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Background estimation

-~. Matrix —or ABCD - method

When there exist two variables x and y for which
the BG is uncorrelated, i.e. factorizable:

BG/.. .\ _ ¢BG/.. BG/,
7@ y) =77 (@) - 77 (y) v .
* Apply all cuts except those on x and y on data Va
* Divide the x-y plane into 4-regions: s+s = Bo Asiss > s
BG enriched sig enriched
* When there is no signal, we have &
Y2
BG BG BG BG
N A N, C N A NB —> Ds.86 = Dae Csia6 = Cag
NgG NgG ) NCBG NSG BG enriched BG enriched
Y1
* |n the presence of signal, A will be X, X, X; X
contaminated by the signal. But we can
estimate the number of BG events in A from
BG pnTBG :
NBG _ NG~ Ng Note: Always beware the signal
NEG T~ contamination in the control

regions. Add it as a systematic.



Background estimation

Matrix — or ABCD - method

When there exist two variables x and y for which
the BG is uncorrelated, i.e. factorizable:

BG/. .\ _ £BG/ \ ¢BG/ CMS tt+jets cross section measurement
Jo s y) =) - () in the muon+jets channel.

* Apply all cuts except those on x and y on data

- tf+jets -QCD CMS Preliminary 20 pb’

—

* Divide the x-y plane into 4-regions:
* When there is no signal, we have

O
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BG BG BG BG
NA _ NC NA _ NB
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NB ND NC’ ND
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Impact Parameter significance
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* |n the presence of signal, A will be _ _ |
contaminated by the signal. But we can Combined Relative Isolation
estimate the number of BG events in A from

0.6 0.7 1

NBG _ NECNg© Note: Always beware the signal
NEG . contamination in the control
regions. Add it as a systematic.



Background estimation
Fake rates method

The ratios of objects found by a tight identification over objects found by a loose
identification is widely used as a BG estimation tool.

Suppose we would like to estimate QCD BG in a signal region that has leptons with
tight ID. Signal contribution comes from real leptons and QCD contribution comes
from fake leptons (jets faking leptons). We define a control region with looser lepton ID.
CR and SR can be decomposed as:

[ fake
CR: s > Nigose = N 4 NJo%
- real fake
SR s, > Ntzght — Nt’lght - Ntzght
k _ atk k . real real fake fake
€ = tzght/Nloose — = Nloose Nloose



Background estimation
Fake rates method

The ratios of objects found by a tight identification over objects found by a loose
identification is widely used as a BG estimation tool.

Suppose we would like to estimate QCD BG in a signal region that has leptons with
tight ID. Signal contribution comes from real leptons and QCD contribution comes

from fake leptons (jets faking leptons). We define a control region with looser lepton ID.
CR and SR can be decomposed as:

e OC these counts ( | _  pyreal fake
CR: from data LNZOOSBJ — Nloose -~ “Yloose
[ | real fake
SR: ........................................................ > LNtZghtJ p— Nt’lght — tzght
k _ k . real real fake fake
= N, zght/Nloose — = Nloose Nloose



Background estimation
Fake rates method

The ratios of objects found by a tight identification over objects found by a loose
identification is widely used as a BG estimation tool.

Suppose we would like to estimate QCD BG in a signal region that has leptons with
tight ID. Signal contribution comes from real leptons and QCD contribution comes
from fake leptons (jets faking leptons). We define a control region with looser lepton ID.
CR and SR can be decomposed as:

o DGt these counts ( ] —  greal fake
CR: from data LNZOOSBJ — Nloose - *V]oose
N . ] real | nrfake
SR. ........................................................ > LNt’lghtJ p— Ntzght Ntzght
k _ k L real|nrreal fake
N tight /Nloose — = (€ loose +?Nloose
Find the ID efficiency, using e.g. tag Find this efficiency, i.e. the fake rate
and probe method. using e.g. a QCD control sample (e.g. low

MET)



Background estimation
Fake rates method

The ratios of objects found by a tight identification over objects found by a loose
identification is widely used as a BG estimation tool.

Suppose we would like to estimate QCD BG in a signal region that has leptons with
tight ID. Signal contribution comes from real leptons and QCD contribution comes
from fake leptons (jets faking leptons). We define a control region with looser lepton ID.

CR and SR can be decomposed as:
—> Solve the two

Get th - 3 equations
CR: o OSEthese coUnts N _ |preal| |y fake simultaneously to get
' from data L Vioose loose| loose

these numbers.

N . ] real |
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Find the ID efficiency, using e.g. tag Find this efficiency, i.e. the fake rate
and probe method. using e.g. a QCD control sample (e.g. low
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Background estimation
Fake rates method

The ratios of objects found by a tight identification over objects found by a loose
identification is widely used as a BG estimation tool.

Suppose we would like to estimate QCD BG in a signal region that has leptons with
tight ID. Signal contribution comes from real leptons and QCD contribution comes
from fake leptons (jets faking leptons). We define a control region with looser lepton ID.

CR and SR can be decomposed as:
—> Solve the two

Get th - 3 equations
CR: o OSEthese coUnts N _ |preal| |y fake simultaneously to get
' from data L Vioose loose| loose

these numbers.

NS ) real |
SR: ........................................................ > LNtzghtJ — Ntzght N . /
k _ k . reallntreal fake
N tight /Nloose — = (£ loose ( loose]
Find the ID efficiency, using e.g. tag Find this efficiency, i.e. the fake rate
and probe method. using e.g. a QCD control sample (e.g. low
MET)
. : fake fake fake
Finally obtain the number of BG events from Nloose Ntz‘ght = Npg



Background estimation

-. Tag-and probe method

Tag and probe (TP) is a data-driven method used for measuring particle efficiencies.
It is used for obtaining trigger, reconstruction, identification efficiencies. Mainly used
for leptons.

For TP, we need a mass resonance decaying to the object whose efficiency we want
to measure (e.g. J/psi, upsilon, Z)

We select two objects, a tag object and a probe object.
e Tag object : Tight selection/ID criteria- we assume this is a real object.
* Probe object: Very loose selection/ID criteria.

We compute the diobject invariant mass of the tag object + probe object.

e |f the invariant mass is close to the resonance mass value, we assume that the
probe object was a real object. Otherwise it should be a fake object.

We take the real leptons inside the resonance mass window and apply on them the
criteria of the selection, whose efficiency we want to measure

Selection efficiency is computed as

€ . . Nin mass WindOW/Nin mass window
selection — < Vgelection total



Back_grour]d estimation _
Validating the estimates

BG estimation methods must always be validated with closure tests or independent
validation regions, or alternative methods.

Closure tests : Validate the internal consistency of the method, e.g. validate the method
using purely MC events.

Validation regions : Validate the method in independent dedicated regions. These can
have a composition similar to the signal regions but be dominated by BG. Estimate
should be equal to data.

Alternative methods : Estimate the BG with multiple methods and compare the results.

CMS 35.9 fo' (13 TeV

e (O A= o B e o o B o o e e e e e (| — g)l CMS 35.9 fo™ (13 TeV)
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(6) Systematic uncertainties



Systematic uncertainties
Statistical vs. systematic

e Statistical uncertainties are the result of stochastic fluctuations arising from the
fact that a measurement is based on a finite set of observations.

* Repeated measurements of the same phenomenon will therefore result in a set

of observations that will differ. Statistical uncertainty is a measure of the range
of this variation.

e Systematic uncertainties or “systematics” arise from uncertainties associated with
the nature of the experiment, assumptions made by the experimenter, or the
theoretical model used to make inferences based on the observed data.

* They cause a shift in the mean of a measurement from the true value due to

effects from the experimental setup / theoretical calculations. They are
different from statistical uncertainties.

* They can effect either the normalization or the shape of a given distribution.

Effects of both uncertainties on the measured quantity is included in an
experimental result.

13



Systematic uncertainties
Types of systematics

* Experimental uncertainties (coming from the accelerator/detector setup) on:
 Luminosity measurements
* Trigger efficiency measurements
e Jet energy scale, jet energy resolution measurements
* Lepton, photon, b-jet, W-jet, top-jet, etc. efficiency measurements

* Uncertainties derived in background estimations, e.g. from closure tests,
validation regions or comparison of alternative estimation methods

* Theoretical uncertainties (due to insufficient accuracy of calculations) on:
e Cross section and branching ratio calculations
e Parton distribution functions
e |nitial state / final state radiation, renormalization / factorization scale effects

When using MC in an analysis, systematics must be applied on the MC events to
reflect the uncertainties in the predictions.

14



Systematic uncertainties

Types of systematics

Source Signal  Lostlepton 14 (notfromt) Z — vv
Data statistical uncertainty — 5-50% 4-30% —
Simulation statistical uncertainty = 6-36% 3-68% 5-70% 4-41%
tt P modeling - 3-50% - .
Signal p7"*® modeling 1-25% — — —
QCD scales 1-5% 0-3% 2-5% 1-40%
Parton distribution — 0—4% 1-8% 1-12%
Pileup 1-5% 1-8% 0-5% 0-7%
Luminosity 2.3-2.5% — — 2.3-2.5%
W + b(b) cross section — — 20-40% —
ttZ cross section - - - 5-10%
System recoil (ISR) 1-13% 0-3% — —
Jet energy scale 2-24% 1-16% 1-34% 1-28%
pMiss regolution — 1-10% 1-5% —
Trigger 2-3% 1-3% — 2-3%
Lepton efficiency 3—4% 2-12% — 1-2%
Merged t tagging efficiency 3-6% — — 5-10%
Resolved t tagging efficiency 5-6% — — 3-5%
b tagging efficiency 0-2% 0-1% 1-7% 1-10%
Soft b tagging efficiency 2-3% 0-1% 0-1% 0-5%

Example set of systematic uncertainties and their effects on expected signal yields
and predicted background yields from a CMS SUSY analysis.
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(1 p Experimental results
f What do we measure?

An experimental result is the empirical outcome of the experiment, the
measurement of some physical quantity, such as:

* Event counts <— mainly in new physics search analyses.
* Masses

* Cross sections/branching ratios

e Signal strengths

 Couplings

* Kinematic shapes, peaks, edges, endpoints
(usually to derive masses or mass differences)

* Decay widths
 Charge asymmetry
e Spin correlations
* etc.



Events / bin

Data / pred.

10°

Experimental results
Event counts

CMS 35.9 fb' (13 TeV

S~—

1T 17111 11 17T 17T 1 _17T 1T T T T T T T T
Top category

¢ Data [ttorsinglet

-- T1tttt [
BW(—lv)+jets =

- - TSttcc @@ Z(—vv)+jets

LIERI

s e N I U

— e e e e e e e e e

R

e e e e e e e e e e et e e e e e e e e e e —

J
o

The results of the SUSY razor search
consist of event counts in 2-dimensional
bins of razor variables Mr and R2.

e Observed data counts

e Estimated yields from 4 different
backgrounds.

e Systematic uncertainties on the
estimated BG yields (gray shaded band).

In a search analysis, we compare observed
data and estimated BG yields to see if
there is agreement or discrepancy.

We quantify this with a statistical analysis.

It is customary to show expected / MC
distributions from a few signal points, but
these are not a part of the results.
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Experimental results
Mass ey 76Ty
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f@

Experimental results
Higgs mass measurements

e ettt ottt
ATLAS ~-Total [ Stat. only
Run 1: Vs = 7-8 TeV, 25 fb™, Run 2: {s = 13 TeV, 36.1 fb’ Total  (Stat. only)
Run 1 H—4] ' . = 124.51+0.52 ( + 0.52) GeV
Run1H—yy ; . +  126.02 £ 0.51 ( £0.43) GeV
Run 2 H—4l ——— 124.79 £ 0.37 ( £ 0.36) GeV
Run 2 H-yy ' -I ' 124.93 £ 0.40 ( £0.21) GeV
. Runt+2 H—o4l S 124.7140.30 (+0.30) GeV
Run 142 H—yy ~— 125.32 £ 0.35 ( £ 0.19) GeV
. Run1Combined  #—e—x 125.38 + 0.41 (£0.37) GeV
Run 2 Combined —e—— 124.86 £ 0.27 ( £ 0.18) GeV
Runts2Combined e T 124.97 +0.24 (£0.16) GeV
. ATLAS+CMSRun1 -*T.—- ““““““““““ 12500 +0.24 (+021) GeV
N R A T Y S T AN T Y SN T TN SN TN T T RO SN SN T AN SN SN TR AN S
123 124 125 126 127 128

m,, [GeV]
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(1 p Experimental results
F Cross section measurements

For a signal process, the number of expected signal events is given by

. B __ probserved AT
N signal — Osignal ° /‘Cdt * €signal — N — N BG

where €44, is the product of all branching ratios, geometrical and kinematical
acceptance, efficiencies for trigger, object reconstruction and identification.

The cross section can be obtained by reverting the equation:

,’\Tobserved
-

. = — i\rBG
Jsignal —
f Ldt - 6signa,l

Cross sections for SM processes are continuously being refined at the LHC.

21
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Experimental results
SM cross section measurements

Standard Model Total Production Cross Section Measurements ,\S,,tjyt“jg,zo

L) llll"l

o =96.07 £ 0.18 + 0.91 mb (data)

T

COMPETE HPR1R2 (theory)

95.35 + 0.38 + 1.3 mb (data)
COMPETE HPR1R2 (theory)

o =190.1+ 0.2+ 6.4 nb (data)

a

DYNNLO + CT14NN

112.69 + 3.1 nb (data)
DYNNLO + CT14NNLO (theory)

o =98.71+0.028 + 2.191 nb (data)

o

DYNNLO + CT14NNLO (theory)

58.43 + 0.03 + 1.66 nb (data)
DYNNLO+CT14 NNLO (theory)

o = 34.24 + 0.03 £ 0.92 nb (data)

DYNNLO+CT14 NNLO (theory)

o =29.53+0.03 +0.77 nb (data)

DYNNLO+CT14 NNLO (theory)

oc=208204+3.6+19.6 Eb (data)

o

top++ NNLO+NNL

2429+ 1.7 + 8.6 pb (data)
top++ NNLO+NNLL (theory)

(theory)

oc=1829+31+64 EL (data)
(

o

oc=289.6+1.7+

o

top++ NNLO+NN
247 + 6 + 46 pb (data)
NLO+NLL (theory)

7.2 - 6.4 pb (data)
NLO+NLL (theory‘l

68 + 2 + 8 pb (data)
NLO+NLL (theory)

o =130.04 + 1.7 + 10.6 pb (data)

NNLO (theory)

o =68.2+1.2+4.6pb (data)

NNLO (theory)

oc=519+2+44 g}b (data)

o

NNLO (theory

61.7 + 2.8 + 4.3 — 3.6 pb (data)
LHC-HXSWG YR4 (theory)

o =27.7+3+2.3-1.9pb (data)

LHC-HXSWG YR4 (theory)

=22.1+6.7-5.343.3-2.7 pb (data)
LHC-HXSWG YR4 (theory)

o =94+ 10 + 28 - 23 pb (data)

NLO+NNLL (theory)

o =23+13+ 3.4-3.7 pb (data)

NLO+NLL (theory)

o =16.8+ 2.9+ 3.9 pb (data)

NLO+NLL (theory)

o =51+0.8+2.3pb (data)

MATRIX (NNLO) (theory)

o=24.3+0.6+0.9pb (data

o

MATRIX (NNLO) (theory

19+ 1.4-1.3+1pb (data)
MATRIX (NNLO) ltheory)

o=17.3+0.6+0.8 pb (dat

a)
Matrix (NNLO) & Sherpa (NLO) (theory)

oc=7.3+0.4+0.4-0.3pb (data)

oc=67+0.7+4

o=438

o

NNLO (theory)

0.5 - 0.4 pb (data)
NNLO (theory)

+ 0.8+ 1.6 — 1.3 pb (data)
NLO+NNL (theory)

870 + 130 + 140 fb (data)
Madgraph5 + aMCNLO (theory}

o = 369 + 86 — 79 + 44 fb (data)

MCFM (theory)

o = 950 + 80 + 100 fb (data)

Madgraph5 + aMCNLO (theory)

o = 176 + 52 — 48 + 24 fb (data)

o =0.65+0.16 - 0.15 + 0.16 - 0.14 pb (data)

HELAC-NLO (theory)

Sherpa 2.2.2 (theory)

o =0.55+0.14 + 0.15 - 0.13 pb (data)

Sherpa 2.2.2 (theory)

TrrTT
A
ATLAS Preliminary o
O (theory) D
Run 1,2 /s =7,8,13 TeV g
O
A
0
u]
A
(theory) O
(m)
A
o)
(m]
A
0o
m]
4
a Theory
m]
nB LHC pp Vs = 13 TeV
Data
. N
a stat @ syst
(o)
a LHC pp Vs =8 TeV
A Data
o _ Stat
n stat @ syst
] LHC pp Vs =7 TeV
a Data
D _ stat
n stat @ syst
o
i

105 10!
o [pb]

108 102 10® 10* 10°

05 1.0 15 20
data/theory

JLat
[b]
50x1078
8x1078
0.081
20.2
4.6
3.2
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4.6
36.1
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3.2
20.3
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2.0
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20.3
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Experimental results
Higgs cross section measurements
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{1 y Experimental results
5\ Differential ttbar cross section measurement

CMS 35.9 b (13 TeV)
/>\ :IIII||||||IIIIIIl|||||||||||||||I|I|I||_
Q 0L l+jets channel Parton level B
(_l) - —— Data
B 3-.-|— [ ] Total unc.
O 5 v Powheg+Pythia8
— 10 3 7] aMC@NLO+Pythia8 3
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O L
5 10
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5* / E)fperimental results
5\ Signal strength

Signal strength in a search region:

= Expected SM event yield for the process

ggF
Hygr
WH
ZH

ttH

0

u = 0: no signal
u = 1: signal consistent with

Observed event yield for a process the SM

Higgs cross sections

ATLAS and CMS -o- ATLAS+CMS
LHC Run 1 -+ ATLAS
-+ CMS
B —ztlo
——— —+20
————
_+l_
.
_l+_
o
e
* 1]
—*:—
—
—
5 o
: »
' o
L
et
:
IIII|IIII|IIII|IIII!IIII|IIII|IIII|IIII|IIII|IIII

-1-050 05 1 15 2 25 3 35 4

Parameter value

u > 1: signal different from
the SM —> BSM

Higgs branching ratios

ATLAS and CMS -®- ATLAS+CMS
LHC Run 1 - ATLAS
- CMS

: — 110
“YY ———— — 126

Parameter value
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Experimental results
Signal strength - let’'s get fancier

Fitting the signal strength and the Higgs mass Comparing production signal strengths for
together to find their common best values. different decay channels.
I r~ ~ 1. - T T T 1 - T T T 1T r T 7
- CMS Prellmlnafv |s 7Tev L<51 f]b Vs-8TeV,L< 11961be E CATLAS and CMS H— vy _
5 H —> YY + H —> ZZ + Combined I 3@ 3-LHC Run 1 Hozz |
© 5ol * Aew i ; H S WW
' : + H-ZZ : I H s <t
! 1 2r H — bb
1.5 n I
I 1 il 2
1.0 - —
: : ok -
0.5 = -
: i _1__ —
0.0 AR [ T T SR NN N SO SO SR SR SN S T S N N S : —68% CL + Bestfit = SM eXpeCted |
124 125 126 127 -
X ggF+itH

All these help to check the consistency of the discovered Higgs with the SM
and and see if there are any hints for BSM

26



Ratio to SM

107

1.5¢

0.5

107 &

Experimental results

Couplings
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v: Vacuum expectation value

Particles that interact
more with the Higgs field
are more massive.

Couplings of SM patrticles to the Higgs
field versus the SM particles’ masses.

A deviation from the SM expectation
(blue line) would have been a sign of
new physics.
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{1 y Interpretation
5\ The idea

* Interpretation is the comparison of experimental results with the expectations of a
given a theoretical model.

e CAUTION! Interpretation is NOT the experimental result.
* \We use a statistical model and likelihood to interpret the experimental result.

* The statistical model of an analysis provides the complete mathematical
description of that analysis.

* |t relates the observed quantities x to the theoretical model’s parameters 6
through the probability density p(x|6:). Parameters 6; include signal model
parameters 6s and background model parameters Ob.

e The likelihood L(6) = p(X,|6) is the probability density p(x|6i) evaluated at the
observed values X, of the observables x.
* The likelihood is the starting point of any interpretation.

* We estimate parameters 6 using statistical procedures, and test the validity of the
model.

* An experimental result can be interpreted with multiple theoretical models.

28



{1 p Interpretation
f Limits

Limits: Suppose we are testing a theory with a free parameter 6 by an experimental
analysis. For example, this parameter could be the mass m of a particle.

Suppose our analysis did not observe a sign of this particle. Data look consistent
with the background hypothesis. What can we say about the theory and m?

We can say up to which value of m our analysis could have observed m, if the theory
were true. This is called a limit.

For a theory with free parameters 0;, a limit establishes the boundaries defining the
range where the experiment can make a statement about the theory.

Limits are obtained using elaborate statistical methods based on likelihoods.

* Observed limit: Obtained by comparing observed data with 1) signal MC +
estimated BG and 2) with only estimated BG.

* Checks the consistency of the observation with the signal + BG hypothesis
and compares it to the BG-only hypothesis.

e Expected limit: Obtained by comparing estimated BG with signal + estimated BG.

e Useful for predicting the analysis sensitivity.
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Interpretation
Limits for 1 free parameter

137 fb' (13 TeV)

Q — I 1 11 || 1 11 L | L | 1T 11 | 1 11 | [l IE
o [ CMS 95% CL limits :
<< 10=F! Hatlo —e— Observed —=
‘method thod o =
S P mete BEEE +1st.deviaton -
1 \.x ------- + 2 std. deviation _|
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i |
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10 N -
2 \ . \ =
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- N E
- .\ . _
1073 B e N 1 CMS search for high mass
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[ - L ]
1 0—4 __ -~~~ DM mediator
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Interpreting SUSY razor analysis results in terms of a

Interpretation

Limits for 2 free parameters

simplified SUSY model, with 2 particles with free
masses and cross sections.

M_o (GeV)

CMS 35.9 fb' (13 TeV)
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pp — 1, T — 17, NLO+NLL exclusion
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Expected + 1 O experiment
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95% CL upper limit on cross section (pb)

Exactly like the 1 free
parameter case on the
previous page, but for 2 free
parameters!
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Interpretation

Interpreting with multiple models

SUSY razor analysis results interpreted for multiple theoretical models:

M_o (GeV)

CMS 35.9 b (13 TeV)
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¢ Interpretation

SUSY mass limits

Mass limits on SUSY particles gluinos, squarks in various decay channels to
neutralinos. Interpretations were based on several analyses.

Interpreting the same model with multiple analyses provides complementarity.

Vs=13 TeV, 36.1 - 139 fb" July 2020 s=8-13 TeV, 20.3 - 139 fb" July 2020
;l T 1 | N L N I L L Y I B 3000_ | ,~ T | T | I , T , I T | T —
[0) g— qqx 0 lep. [cONF-2019-040] ATLAS Prellmlnar 5 < [ §=0,d5¢ L i
O 3500 bb%’ >3 b-jets [CONF-2018-041] %.) ATLAS Prellmlnary
[ S : g% X = Je o : i |
S L 0— ﬁX? >3 b-jets + >2lep. SS [CONF-2018-041, 1706.03731] - (2,2500__ q-— qx 0 lep. + mono-jet [CONF-2019-040, 1711.03301] —
1\53000 |G- qaWy, 0lep. + 1 lep. [CONF-2019-040, CONF-2020-047] ] S - (the O lep. limit includes bb* —bby %, processes) .
T G qaWzi’ 27-12jets + 1 lep. + >2lep. SS ] L{i B G — qWg, Olep. + 1 lep. [1712.02332, CONF-2020- -047] i
B [CONF-2020-002, 1708.08232, 1909.08457] ] 2 00 O—_ | > 2 y [1802.03158] N
25003 aavwyi’via 79 21ep. OS SF + = 3 lep. [1805.11381, 1706.037311] [ 6 o aWzr, 27-11 jets + 2 21ep. SSY g oy, i
B > 11 [1808.06358] _ i q(H/lv/w)zf via v 22 lep. [1507.05525] 7
N > 1y [1802.03158] ] i > 11 :
2000 —_Colours indicate different models ] 1500 B Colours inqicgte diffe:’ent models ]
| Observed limits at 95% CL _ | Otsehiadiimiisat 857 CL _
1500 - [ i
- ] 10001 -
1000 / > — - T :
— ] 500~ 7
5001 | — X i
_I 1 1 | 11 1 | 11 1 | | | | I)I | J“ 1 1 | 171 <1 %&560 IW\%C : \’I\ I1OOOI . I_ISOOI . : IZOOO
1000 1200 1400 1600 1800 2000 2200 2400 N _
m(g) [GeV] m(q) [GeV]
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Liml

String resonance

Zy resonance

Higgs y resonance

Color Octect Scalar, k2 =1/2

Scalar Diquark

tt+4, pseudoscalar (scalar), g, x BR($~2!) > =0.03(0.004)
tt+ ¢, pseudoscalar (scalar), g7, x BR($—2) > =0.03(0.04)

quark compositeness (gg), nugs=1
quark compositeness (1), nuss=1
quark compositeness (gg), nuygr= —1
quark compositeness (1), nugr= -1
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

(axial-)vector mediator (yx), g =0.25, gom =1, my= 1 GeV
(axial-)vector mediator (93), 9o =0.25,gou=1, my =1 GeV

scalar mediator (+t/tf), go= 1 gou =1,m, =1 GeV

pseudoscalar mediator (+/t), go=1,gom=1.m, =1 GeV

scalar mediator (fermion portal), Ay =1,my =1 GeV

complex sc. med. (dark QCD), muy = 5 GeV, cTyy = 25 mm

BaryonicZ’, gq=0.25.gom= 1, my =1 GeV

Z'~ 2HDM, gz = 0.8, gou =1, tanB = 1,m, = 100 GeV

Vector resonance, go=0.25, gom =1,my=1GeV

Leptoquark mediator, 8 =1, B=0.1, Ax o =0.1, 800 < Mo < 1500 GeV

RPV stop to 4 quarks
RPV squark to 4 quarks
RPV gluino to 4 quarks
RPV gluinos to 3 quarks

ADD (jj) HLZ, nep =3

ADD (yy. #) HLZ, neo=3
ADD Ggx emission, n=2
ADD QBH (jj), neo =6

ADD QBH (ep), neo =6

RS Grx(yy), kiMz=0.1

RS QBH (jj), neo =1

RS QBH (ep), neo =1
non-rotating BH, Mo =4 TeV, neo = 6
split-UED, p =4 TeV

RS Gxx(q4. 9g)., kil =0.1

excited light quark (qy), f=f=
excited b quark, fe=f=f=1A
excited light quark (gg), A=m_
excited electron, fe=f=f=1,A=m,
excited muon, fs=f=f=1,A=m}

WISM, [Vy? =18, |Vwl?*=18

WISM, Vo Vi P/ Venl? + Vi) = 1.0

Type-lil seesaw heavy fermions, Flavor-democratic
Vector like taus, Doublet

Fermlons

scalar LQ (pair prod.), coupling to 1# gen. fermions, 8 =1
scalar LQ (pair prod.), coupling to 1# gen. fermions, 8 =05
scalar LQ (pair prod.), coupling to 2™ gen. fermions, f=1
scalar LQ (pair prod.), coupling to 2™ gen. fermions, =1
scalar LQ (pair prod.), coupling to 2™ gen. fermions, 8=0.5
scalar LQ (pair prod.), coupling to 3" gen. fermions, 8 =1
scalar LQ (single prod.), coup.to 3@ gen. fem., B =1,A=1

Zp, namow resonance

Zp, namow resonance
Ssmz’

SSMZ'(gg)

Z(qq)

Superstring Z,

LFV Z', BR(ey) = 10%
Leptophobic Z'

SSMW'(tv)

SSMW'(tv)

SSMW'(gg)

LRSM Wa(£Ng), My, = 0.5Mw;
LRSM Wa(tNz), My; =0.5Mw;
Axigluon, Coloron, cotd =1

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

CMS preliminary

36-140 fb~1 (8,13 TeV)
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28 180201122 (o)
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95% CL upper limit on ¢ (fb)

Interpretation
Limits on long-lived particles

_ Fall 2020 132-140 fb™' (13 TeV

qv
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m.o = 100 GeV Displaced vertices (EXO-19-013) %
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Interpretation
Limits on long-lived particles

ATLAS Long-lived Particle Searches* - 95% CL Exclusion ATLAS Preliminary

Status: May 2020 L dt = (18.4-136) fb* V5 =8,13TeV
Model Signature  [Ldt[fb™] Lifetime limit Reference
RPV  — ugq displaced vtx + muon 136 Enfetirlne — R . (;.003:-6.;):11I ) o lrn(l?)l:l1l-;lTeV S 2003.11956
RPVXQ — eev/euv/uuy displaced lepton pair 32.8 X(I) lifetime 0.003-1.0 m m(§)= 1.6 TeV, m(x9)= 1.3 TeV 1907.10037
GGM ) - ZG displaced dimuon 32.9 | lifetime 0.029-18.0 m m(g)=1.1TeV, m(x?)= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 20.3 | x? lifetime - o00854m SPS8 with A= 200 TeV 1409.5542
AMSB pp — xix?,xTx;  disappearing track 203 | xj lifetime _ m(y)= 450 GeV 1310.3675
§ AMSB pp — xix% xfy;  disappearing track 36.1 |7 lifetime 0.057-1.53 m m(yy)= 450 GeV 1712.02118
D avss pp— xix%xix;  large pixel dE/dx 18.4 | x7 lifetime . 13190m m(x})= 450 GeV 1506.05332
Stealth SUSY 2 MS vertices 36.1 S lifetime 0.1-519 m B(g — Sg)= 0.1, m(g)= 500 GeV/| 1811.07370
Split SUSY large pixel dE/dx 36.1 g lifetime >0.9m m(g)= 1.8 TeV, m(x3)= 100 GeV 1808.04095
Split SUSY displaced vtx + EP‘SS 32.8 g lifetime 0.03-13.2 m m(g)= 1.8 TeV, m(x9)= 100 GeV 1710.04901
Split SUSY 0¢,2-6]jets -4—E}“iss 36.1 g lifetime 0.0-2.1 m m(g)=1.8 TeV, m(x?)= 100 GeV | ATLAS-CONF-2018-003
H->ss ID/MS vtx, low EMF/trk jets 36.1 s lifetime 0.12-116 m m(s)=25GeV 1911.12575
| FRVZH - 274+ X 2 e-, u—jets 203  |[AiHRE 0-3 mm m(ya)= 400 MeV 1511.05542
S" FRVZH — 2y4 + X 2 u—jets 36.1 y4 lifetime 1.5-307 mm m(yq)= 400 MeV 1909.01246
% FRVZH — 4yy + X 2 p-jets 36.1 74 lifetime 3.7-178 mm m(yq)= 400 MeV 1909.01246
§ H— Z4Zy displaced dimuon 32.9 Z4 lifetime 0.009-24.0 m m(Zq)= 40 GeV 1808.03057
H— 7Z4 2 e, pt + low-EMF trackless jet36.1 | Zq lifetime 0.21-5.2 m m(Zy)= 10 GeV 1811.02542
VH with H — ss — bbbb 1 -2 + multi-b-jets 36.1 s lifetime  0-3 mm B(H — ss)=1, m(s)= 60 GeV 1806.07355
5 d(200 GeV) — ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.41-51.5m o X 8= 1pb, m(s)= 50 GeV 1902.03094
§ d(600 GeV) — ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.04-21.5m o x B=1pb, m(s)=50 GeV 1902.03094
®(1TeV) > ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.06-52.4m o x B=1pb, m(s)= 150 GeV 1902.03094
N— W¢ displaced vix (uu or pe) + u 36.1 N lifetime 0.44-37 mm m(N)=5 GeV, LNC 1905.09787
% N — W¢e displaced vitx (up or ue) + u 36.1 N lifetime 0.64I-22 mm | | ook . lm(lNl):Hsl(iev, LNV. L 1905.09787
0.01 0.1 1 10 100 cT [m]

VYs=13 TeV Vs=13 TeV
parlialdata fu"data r o sl 1 L1 sl 1 L1 sl 1 o3l 1 L3 a3l 1 L1 1 1.1

*Only a selection of the available lifetime limits is shown. 0.01 0.1 1 10 100

T [ns]
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"Data are coming! Data are coming
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Experimentalists

Theorists

eKaANIKACU

What we learn from the absence of discovery and excluding many
models takes us closer to discovering the true nature of the Universe.
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