6 3.3

CMS X — HH - WWWW my = 750 GeV 2.1

ATLAS X — vy my =19 GeV 3.1 1.5

CMS LL — (qqf)(qq?) m, = 600 GeV 2.8

CMS LQ LQ — (bt)(b1) mo=2TeV 3.4

ATLAS H—2ZzZ,— et m, =28 GeV 2.5

CMS W, — Nt My, = 6 TeV 2.95 2.78
my = 0.8 TeV

ATLAS H — aa — bbup m, =52 GeV 3.3 1.7

CMS t — tqqq (pair) m; = 400 GeV 2.8

CMS T-tZ m; = 1.4 TeV 2.5 2.2
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http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-009/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-009/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-19/
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-002/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-23/
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-004/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-016/index.html
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-002/index.html
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-19-004/
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-19-004/

Uncertainties:

0 Cross section: NLO k-factor for 4j processis ~ 1

pp — 4j in MadGraph5_ aMC@NLO

—————————— . —— o — — — —

| Loose: my; > 7 TeV,

|mJ >1TeV, my,>1TeV

| Tlght m,; > 8 TeV

0 PDFs: 21% from NNPDF2.3LO (valence quarks dominate)
0 ur/ue: +72%, —40%

My

24/1+4/AR?

for central jets

107 e .

Result: 4.5 x 10> events in 77.8 fb! (similar results for other PDFs)
Observation: 2 wide jets w/ m; > 1.8 TeV less likely than m,; > 8 TeV
o Kinematically constrained: m, ~

tight cuts

[y
=
I__'
-1 4
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https://arxiv.org/abs/1810.09429

Paired Dijet Search

e 2devent: AR; =1.5,AR,=1.3

Q\/]S Dijet Pair 2:

pt =282 TeV
mass = 2.10 TeV

PF Jet 2,
1 pt =1.520 TeV
PF Jet4, eta=1.10
pt= 0659 Te , phi=2.33
eta=-123

phi=-1.23

e )\ o Example background fits:

CMS Experiment at LHC, CERN

. B4 -1
mass = 2.00 TeV RunfEvent: 315751 1300841184 ! 13816 (13 Tev)
Lumi section: 151 + Data Diquark: S— xx — (ug) (ug)
LO QCD MC —— M(S) =8.6 TeV
CMS - PowExp-3p fit ---- M(8)=5.0 TeV
— ModDijet-3p it e M(S) = 2.0 TeV
Dijet-3p fit Mix)/M(S) = 0.25

022 <a < 0.24 024 <a.<0.26 0.26 <& <0.28

2

do/dm,, [pb/TeV]

(Data-Fit)
Uncertainty

5 6 78

Four-jet mass [TeV]
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LQ Production Mode Contributions
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VLQ BM 1

138 b (13 TeV)

CMS

95% CL excluded:
[ ]Observed 68% expected

---- Expected 95% expected

95% CL preferred region
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my (TeV)
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dN/dm., (1/GeV)

Obs./Exp.

500

400f
300/

200}

100}

%

CMS

— 11T

138 fo! (13TeV)

10° F—r

—— Observed

1CMS Supplementary

138 7 (13 TeV)

Low mass

High-mass

m, (GeV)

. o o
« Final states: e E
S 12k e Expected &
e“’ eﬂch’ “’Th’ ThTh ; 568% expected E
§ 10 95% expected 9
e DeepTau, DeepCSV used g |
)
- m, =100 GeV: §
£
3.1c local, 2.76 global 3 -
O
32
i m(p - 1200 GeV o o10° - ggo—1T
Lfowmass | TehmESS o 10 g -
2.80 |Oca|, 2.40 g|0ba| 10770100 200 300 1000 2000 80 100 200 1000 2000
m, (GeV) m, (GeV)
jJ‘E +BT,, Nobtag p >200 GeV 138‘f?'1l(1gl-|7e‘v) = T Nobtalg - 138 fb (13T§V) _ .
- cms e 5 :ZZZCMS o m, =95 GeV:
: = | = We  [ows 2.60 local, 2.36 global
5 E gﬁgﬁfm. ] SE'_ oer . go:;e@;v: b ::.c::.o b _g D
 vessmin- man] 3 20 SR e Related to H — yy excess"
i -+ Bkg. only fit 1 o Moe1Tev) 10
2.80 local, 1.30 global
* ! (CMS-HIG-17-013)
- ' 1.5 ‘197beBTEV] +35.91f" [13Te\i]
| (>:<L L —ggo ) —bbo —via i ] EA 1.4'—HH o o
L 2 L 1 B Expected + 1
B : # Observed Bkg. unc. 1 T 12F Expaciod + 20 _|
o] L | - m r
. @) I—e—ees R A o X
0 B0 00 TS0 200 250 300 ) pye e = S:
m.; (GeV) me! (GeV) S
iyt = \/’”T(-ﬁ;l pr?) +mi(Pr', PFe°) + mi(pr®, o) i )
Wine & Cheese Kevin Pedro x U o 53
=] 80 100 105 110


http://cms-results.web.cern.ch/cms-results/public-results/publications/TAU-20-001/
http://cms-results.web.cern.ch/cms-results/public-results/publications/BTV-16-002/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-013/

105703 inputs

DeepTau

4 outputs
M6H1004TP
£z y(‘.
2 2B 9
oEE U
S Yr
Yiet

HER T e i
H H
i oz H
High-level 333 E
? L [ 57 oulpuls ﬂ
variables S Z
=
i
3
=
21 % 21 grid BN 21 % 91 grid ATT 2000 - L
188 inputs each ei/j’ 64 outputs cach gl = Q
512
Quter cells = gl 25
2 gl2g
i ElER s
i g
e 22y
11 % 11 grid 411w 11 grid :
188 inpurs each 64 outputs cach
toner el | —
i
o ! ]
CEFTe fas e
D\‘\\‘i]“\@ I
g
SOy
s
o
307 h P r
=S 31 L input grid
"""" 5 )
/ Filters w/ 1 3 1 window io % \ TR
i ixT
reduce number of nodes for G Z
subsequent convoluton O"\a o di)
8. - 3xd
+ g «,
[ o /4 = % 1x1
H %
2 -
z = “
1 gz z
B3 5
ut gl 22 Z
g Nz 5
&
£
=
2

38 nedes

Applied similarly for inner and outer cells
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Reconstructed decay mode
:L
Elj
@

Wine & Cheese

Applicd similarly

(13 TeV)
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13 TeV, 2016 13 TeV, 2018
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Entries / 30 GeV

ATLAS btbt

Di-tau preselection

Single-tau preselection

EX-trigger fired and EF™ > 250 GeV

No light leptons (e/u)
At least two jets

At least two hadronic tau leptons
At least one b-tagged jet

Exactly one hadronic tau lepton
At least two b-tagged jets
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u v, T
LQ3 ’
t,b
8 __ | T T T T T T T T T I T T T I T T T I f__
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- SR [ other B v ]
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B(LQ" — b1)
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LQ; LG production, LQ; — bt /tv,
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HCLLP Background Estimation

Region pr [GeV] 7| EP™ [GeV]  dE/[dx [MeV g~ Tem?)

SR > 170 > 1.8

CR-kin > 120 < 1.8 > 170 < 1.8

CR-dEdx < 170 >0

VR-LowPt > 170 > 1.8

CR-LowPt-kin [50, 110] < 1.8 > 170 < 1.8

CR-LowPt-dEdx < 170 >0

VR-HiEta > 170 > 1.6

CR-HiEta-kin > 50 [1.8,2.5] > 170 < 1.6

CR-HiEta-dEdx < 170 >0
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= 25f = 25f i 3
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» Toy track generation:

1. Sample 1/p, n from
CR-kin

Sample dE/dx from n bin
of CR-dEdx

Compute m using dE/dx—
By calibration

10-40M toy tracks sampled

* Validated in validation
regions (bottom)
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Previous HCLLP Search

 Similar search previously conducted with mid Run 2 dataset

e Excess of events with mass 500-800 GeV
— Mm; = 600 GeV: 2.4 local

* Not confirmed in updated search

0 EXxcesses can be inspiring... but be careful placing bets until verification!

> § T T T T ‘ T T T T I T T T T [ T [l) T T | T T T T I T T T T E' 2 T ‘ T T T ‘ T T T T | T T T T | T T T T ‘ T T T T I_
s - ATLAS * Data ] S 10°E\  ATLAS 's =13 TeV, 36.1 fb’ E
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£ F ! ts 4 Stable selection, SR 3 g C I Theory Prediction (+ 16,)) ]
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H— WW

Final states: ey, pu, ee

DNN categorization into gluon-gluon fusion (ggF), vector boson fusion
(VBF), or background

Second DNN reconstructs resonance mass (regression)
my, = 650 GeV: 3.8c local, 2.6c global

CMS Prsiliminary L =59.7 b’ (13 TeV) 138 1o (13 TeV)
A L S S E s — T3 E L L
> F o o and i ] o 10F CMS - Observed E
© 103 - WW_ Nonprﬂmm = oy Prelimi E ted 1
(O} E Multibosan SM Higgs E reliminary Xpecie
~ F [JggF (1000 GeV) [ VBF {1000 GeV) 3 & | 68% expected
2 el oo @8 Uncertainy - o 1 []195% expected E
EJ E 3 T — Exp. for SM-like Higgs
Voo ;_-'-.H__ E § 107 Scenario: f =1 .
E - Iver=
E *e
H e e, VBF 3 £ i
- - = T B 10%F B9 =
105 N c ;
E o a
10_2 ;_ ..... _E 1 0_3 ; 75
3 ; : ; 3 - TR
E 1.4 ; »L | [T O -‘ 0—4 E _E
8 12 F ¥ 2 2 F
1 W b
% 08 5“ : g r
A 06 F : | = : 1096 v v o e A
0 1000 2000 3000 1000 2000 3000 4000 5000
DNN m, [GeV] m, [GeV]
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W' — WZ
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> 3
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X — HH — bbyy, bbtt, bbbb

2 | 4 & F ATLAS 4D g M
5 10F ATLAS 1 2 Xat exp. timit 1 S10° (5-13Tev,139f’ [ Multijet
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T T rk E %] P SO,
10° Shi‘;dn:‘ldﬁegion Jz‘p-j::m fakes (MJ) _J 5 10 Boosled channel, 4b Uncertainty X _<‘\
Zm+(bbbecc) 3 5 10 wm(X) =1 TeV \\
10° mone W 4 TR, m(X) = 2 TeV .
\ SM Higgs E ] m(X) = 3 TeV g H
10" =piasiaaan 3 [ Uncertainty E .
1o e PG 3 e bbtt: parametrized neural
2 3 .
10 7 0 network w/ event-level
10 = pimam
= 10° i .
1 - variables (masses, angles,
. g, : - - i miss
% 15E T3 FE L ! ET™, etc.)
% Ogg: . \\\\\ﬁ‘\\\\\\\\\\\\(\\\é E‘g%’ Oi'l' T+|
8 o 1 I 2 3 ’ g 1000“"‘ 1500 2000 2500 3000 - d bbbb: flt tO m(H H) SpECtrum
PNN (m_ = 1000 GeV) score bin
‘ mee (boosted channel)
§ T I T | T U T T | U LI B B B B ||| T | g O_I T T I T I T T T I T T LI B I I II T | ]
10tk ATLAS Preliminary 33 Voo _ : 1 Mmy= 1.1 TeV:
T F »/E.=13TeV,126—139fb‘1 iy :1 l w7 N v | ]
AT D L N/ ] 3.2clocal,
Sl el ALl
3 ---- Expected limit (95% 3 E =
E 3 Comb. exp. limit + 10 E_I ;_2__0 A ______________________: 2'10 gIObaI
i [ Comb. exp. limit + 20 ] -2 i 1
1025_ . 10 ; §
1 10°F - —— bbbb
o E t ATLAS Preliminary bprte-
—— bbTtT - Vs =13TeV, 126 - 139 fb 1 - 1
o By 107*E Spin-0 T bbyy
10°L — Combined = 40 - Combined
E.val I 1 1 I A RN 1 L7 TR T | 1 | ! T B B B A A A | 1 |
200 300 500 1000 2000 3000 200 300 500 1000 2000 3000
mx [GeV] myx [GeV]

Wine & Cheese Kevin Pedro 62


http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
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Post-fit uncertainty
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H. — WZ

ANN used to
select VBF
signal events

my,, = 350 GeV:
2.8c0 local,
1.66 global

No significant
excess in
alternative cut-
based signal
region

o But overall
limits weaker
by 30-50%
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cC ]
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Events

Data

X — HH — WWWW, WW1rt, 1111

« BDT used to classify signal and background

 my =750 GeV: 2.1c local

* Driven by 2£ same sign & 3¢ categories

CMS 2£ss 138 b (13 TeV)
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X — vy

 Search for boosted diphoton resonances

* my =194 GeV:

3.1c local, 1.56 global

$
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> 120001 . .

f2‘11000: ATLAS ~ Data

2 = .4 — Background-only fit
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£ 10000}—
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LL — (qaf)(qqt)

q L q

/7
q T q
L: vector-like lepton

Two graph neural networks (ABCNet architecture) used to distinguish signal

E

[ )
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H—Z,/,— tLLL

« Signal region yield:
20 events observed

15.6 £ 0.4 £ 1.2 expected
* My, =28 GeV: 2.5 local
 Limits shown for kinetic mixing parameter

¢ and Higgs mixing parameter k both = 10~
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» EXxcess appears in resolved channels
(primarily ee), not in boosted

* My, =6TeV,my=0.3TeV.
2.956 local, 2.78c global
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« BDT trained to distinguish signal
from background, in overlapping
bins of 8 GeVinm |

e m,=52GeV:
3.3c local, 1.7 global

» Excess not apparent if BDT not applied
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t — tgqQ (palr)

» Semileptonic channel: one top decays g
to e or , other top decays to quarks 6= 10
« Custom neural network distinguishes s
signal from background =
. g 10
o Gradient reversal used to decorrelate >
f N O 10°
rOM Wi P
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T —>tZ

« Hadronic top + p™* final state:
ot— Wb — (qg)b, Z — vv

» Merged: top tagging w/ subjet b-tagging, softdrop mass,
Nsubjettiness ratio 15,

o Partially merged: W tagging w/ softdrop mass, t,,
» Resolved: take highest-p; combination of 3 jets

» Excess driven by resolved + >1 forward jet category in 2016 data
e m;=1.4TeV: 2.56 local, 2.2 global
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Normalized to Unity

Normalized to Unity

Y — XH w/ Anomaly Detection
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-045/
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