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A quick word about me

e Brief summer on CMS in 2005
« Working on ATLAS since 2006
e PhD on ATLAS in 2010

« Jet shape measurements

e Share time between a few areas in ATLAS
« SUSY (vanilla and weird searches)
 Jets (response, SM measurements)

 Software (simulation, generation, analysis)

« Several positions within ATLAS

« SUSY search group convener ("16-'18)
« Deputy computing coordinator ('20-'21)
« Computing co-coordinator ('21-'22)




Before we get too far...

This is relevant

. Why, yes!

—.This IS relevant

\ to myiinterests!

........

VBT el e I'm gonna talk about a whole bunch of

new physics searches and techniques

Please go ahead and send me a note or
write in the chat any particular new
physics searches / techniques / models
that you're interested in, and I'll try to be
sure they're covered in the next lectures



mailto:zach.marshall@cern.ch?subject=Subject%20for%20the%20lectures
https://knowyourmeme.com/memes/this-is-relevant-to-my-interests
https://scholarlykitchen.sspnet.org/2015/06/29/how-does-the-university-press-remain-relevant/relevant-to-my-interests/
https://knowyourmeme.com/memes/this-is-relevant-to-my-interests

Outline

Starting a search
Designing a search
Estimating backgrounds
Reporting results

LLP/Unusual searches YOU WANT TO:SEARCH FOR NEW PHYSICS

Disclaimer: I'm going to show mostly ATLAS results; | know those
best. CMS has done much of the same work (and we share many
standards)

Note: Most pictures in these talks are links to the paper / source
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So Much Data!

® \We measure our data set in

Inverse cross-section

® Multiply by the cross section
to get an event count (or rate)
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So Much Data!
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Standard Model Production Cross Section Measurements Status: November 2019
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Standard Model Production Cross Section Measurements
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What is a search?

« Measurements are searches too!

« "Above 160 GeV... a probability
of 1% that the excess is due to a
fluctuation.”
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* "The best agreement with our
data is for A, < 1.6 TeV”

« Unfortunately, we didn't find
quark compositeness, we found
the gluon in the proton...
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https://arxiv.org/abs/2102.04377
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.438

Starting a search

« My favorite way to think about a new
project is to think about the paper

« What is the title of the paper?

« What are the sections of the paper?

« What are the main plots in the
paper?

« Once | can draw those plots with a
crayon, | am ready

« Different people have different ideas of

..» o
V)
WA
o\
L P
) @ o)
> 2 A
) '/’O N
k) " \},
, f ;
y v
a 7 ‘\\
7 A i
A S N
P= \>
/ 7O\
7 X f M
(Fz =

how much prep to do...

11


https://www.reddit.com/r/Marvel/comments/7r2fvz/spiderman_drawing_i_finished/
http://www.apple.com

Blinding

Blinding is one of the biggest
philosophical discussions in searches

« Many measurements are not blind

What it usually means is “don’t look at
your signal region data until your
background estimation is finalized.”

In some cases it is very hard to do.

It is not strictly necessary, and usually is
not strictly required, to do good physics

It is very helpful to avoid biases
« ALWAYS COMPARE EXPECTED LIMITS

Do not take blinding as a religion

* If you look in your SR and see something
stupid, go back and try again.

12



https://www.marvel.com/comics/issue/77134/daredevil_2019_24

Searching Step 0: What am | Looking For?

« |dentitying a model or signature of interest is a great starting point

13



Why a signature? Why a model?

® Signatures are general ® Models are (usually) physical

® They don't rely on biases of | ® Someone has worked out the
the pheno community implications in the real world

® They let you explore ® They allow comparisons
interesting detector / between searches and other
detection problems experiments

® Extremely hard for ‘vanilla’ ® May allow detailed
signatures (jets+MET) optimization (also bad)

® Signatures don't necessarily have fewer or more parameters than
models

® A search for a signature doesn’t necessarily mean interpretation
is easier or harder

14



My Opinion

® | et a good model guide you to an interesting signature

® Then generalize your search based on that signature

--OR YOU TAKE THE
RED PiILL, AND I SHOwW
YOU HOW DEEP THE
RABBIT HOLE GOES.

\

AR T
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/ WHERE
ARE WE?
I HAVE
NO 1DEA.



https://xkcd.com/566/

Dealing with a model

® This is a(n example of a) simplified model

MSUGRA/CMSSM: tan(B) = 30, A =-2m,, it > 0
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Dealing with a model
annoying
® This is a(n example of al\simpliﬂed model

MSUGRA/CMSSM: tan(B) = 30, A =-2m,, it > 0
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Dealing with a model

® This is a(n example of a) simplified model

18



Dealing with a model

® This is a(n example of a) simplified model

® Two new particles
Squark

\ Neutralino/
LSP/
~ O/Dark Matter

I

19



Dealing with a model

® This is a(n example of a) simplified model

® Two new particles /Jet
® One decay possibilit q ..
y P y Missing
P / Transverse
7 ~0
q ) % Momentum
RS -0
q X1
P
q

| can search for that ©

20



So many options!
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So many options!




Back to our model...

® \What are the free parameters of

our mode|? p .
. , q X1
® \\Ve have to make the thing: there’s a _-"
production cross section. -
® Two new particles mean two new q X1

MaSSeSs. 9,

23



Back to our model...

® \What are the free parameters of

q
our mode|? p .
. , q X1
® \\Ve have to make the thing: there’s a _-"
production cross section. -
® Two new particles mean two new q B )2(1)
masses. D
LSP q
Mass

Squark Mass
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Back to our model...

® \What are the free parameters of

q
our mode|? p .
. , q X1
® \\Ve have to make the thing: there’s a _-"
production cross section. -
® Two new particles mean two new q )2(1)
masses. D
LSP q
Mass

'c' LSP Heavier than
£ Squark

Squark Mass
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Back to our model...

q
® \What are the free parameters of
our mode|? p .
. , q X1
® \\Ve have to make the thing: there’s a _-"
production cross section. -
® Two new particles mean two new q B )2(1)
masses. D
ISP § q
Mass
¢ LSP Heavier than
§ Squark
‘ Heavy Squark

_ Light LSP

High energy jets!

Squark Mass
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Back to our model...

® \What are the free parameters of

our model?

® \\Ve have to make the thing: there’s a
production cross section.

® Two new particles mean two new

MaSSeSs.

LSP
Mass

'c‘ LSP Heavier than
£ Squark

27

Squark Mass

q
g;é %
\Zf‘iﬁ' Q0
q

Lighter Squark
Heavier LSP

_ow energy jets!



Back to our model...

® \What are the free parameters of
our model? p

® \\Ve have to make the thing: there’s a
production cross section.

® Two new particles mean two new
masses. D

q
g;é %
\Zf‘iﬁ' Q0
q

LSP
Mass

%fLSP}4eaWerthan

“"Compressed”
£ Squark

_— "Bulk’

Squark Mass
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Back to our model...

q
® \What is our signature?
p :
® Jets with MET, but how much of each g -0
depends on where we are in the - X1
parameter space _
S~ -0
q X1
p
LSP q
Mass

% LSP Heavier than

‘ “"Compressed”
£ Squark

_— "Bulk’

Squark Mass
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Back to our model...

® \What are our assumptions?
® |s this SUSY, so that we know the P
oroduction cross section?
® \What about the other particles?
® Do we really know the cross section?
p

® Could there be other decays?

® \Would they help us or hurt us?

® Do the squarks have a lifetime?

30
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Those Assumptions

q
® Always keep an eye on those
assumptions you're making! p ) :
. : q %!
® Remember, the goal is to find new -7 X1
physics, not to search for a diagram. -_
.~ ~0
® A change to your search might make q X1
you a bit more sensitive to your p
particular model, but at what cost? q

® \When reading papers, be very
careful with assuming that they have
or do not have sensitivity to a slightly
different model

® Especially when the slight difference is
something like a lifetime

31



Those Assumptions

q
® Always keep an eye on those
assumptions you're making! p - :
® Remember, the goal is to find new -7 v
physics, not to search for a diagram. -_
® A change to your search might make LQ g
you a bit more sensitive to your p
particular model, but at what cost? q
® \When reading papers, be very SURPRISE!

careful with assuming that they have
or do not have sensitivity to a slightly
different model

It was a leptoquark search
the whole time!

® Especially when the slight difference is
something like a lifetime

32



https://en.wikipedia.org/wiki/Spanish_Inquisition

Those Assumptions

® Always keep an eye on those
assumptions you're making!

® Remember, the goal is to find new
physics, not to search for a diagram.

® A change to your search might make
you a bit more sensitive to your
particular model, but at what cost?

® \When reading papers, be very
careful with assuming that they have
or do not have sensitivity to a slightly
different model

® Especially when the slight difference is
something like a lifetime

33

SURPRISE!

It was a dark matter
search the whole time!



https://www.pride.com/music/2021/3/03/kathryn-hahn-now-pop-girl-wandavisions-chart-topping-song

Those Assumptions

® This becomes a big issue when thinking about backgrounds

= L B B L = ~
> 0.9 ATLAS B 1420 8
T (s=13TeV, 36.1 fb" . =,
E 0.8 VLQ combination —; 1400 g
m 0.7 Observed limit = ?
0.6 E 1380 &
7 ¥ SU(2) doublet 3 ]
03 O SU(2) singlet 381360 L\z
0.4 = S
= o
0.3 311340
0.2 =
11320
0.1 : —~
' "‘-‘ =S
0O 0.102030405060.70809 1 1300

BR(T — Whb)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-17/

Those Assumptions

® This becomes a big issue when thinking about backgrounds

All T Ht
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> 0.9 ATLAS 1420 8
T (s=13TeV, 36.1 fb" . =,
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0 O SU(2) singlet 381360 L\z
0.4 = S
= o>
0.3 311340
0.2 =
11320
0.1 : =
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All T Zt BR(T - wipy Al T2 Wb
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-17/

Those Assumptions

® This becomes a big issue when thinking about backgrounds

® Be extremely careful!

® Can you use photon+tjets to estimate Z+jets? W+jets?

® Can you use different flavor leptons to estimate same-flavor leptons?

® Very clever data-driven estimates often suffer from model-
dependent signal contamination

36



But what about a signature?

® Commonly overheard: “But I'm searching for a signature, so this
is fully general! | have no assumptions!”

li‘l

OH, REALLY.
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But what about a signature?

® |f your signal is far easier to find in other ways, your search
orobably isn't the right one

e |f | want displaced photons, this model works:
o X

LLP

o h

® But Higgs bosons don't like to decay to photons. Gonna be way
easier to find other ways.

® This doesn’t mean you shouldn’t look for displaced photons!

® |t just means you should optimize with a different signal.

38



But what about a signature?

® |f your signal is far easier to find in other ways, your search
orobably isn't the right one

¢ |f | want displaced photons, this model actually works:

® But Higgs bosons don't like to decay to photons. Gonna be way
easier to find other ways.

® This doesn’t mean you shouldn’t look for displaced photons!

® |t just means you should optimize with a different signal.
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But what about a signature?

® |f your signal is far easier to find in other ways, your search
orobably isn't the right one

e |f | want displaced leptons, this model works:

N
VAR

® But to avoid the Z' decay to quarks (and a dijet search), | have to
reduce the coupling to quarks, which changes the production
cross section for the model

® Doesn't mean this isn't worth searching for! Just have to be careful
that the model makes sense.

40



But what about a signature?

® |f your signal is far easier to find in other ways, your search
orobably isn't the right one

¢ |f | want displaced leptons, this model actually works:

® But to avoid the Z' decay to quarks (and a dijet search), | have to
reduce the coupling to quarks, which changes the production
cross section for the model

® Doesn't mean this isn't worth searching for! Just have to be careful
that the model makes sense.
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ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: May 2020 f[ dt = (3.2-139) fo! V5 =8, 13 TeV
. miss 1 PR
Model f,y Jetsy ET JLarm™] Limit Reference
— T T — T — T T —
ADD Gk +&/q Oep 1-4j Yes  36.1 Mp 7.7 TeV. n=2 1711.03301
ADD non-resonant yy 2y - - 36.7 | Ms 8.6 TeV. n=3HLZNLO 1707.04147
ADD QBH - 2] - 37.0 | My, 89TeV n=6 1703.09127
ADD BH high 3, pr >lepu >2j - 32 | Mu 82TeV. =6 Mp=3TeV, ot BH 1606.02265
ADD BH multijet - >3j - 3.6 L 955TeV. n=6, Mp=3TeV,rot BH 1512.02586
RS1 Gy = 7y 2y - - 36.7 | Gk mass 41 Tev 1707.04147
Bulk RS Gy — WW/ZZ multi-channel 36.1 | Gy mass 23TeV 1808.02380
Bulk RS Gyx — WV — {vqq Tepu 2j/1J  Yes 139 Gkk mass 20Tev . 2004.14636
Bulk RS gkk — tt Teu >1b >1J/2) Yes 36.1 BKK mass. 3.8Tev m=15% 1804.10823
2UED / RPP Teu =22b 23] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(ALD — ¢t) =1 1803.09678
SSM Z’ — ¢t 2eu - - 139 |Z"mass 5.1 TeV 1903.06248
SSM Z' — 1T 27 - - 36.1 2’ mass 2.42TeV 1709.07242
Leptophobic Z' — bb - 2b - 361 |Z'mass 24 TeV 1805.09299
Leptophobic Z’ — tt Oepu >1b22J Yes 139 |2Z/mass 41 TeV M/m=12% 2005.05138
SSM W’ — v leu - Yes 139 [ W’ mass 1906.05609
SSM W’ — 1v 17 - Yes 361 | W mass 3.7 TeV 1801.06992
HVT W - WZ > tvaqgmodel B 1e,u  2j/1J  Yes 139 | W mass 4.3TeV =3 200414636
HVT V/ - WV - qqqq model B O e, 24 - 139 |V mass 3.8TeV v =3 1906.085689
HVT V' - WH/ZH model B multi-channel 361 |V’ mass 293 TeV v =3 1712.06518
HVT W’ — WH model B Oepu =1b=2J 139 | W’ mass 3.2TeV av =3 CERN-EP-2020-073
LRSM Wg — tb multi-channel 36.1 | Wgmass 3.25 TeV 1807.10473
LRSM Wg — uNg 2u - 80 | Wg mass Tev m(Ng) = 05TeV, g = g 1904.12679
Clgqqq - 2j - 870 |A 21.8TeV 7, 1703.09127
Clttqq 2ep - - 139 [A 858TeV. . CERN-EP-2020-066
Gl tttt >teu >1b>1j Yes 361 |A 2.57 TeV. |Cal = 4x 1811.02305
Axial-vector mediator (Dirac DM) 0 e, i 1-4) Yes 361 Mimed 1.55 TeV 25, g,=1.0, m(x) = 1 GeV 1711.03301
Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mimed 1.67 TeV £=1.0, m(y) = 1GeV 1711.03301
VVyy EFT (Dirac DM) Oe,u 1J,€1j  Yes 3.2 M. 700 GeV m(y) <150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM)  O-1e,u  1b0-1J Yes 361 |ms 3.4TeV ¥ =04,1=02,m(y) = 10 GeV. 1812.09743
Scalar LQ 1% gen 12e >2j Yes 36.1 LQmass 1.4TeV B=1 1902.00377
Scalar LQ 2" gen 124 >2]  Yes 361 [LQmass 1.56 TeV p=1 1902.00377
Scalar LQ 3" gen 2t 2b - 36.1 LO; mass 1.03 TeV B(LQ3 — br) 1902.08103
Scalar LQ 3" gen 0-1eu 2b Yes 36.1 LQj mass 970 GeV BLQY — tr) = 1902.08103
VLQ TT — Ht/Zt|Wb + X multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
VLQ BB - Wt/Zb+ X multi-channel 36.1 [Bmass 1.34 TeV SU(2) doublet 1808.02343
VLQ T3 Tl Tos — We+ X 2(SS)/28eu>1b>1) Yes 361 | Taamass 1.64 TeV B(Tojs — Wi)=1, ¢ TssWe)= 1 1807.11883
VLQY - Wh+ X feu =1b>1 Yes 361 |Ymass 1.85 TeV B(Y = Wh)=1, cr(Wh)=1 1812.07343
VLQ B — Hb+ X Oeu,2y =1b,>1 Yes 798 |Bmass 1.21Tev k=05 ATLAS-CONF-2018-024
VLQ QQ — WgWq Tepu 24j Yes 203 1509.04261
Excited quark ¢* — qg - 2j - 139 only u" and d*, A = m(q") 1910.08447
Excited quark ¢* — qy 1y 1] - 36.7 only u* and d*, A = m(q") 1709.10440
Excited quark b* — bg - 1b1j - 36.1 1805.09299
Excited lepton £* Seu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* Beut - - 20.3 A=16TeV 1411.2921
Type Il Seesaw len >2]j Yes 798 | N°mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2pu 2j - 36.1 Ng mass 3.2Tev m(Wg) = 41TeV, g1 = gr 1809.11105
Higgs triplet H** — £¢ 2,344 (SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
Higgs triplet H** — 1 3ent - - 20.3 DY production, B(H}* — (r) =1 1411.2921
Multi-charged particles - - -~ 361 | muticharged particle mass 1.22 TeV DY production, lg| = 5e 1812.03673
Magnetic monopoles - - ~ 344 | monopolemass 237 TeV DY production, lg| = 1go, spin 1/2 1905.10130
~/§=13TeV ~/§=13T6V A | n " " MR | " L MR Er | " " PR
artial data - 1 10
P: full data 10 Mass scale [TeV]
*Only a selection of the available mass limits on new states or phenomena is shown.
TS8mall-radius (large-radius) jets are denoted by the letter j (J).
* . [
ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary
June 2021 Vs=13TeV
Model Signature  [Ldt ('] Mass limit Reference
R i wiss o
G, Gt Ocp  26jets I 139 185 m(F})<400 GeV 2010.14293
o ! monojet  1-3jets EF® 361 | [6xDegen] 09 m(@)m(E)=5 Gov 210210874
b3 . .
s @ Foaqat) Oep 26jets EPS 139 |z 23 m(i})=0GeV 201014293
5 Z Forbidden 1.15-1.95 m(E)=1000 GeV. 2010.14293
&Sz goagwd Tep  26jets 139 |& 22 m(i2)<600 GeV 210101620
Q2 g ee.pp 2jets  Ep™ 361 [& 12 m(@)-m(F!)=50 Gev 180511381
I S Oep  7-Mjets EPS 139 | & 1.97 m(E}) <600 GeV 2008.06032
3 SSeu  Blets 139 |z 115 m{z)-m(¥})=200 GeV 1909.08457
= gty O-1ep 3b Ep™ 798 |& 225 m()?g]<200 GeV. ATLAS-CONF-2018-041
SSep 6 jets 139 [4 125 m(g)-m(¥})=300 GeV 1909.08457
byby Oep 2b £ps 139 | By 1.255 m(E) |400Gev 2101.12527
by 0.68 10 GeV<Am(b, F1)<20 GeV 2101.12527
og bb by—b¥s - bhE] Oep 6b  Ep 139 |5 Forbidden 0.23-1.35 Am(E3.71)=130 GeV, m(i! 1908.03122
K % 27 2h  EPS 139 By 0.13-0.85 Am(T?.¥1)=130 GeV, m{¥| ATLAS-CONF-2020-031
§§ i, Hot] Odep  =ljet EPS 139 |§ 125 2004.14060,2012.03799
28 aiiowht) Tep  Betshb EPS 139 [ Forbidden | 0:65 2012.03799
g§ iy, ioTiby, 757G 127 2jetstb EPS 139 |h Forbidden 14 ATLAS-CONF-2021-008
= L Ai, fodt) /@ eoet) Oept 2c B ogeq [z 0.85 1805.01649
©T Oept mono-jet K7 139 @ 0.55 2102.10874
iy, -3, ¥3—Z/ht} 12e,p 1-4b  EPS 139 @ 0.067-1.18 2006.05880
i, by +Z Seu b EPS 139 | & Forbidden 0.86 2006.05880
K viawz Multiple ¢/jets EPsS 139 )2; e 0.96 2106.01676, ATLAS-CONF-2021-022
ee, =1jet Eg"'\‘ 139 | ¥ /)?ﬁ 0.205
XiXi viaww 2ep s 439 0.42 m(E})=0, wino-bino 1908.08215
T via Wh Multiple ¢/jets ERs 139 | ¥H/%  Forbidden 1.06 m(¥)=70 GeV, wino-bino 2004.10894, ATLAS-CONF-2021-022
> § X vialy /v 2en EPS 439 | EF 1.0 m(E,7)=0.5(m(F% ) em(T))) 1908.08215
DS ot 27 s q39 |® R, 060! 0.12-0.39 mif, 1911.06660
S giig, -6 2ep Ojets  EFe 139 |7 0.7 mi)=0 1908.08215
ee, =ljet  EPS 139 |7 0.256 m(f)}m()=10 GeV 1911.12606
M, H—hG(ZG Oep =3b B 361 | & 0.13-0.23 0.20-0.88 1806.04030
4ep 0Ojets P 189 | 055 2103.11684
Oep =z 2large jets Eg"'“ 139 | ir 0.45-0.93 ATLAS-CONF-2021-022
Direct ¥1¥; prod., long-lived &} Disapp. trk 1 jet 139 | & 0.66 Pure Wino ATLAS-CONF-2021-015
Ba X 021 Pure higgsino ATLAS-CONF-2021-015
= g Stable g R-hadron Multiple 31 |z 20 1902.01636,1808.04095
2T Metastable  R-hadron, z-qq¥] Multiple 36.1 miE})=100 Gev 1710.04901,1808.04095
82 76 Displ. lep EPSS 139 w(h=01ns 2011.07812
() 1ns 2011.07812
FiX R s zeseee Sep 139 Pure Wino 201110543
TR o wwizteery den Oets  EpM 139 m()=200 Gev 2103.11684
7. 3-qa¥). 1) - qqq 4-5 large jets 36.1 Large 1y, 1804.03568
S miod) B o bs Multiple 36.1 m(¥)=200 GeV, bino-like ATLAS-CONF-2018-003
K BT, X bbs = 4b 139 Forbidden it 201001015
fi, h—bs 2jets +2h 36.7 171007171
iy, h—qt 2epu 2b 36.1 0.4-1.45 BR(f, —~be/by)>20% 1710.05544.
Tu bv 136 1.6 BR(7, —qu)=100%, cos#,=1 2003.11956
T B3R, B8, —tbs, X{ —bbs 12eu  >6jets 139 |8 0.2-0.32 Pure higgsino ATLAS-CONF-2021-007
s N N | s . P
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Dark Matter

Extra Dimensions
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Leptoguarks

Heavy Gauge Bosons

We’ve done a few searches

Selected CMS SUSY Results* - SMS Interpretation ICHEP '16 - Moriond '17
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Overview of CMS EXO results

CMS y 36-140 fb~! (8,13 TeV)

String resonance " 05=B1711912.12238; 160408907 (2))
Zy resonance. M 03554 1712.03143 (21 + 1y; 2e + 1y; 2 + 1y)
Higgs y resonar " 07253251 1808.01257 (1) + 1)
Color Octect Scalar, K2 = 112 " 1912.12235: 160408307 (2])
Scalar Diguen " 05575711912.12238: 160408907 (2])
&+, pseudoscalar (calar), o, x BA($=20) > =0.03(0.004) " 0015-0075 191104968 (31, = a1)
tE+9, pseudoscalar (scalar), gz, x BR($-21) > =0.03(0.04) » 00850347 1911.04968 (3¢, =41)
quark compositeness (gd), s =1 Rion 128 1803.0803 (2])

i =2001612.10043 (21)

i 175118030803 (2)

i =3201812.10493 (20)
Excited Lepton Contact Interaction " 02556712001.04521 (2e +2))
Excited Lepton Contact Ineraction " 025711 2001.04521 (24 + 2])
(axial-vector mediator (). 9, =0.25,gow = 1.1, = 1 GeV " 218 171202305 (225 + )
(axial-)vector mediator (q), gq=0.25, " 05521811 1912.12238; 1604.08907 (2))

" <029 1901.01553 (0, 1F + = 3 + EY"™)
" <037 190101553 (0,10+ = 3j+ Ef)
" S 171202345 (22 + 7).
compiex sc. med. (dark QCD). m, " <1547 181010069 (4))
Baryonic Z. gq =025, gow = 1m, " <197 1908.01713 (h + E§%)
27— 2HOM, 97 = 0.8, o = 1, anf = 1,y = 100 GeV " 055320 1908.01713 (h + EF)
Vector resonance, 6= 025, gon = 1, my = 1 GeV’ " 035207 191103761 (=3)
Leptoquark mediator, =1, 5= 0.1, & 0 = 0.1, 800 <M, <1500 GeV 1 0306 181110151 (1 + 1) + )
RPY stop to 4 quarks " 0080520 1508.03124 (2 4)
APV squark o 4 quarks " 00725 1506.01058 (2))
RPY gluino to 4 quarks " OL=IAIN 1806.01058 (2))
RPV glinos o 3 quarks " <157 181010092 (6))
ADD (j) HLZ, e = 3 " =1211203.0803 (2))
" =931(1812.10443 (2, 2t)
" 9901712.02345 (= 1) + E)
" 20118030803 (2})
" <5671 1802.01122 (ep)
" =41 1809.00327 (2y)
" 59711503.0803 (2))
" 3611180201122 (en)
eV, neo = 6 " 9711805.06013 (= 7)(4,¥))
" =207 1803.11133 (1 + E7)
RS Gix(ad. g9). i =0.1 " 052267 1912.12236; 1604.08907 (2))
excited light quark (qy). M 1711.04652 (v +J)
excited b r " [ 171108652 (y + )
excited light quark (qg), A = m, " JOIS=6I3N 1912.12238; 1604.08907 (2j)
excited eectron, 5 " I D25 53100 1811.03052 (y + 2e)
excited muon, f " 0253081 1811.03052 (y + 200
VMM, [Vanl? = 18, [Vl = 1. M <12 1802.02965 (3t(, &)
VMM, VeV Vel + Vi) =1.0 " 002-16  1806.10905 (26, =1j)
Typel seesaw heavy fermions, Flavor-democratic " <088 191104968 (31, =41)
Vector like taus, Doublet " 012-079 190510853 (31, =a1,21, = 17)
scalar LQ (pair prod., coupling to 1 gen. fermions, 5 =1 " <144 101101197 (2e +2))
scalor L (pair prod.), coupling to 1% gen. fermions, = 0.5 " FUZTN 181101157 (20-+ 21 o +2) + EY)
scalar LQ (pair prod.), coupling to 2" gen. fermions, B =1 " 153 1608.05082 (2u+2))
Scalar LQ (pair prod.), coupling to 2 gen. fermions, f =1 " 08-15 181110151 (1u+1j + EF™)
scalar LQ (pair prod.}, coupling to 2" gen. fermions, M <129 1808.05082 (2p+ 2j; | + 2j + Ef'")
scalar LQ (pair prod.), coupling to 31 gen. fermi " <1.0; 1811.00806 (27 + 2j)
scalor LQ (single prod), coup. to 3° gen. ferm. " <074 180603472 (v +b)
2y, narrow resonance u|  oous-oors 191204776 2w
25, narrow resonance " 02 1912.04776 (201
ssmz " 025201 £X0-15-019 (26, 2)
SsM Z(aq) " 05291 1912.12238; 1604.08907 (2))
2(ea) " 001-0125 190510331 (1), 1)
Superstring Z, " 024671 £X015.019 (26,20
LFV Z, BRle) = 10% " 02=44 1602 01122 (em)
Leptophabic 2/ " 00550457 1909.04114 (2))
SSM Wty) " O4=5201503.11133 (¢ + £
S5M W(rv) " 047 1807.11421 (x + E7)
SSM W'(gd) M 0I5=3/61 1912.12238; 1604.08907 (2j)
LRSM Wal#fig), My, = 0.5M, " 0 180311116 (20 +2))
LRSM Wa(), My, " <351 181100806 (27 + 2))
Axigluon, Coloron, cot8 =1 " 0/556:61111912.12238; 1604.08907 (2j)
0.1 1.0 10.0

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).

mass scale [TeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-019/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SUSYSummary2017
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/index.html

Splitting Things Up

AN ORIGI THRILLER FROM WRITER/DIRECTOR

M. NIGHT SHYAMALAN
® A search can be sensitive to many signals

® ATLAS divides searches into %;-" A
® SUSY: primarily SUSY-motivated models g S

KEVIN HAS 23 DISTINCT PERSONALITIES.
THE 24TH IS ABOUT TO BE UNLEASHED.

e HDBS: primarily Higgs BSM models
® [Exotics: everything else
® CMS divides searches into
® SUSY: primarily light-flavor SUSY
® B2G: primarily models with heavy flavor

® [xotica: everything else, including ~all LLPs

® | HCb has one group with most searches

® ALICE has no search group that | know of
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https://www.amazon.com/SPLIT-POSTER-ORIGINAL-SHYAMALAN-MCAVOY/dp/B01MZ4NFA3

Searching Step 1: Designing a Search

« Now that we have a model, we have to go look for it!

T SAD-—
CAN YOU PAsS T KNOW! TM DEVELOPING
THE SALT A SYSTEM T PASS YOU
ARBITRARY CONDIMENTS.

ITS BEEN 20 )

MINUTES!
J ITLL SAVE TIME
IN THE LONG RUN!

[T (sl —

 Pro Tip: For most searches, aim to do one or two difficult things.
* If you're a phenomenologist: find that difficult thing they did.
 If you're watching a talk: ask about that difficult thing they did.
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https://xkcd.com/974/

Back to our model

® \What are the characteristics of your signature?

e \What makes this different from the Standard Model and how
can you isolate those?

/Jet
q
Missing
p : - Transverse
q ) 92(1) Momentum
T~ -0
q X1
p
q
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Back to our model

® \What are the characteristics of your signature?

e \What makes this different from the Standard Model and how

can you isolate those?
Jet

-

q
Missing
p : - Transverse
7 ~0
q ) % Momentum
T~ -0
q X1
p
q

(Now would be a good time to run off and generate some events to play with)
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First and Foremost: The Trigger

e All experiments have a complex, multi-level trigger 40 MHz ~ ——

system to identity events to read out ¢
® |f it doesn't pass the trigger, it's gone forever GVD
® [wo stages: us X +

® Coarse, fast (us), hardware-based (Level 1)

® Detailed, slow (s), software-based (HLT) 100 kHz

® For most searches, the Level 1 trigger is the hard part

® |n a nutshell: there had better be something y

interesting / different about your signal! C)
HLT
® There is a cottage industry devoted to pointing out novel

signatures that could be missed, and then finding other °ee > g?

cool ways to pick out the events

1 kHz
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https://iopscience.iop.org/article/10.1088/1748-0221/5/03/T03005

Trigg

er: Keepit$S

Imple

Trigger Selection L1 Peak HLT Peak
Trigger Typical offline selection Rate [kHz] Rate [Hz]
L1 [GeV HLT [GeV
GV GV L=2.0x10°% cm™%s~!
Single isolated u, pt > 27 GeV 20 26 (i) 16 218
Single isolated tight e, pt > 27 GeV 22 (i) 26 (i) 31 195
Single leptons | Single u, pt > 52 GeV 20 50 16 70
Single e, pr > 61 GeV 22 (i) 60 28 20
Single 7, pt > 170 GeV 100 160 1.4 42
Two u, each pt > 15 GeV 2x10 2x 14 2.2 30
Two u, pt > 23,9 GeV 20 22,8 16 47
Two very loose e, each pt > 18 GeV 2x15(1) 2x17 2.0 13
One e & one u, pr > 8,25 GeV 20 (u) 7,24 16 6
Twoleptons =5 oose e & one iz, pr > 18, 15 GeV 15, 10 17, 14 2.6 5
One e & one u, pr > 27,9 GeV 22 (e, i) 26, 8 21 4
Two 7, pt > 40, 30 GeV 20 (i), 12 (i) (+jets, topo) 35,25 5.7 93
One 7 & one isolated u, pt > 30, 15 GeV 12 (i), 10 (+jets) 25, 14 (i) 2.4 17
One 7 & one isolated e, pt > 30, 18 GeV 12 (i), 15 (i) (+jets) 25,17 (i) 4.6 19
Three very loose e, pt > 25, 13, 13 GeV 20,2 x 10 24,2 x 12 1.6 0.1
Three u, each pt > 7 GeV 3%x6 3x6 0.2 7
Three leptons Three u, pt > 21,2 x5 GeV 20 20,2 x4 16 9
Two u & one loose e, pr > 2 X 11, 13 GeV 2 %10 (u) 2 x 10, 12 2.2 0.5
Two loose e & one u, pr > 2 x 13, 11 GeV 2x 8,10 2x12,10 2.3 0.1
| Signle photon | One loose y, pr > 145 GeV 24 (i) | 140 | 24 | 47
Two loose y, each pt > 55 GeV 2x20 2 x50 3.0 7
Two photons Twoy, pt > 40, 30 GeV 2x20 35,25 3.0 21
Two isolated tight y, each pt > 25 GeV 2x 15 (i) 2 x20(31) 2.0 15
Jet (R = 0.4), pr > 435 GeV 100 420 3.7 35
Single jet Jet (R = 1.0), pt > 480 GeV 111 (topo: R = 1.0) 460 2.6 42
Jet (R = 1.0), pr > 450 GeV, mje; > 45 GeV 111 (topo: R =1.0) 420, mje; > 35 2.6 36
One b (e = 60%), ptr > 285 GeV 100 275 3.6 15
Two b (€ = 60%), pt > 185,70 GeV 100 175, 60 3.6 11
b—jets One b (e = 40%) & three jets, each pt > 85 GeV 4x15 4x75 1.5 14
Two b (e = 70%) & one jet, pt > 65, 65, 160 GeV 2% 30, 85 2 % 55,150 1.3 17
Two b (e = 60%) & two jets, each pt > 65 GeV 4x15,Inl<2.5 4 x 55 3.2 15
Four jets, each pt > 125 GeV 3x50 4x115 0.5 16
" Five jets, each pt > 95 GeV 4x 15 5x85 4.8 10
Multijets Six jets, cach pr > 80 GeV %15 6% 70 43 3
Six jets, each pt > 60 GeV, |17] < 2.0 4x 15 6x55,|n] <24 4.8 15
Emss | EMS > 200 GeV 50 | 110 | 5.1 I
Two u, pt > 11,6 GeV, 0.1 < m(u, u) < 14 GeV 11,6 11, 6 (di-p) 29 55
B-phvsics Two u, pt > 6,6 GeV, 2.5 < m(u, u) < 4.0 GeV 2 X6 (J /¥, topo) 2X6J /) 1.4 55
PRYSIC: Two 11, pr > 6,6 GeV, 4.7 < m(u, p1) < 5.9 GeV 2% 6 (B, topo) 7%6(B) 4 6
Two u, pt > 6,6 GeV, 7 < m(u, u) < 12 GeV 2 X% 6 (T, topo) 2%X6(T) 1.2 12
Main Rate 36 1750
B-physics and Light States Rate 200
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-DAQ-PUB-2019-001/

Trigger: Keep it Simple

® Most searches rely on simple triggers like MET or single-lepton

® Complexity is an enemy in the trigger! Require < what you have

® For multi-lepton signals: can you require only one lepton in the trigger?

® Do you need to require a b-tagged jet? If not, then don't!
® Very high efficiency is the name of the game here

® You can always remove it later, if you want to, but keep as much as
possible in the recorded data!

Type Rate (Hz)
Single Lepton 545 (mostly e/p)
Multi-lepton 251 (mostly tau)
Photon(s) 90 (half 1 photon)
Jet(s) 158 (75% 1 jet)
b-Jets {2
MET 94
Total 1750
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Trigger: It’s there when you need it

® \When you can't keep it simple, the
trigger can quickly get very complex

® There are many one-analysis triggers out
there!

® Triggers with very unusual configurations of
objects

® Triggers for large energy deposits in the
muon system or inner detector

® Triggers for late particles

® This can get extremely sticky

® Befriend someone who built the hardware if
you want something really complicated!

® | ots of talk of track-based triggers for
LHC Run 3 - let's see what happens!
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https://en.wikipedia.org/wiki/Here_be_dragons

Reconstruction

® After we record the data, we need to reconstruct the objects

® Searches often push objects to their limits in every direction

® | ow momentum, high momentum, far forward, disappearing, re-
appearing, displaced, delayed, non-pointing...

® There's not a lot to say about this except: 1) this is a lot of hard work; 2)
this is best done for the experiment; 3) we can go much further than
we thought.

Efficiency
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Acceptance x Tagging efficiency
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-027/
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Reconstruction

® One of the big pushes in recent years has been for large radius

tracking, for long-lived partic

® Tracking is very CPU-hungry,
to keep it feasible

eS

out both experiments work on neat tricks

® The other key ingredient for many of these searches is detailed
understanding of the detector — we're able to do more than we could

at the start up!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2015-06/

Non-Reconstruction

® Remember that sometimes you needn’t reconstruct everything.

® |f | can't reconstruct the quarks on the left, then the diagram is
the same as the Dark Matter search on the right

® |f | can't reconstruct a long-lived (/weirdly behaving) particle, then
often it “appears” as missing transverse momentum and | can

still set a limit on the process!
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