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I whoami

| am an experimental physicist, senior staff researcher at INFN (Istituto
Nazionale Fisica Nucleare) — Sezione di Bolognha

| am ATLAS member since looong time. Previously | was member of
the CDF experiment at Fermilab (top quark discovery!) — Hadron
collider physics

Current Research interests:

® Exotic physics (mainly leptonic signatures)

® |Tk (Inner Tracker Phase2 Upgrade for R
ATLAS High-Lumi LHC) | j

® Missing Energy Trigger

Focus on experimental and practical
aspects (with examples) of Beyond
Standard Model searches at Hadronic

colliders.

| will be prebably biased towards ATLAS INFN — Sezione di Bologna

experiment antonio.sidoti@bo.infn.it
antonio.sidoti@cern.ch
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I Forewords

| would like to thank lecturers of previous HASCO schools (M.
Verducci, C. Doglioni, and many others) since their previous lectures

were a source of “inspiration”

Many slides have been elaborated from CERN seminars, public
presentations in ATLAS, etc.. | have tried to reference properly and
acknowledge authors when possible.

| apologize in advance if | have missed some of the authors
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I Outline

 Why looking for physics Beyond Standard
Model ?

* “So, you want to look for Beyond Standard
Model physics”

- Ingredients of a search: strategy,

background estimation, statistics,...

* Few searches

_eptoquarks
Dark Matter

_.ong Lived Particle searches
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I Outline

 Why looking for physics Beyond Standard
Model ?
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Beyond Standard Model

Look for example on CMS Publication web page

CMS Physics Publications
« Forward and Small-x QCD Physics

» B Physics and Quarkonia
Standard Mod

. _|ep|oquar!s

» First-Generation Leptoquarks
o Second-Generation Leptoquarks
o Third-Generation Leptoquarks
« Randall--Sundrum Gravitons
« Heavy Gauge Bosons
o Sequential Standard Model
s Superstring-Inspired Models
« Long-Lived Particles
« Dark Matter
« Large Extra Dimensions
o Arkani-Hamed--Dimopoulos--Dvali Model
o Semiclassical and Quantum Black Holes
Compositness
Contact Interactions
Excited Fermions
Heavy Fermions, Heavy Righ-Handed Neutrinos
Colorons, Axigluons, Diquarks

There are more things in Your experiment

: Supersymmetry
-heaven-and-earth, Horatio, Resonances
Than are dreamt of in ° ETM;ttlaﬂ
your phitesephy: model o Dileptons
o it
WYillserrre M « Dibosons, VV and VH
The Tragedy of Hamlet, Prince df Denmark o Boosted Topologies

Act 1, Scene 5

1GmessT A. Sidoti - HASCO 2023



https://cms-results.web.cern.ch/cms-results/public-results/publications/

I The Standard Model
; MAﬁek : FORCE
060 08
_agﬂ .._

Quarks L RYRS Gauge Bosons ..

Leptons ' 5 AL THAT ExisTs”

Matter Generations



The Standard Model

Standard Model Total Production Cross Section Measurements Status: February 2022
— 11 50Q ub™!
-8_ 10 Y ATLAS Preliminary i
—_— Theory
6 \s=7,813 TeV =
S 10 LHC pp V5 =13 TeV
o BBl  Data 32-1391°
10° o 5
DA-O LHC pp Vs =8 TeV ]
10 BB Data 202-203fb" .
LHC pp Vs =7 TeV
3 =
10 o BBl Data 45-46!
A 'u |
o
2 ‘ o ~
3 = n total n s O
].0 = | N _E
ik ik VBF = % =
WH I8
1 o B g e a3
E VH é
o B ]
10—1 H = n E
(tto3) ‘A wwz 3
<02 1
10_2 E

pPp wW 4 tt t Wt H WW W2Z ZZ tttW ttZ tttt
t-chan s-chan WWV

tot.

Impressive theory providing predictions valid over 7 orders of magnitude!
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I Why BSM?

TheoreticallAesthetic Motivations

® Too many free SM parameters
(masses, mixing, couplings)

® Hierarchy problem (huge gap
between fundamental particles

masses)

Experimental Motivations

® Dark Matter

® Fine tuning of Higgs mass (Higgs
boson is the only fundamental scalar

particle)

® and counting ...
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® Dark Energy
® Gravity
® Matter vs Anti-Matter

® and counting...
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Hierarchy Problem

17 orders of magnitude between Eelectroweak scale and Planck scale

my = 125 GeV < Mpianer = 1012 GeV

Corrections to Higgs mass (125GeV)? = mj, = mj ) + dmy,
2 2 A t & 32 o
My =ML (S GO -2
______ - - m —_— e
H bare H | H - H H H h {2 Uuv
dm? "
It Auyv = Mpianck ‘ k ~ 10°? Fine Tuning !
(125 GeV)2 ~ 3
. . omy, =
If no fine-tuning (125 GeV)2 = 1 Ayv =650 GeV
19/07/2023 A. Sidoti - HASCO 2023 10 /83



I How to solve Hierarchy?

» A, is not at the Planck scale (in the reach of LHC?) — BSM

» Higgs is composite — BSM (It happens for 11° and 11* )

» Additional particles cancel divergences — SUSY — cf lecture
from C. Merlassino tomorow

» Anthropic scenario — Multiverse (not sure how to test that...)

» Something else .... (Intriguing....)

19/07/2023 A. Sidoti - HASCO 2023 11 /83



Dark Matter

R (= 1000 ly)

Dark Matter from galactic rotational curves

19/07/2023
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Dark mattergfrom” _,# °
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.4 Interstellar gases fram
_ Xray measurements "

Dark matter from cluster (Bullet Cluster)
galaxies collisions
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I Dark Matter

Flat universe

Temperature fluctuations [t K? ]

6000 |

5000 {

4000 |

3000 f

2000

1000 ¢

From Cosmic Microwave
Background power spectrum

Multipole moment, ¢

2 10 50 500 1000 1500 20@0 2500
/\ Ordinary Matter |
\ Dark Matter
4
90° 18° 1° 0.2° 0.1°
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Angular scale
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Ordinary Matter

Dark Matter
26.8%




Direct searches of Dark
Matter

collider searches
<

direct detection

DM
indirect detection

19/07/2023 A. Sidoti - HASCO 2023




* “So, you want to look for Beyond Standard
Model physics”

- Ingredients of a search: strategy,
background estimation, statistics,...

19/07/2023 A. Sidoti - HASCO 2023
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I How to search for BSM?

 From theory to data A SUSY for
- Use principles/conjectures to postulate a theory Egitmufée(')fd
- Derive phenomenology NI
- Design an “experiment” to prove or reject it tomorrow

* From data to theory <
- Observe phenomena
- Postulate a theory that explains data - 535’;“
- Design an “experiment” to prove or reject it ;?S‘L‘fore

) based

Use theoretical models to interpret results

19/07/2023 A. Sidoti - HASCO 2023 16 / 83



Where to look for BSM?

* Excess of events wrt expectations
VR » Deficit of events wrt expectations

' BN Expectations - SM predictions
SR — Better you know well your SM expectations

a.u.

CR

Observables - Physics reconstructed
variables with discriminant power (could be

Single dimension obervable provided by ML cf F. Meloni lecture)

observable

abservable 2

OXT
’r‘;‘xir‘x‘

4
q
%

output layer

}) _
(J

input layer
Multi dimension obervable hidden layer 1 hidden layer 2
Er— Machine Learning observable
19/07/2023 A. Sidoti - HASCO 2023 17 /83



I Where to look for BSM?

SYSTEMATIC

CR - Control Regions. Background
dominated. No (or very small) BSM
sighal contamination. Likelihood fit to
control background and evaluate STATISTIC
systematic. Ideally at least one CR per
background process

VR - Validation Regions. Still
depleted in BSM signal events. To
assess validity of background
estimation on a kinamatical region
“closer” to SR

SR - Signal Regions. Usually

“blinded” at the beginning. It's where
we expect to see BSM signal. When
you are sure about your background

estimation, fit procedure etc. you can
open the box! *

19/07/2023 A. Sidoti - HASCO 2023




Example: Typelll seesaw heavy leptons searches in ATLAS

Neutrino mass by SeeSaw: m, = yﬁ

y — Yukawa coupling

Three and four leptons final state

{s=13TeV, 139 fb' 4 Total SM [T]FNP

v — vacuum expected value
M — Heavy particles mass

Events

¢ Data [Diboson 7§

[Rare top 3

Other E

—m(N’.L) =600 GeV
—m(N’L=800GeV 3
—m(\’,L*) = 1000 GeV

¥s=13TeV, 139 fb" N\ Total SM: [ Diboson

[ Rare top

Data / Pred.

§00 1000 1200 1400
H, + E™ [GeV]

Data / Pred.

R
6‘8 9 =3

19/07/202

Ve \JR

+ Data \:lFNP

MRaretop 7
Other

R 7,\|9~

Data / Pred.

150 200 250 300 350 400 450 500 550 600 650

J

Eur. Phys.J C 2 (2022) 988
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https://link.springer.com/article/10.1140/epjc/s10052-022-10785-0

Where to look for BS?

Resonant searches _ 3§ i—i
q a . . e
> X < - "X marks the spot!
q e

Number of Events

® Resonant searches are ” searches
at collider experiment

@ Final states: leptons, jets (light or b-jets),
photons

® Accessible mass of X BSM particle
depends on available Vs

@ Mind the Parton Distribution Functions !

Resonant
New Physics

>

>

Mass 20/ 83
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PLB 796 (2019) 68

Resonant Searches

w T T T T T LI | T T T T
£ 107E ATLAS & e E
i i ; . ; : o 108 Vs=13TeV, 1391b" B o cierks
Dileptonic final states: Dielectron and Dimuons 1B Dieecton search selecton Somor
Multi-jet & W+jsts B
4 —7z, \'ije\-': I E
10 z, @3 TeV)
10°F “Zetn B
20 [ i
10 ? ]_L |L %
10 [ E
ik | Hﬂl =
107F |-
102 Dielectron 7
10°F 1 3
g} 1 4 = Il | ] l I I I I | * II | { + | =
@ 1.2F 44 =
o *
8 1 .»*mw#l o
o8- ML L -
0 5 E_ 1 1 1 1 L1 1 l # .J 1 1 1

2 3 3

2x10 10 2x10 m,, [GeV]

% jo7 P R : &I;é‘“a . ._
2 10°E Vs=13TeV, 139" pquars B
o 10 s=13TeV, B Top guarks -

Dimuon search selection

Dimuon channel

my = 2.75 TeV
year = 2017 y
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https://www.sciencedirect.com/science/article/pii/S0370269319304721?via=ihub

I Where to look for BSM?

Number of Events

Non-Resonant searches

JHEP 11 (2020) 005

SM

Non-Resonant
New Physics

19/07/2023

Non-Resonant
searches

Look for deviations in
tails of the
distributions

Larger physics reach
(A larger than Vs)

Events/Bin Width [GeV ']

1071

10%}

ATLAS

Vs =13TeV, 139 fb™!
ee selection
Destructive Regions

CR —

=== Background-only fit |
Signal A*=16 TeV
—-— Signal A*=20 TeV
-=-= Signal A*=26 TeV |

%CRE

: SR —

[ e (Quyean) (fuy'éu)
+1RR (GrYu9R) ((RY"(R)
+1Lr (Gryu9L) (Y ER)
+nre (GrYpar) (fLy"0L)]

A. Sidoti - HASCO 2023
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Resonant

{ ATLAS e Data LL, A=18TeV |
. VS=13TeV, 139" —— Background ---- LL, A=22 TeV
[ ee selection —— LL, A=26 TeV 1

Events/Ge

Constructive Interference

- ¢ t ' E
af g
OHAr 1 el o P
af . _ i

(Data-Fit)/c

40 60
Mee [TEV]

0.3 0.5 1.0 2.0

Non Resonant searches

= 60 T : ; . .

[} ATLAS —e— Observed Limit

= Vs =13TeV, 139 fo! ==== Expected Limit

< 4| ee Channel N 10 Expected

< 50

o 20 Expected

E

o 40t

=

o

S il

.- | |-

Yol —

(o)) —_—— ——

o T T e,
201 .
19 = =R AL RR= L IR R. RBR
Constructive Destructive
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vS Non Resonant
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Resonant searches

+1 TeV

x100 in [Adt +5 TeV

x5 in [Ad
I I I I

/]I.O |in|[°|gd;t |

ATLAS
Z' — |l

X4 in [Adt
x10 in [Zdt

—a— ATLAS Vs =13 TeV (ee 139 b™"; pu 139 fb™)
ATLAS Vs =13 TeV (ee 36.1 fb™; uu 36.1 fb™")
—e— ATLAS Vs =13TeV (ee 3.2fb™; un3.2b™)
—a— ATLAS Vs =8TeV (ee 20.3fb™; un 20.5b™)
ATLAS Vs =7TeV (ee 4.9t uu 5.0 fb")
—=— ATLAS Vs =7 TeV (ee 39 pb™; upn 42 pb™)

Oj—IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| RNl IIIII| [

1 2 3 4 5
m,,. [TeV]
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Jet Resonances

Jets final states

p Jet
p Jet
X Jet
X Jet
Y
X Jet
X Jet
p Jet
p Jet Non Resonant - Resonant

Resonant - Resonant

Dijet Pair 2:
pt = 2.82 TeV
mass = 2.10 TeV

e N PF Jet 2,
e pt = 1.520 TeV
i i eta=1.10
pt = 0.659 TeV ’ phi = 2.33
eta=-1.23 ' i
phi = -1.23 s s
’ =
‘ = =
PF Jet 1,
¥ i pt = 2.654 TeV
Dyet Pair 1: eta = -0.11
phi =-0.25
19/07/2023 pt =307 TeV CMS Experiment at LHC, CERN 24 /83
Data recorded: Sat May 5 08:54:14 2018 EEST
mass = 2.00 TeV Run/Event: 315721 / 200841184 @ O]
Lumi section: 151 Ei"




do/dm,; [pb/TeV]

(Data-Fit)
Uncertainty

138 fb ! (13 TeV)
¢ Data Diquark: S— xx — (ug) (ug)
LO QCD MC —— M(S)=86TeV
CMS rrrrrrr PowExp-3p fit ---- M(S)=5.0TeV
—— ModDijet-3p fit e M(S) = 2.0 TeV
- - - - Dijet-3p fit M(x)/M(S) = 0.25 —
1* ozé | 0’24 I 02;1 ‘ 0T261 s 8 mj]
10_1;,‘.“‘ 22 <o <0. :.,‘”“-".“ <o <0. p—
105 =
109 4“\‘-"“«”}“ M"'w\,.\? m4]
104k ’ ke
10°F s \H\ by
1076* '|‘ ‘~\
107 =
10°F
10°F
2 3 4 S+ 67 8 2 3 4 5 6 7 8 2 3 4 5 6 7 8 bl 138fb‘1(13TeV)
Four-jet mass [TeV] & 23777 ISESRALS  PWRS -
(] m R 710 Q
l:. : CMS L P " ‘\\ : E ﬂ
%) i il d B =
0 e a ir I O
- [ o | — 10 >
£ - \ ./ - Y
How much significant are these 2 or 3 events? & . R I
ol e ]
% B ]
9 1:— = —: 107
q>) B = = Diquark H
< S —xx — (ug) (ug) 1M 10
0.5 68% and 95% ]
contours 2
| RIS O 0 UL O O ] A1 Ol O ol i o | 1
2 S 5 6 7 8 9 1o
Four-jet mass [TeV]
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http://arxiv.org/abs/2206.09997

Resolved decay

Hadronic decays usually with larger branching

ratio —» Statistics increase

If X is boosted — A and B decays become

closer and closer

- Jet multiplicity decreases, jets become

larger (fat jets)

Peeking inside the jets to identify product

Boosted Regime

“Standard” jets have Radius R=0.4
R = V/A®2 + An?

MX E 2-2:" 4 RS GRS RELGE AL Rl HETET RELE BELE L
AR =2 > 2 ATLAS Simulation 200

T.X & 185 Pythia Z'- i, t — Wb 180

decays from top, Z, W or Higgs (taggers)

19/07/2023

< 1.6 _ 3% 160
1_45 i” X is top quark 140
1.2F 120
: = - 100
0.8} 80
0.6} 60
0.4F 40
0.2F | 20
Covaalii .l....l..l.l.. iloasalaosialaonsalonsals D
100 200 300 400 500 600 700 800 900
p; [GeV]
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I Boosted Regime

S =hadiomt

Different algorithms to look inside a fat
jet -~ Combination with ML (DNN)

19/07/2023 A. Sidoti - HASCO 2023
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Searching for a leptophobic 2 7' — tt

- T =
}Eﬂuu_l"'l"'l"'l L [ S PR L 1R TP LR (L B L R PR, L] ATLAS 3
3 - ¢ Data2015-2017 ATLAS Preliminary ] 2 0 o 1aTev, 1391 ¥ D E
0 - % E :ﬁ"}] Vs=13 TeV, 805 1b" s § 2L SA —— Background fit 3
w 2200 — g 17 (othen H+jets ) ] — Fil parameler unc. _%
c " Single Top (top) Trimmed anti-k, A=1.0 jots ] . R, e .
Lg‘: I Single Top (W) ARlarge-A jet, b-jet) < 1.0 10 - 2TeV I, %5 —_5'
2000— @ Single Top {other) p>350GeV, <20 i —4TeV % -
C [ W+ jets : ] B
- VYV, Z +jets . . E
1500— Total uncert. =] 107 L §
~ I Stal uncert, 1 =
= —— i modelling uncert. = 10°% A
s - BH global p-value = 0.56 -
1000 - 103 Most significant deviation 4
] T imerval (5440 - BB20 GeV) __!;
500 ] 107 !
. 3 E
£8 2f 3
5 & 1 -
T E Ok 3
T SR e U S R A (SR e EE i .
| - 25 3
n'ﬁ: 1 2000 3000 4000 5000 B000
A s ... oo e [GeV]
B0 80 100 120 140 160 180 200 220 240
Leading large-R jet m™™ [GeV) . . . .
Data driven background using fit function
EXOT-2018-48
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I Background

wj 7Tev
WwW2j 7Tev
w3j 7Tev
waj 7Tev
Z 7Tev
22 7Tev
73 7Tev
24§ 7Tev
Wy 7 Tev
wy 13 Tev
Zy 7 TeV
Zy 8 Tev
ww 7 Tev
ww 8 TeV
ww 13 Tev
wz 7 Tev
wz 8 TeV
wz 13 Tev
7z 7 Tev
zz 8 TeV
-4 13 Tev
v 13 Tev
www 13 Tev
wwz 13 Tev
£ wzz 13 Tev
2 722 13 Tev
@ wvy 8TeV
i Wyy 8Tev
Wyy 13 Tev
Zyy 8 Tev
Zyy 13 Tev
VBF W 8 TeV
VBF W 13 TeV
VBF Z 7 Tev
VBF Z 8 TeV
VBF Z 13 Tev
EW wv 13 Tev
ex. yy- WWs Tev
EW qqWy 8Tev
EWqqWy 13 TeV
EWos WW 13 TeV
EWss WW 8 TeV
EWss WW 13 TeV
EWqqZy 8Tev
EWqqzZy 13 Tev
EWqqWZ 13 TeV
EWQqqZZ 13TeVv

Measured cross sections and exclusion limits at 95% C.L.

SMP-00-000
SMP-00-000
SMP-00-000
SMP-00-000
SMP-00-000
SMP-00-000
SMP-00-000
SMP-00-000

PRD 89 (2014) 092005
PRL 126 252002 (2021)
PRD 89 (2014) 092005
JHEP 04 (2015) 164
EPJC 73 (2013) 2610
EPJC 76 (2016) 401
PRD 102 092001 (2020)
EPJC 77 (2017) 236
EPJC 77 (2017) 236
Submitted to JHEP
JHEP 01 (2013) 063

PLB 740 (2015) 250
EPJC 81 (2021) 200

PRL 125 151802 (2020)
PRL 125 151802 (2020)
PRL 125 151802 (2020)
PRL 125 151802 (2020)
PRL 125 151802 (2020)
PRD 90 032008 (2014)
JHEP 10 (2017) 072
JHEP 10 (2021) 174
JHEP 10 (2017) 072
JHEP 10 (2021) 174

JHEP 11 (2016) 147
EPJC 80 (2020) 43

JHEP 10 (2013) 101
EPJC 75 (2015) 66

EPJC 78 (2018) 589
Submitted to PLB

JHEP 08 (2016) 119
JHEP 06 (2017) 106
SMP-21-011

Submitted to PLB

PRL 114 051801 (2015)
PRL 120 081801 (2018)
PLB 770 (2017) 380
PRD 104 072001 (2021)
PLB 809 (2020) 135710
PLB 812 (2020) 135992

1.0e-01

See here for all cross section summary plots
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Overview of CMS cross section results

CMS preliminary

18 pb~! - 138 fb~! (7,8,13 TeV)

- o(Wj) = 1.3e+07 fb

- o(W2j) = 2.5e+06 fb

- o(W3j) = 3.9e+05 fb
- o(W4j) = 5.6e+04 fb
-
=1 0(22)) = 7.8e+05 fb
= 0(Z3)) = 1.2e+05 fb
- 0(z4)) = 2.5e+04 fb

0(Zj) = 4.3e+06 fb

- o(Wy) = 3.4e+05 fb
- o(Wy) = 1.4e+05 fb
= 0(Zy) = 1.6e+05 fb
= 0(Zy) = 1.9e+05 fb
" o(WW) = 5.2e+04 fb
W o(WW) =6e+04 fb
o(WW) = 1.2e+05 fb
' o(WZ) = 2e+04 fb
W o(wz) = 2.4e+04 fb
§  oWz)=51e+04 b
0(ZZ) = 6.2e+03 fb
0(22) = 7.7e+03 fb
& 0(z2) = 17e+04 b

—

o(Wyy) = 4.9 fb

v o(Wyy) =14 fb
o(Zyy) =13 fb

o(Zyy) = 5.4 fb

P o(vw) = 1e+03 fb
o(WWW) = 5.9e+02 fb
o(WWZ) = 3e+02 fb
0(WZZ) = 2e+02 fb
0(222) < 2e+02 fb
o(WVy) < 3.1e+02 fb

L ]

=

== olex. yy-ww) =221fb

st o(EW qqWy) = 11 b
mSs=  O(EW qqWy) = 19 fb
Ml o(EWos Ww) =10 b
N E—  o(EWssWW) =4fb
=il O(EWSsWW) =4 fb
= o(EW qqzZy) =1.9fb
=l o(EWqqzy) =52 fb
o(EW qqw2z) = 1.8 fb

—n
S oEWqqz2) =033 b

O(VBF Z) = 1.5e+02 fb
O(VBF Z) = 1.7e+02 fb
B O(VBF ) = 5.3e+02fb

o(VBF W) = 4.2e+02 fb

-

o(VBF W) = 6.2e+03 fb

o(EW WV) = 1.9e+03 fb

1
1.0e+01

L
1.0e+03
o [fb]

Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty

Light colored bars: 7 TeV, Medium bars: 8 TeV, Dark bars: 13 TeV, Black bars: theory prediction
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Design your analysis to look for BSM signal where you expect a good Signal
over Background ratio:
S/B or better S/VB or

S = \/2 [(5 + B)In (1 + %) — 5‘}, (even better)

— Small and/or well known background

Background usually classified in:
® Reducible background - Instrumental background. For example:
® hadronic jets that are mismeasured and are confused with electrons,
muons or tau.
® Light jets tagged as jets containing b-quarks - Have excellent algorithms
to reconstruct physics reconstructed objects.
® Great purity without sacrificing too much efficiency. Estimate
contamination of background events with data-driven methods or
MonteCarlo methods

® Irreducible background. Standard Model events that look like your signal.
Usually you are not sampling the bulk of the SM events, you concentrate
more on the tails that are less known theoretically. Usually estimated using
MonteCarlo methods

19/07/2023 A. Sidoti - HASCO 2023 30 /83



Fake Leptons (electrons
and muons)

Origin: Jets misidentified as reconstructed leptons, non prompt leptons from
semileptonic-decays of heavy flavour particles, photon conversions, pions/kaons
decays. More detail here on the different methods used in ATLAS arXiv:2211.16178
Fake Factor (one of the many possibilities)

- Evaluate in a kinematic region close to the one of your analysis a Fake Factor
and dominated by fake leptons (for example muon + jet events)

u u
¥ ¥ ﬂ',t o i
: f Ntight \
Loose Tight fo — U N
L= f Nlonse \
Isolated MNon-lsolated

The difference in “Loose” and “Tight” is usually the isolation (calorimetric and/or track)
Tight corresponds the selection you are using in your search
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https://arxiv.org/abs/2211.16178

Fake Leptons (electrons
and muons)

Fake Factors are applied to the events selected in
your search using the Loose selection instead of

0 N the Tight one
If you have a single lepton final
state:
8" 7L arLas intemal . nominal ] N! Nyc
J_ﬁ' 2F f5=13Tev, 130 m" . gll_wmﬁtrgjet 3 A F F
! L at least 2 jels ' . - — . — b ; :
£ foch<or Mo f Z ; Z WMC.i %
o - Sl & Sys.une. data,i=1 MC, j=1
§ 0.8~ —
= o -
04F; . 3 For an arbitrary n lepton multiplicity
0.2f BUREEFEEE -
of . . nloose nloose
— — n— _ n_
= 123_: A e T L 4 Nfakes_ E( 1) Hf E( 1) Hf
T 05 events i data events
2'EII".I'I G ":"3[]
Honp, [GeV] Assumptions:
Fake factors can be _ ® The region where you have evaluated F is “similar” to
parameterized as a function of the one you are using in your analysis
Py, ® Fake factors can be factorized (leptons are
indipendent)
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I Irreducible Background

JHEP 06 (2021) 179

Use MonteCarlo to evaluate contribution from SM process with same final state of your
analysis region. Usual SM processes tt, single top, tt+X, diboson, multiboson

But the theory might be inaccurate in the phase space you are evaluating the contribution
(e.g. large jet multiplciity, kinematic tails,...)

Example: Search of leptoquark decaying in top quarks and tau leptons

=T 1

, WY S ———
b.", t ' 'E n.af- ATLAS Simulation
N = .;:.a:' 8= 13 TeV
2 ~d oo S MR ] Total Background -
LQ; v,T | @ 0.7 — L0 (0.8 TaV)
i v c reemree LI T1.1 TiaW)
- . % 0.6E cee LQ (1.3 ToV)
5 osf
5 LQS : .% 0.4F
o = o0af 1o
Bt/ E o -
o o 1= | -
- i i B o —————
tt process is clearly the main background Mooo 2000 3000 4000
The discriminating variable is M__ (the scalar m,, [GeV]
sum of E_ all reconstructed objects in the event) - e
Metf Z1[jre:t, & kL) pr+Eq ‘
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https://link.springer.com/article/10.1007/JHEP06(2021)179

Events / 100 GeV

Data - non-tt

The cure: _
The problem Reweight the tt
distribution as a function
of M_.and jet multiplicity

T T 1T [T T T [T T T[T

T BRlEE e
E ATLAS , ®Daa M
1076 (s=13TeV, 139 10" [singetop [w
CR epnOS+4; Wtz i
Pre-Fit j i
[ wiz+jets [ oiboson

17 ® | 5
[ Jother 7/ Uncertainty = C ATLAS Internal : : E
104 o o £ 1.2 Fit Region =
0°E ==+ LQg (1.1 TeV) == LQj (1.3 TeV) Rey ; e
[ : —— e 2j_excl 3
10° % 1.1 ep 3j_excl =
ha —— e 4j_excl ]
102 = 1 ep 5)_excl =
s — gy 6 _incl 7
10— 0.9 - 1ltau inclusive
10 0.7F =
1072 0.6F 3
1 T T T T 0-5 :_E
1 I 1 1 1 1 1 1 1
2 5 77 1000 2000 3000
0.5F - M.« [Ge
T 500 1000 1500 2000 @ 2500 3000
my; [GeV]
. . I
Clear mismodeling of M_.,
for tt process
19/07/2023 A. Sidoti - HASCO 2023

Events / 100 GeV

Data / Bkg

The result

L e LT I L e e e e =
ATLAS ¢ Data MFaket,, A
10°E (5= 13 TeV, 139 fo' [+t Wsingotop =
VR 1441108 Waw Wiz (high) 3
10*E Pre-Fit MtH [JDiboson 3
[l Non-prompt e [l Non-prompt p E

10° [ amisiD []Other

102

10

IIHI|T|'| IIIII|'|T| IIIIIIII| IIIIIHIl IIIIII|I| TTTIT

7/ Uncertainty
----Pre-Kinem. Rew.

II||ILLL| IIIIIL|_L| IIIIIIII|

| O T
T =

Q

e,
\)

225 3000
"lnﬁ;eff [GeV]

500 1000 1500 2000
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Irreducible Background

Or use a “better” MonteCarlo (not always possible) with updated theory calculations
e.g. diboson differential cross section.

NNLO QCD and NLO Electroweak corrections might be important is some kinematical

regions
d W o Vs
I WAV g

"'.-____ i

§

(d ;___.-

7y L o

ST

I T

NLO QCD
19/07/2023

JHEP 02 (2020) 087
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https://link.springer.com/article/10.1007/JHEP02(2020)087

JHEP 02 (2020) 087

pp — £ vplip pp — £ vy pp— £ 65wy LHC /5 =13TeV

1§ e i

771} ww i WZ

% 10-2 baseline cuts | f baseline cuts { ¢ baseline cuts
; ] ]
< 10 ; ;
£ 10 ] ]
5 108 i ]
£ e} ; :
0Ty LO i b
< g8 [ NLO EW E E
gs:mc:-qcn ] ]
10-* | === NNLO QCD . 1

K-factor

L NLO EW /LO i L
02 | === NLO QCL /LD 1L {L 4
= NNLO QCD /NLO QCID

60 | === NNLO QCD
~Y'F == NNLO QCD+EW ]
_&) [ = NNLO QCDx=EW ;

—— NNLO QCDxEW E

de /dewmnro gop — 1[%)]
|
=

00 200 00 1000 100 200 S0 1000 2000 200 200 1000 2000
prs, [GeV] prg, [GeV] prg [GeV]

In the high P_region (large lepton P_) corrections can go up to a
factor 2 (or down a factor 5) !
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https://link.springer.com/article/10.1007/JHEP02(2020)087

I Background from Data

In some searches limited statistics of MC
- Large statistics uncertainties associated to MC statistic
- Using data driven approaches to fit the background

§ 10 | ATLAB '+ Data =
T 1s=13TeV, 361 " E%I;: s wdl
Dielectron Search Selection 3

" ) Mutet & WorJors B 5 ® R — 1 T T 1

10 —Z,(3TeV) _; ED ~ Electron channel E

—Z, (4 TeV) = o { |} = MC Total bkg. .

N T eyl 5 ° 1 MC Drell-Yan =

o E . — MC Top .

3 MC Diboson E

™ :

107 _;
0 ]

- S— | | my [TeV]

| i
100 EUD E'DEI 1000 EDLH}

Diglectron Invariant Mass [GeV)

High mass dilepton analysis with flrst Run2 36fb?
Full Run2 analysis with x4 statistics!
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 Functional form

Fit the background distributions with some parameterized functions to get smooth
functions. Several possibilities:

;
oy r
Fryxew (M) = £, (M) - r—Riyrrz P | Used for
with £, (M) = (1 — (\%};)b . (\%)a{:-{-m In(%)+a2 In*( 7z )+a3 In*( %) dilepton
-+ k=1 in ee channel and k = 1/3 in puu channel ) searches
;
3-parameter fit | f(x) = py(1 — x)P2xP3 Used for

* Gaussian Process Regression link
* Functional Decomposition (link) the template
shape is parameterized using a series

4-parameter fit
5-parameter fit
6-parameter fit

expansion

19/07/2023

f(x)=p(1- _x}PE_xm"'p'lI"':x} x=(parameter of interest)/sqrt(s)

f(x)=p(1 _I)Pﬁxp_!‘l'j?qfﬂ{I:I+p5.*n{_x2} p d|Jet or 4-Jet

searches
= - +paln(x)+psin(x*)+pgin(x?)
F(x) = p1(1 - x)PrxPs+paln(x)+psin(Cyspein(x |

B A— —

E; (=)
1'5 Ey (%)

Eio(2)
1.0 Egs (2)

g —0.5
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http://gaussianprocess.org/gpml/
https://arxiv.org/abs/1805.04536

Whatever smoothing method you use, you have to be sure that:
® \We do not “create” artificial excess — Spurious tests
® We can succesfully identify hypothetical signal — Injection tests

Spurious tests results on the dilepton NSpum‘ous
channel

50F )
g ATLAS Simulation Preliminary O-Sp’l:L’I“ZO’U,S

0.4/

Sepur [EVenNts]
-3
o

0.3F

0.2l

0.1+

3

_50: 1 1 1 il 1 | 1
3-10° 4107 10°

210
my [GeV]

Very nice handbook here
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https://atlas-stats-doc-dev.web.cern.ch/atlas-stats-doc-dev/recommendations/rec_smooth_background_modeling/#

Global (binned) likelihood function

I Statistics

How to wrap up all that?

Poisson

/
L(n|u,0) = H P[nii;f.-Sz-(ﬁ)JrBi-(G))

J

i€bins Y

observed g LH\- : S+B prediction in bin i
p is the parameter of interest (POI) bin contents LRt
p =0 - Standard Model
p =1 - Beyond Standard Model
Also background can be normalized |
separately | i
I'Itop’ I'IDiboson’ etc. 4 H g(gg’)‘g? AGJ)

015
JEsyst :
01—
ODU5:—
‘ 5 i e TR O . Flriir | [}
3 -2 -1 [ 1 2 i

Much more complete treatment on T. Dado lecture

But we have an imperfect
knowledge of our detector, theory,
. — Systematics
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nternal

MC expectations (“Asimov test”) or a “Background-only” fit where you fit the data with
T
_SI

Remember that in BSM searches, data in signal regions are blinded - validate your
the expected MC only looking at CR
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' Look fine, mean ~ 0 and variance ~1
'-------------------------'
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Nuisance pulls after Background fit

19/07/2023



o Normalization factors of
Ll background (“rare” top
' 1 and diboson)

- :‘._'l"
One nuisance is =T
pulled and R L

|

(5]
' =1200— ATLAS Internal’ + Data [Ilensnn
|

overconstrained A L @ | (5-13TeV, 139" MsDlep. | Other -
! W4 000 Dibeson CR [ Raratop #&MC Stat. |
i N ; — 400 GaV ]
. - — B00 GaV E
| 800 800 GV :
N — 1000 GeV ]
] p— 600 — 1200 GaV —
i [ ]
B ] _
' 400 =
e - -
30 O— 200 * —
122 S z -
o a 1.2
JFFIEEI = E.g AN S, - S
§EU_IJ Eo 8 06—
-D-:I: E 0 100 200 300 400 500 600 _?CIEI' 800
= H, + ET= [GeV]
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Signal Regions still blinded

ﬂ__l | [ I | I [ I | I IILILIL I L I Frvri I [ L I LI I 1
- ATLAS Internal 1 - Expected 95 f N
; 13TeV Ifb imilE
[ Se- — Expected limi i
| 3cted limit + 20
3 \ - ,r-'f' 'yl seesaw NLO 3
; ‘ e -
i Z \/ Expected cross section signal
ﬂ:'l I. - I. L 1 1 I. L 1 1 I. 11 I"I. Ll Ll I. - - I. Ll 1 1 I. Ll 1 1 I 1 J.H-Ihh:.xl l;.ﬂ

300 400 500 BDQ/'?OD 800 900 100011001200

Expected exclusion limit: Given the background abundance, in CR their
normalization after the background fit, the extrapolation to the SR we can
exclude at 95% CL a cross section up to ....

19/07/2023
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(e.g. ~4 fb for 800 GeV)
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After unblinding

Distribution of one of the four lepton signal regions

u S I L B B B W L L L B L B L AL BN R BN
£ 20 ATLAS Internal , 4 Data [ Diboson 3 £ 20 ATLAS Internal ¢ Data [ Diboson 3
> 18 [S=13TeV. 139" 4% Total SM [I]Mis-ID lepJ L 18E Vs=13TeV, 130" %% Total SM [ Mis-ID lepJ
16 FIFT SR I Rare top 3 ] 16 FIFFT SR [ Rare top 3
pre_ﬂ[ . Other E Other .
14 —m(NE'.L*} =600 GeV 14 —m(N’ L%) = 600 GeV =~ 3
12 —m(NE'.L*} =800GeV 3 12 —miN"L*) = 800 GeV 3
0 —m(N".L*) = 1000 GeV 3 —m(N.L) = 1000 GeV 3
= 10 =
8 E 8 3
6 = 3
A = 6 B R -
B 3 48 =
2 2F "
- C. :
0
E 20 ks
S 15 g 39
—— oy L T T m SR,
E {1]2 e e {}l E e
0 500 1000 1500 2000 2500 3000 ' - -
8 1500 2000 2500 3000

H, + ET™ [GeV]

e

1) After fit systematic uncertainties
get sensibly smaller

2) Fit tries to increase the diboson
contribution to match the 2" bin of
data (in particular pulling one of
the systematics)

Luminosity

El. energy resolution

El. energy scde, fast sim.

El. energy scale, ful sim.

El. charge 1D efficiency, stat. term
. charge 1D efficiency, sys. erm
ElL 1D efficiency

El. iso. efficiency

El reco. efficiency

EL trig. efficency NP 1

El tig. efficiency NP 2
Electron fake factor

Muon fake factor

Flavour tagging b-et

Flavour tagging c-jet

Flavwu o tawaina licditiot
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Ranking plot of uncertainties
(statistics and systematics)

Ap 0.5 0 0.5 BSM searches are usually statistics limited

5 T T | T T T T | T T T T | T T

Pre-fit impact on B
Post-fit impact on M
—e— Nuis. param. pull

Stat. only uncertainty I '[f/ T T ,;:1'
EL 1D effciency Eie The final exclusion plot
7(SR 41 OneDiff Il htmet bin 2) ] -+
El. charge ID efficiency, sys. term - EZ
Flavour tagging b-jet - E}
EI Ehar.F ID Efﬁ:iErﬁ:!l 5La1_ 1Er|'n ' Fj [ T LI I T T T T | LI T T T T T T | T T T T I T .I I- T I T T T T | T T T T _
L = Obs. limit 2 lep
¥(SR 41 HalfHalf Il htmet bin 5) [ * L '?‘—TI_'AS 1 — Obs. limit 3 + 4 lep
_ _ Vs=13TeV, 139 b -—-Exp_limit2+3+4 lep
Muon sagita resolution NP 1 E& 2 o o — Obs._ limit?2 +3 + 4 |Ep
Muon fake factor »f] 10 = Limits at 95% CL Exp. limt =52+ 3 +4lep 3
_ = Exp. limit =202+ 3+ 4 lep 3
Muon reco. efficiency. sys. term — — Type-lll seesaw -

BN, L= e, 1) =173

Electron fake factor

Jet energy scale NP 1

—
o

Muon 1D track resolution

Total cross-section [fb]

Jet energy resolution NP 1

Jet njintercalib., modelling

Jet energy resolution NP 7

—h

Jet energy resolution NP 4

Muon momentum scale

1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 11 1 I 1 1 1 1 | 1 1 1 1
0 500 600 700 800 900 1000 1100 1200
m(N,L9) [GeV]

4

o

Jet energy resolution NP 2

Jet energy resolution NP 3

|
-1.5 -1 —05 0 05 1 1.5
After fit NP (9 - GD}MB or ( N
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* Few searches

- Leptoquarks
- Dark Matter
- Long Lived Particle searches
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Leptoquark searches

Resurgence of LQ because

4 of lepton universality
Loptoquarks are BSH parices laion (10w no more)and
toct pl o b | qB gL LQ M other tensions in flavor
vt A sector (b — syp) (still there)
Scalar or Vectors \ q -
B=0 - neutrino (neutral = I S
|ept0n) 1_1:_ LHCH Ry |m'.'-.-|-". -:._u-m_:';:';-; ; “J/:c—\——m \l ;
B=1 - charged lepton : R S :
. . | 2_ : R o I_H{“.h22.]1if1.-
Minimal model: o i - S
Couple with same generation & 10 } { T g L ————
quark-lepton ik R B FE
Or intra-generation mixing LI L CRITP R B T el
0.4 "
B low-f Ry central-g® R Jow-of Ry central-o?
L u
6 - O LQB — tVT No longer evidence of
w/e universality violation
B=1LQY — br >
3
B=0LQ%Y— by,
B=1 LQg s T Broad search
) program
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Pair production

QCD production (universal mode)
o only depends on my g
Sensitivity to low m g

Single production

g
L0 <
A M
q

i i

Depends on q PDF
o~ A2
Sensitivity to higher m g
if & sufficiently large

LQ%LQ% — tTtT

ﬂ T T T T T T
g ATLAS # Data Mrake 7, mi _
O 10°F {5=13TeV, 139 fb" mSingle top miw mti(Z/y7) (high) A
Signal regions Ctty* (low) mttH [ Diboson
. W Non-prompt e [ Non-prompt 1 [ QMisID
| PostFit [:|Mai Conv C1Other -~ Uncertainty
10 --Pre-Fit
102 JHEP 06 (2021) 179 i
10
1 -
2 107!
I I S S P i st
g
Q osf R
0 7 II 1 2 2 2/ ?
Tirog Mg e TOsy, YO8, YSs5, TS, 7
S i
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Off-shell production

From A. Juste slides

" -
L) : 0 \?‘ I al ) \\
(1
iq M,
-
(Depends on q PDF)2 X
o~ D MLQ
Sensitivity to very high m g
contact interaction
search we discussed
before
Ly} 1 | 1 1 1 ‘ 1 T I | 1 I 1 | I 1 1 I 1 I =
2 ATLAS - E
5 Vs = 13 TeV, 139 fo' — Obs. limit i
gm 1 LOSLQg — trtt =+ Exp. limit E
a F95% CL B Exp. t1o :
# 488 Theory (NNLO___ +NNLL) -
g 1o’ Individual limits &
o —1 lepton — =2 leptons ]
— Combination T
107 E
1072 e
10—4 PR [ T I T TR PR |
600 800 1000 1200 1400 1600
LQd [GeV]
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https://link.springer.com/article/10.1007/JHEP06(2021)179
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Scalar leptoquark pair production, all contours at 95% CL
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‘ 1 1 | LI i T 1 ‘ I
ATLAS Preliminary
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[PRD 104 (2021) 112005]
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CMS Summary plot

Overview of CMS leptoquark searches
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Selection of observed exclusion limits at 95% C L. (theory uncertainties are not included).
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-006/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Leptoquark_summary_plot

I Dark Matter Searches

Dark Matter can be observed at LHC only under the —>
WIMP hypothesis e =
May be we can produce DM at LHC

But cannot observe it mmm) Missing Transverse
Energy!

Collider

v

Direct Detection

SM DM

HOW DOES DARK MATTER INTERACT? Indirect Detection

ELECTROMAGNETISM STRONG FORCE

ETmiss

WEAK FORCE

GRAVITY
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Events / GeV

Data/SM
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q g xlmy)

q SDM
V,A (Mmed}
med
7 Ry . "
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q
q
q
Example mono-jet 60
>
L A e T T T T T @
1 07 ATLAS ¢ Data (D 50
s=13 TeV, 139 ! S339 Standard Model w. unc. o
. . Bz ) +jets (a\]
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5 pTUI) > 150 GeV ) W(— v) + jets v 40
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DM Signatures coulde be:

® Mono-objects: mono-jet, mono-Z,
mono-Higgs, mono-tt/bb - object
recoiling against DM

® Resonances searches

® Long lived Particles

S —
ATLAS —— Data
Vs=13TeV, 139 o™ I:ﬁ;fl?t-t‘%
[ Wejets
R e
gm;l’e’ggg oV [ i + single top

N\ Background Uncertainty
----- Pre-fit Background

— - Dark Higgs s(VV)

m, =1TeV, m =160 GeV
m, = 200 GeV*®
=2x214fb

— @ Diboson + VH

GSlgna\

III|JIII|IIII|IHI|IIII|III1

: R

lIII

0

e 'L\\-»:L\-\-i“\\t\n\\#\\\?\\\'t\\ﬁx\% SRR \‘&k\\%\%

0 150 500 550300 350 400
myy [GeV]

PRL 126 (2021) 121802 51/83
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006
https://authors.aps.org/Submissions/status/?acc=LX16761&auth=Aad

Mono-objects, dijet, ditops, (dilepton), Long Lived particles final states can be

interpreted with:
1) Effective Field Theories (- not here cf U. Bumenschein and H. Mildner lectures)

2)Simplified Models
3)Complete Models (e.g. 2HDM+a Two Higgs Doublet Model)

Simplified model parameters:

® Mass of the mediator Z’

©® Mass of the DM My

@ Coupling (universal) of Z’ with quarks g,

@ Coupling (universal) of Z’ with leptons g,
@ Coupling (universal) of Z’ with Dark Matter g,
@ Spin of mediator (Scalar/Pseudo-Scalar or Vector/Axial-Vector)

Typical benchmark points (agreed between ATLAS and CMS):
Oom=1 9,=0.25 - Vector or Axial-Vector Mediator

Oom=1 91 - Scalar or Pseudo-Scalar
Leptophobic (g,=0) or Leptophilic (g,=0.1)
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How couplings affect ETMiss Distribution

1000 1200
E™& [GeV)
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T e e JLot=11" § e 145 145 1.050 750402 180402 :
) i = - ; : Vector Mediator
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___-_]_
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arxiv:1507.00966
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https://arxiv.org/pdf/1507.00966.pdf

Leptophobic

CMS Prellmlnary

Relic density

E;'EDUDL_ 1 TEEE SRR EERDS BRIy B S ]
) : : Exclusion at 95% CL
() 1800f ﬁxlal-v&ctur mediator =
Rl - DII“E{‘: DM = — Cbsared
= 1600 - —
T ] == = = Expactad
E 1400 —
T B — Bm_stad dijet (77 fb)
E 1200 : ] [arXiv:1909.04114]
- - Dijet wi btag (19.7 )
E 1000 1 = Jarxiv:1802.067149]
= 1 2 Dijet wi ISR j (183 b
E 800 : _: {arﬁv:]‘ﬂ]‘?.ﬂ??ﬁ[?
L ] Dijet (35.8-137 o)
o - - [arXiv: 1806.00843]
E 600 — [arXiv:1911.03947]
E 1 = DM + jiV{qq) (137 fo°%)
400 — [arXiv:2107.13021]
Q_h*=0.12 = DM + 7 (35.9 fo™)
— [arxiv:1810.00196]
- ] DM + Z(lI) (137 i)
| - h l .II L ‘ § 0 I 1 1 1 1 I 1 i i i .
% 500 1000 1500 2000 2500 3000 3500 4000 4500 e oo
| Mediator mass M, [GeV]
Jet Trigger thresholds
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Leptophilic

CMS Preliminary Moriond 2022
% 25[]0 : T I UL '| Al = | T I:'IE T I T T I L L I L L L] I B I | [ T E’_I_’,_
0, [ Axial-vector mediator )/ 7]
= " Dirac DM . N Exclusion at 95% CL
o 2000 : g, =10 ,
E E gq = ,{":f.:f e — e Observed
0 : - y 4 , =
% | : gl - g o ] Expected
1500 . o ' ===-
c | : Bi
P i | 5 = Dilepton (137 fb ")
) / ] o i _ [arXiv:2103.02708]
= ' / L S L — Dijet (35.9-137 b
(4] '
1000 v’ N [arXiv:1806.00843]
= o _| [arXiv:1911.03947]
4 o — Boosted dijet (77 ib)
E o ; - [arXiv:1909.04114]
D | e -
500 A
i f ]: ; =
D I ] I I I I_ I P | l i L i i | L i 1

-.l 'l L1 i i L L '
500 1000 1500 200{} 2500 SDDD 3500 4000 4500 5000
Mediator mass M __, [GeV]
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Comparison with Direct
Detection Experiments

— 107 s — Dii
& jet
5 om 9P ETO s
eyl | | o
C Boosiad 4- b ISR, B1.5 b .AIL&E-E;]\IF-:'Z'IEHB-DEE
g | 0—39 — tt resonance
a 3.1 ERJC T8 (2018) 565 -
- 5 — bb resonance Spln Dependent
! (= 139'".?. JHEP O3 (2020) 145
..E‘i 1 0 _a — ETP'SS+X
s EE:—M 138 lt:": PRD 1043 {2021} 112006
b 10" et gl L
ETLTY, 135 1 PLE 829 (2022) 137086
10-42 — XENON1T
— LUX
1 0_43 PAL 118 (2017) 251302
10—44 _
Many assumptions (couplings,
10745 Axialafggtm m%diamnfirac DM Vector/Scalar), Spin Dependent vs
g_=Uu.29, gl =U,9 = : :
46 A?I'LAS limits at 95;@ CL, direct detection limits at 90%: CL Spm Independent Interactlons
10— i i e a g i al i i i P | i i PR |
1 10 10° 10°
m, [GeV]
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Comparison with Direct
Detectlon Experlments
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E AN | e .;;!i.:s?-?:ﬂfg::-use
-39 buiv 20
E 10 \m o resonances = tf resonance Soin Ind dent
U ARTILN ital " 36.1 16", EPUC 78 (2018) 565 N Inaependdaen
T o Er +X = bb resonance P P
13‘?I-II'I.|' JHEP 03 (2020) 145
*—;_0 107 - E$'Ss+x
SN BB Teso0
il comms 3 Dije i
1 0—43 ~— XENON1T
PAL 121 (2018} 111302
T 0—44 — PandaX
PRL 127 (2021) 261802
1074 — DarkSide-50
E PAL 121 (2018 081307
10746 ~ — XENON1T MIGD
43 Vector mediator, Dirac DM 2
10° 9,=0259=0,9 =1 . - )
ATLASIImns at 95% CL dlren::t datectmn III'T‘IIIS at SD% CL . Many assumptlons_ (Coupllngs,
1 = Vector/Scalar), Spin Dependent vs
1 10 10 10 Spin Independent Interactions
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95% CL upper limits
Observed

--- Expected
— gqgsted dijet + ISR

Phyys. Lett. B 788 (2019] 318

Boosted di-b-jet + ISR
EOS b

ATLAS-CONF-201 B-052
Hesolved dijet + ISR
TORATEER'

Phys. Lei. B 795 (2019 58
Hesolved dib-jet + ISR
TREETEE®

Phys, Lett, B 7%5 (2019) 56

Di'LEI TLA

1

a3t
Phys. Faw. Lafl. 121 (2018} 08180

Di-b- 49et
2438156

Phys, R, D 58 (3018 032016
JHEP O3 (20205 145

Dsi.j et
128m"

JHEP 03 (2020 145

: DH&[ angular

KLl ]

Phys. P D 86 [201T7) 052004
— tt resonance (1L)

RN

Eur. Phys. J.C T8 [2018) 568

— ﬁmrﬁ:sunan ce (OL)
JHEP 10 (2020 81

Dijet + lepton

JHEP 06 {20204 1581
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G LHC ys=14Tev L=10"tm"s" Trigger Levels Event rate From a talk by Mia Tosi
Dar L R L OFFLine

. - 15 GHzppinterac

mb

(IR
| LT
Pﬁwﬁ Reconstruction and Analysis
m ke S G T
B/ T T
1 RRIEEEE
A JEEEEEE
Al L]
AL e Lk
A HER|LIEE
us ms . n;_mu dala and mpuunyga ::._lm
jetE Tor parlicke mass (GeV) rm;a Time Window g Illga |1?:a p;:ﬂ‘ sec
The “true” limitis  Trigger Bandwidth = ﬁ;sfent Rate] = ﬁ};;rent Size
~1 kKH=Z x| ~1 MB

e.g. prescale (ps=10) — 1 every 10 events If we want to

passing that trigger are recorded increase rate, then we need
Unprescaled (or ps=1) - all events passing to decrease 59 / 83

that trigger are recorded event size 2




Prescaled triggers — pay too much in terms of statistics (for exotic analysis)
— Reduce the event size

N o B B A 8 Bt U T R B U F 0 P P R R 1EN |8 i | e e e | § Dl A ] it i

ATLAS Trigger Operation
_ HLT stream rates _ N
251 pp data, September 2018, vs =13 TeV

mm Trigger-level analysis

My e B-physics and LS
Main physics

= Express

15| Gther physics

mm Monitoring

HLT stream rate [kHz]

Size of full event : -
smaller event
Calibration .
10 (8&& lower LHC
instantaneous lumi)

5 — higher HLT rates

— lower thresholds

09:00 11:00 13:00 15:00 17:00 19:00
Time [h:m]

Size of RTA event
{relative to full event)

From C. Doglioni talk
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PRL 121 (2018) 081801
JHEP 08 (2018) 130

| I T T I I T 1
3 = 27 & 36 (13 TeV)
= = e 0‘.45 1 1 1 LI | T LI | 1 LI | 1 L Ll T LI | T LI | 1 LI | T T 1
- ATLAS = g R R TT BT Sl o o T G B
- . S0 sak CMS Preliminary
E_ Ez'l 3 TEV, 293 fb _EI 'E} : E 95% CL upper limits
E |y*| < 0.6 E T 035 Observed
P ] 2 E ------- Expected
= = O 0.3 I = 1 std. deviation
B - E [__] +2 std. deviation =
N [0 [ =] T T ]
105 E = E Mon > M :
; - 0.2 i A =
10°g E 0.45F " -
- e Trigger-level jets . 0 15_ _E
10°% Offline jets, single-jet triggers - = _ =
= —— Offline jets, single-jet triggers, prescale-corrected = 0.05 - Low : Higl =
_ I L 1 L ] | L L E d55 mas E
600 1000 2000 3000 4000 il e il e g by o el gl g pep Jepege gl 0]
500 1000 1500 2000 2500 3000 3500

m, [GeV]

Hadronic jets need to be calibrated (offlline) Z' mass [GeV]

Jet-area based | Absolute MC-based Global sequential

EM-scale jets

pileup correction calibration calibration
Jet finding applied to Applied as a function of  Corrects the jet 4-momentum Reduces flavor
topological clusters event pileup pr density to the particle-level energy dependence and
at the electromagnetic scale and jet area only scale. Both the energy and energy leakage using
direction are calibrated calorimeter variables only

Trigger-to-offline Residual in-situ Derived for

. . . offline jets

data-derived correction calibration

wunnm Derjved specifically

Corrects the scale of forward Corrects trigger-level jets A smooth residual for trigger jets

jets in data to that of central to the scale of offline jets, calibration is derived by
jets, using the pr balance ratio applied only to data fitting in-situ measurements

between data and simulation, and applied only to data 61/83

applied only to data @


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.081801
http://dx.doi.org/10.1007/JHEP08(2018)130

Long Lived Particles

A possible third signature for Dark Matter

cT (111)‘ i 6 .
10 e
; v

1{]1l'l =

A

ln—ll'l ol

ln—El'l . .

| | ]
Iy I |

1010 1p-3

(6102) (8ANUS ‘weyoeag ‘spa) ‘|e 1 euswI|Y

M (GeV)

Large decay lengths:
5 Small couplings - Hidden sectors
1 f,ﬂ? g2 m, m2 m2 Large mediator mass — BSM mediators

- 2567m. Mﬁ; mﬂ( m #) Compressed specira — Approximate symmetries

Il

Example: Charged pion lifetime:
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disappearing or
displaced kinked tracks
multitrack vertices '- -
| non-pointing
¢ ...~ (converted) photons

RS
displaced leptons, % Py

emerging jets
lepton-jets, or ‘ 9

lepton pairs

b
]
L
[}
]
"

trackless,
| low-EMF jets

quasi-stable

, . _ charged particles
multitrack vertices in the 9 Q

muon spectrometer

.

19/07/2023 A. Sidoti - HASCO 2023

ATLAS detector have been
designed primarily requiring
high efficiency detection for
“prompt” (or issued by b,c
and T decays) particles —

-Modified algorithms for

2Long Lived Particles:

z® Trigger selection

+® Tracking and particle ID

~® Background estimation

o Non collision
Background (Beam
Induced Background)

» Material interactions

» Cosmic Muons

(51L0Z 4eded a)um d1
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Trigger Selection

. £l Too large single or dijet trigger
. oé |1 jet thresholds (~400 GeV)
b _-=% f - Expl_c)lt pecullar.energy
o : deposition in calorimeter -
8 "°<— / | lower jet trigger thresholds ~100
p Ll s GeV

CalRatio triggers

%0.16—ATLASInternal IIH'—.I-;Fézlre:axlnlclalatallllll_: (;3,1_4_...|....|....|....|....,....|....|...|....|...1_

g - (5=13 TeV -o-FR2 BIB data = FATLAS Simulation ___ = seed:€0GeV-igh-€, -

014 —+(m_m )=(1000,275) GeV] Qo 100 {17 L1 seed: 100GeV-high- E 1

o fL=1391" f"" :m,)=(600,150) GeV L2 -(m_,m)=(125,35) GeV —— L1 seed: low-E, v2016

c - % —+—[m m (;gg ;,EOEG\G,V . i L ¢1=2.63m —¥— L1 seed: low-E, v2018 ]

._g 0.1 2:_signa[:iets matched to LLP after ID : Ez =) 5125 35; G:V _: 1 D | ]

Q B A L ‘ J

(W] [ ] Ik : J
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jetlog, (E /Eg,) LLP va [m]
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https://link.springer.com/article/10.1007/JHEP06(2022)005

I Reconstruction

« Removes constraints on d,, z, and number of hits - larger efficiency on tracks

from large radius
* “Slow” tracking algorithms — Runs only on ~1% of hits (TRT, SCT and PIX)

Beam pipe Pixel
E 1.5 N T L T T I Ll T L] ¥ I L] 1] T L] I T L] ¥ T I L] T 1 L] I L) L] ¥ T |
E 14 - ATLAS Simulation Preliminary E
= - Displaced hadrons —s— Standard tracks 1
-% 12 --m-- Large radius tracks —
= - wan Gombined ]
Hg 1 ?*.""u =
u T e §
- il =
& 0.8 — .._.-...-...-Ht"'l' —
- — B S ]
0.6 .__""-- » l--I-_.__:_'_: e, =
- .".-. .-"”*---i- 4
0.4 . eaww, ]
el o =i .
u +-- ....r'::
02 a2 --'-"“"'-h.._ B
D ‘.I L ok L L Il L Il L i Il i Il i I 'l I il 'l i i It
1] 50 100 150 200 250 300

: .. g M
Tracking efficiency recovered for tracks
produced at large radius

ATL-PHYS-PUB-2017-014

-HASCO 2023



http://cdsweb.cern.ch/record/2275635

Displaced tau triggers in ATLAS

T (100 GeV, 1 ns) r" R = 1082mm
E—L‘E_E.II I| III|IIII|.I.I |I ] LI L
- ATLAS Simulation Preliminary
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v S aga i
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v
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R:BSESmmL/"‘-
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{13 TaV)
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E B —4— standard reconstruction
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s [
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Hidden Sector model
¢ is the portal

I\/I¢ from 400 GeV to 1 TeV and M, from 50

to 475 GeV

M¢ from 60 GeV to 200 GeV and M_from 5

to 55 GeV

® Three BDT trained to distinguish between:

~ Signal
~Beam Induded Background — Specific to LLP
searches
~ Multijet )
Signal characteristics: E_Z ke
v Narrower cone than typical SM jets s 1
v No associated tracks to the “jets” 8 )
v Larger energy deposit in Had calorimeter = '}
than Em (alreay used for triggering) 102}
JHEP 06 (2022) 005 103t
10‘6
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LLP in Calorimeter

LHC beam-

C> High E.
> Low E;

gas and beam-halo

interactions upstream detector

ATLAS
Vs =13TeV, 139 fb~!
High-Et Training

990

.8920890000
e®%ye
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e  SM Multijet MC |
o BIB

(o]

o
ge00000g%80°,¢
LA Se
o o
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s

0.6 0.8 1.0

Signal NN score | 67 / 83


https://link.springer.com/article/10.1007/JHEP06(2022)005

Preselection, high-ET BDT < -0.35 BIB data
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CMS-PAS-EXO-21-013
. -1
CMS Preliminary 138 fb (13 TeV)
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Search for Heavy Neutrino

Address both Dirac and Majorana Heavy
neutrino (N) searches

Dirac - neutrino and antineutrino are different
— outgoing leptons have opposite sign (OS)
Majorana — neutrino and antineutrino are the
same particle — leptons have same sign (SS)
Trigger on prompt lepton |,

Hadronic or leptonic decay of W boson
For lower M, — boosted configuration

CMS Preliminary 138 fo' (13 TeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-013/index.html
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http://dx.doi.org/10.1007/JHEP07(2022)081

Conclusions and Outlook

After Higgs discovery, we are entering an era of BSM searches guided by experimental
results rather than theory — More similar to other experimental sciences

You!
Exploit LHC integrated | we w ani‘Youu

luminosity (Run3 and Run4)
¥ Leave No Stone

Unturned
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Ask questions ! There are no stupid questions !

It will be difficult for me to connect at the Q&A session on Monday

Since | will be trekking here ....
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ATL-PHY5-PUB-2014-004

Splitting scale: vd,=min{p,,py | XAR, Butterwovth, Cox, Forshaw, PRD6E5

Momentum balance: vy=vd,/m,
BDRS, PRLIOOD

muax{m,,m |
Mass ﬂl’l][]f Il.1:m—“
: .. ZA Ry Py
Jet width: ==
N-subjettiness: =5 Pulmin(AR, AR, AR Thajer van Tilburg, JHEPO3

A

More sophisticated:

+ inject “physics”, shower deconstruction (Soper & Spannowsky), templates (Perez et al.)
+ quantify uncertainty inherent in the decision making process, e.q. volatility (Krohn et al.)

From M. Vos lectures (2014)
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From G. Cowan lectures for CERN Summer Students

(a) g2 z 2 _ (b)
% S 54 = — signal
-—— background
E 1 5!th+-::§ 15k
5=15.7 s=80
b=16 b=020
10F i

— —

0.5

Maximixing sensitivity with

Zp = 2((s+b)ln(1+%) —5)
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https://indico.cern.ch/event/1040092/
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Nuisance pulls for Asimov tests for 4-lep region
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Possible Dark Matter Candidates

Mass, in electron vaolts [eV)

10-1#

II?F;-:%‘;)

! I:-T.- g "l J

Mass range II"\":_::
-1 to ~30

solar masses

/"'«,\ ULTRALIGHT
.t DARK MATTER

\\__ % Mazs range

~10-22 gV to -10-% &V E:cpl’_:rll'r'lenh-':

LIGO/Virge
Experiments

CASPEr, MAGIS-100

MPs i
£ P
Maoss range "' - II|
~1GeVto-1TeV “Jl

Experiments
XENOMnT,
PandaX-4T,

LZ, CRESST, DAMA,
COSINE-100

10

SUB-GaV /__ |-\‘

DARK MATTER [ L A
el ]
Mass range e

-1 keV to ~1 GaV

- AXIONS
T /_,.' Mass range
" ~10-% @V to ~10-2 oV
Experiments
ADMX, MADMAX,

QUAX, CAPP-8TE

10-3 10%

Experiments

SEMNSEI, TESSERACT

Credit: Samuel Velasco/Quanta Magazine
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Example: Typelll seesaw heavy leptons searches in ATLAS Eur. Phys. J C81 (2021) 218

0OS (€+€— — ete ei‘uq:“qu”—) SS (figi oot ej:‘ui?”j:‘ui)
Top CR m;; VR SR Diboson CR m;; VR SR
N (jet) > 2 > 2 > 2 > 2 > 2
N (b-jet) > 0 0 0 0 0
m;; [GeV] (60,100) (35,60) U (100,125) (60,100) | (0,60) U (100,300) (0,60) U (100,300) (60,100)
me  [GeV] > 110 > 110 > 100 > 100 > 100
S(ER™=®) > 10 > 10 > 5 >5 > 7.5
AG(BT™, ) i — > 1 — — -
pr(jj) [GeV] — > 100 — — > 60
pr(€6) [GeV] — > 100 — — > 100
Hr + ET™  [GeV] > 300 > 300 (300, 500) > 500 > 300
A. Sidoti - HASCO 2023 79 /83
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https://link.springer.com/article/10.1140/epjc/s10052-021-08929-9

t (ns)

1 10 100 1000

| |
my =100 GeV

10~4
10~
10~8
Y p-10

1p-12
1n—14

1p—16

WIMP miracle: Thermal Freeze out

102

19/07/2023 A. Sidoti -

D6 i3
QDMhQ%O.l(leo cm /s)

(o)

01 %08 (%)

« The resulting relic density is

1 m3
QX X R e —4\“
(ov) Jx

X f
Oy I
X i
« Fora WIMP, my~ 100 GeV and
Q'X”O.@ 9QX~01

From J. Feng CERN Colloguium
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https://indico.cern.ch/event/1288976/

137 fo' (13 TeV)
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https://arxiv.org/pdf/1911.03947.pdf
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1III

ATL-PHYS-PUB-2022-036
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/

Fractional
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