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QOutline of the lecture

e [ntro to LHC and its detectors. (See Simone and Maxim lectures)

e High Energy Physics Experiment Strategies

 Motivation for non Standard Model analyses/searches.

e The Standard Model (see Ulla’s lecture) has some

problems that could be solve by supersymmetry or Physics
beyond the Standard Model (BSM - Exotics models).

e Organise an exotics search:

e Overview of the exotics searches at ATLAS
e QOutline of some analyses:

* | epton Jets and displaced jets Caveat:

® very broad subject, impossible to cover
all constantly changing

* Di-jets resonance

e Precision measurements

® personal bias unavoidable
® very diverse subjects come together here
stop me if you get lost!
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Introduction to myself

?E/RW Experimental particle physicist on the ATLAS experiment at the LHC

since 2000. My research focuses on the physics of fundamental
particles and their interactions.

| participated to the detector construction and commissioning of
the ATLAS Muon Spectrometer, including the muon reconstruction monica.verducci@cern.ch

and identification software development. Contribution to R&D University of Pisa - Italy
studies for the Muon Spectrometer.

Associate Professor

Main physics topics: Higgs into 4 leptons, Standard Model Past experience:
measurements as b-jets cross section and a, Mmeasurements with @ CERN Fellow
heavy ions, Exotics Searches as Hidden Valley models (Higgs @ University of Wuerzburg (Germany)

@ University of Washington (USA)

decays into non Standard Model particles), Dark matter candidates o |
@ University of La Sapienza Roma (ltaly)

(lepton jets), long-lived searches. @ University of Roma Ill (Italy)

[ will definitely give an experimental fooim‘ of view to the qubjects of thig courge.
The theoretic agpects will be covered in a qualitative way.

ATLAS Doint view!
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® Run-12010-2012 at 7/8 TeV CM energy. Collected ~

25 tb-

LHC Operation

® pp Run-2 was finished on 24/10/2018 6:00 am

Full Run-2 recorded 139 fb-1 (year
8), 13 TeV CM energy (ATLAS @

6 about 36 tb-1)

- ATLAS {s =13 TeV
— Preliminary

[_|LHC Delivered
ATLAS Recorded

Good for Physics

Delivered: 156 fb™
Recorded: 147 fb’’
Physics: 139 fb™!
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Both LHC and the detectors
performed extremely well in Run-2.

e Maintained ~94% data-taking and
data-quality efficiency despite harsh

pileup conditions.
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ATLAS Week June 2024

Run-3 started on the 5th of July 2022

Run-3: Total recorded (delivered) integrated
luminosity: 114 (123) tb-1

After HL-LHC: will be installed in Long Shutdown 3.
® |n 2029 the HL-LHC will begin operations.

® Three Runs are planned of 4, 4 and 2 years respectively.

2021 2022 2023 2024 2025 2026 2027 2028 2029 ';' 70 F I e
[FMAM 3] TATS[OIND] S[FMAIM 3] TATS[AIND] ST FMAIM 3] TAT TN STFMAIM B TASTOIN D] [ FMAIM 3] [Als[AIN[o] [ FMAIM 3]s [als[OINo} 3] FIM[AIM ] S[als] N[} 3] FIM[AIM 3] Al S| OINDY 3] FIMAIM] [ AlS[OIND - N ATLAS Online Luminosity \s=13.6 TeV ]
LHC Run 3 stallatic % 60 :_ - LHC Delivered _:
- 8 - ATLAS Recorded -
E 50F
INJECTORS R . ) . .
North Area consolidation 3 : Total Delivered: 52.5 fb 1 E
- [ Total Recorded: 49.1 fb™ E
2030 2031 2032 2033 2034 2035 2036 2037 2038 2 40 _ . , B
J|FimlaM] 3] 2 [A[s|ON[D] 3| FMAIM 3| J]A[S|OIN[D] 3| FiMIAIM| J[ A S|OINIDY J[ FiMIAIM| 3| J|AfS|OIN[D) 3| FiMA|M] 3| J|A[S|OIN[D} 3| FiMIAIM] 3| 3 A|S|O[NIDY 3| FiMIAIM] 3] J]A[S|OIN|DY 3| FiM[AIM] 3] J|AlS|OIN[O} 3| FIMIAIM] 3| J[A]S[O[NID) S - 935 /0 data taklng -
| [ (@) " t A1 |
e Rund L4 un's | e 30 efficiency :
‘ g 20 ER
INJECTORS '2 - 1%
North Area consolidation phase 2 1 O - E %
2039 2040 2041 : 1
J|FiM[AM] 3] J|A[S|OIN[D 3| FMAIM 3| J]A[S|OIN[D} 3| FiMIAIM| J[ J]A]S|OINID O . - l - - - l ! 1 1 | 1 - .
1 L | wn ni
s e Shutdown/Technical stop 03/04 01/05 29/05 26/06 24/07
Proton physics - Injectors .
Ions (tbc after LS4) Day N 2024
Commissioning with beam
Hardware commissioning/magnet training
INJECTORS E
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The integrated luminosity (Li.:), which is Particle mass (GeV)

the integral of the luminosity with respect to time: N2nyfy
- Ame, B

1

L

N is the number of protons per bunch.
np 1s the number of bunches

f is the revolution frequency of the LHC (11.245 kHz)
~ is relativistic Lorentz factor

~ 1dN

L.« = [ L dt. L
o dt

€, is the normalized emittance
B is the beta function at the interaction point
Monica Verducci BSM Physics F is the geometrical factor encoding the overlap between the beams
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https://en.wikipedia.org/wiki/Integral

Luminosity LHC Slides : ATLAS WEEK

Luminosity vs Pile-up

600_lllllllllIllllllllllllllIllllllllllllll

- ATLAS Online I 2015-18:{u) = 33.7
500 - {s=13TeV, 147 b
1 2022-24:(u) =477
{s=13.6TeV,82fb"

e Every collision produces up to 80 interactions.
Extremely challenging environment to identify and

reconstruct the interesting event! ;

e Mean Number of Interactions depends on the 400 ©
luminosity of the machine LHC.

* Number of interactions per crossing calculated for

each colliding bunch pair.

300

Recorded Luminosity [pb "7/0.1]

200
 u=Lpunch Oinel / frequency ‘ .
e where Lyunch is the per bunch instantaneous 100 [- §
luminosity, Oinel is the inelastic cross section which ) : 3
we take to be 80 mb for both 13 TeV and 13.6 0 10 20 30 40 50 60 70 80

TeV CO”iSiOnS, and frequency isthe LHC Mean Number of Interactions per Crossing

revolution frequency.

Monica Verducci BSM Physics 9
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ile Up Challenge vs Luminosity

5® Challenge with high
pile up:

Track pt > 100 MeV

® Example ota Z
boson decays to 2
MuUOoNS IN an event
with 65 additional

pile-up collisions.

Track pr > 1 GeV

Track pt > 5 GeV e TV AN ATLAS

EXPERIMENT

Run Number, 336852, Event Number. 883966264

Date: 2017-09-29 09:19:23 CEST

Monica Verducci BSM Physics
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Trigger Selection: Online selection ATLAS Lectures

General
Rate

1S ~30 MHz

The protons are contained in
BUNCH, each bunch have
1011 protons for 25 ns of time

width. On average we have

PIORON « (ANt |proton Croas sectons

3500 bunches per beam. They o~ | Trigger system

= ““‘

' |
are not all filled! ~100 kHz

/‘
s-empy (| L L L LT L LD PLD D DD P T T 1 Lse vl /
2 - CalReq 70 ,//: ‘Sl e
1 - Paired 2544 ::Qi""“"‘"{i';; ™ s O ‘ i
0 - BCRVeto 3543 S Rt | | HLT Reco |

0 500 1000 1500 2000 2500 3000 3500

ATLAS Trigger Operation Bunch Crossing ID _ - _ [ |
L 10 — Sngedet ~1kHz  HLT Filtering
A two-level trigger system g 10° " Witding Energy
8 - Total Energy
records data at an average rate of g 10° |
S 10 /s =13 TeV

1 kHz from physics collisions,

L = 9.3x10°%cm2s?

Offline
Data

. . e 03
starting from an initial bunch '
: 0 T .
crossing rate of 40 MHz. “Main”
10 IATLAIS | | | | | | | St
20 40 60 80 100 120 140 160 180 200 ream
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chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://indico.cern.ch/event/1366443/attachments/2795091/4930454/ATLAS_trigger_lecture.pdf

Muon

HEP experiment usually consist of
different detecting subsystems wrapped
concentrically in layers around the

.
Neutrino
»

collision point.
* The trajectory, momentum, and energy
of particles are individually identified

and measured. Iy o Nt
A huge magnet system bends the paths .‘ \ /
of the charged particles so that their ooy Zi U/
momenta can be measured as precisely T{ %3’?:3?;222? WAILAS

http://atlas.ch

as possible.

Monica Verducci BSM Physics 12



Particle Reconstruction

Tracking Electromagnetic Hadron Muon

. chamber calorimeter calorimeter chamber
Tracking system: : t

Charged particles —

d

Electromagnetic Calorimeter:

electrons (e-), positrons (e+)
and photons.

<

Innermost Layer... P ...Outermost Layer

Neutrinos and any neutral

ight particle escapes from
the detector with no

signature.

Missing Energy in the event
is a clue of the presence of
these particles

Monica Verducci BSM Physics 13
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The Standard Model

The Standard Model (SM) describes the elementary subatomic particles of the
universe which have been experimentally seen.

The SM includes the electromagnetic, strong and weak forces and all their carrier
particles, and explains well how these forces act on all of the matter particles. The
Higgs boson does not carry a force but instead gives the elementary particles mass.

1st 2nd 3rd generation
B S L
T ‘2@’: Ty %’: s ‘?rg': &— charge i
s u C 2 A\ =t : ho
Elementar 2] ||| e ‘=) Fundamental
S B g D S (i cov R (0 2 &
Particles: ! G Y Y7 ° N :ls forces
. ks ( | td,s b) \ d 0 b g i e Strong force
Uarks (u,cC S \ ® - \ — < g
. Iq X ( Y ’t ' I Yoo Yot . N % e Weak force
eptons (e,mu,tau, e - AP )
: 5 2 °
neutrino) = 1[1E M ‘ '7’ ] Electromagnetic
é 5 < N . \_ - \_ wh) X 5 ) g_ fo rce
IR v 1y Wi Z e Gravitation force
- a1ty 1 non included!
. S B \ .\ 2 \_ g L 24 )
. Fe'r;g)ns Bo\sgns
Monica Verducci BSM Physics Eais S Image credit: C. Burgard 15



The SM theory has

successfully explainead
almost all experimental
results and precisely
oredicted a wide variety
of phenomena!

Monica Verducci BSM Physics

The Standard Model success

Standard Model Production Cross Section Measurements

Status: June 2024
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Why beyond SM?

The SM is currently the best description there is of the subatomic
world, but it does not explain the complete picture! The theory
incorporates only three out of the four fundamental forces, omitting

gravity and doesn’t not answer to some important questions.

Large difference in scales of }

| Dark matter (DM) |

Dark energy
| Matter vs antimatter|

forces

—————

hierarchy problem

Gravitation force }
and its Weakness

———

Neutrino masses|

Free SM parameters|

Monica Verducci BSM Physics 17
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: Hierarchy Problem
/w‘ The hierarchy problem occurs because the fundamental . ° é
> parameters of the Standard Model don't reveal anything AR e .
about the scales of energy. . - >
he theorists have to put the particles and their masses into the o d
theory by hand, so they had to construct the energy scales by : . ‘e
hand.
________ slect o \;e% Distance-Scale # cm) ~ ¢ X Time-Scale (sec .
""" N - g wfg“:ﬁ;:“)( e **9 Need of a single theory that could be
https: //Rl;qlmverse review.ca/ L g e applled at all scales, without the need
P w. Uniligation Ilass . . .
4 ) for renormalization (removin
Hacron Fermilab
O v GOt O soze Hrcbon infinities), and understands the
= M(:iecu:as Nugled uOi[lPl
Ploton S &) properties of nature and its rules
Im 2110 ’ . .
l | | Vol working for different scales.
R SRR AT S RPN { LN ST S S S T S B |
107 100 10" 1047 107 107 197 107 10% s 0% 10 (ev)
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The existence o
can be inferred

oy its gravitational interactions.

FOREGROUND
GALAXY

LENSED IMAGES OF
DISTANT GALAXY

Visible mass not sufficient to

explain observed lensing

Angular scale

90° 18° 1° 0.2°

0.1°

- a non-baryonic component in the universe

Velocity found to be flat,
consistent with ~10x as
much “dark” mass for more
than one aalaxy

Dark Matter and Dark Energy

Visible matter makes up just 5 percent of the universe.

Universe content

visible matter 5%
'8 v

dark matter 27% -

dark energy 68%

(A): Predicted
i (B): Observed
B A

Distance

effect

500 1000 1500

Multipole moment, /¢

2000

2500

0.07°

Baryonic matter alone can't
produce the Cosmic
Microwave Background CMB
spectrum

hjp://lambda.gsfc.nasa.gov/educalon/cmb_plojer/
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7N \

Universe Content

= | I 7 1009

Cold Dark Matter

l i 0%

Additional Properties

Hubble Constant
| | = 2

Reionization redshift

pé

Spectral Index

' pé

Power Fluctuations (uK2)

CMB Analyzer

0.5

Monica Verducci BSM Physics

VIB exercise

This plot shows how temperature varies
with the angular size of patches on the sky. This reveals the
energy emitted by different size ripples of sound traveling
through the early universe.

. = analyzed sky / universe signal.
. = your simulated sky / universe signal.
Black points with error bars = 'binned’ (grouped) data to
analyze data accuracy.
Light blue area = likelihood of results being caused by
random chance- only a concem at large scale (left).

9.1 billion years
Only Barionic Matter

Atoms 1009%
Dark Matter 0%

Power Fluctuations (uK2)

Universe Content

{ P 4%

Cold Dark Matter

7 I - 2%
Z

Additional Properties
Hubble Constant

-

t { 2

Reionization redshift
4

Spectral Index

I 4

Angle across the sky (deg)

hjp://lambda.gsfc.nasa.gov/educalon/cmb_plojer/

CMB Analyzer

This plot shows how temperature varies
with the angular size of patches on the sky. This reveals the
energy emitted by different size ripples of sound traveling
through the early universe.

= analyzed sky / universe signal.
= your simulated sky / universe signal.
Black points with error bars = 'binned’ (grouped) data to
analyze data accuracy.
Light blue area = likelihood of results being caused by
random chance- only a concem at large scale (left).

Power Fluctuations (uK2)

Universe Content

Atoms £ -

2 ; : - Angle across the sky (deg)

Cold Dark Matter

i T 100% Sl
Only Dark Matter
) _ AT IR T BB T Atoms 0%
Additional Properties TRRR2 SRS 2 AL ': s g akpn ¥y, WP <8
Hikible Consta T G S ¥ ™ s Sl Dark Matter 100%
l > 1 FiN L0 by

Reionization redshift

4

Spectral Index
| -»

CMB Analyzer

This plot shows how temperature varies
with the angular size of patches on the sky. This reveals the
energy emitted by different size ripples of sound traveling
through the early universe.

= analyzed sky / universe signal.
= your simulated sky / universe signal.

ks oo s = (yroed s Better Agreement
« Light blue area = likelihood of results being caused by
Atoms 4%

Dark Matter 22%
Rest Dark Energy

13.7 billion years

1.00

20


hjp://lambda.gsfc.nasa.gov/educaUon/cmb_plojer/

DARK MATTER CANDIDATES:
/ueV meV eV KeV NeV GeV TeV IO " N9 Mg M3 9 Kg ToN 10%s lo'zlsg 10%g  10%%s lO’okg

lli']l ll__l_ll lgl#' -l ||I4L lAI'. | l ln lLLlllIlll | lll

Dark Matter Searches r=m=t === =5 T P

STERILE GRB CRO | BUZZKILL
NEUTRINOS | NEUTRAUNGS COWS LENSING | LENSING | ASTRONOMERS

NO-SEE-UMS

ELECTRONS PAINTED OBEUSKS, GAMMA NEUTRON - SOLAR SYSTEM

WITH SPACE. CAMOUFLAGE 8-BALLS MONOUTHS, RAYs STARDATA — STABILITY
PYRAMIDS MAYBE THOSE ORBIT LINES IN SPACE
DIAGRAMS ARE REAL AND VERY HEAVY

Indirect Detection: X 9
Detection Annihilation DM, space-
experiments (AMS, Ice-Cube, Fermi,

KM3NET...). y q
Direct Detection: X X
DM hits nuclei of the apparatus, those recoil.

Study on the excess wrt radioactivity (DAMA,

DarkSide, LUX, CDMS...). q q
Production of DM: : .
Pair production at LHC. Weird signatures

with large missing ET

(ATLAS,CMS) 9 X

Monica Verducci BSM Physics 2



Dark Matter Searches @ Colliders

LHC Seminar 19.07.22

N Collider
?? GeV/c
5 GeV/ic? =126 I
ccccccccc 0 O
u c b | @ © SM DM
up charm top gluon E&ggﬁ ? c
=4 8 MeV/c? =95 MeV/c? =4 18 Ge .9
: v
9 ® - 0| @ @
N Mediator “&3
down strange bottom photon |£|:::| O
—
0.511 MeV/c? 105.7 MeV/ic? 1 7 GeV. 91.2 GeVic? 2 -‘d
1 ) -1 -1 0 ’ ?? GeV/C G)
Q| @|-@| @ £\/
2 O
electron muon tau Z boson 8 O
g ;226V/c’ ;017Mch’ | ;155Mch‘ SfdGeV;c‘ .h % 7 SM DM
°L. & |- @ - @& W 9 < |
L. lect t
- ReulinG NOUID SiRID W boson S
Dark Matter Indirect Detection

e DM couplesto SM: This can be studied at colliders ! For example at LHC in pp = SM + DM

e Many theories predicting

DM + SM interactions (

DM searches widely use simplitied models).

e Assuming an interaction between dark matter and SM particles through mediators (either
SM or new as Higgs, Higgs-like, Z', neutrino...).

Monica Verducci BSM Physics
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How to fix them?

N/ S Big Questions shutterstock.com - 659488618

A new theory has to:

A. Contain SM (its symmetries and mass spectra)

B. Respect the actual phenomenologies

C. Be free from anomalies (current should be
conserved)

D. Langrangian density of the order of E4

Compositeness,
Extra dimensions

Extended
Higgs Sector

W'/Z'
Minimal
Dark Matter

Hidden
Sector

Multiverse

2L =L+ Lnon_su+ <L nr

We have to look at “beyond the Standard Model” to solve the observations
that not fit the theory or not explained by the theory! SUSY or Exotics
models can fix some of these problems. (See Sara lecture for SUSY model)

Monica Verducci BSM Physics 23



FrOm SM to BSM Test it until ﬁ Take SM as

/RW completely baseline

excluded!
> ® Research action
® take the SM as the baseline model
® add BSM ingredients to solve one or more problems
® make predictions in new BSM phase space

. . o Prediction in Add BSM
® test experimentally with existing data, new data, or new the new e ietbaon
experiments and repeat model b

e Potential BSM ingredients
® new particles

® new interactions: portals, mixing,..., new signatures

® Potential observables

® high-mass / low-mass resonances

® cross section or branching ratio deviations M e neractons O

N U

® shape deviations / interference

Monica Verducci BSM Physics 24



Interpretation of the Result

cEn) Questions on the meaning of the results, the methodology,
unexpected findings and limitations and shortcomings of the studly.

0 Mostly before LHC (LEP, Tevatron)

e Start from a theoretical pri

SM problems: (mostly) ful
models

nciple to address
y consistent BSM

Lo Huge parameter space, describing new

phenomenology

te Make the experimental tests

te Hard to re-interpret in other context ;‘

Bottom up Arrlvmg to a Theory

te Limit to the essence of the BSM aspect

‘,, ; of interest

" OFocus on experimental signatures
'Easier to re-interpret

j 'actuaHy expands the phase space

‘.g|mphfled Model and Effective Field |
Theory |

.set a limit on the theory parameter!

It there is not a discovery...

Monica Verducci BSM Physics
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© \!
.Ae 5P, el
Spa“\‘(‘;-\\g eQ\)\\l(a\,ab\es
Bottom Method
ottom-up ivietno e
- =
Transition to simplified models in 2010
(SUSY) and 2015 (dark matter) \ e
‘ o 179 86% of all hadronic
— = X production in LM1 consist
Xy of “simple” decay chains.
Simplified Models for LHC New Physics Searches Pt} ¥ _—
LHC New Physics Working Group * Daniele Alves (SLAC) et al. (May, 2011) y app:g;;z'{dt%g;:l;githa
Published in: J.Phys.G 39 (2012) 105005 * e-Print: 1105.2838 [hep-ph] 2pal e 7 M §o 0 %0

credits: S.A. Koay

® Nowadays strong emphasis on Effective Field Theory (EFT)
® parametrize our ignorance of the full theory at high energies in “effective” low-energy “operators”

1 1
. ]

® these operators are non-renormalizable, so they cannot be Lagrangian terms in a fully consistent
renormalizable theory that works at all energies.

example: the non-renormalizable Fermi theory with 4-fermion

vertices could describe observations because the W mass was
at that time still a very high energy scale

Monica Verducci BSM Physics
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1. Find good discriminant(s)
to identify the signal region
SR (be blind in data)

2. Determine background
events and define the
systematics uncertainties

3. Statistical analysis of the
events selected (*)

(*) see Tomas lecture

(**) see Jonas and Stefanie lectures.

Monica Verducci BSM Physics

Cut and Count

O r N e u ra | N etW O r |< / Simple Neural Network Deep fming Neural Network

Multivariate analyses

e

Background samples
possible from data or taken

from theory Simulation

Likelihood fit to determine if your
data are statistically consistent with
a background only hypothesis in
the signal region
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Definition of Regions

e CR — Control Regions. Backgrounc

dominated. No (or very small) BSM signal
contamination. Likelihood fit to control
background and evaluate systematic. Ideally at
least one CR per background process

e VR — Validation Regions. Still depleted in BSM

signal events.

o assess validity of background

estimation on a kinematical 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!

Monica Verducci BSM Physics

observable 2

a.u.

SR

Single dimension obervable

observable

2)

VIRdL

——————)--
S O S

ER2

“CR3 MRS

e e S '

Multi dimension obervable

observable 1
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Background Events

Real Physics Simulated Physics

Particle Collider Event generator
LHC Pythia, Herwig

® SM MOdQIS BaCkgrOund: tWIﬂ Set Of CO”ISIOH Detector, Trigger&DACU [ Detector simulation ]
. o . ATLAS, CMS, ... Geant4
data to compare to the real collisions obtained

by simulation. \ / C B

Observable 2

Observable 1

NN
N,

from real data due to the limitation of CPU/ *
storage resources. ABCD Extrapolation Method
using with 2 independent observables. Three of Ny =
these regions, called B, C, and D, are background
dominated. The fourth, A, is the signal region, the
background in the signal region can be

predicted from the other three regions.

Physics Analysis
ROOT, python, ...

Event reconstruction
¢ Data Driven Background: samples obtained [ Ahena. - ]

Cosm:c ray

¢ Non Standard Background: Beam Induced BIB 1

background and cosmic-rays muons could eo——

7, 17 Muon segment —a- - S Muon segment
represent a “non-standard” background for SUSY iming<0 v [ e I 7 tming ~0
and Exotics searches. Main from data. ; 1 __F B}

(rected = — |zlle = |ty = = 2V/r* + 2%c

d
pexpected _ _ |z|/c + Ittofl ~ 0

In time
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Non-Collisions Background

e The term non-collision backgrounds (NCB) refers to signals seen in
the ATLAS detector which have not been produced by normal collisions
of the LHC beams. The main components are beam-induced
backgrounds (BIB) and cosmic-ray muons :

e Beam halo: protons with high transverse amplitude hitting
tertiary collimators (TCT)

e Beam gas: small-angle deflections of the protons originated by
elastic beam-gas scattering (adds to TCT loss) or inelastic hits of
protons with residual gas molecules

e Cosmic rays: predominantly muons travelling downward due to
atmospheric cosmic-rays showers

e Motivation for these studies:

e Beam condition feedback to LHC and monitoring tool to ensure good
data quality
 These events are an important background source for searches with
mostly displaced objects as:
e SUSY and Exotics long-lived particles searches. Most of the studies are
done with a tight synergy with the physics groups involved.

Monica Verducci BSM Physics

) |
% - ATLAS
= - 1
= b \s=13 TeV, 33.0 fb.
20 *
0
-20

High-ET presel BIB-weight = 0.34
0 .

|
BIBdata |

0.15

0.1

0.051

~ C I I I .
O 4. H-o2y +X ATLAS :
o °rC d .
~ - m, = 125 GeV . .
S 025- m =400Mev ~— FRVZsignal -
4y} - i
= : J_[ - - - cosmic dataset
0.2? —
[ \s=13 TeV

---------

-10

muon timing [ns]

Eur. Phys. J. C 80 (2020) 450
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How do we optimise the selection?

TMVA overtraining check for classifier: BDTG

TMVA
® Score Function: Significance S/\/ (S + B) $ 6 [ Signal (esf sample) """ T+ Sighal {traning sample) T "
% /| Background (test sample) « Background (training sample)
o Number O'I: Slgnal eve nts S In a SeleCted event Sample |S g 5 ;(olmogorov -Smirnov test: slgnal(background)probablllty 0.0104 (0.0341) —:
estimated by subtracting the estimated background B from B 4? ’ " ? 1
the total number of events N: N here should [ put my cut ¢ EE
g 1e
4 12
— vd 15
. . . . . 7 °
® Statistical uncertainty in the signal estimate: 15 : a
° S — \/N — \/(S B) 0-1 08 -06 -04 -. 0 02 04 06 08

BDTG response

® Poisson statistics

® ignore systematic uncertainties, and consider B large enough R b T P = o R

_ Background efficiency s/(5+B
® goal: maximize significance g af |
o by keeping signal events 9; oaf N ............. S s
® while suppressing background : 5
® Additional score function based on likelihood test: | TN
o \/Z(S n B)ln(l n S/B) — 2S 0.2:— :xr?tmﬂmﬁ’:ubsﬂ ;‘;n:,s .............. ______________ . ______________ ......... 0.2
............ I | l

0. 9?05 wh?n cuttilng at 0. l.".949 l

o I 1 1 11 1 1 1 11 1 1
-1 08 -06 -04 -02 O 02 04 06 08

. . . Cut value applied on BDTG output
Monica Verducci BSM Physics

Significance
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Now what are we looking for?

Monica Verducci BSM Physics

® Search for cracks in the Standard Model that will indicate us what/
where is beyond...

® Precision Measurements of SM and/or rare processes - limited
by luminosity and data-taking capabilities
® |ow-mass resonances with large background

® small couplings
® rare decays

® Direct searches tfor new particles or phenomena due to high

energies - limited by colliders' center of mass energies

® New bosons new fermions...
® Heavy neutrinos, ....

® unusual processes - limited by detectors and our ingenuity:
® invisible signatures

® |ong-lived particles
® unusual charges
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Motivation for Long-Lived Particles

+ A wide variety of BSM and SUSY models (Hidden

Sectors, RPV violating decays, Split-SUSY, AMSB,
GMSB, etc.) predict the existence of Long Lived

. . . . . Signature Scenario
Particles (LLP), new particle with long lite-time, o . .
| Late decaying split SUSY, Hidden Valley
enabling direct measurements. jow B, GMSB, Split-SUSY, Stealth
. . . . 2 large dE/dx SUSY, Multi-charged
<+ Small Coupling (R-Parity Violation SUSY, Dark 3| Dissppearing track ~ AMSB (wino-LSP)
Photons...) 4  Non-pointing Y GMSB

o o Displaced vertex, RPV, GMSB,

+ Limited/Compressed spectra (for example 5 Lepton-jet Hidden Valley

decay-length sensitivity

> 000mm

O(100-1000)mm
O(100-1000)mm

O(10-100)mm

Compressed SUSY...)

+ Large mediator mass, i.e. decays via Heavy Particle
(Heavy Neutral particle - Neutrinos...)

Large decay lengths:

Example: Charged pion lifetime:
P 9= p 5 Small couplings — Hidden sectors
1 f;? " g2 m'u'( 2 mz)' Large mediator mass -~ BSM mediators
.+  2567m. _ MEV m. - Compressed spectra —. Approximate symmetries

Monica Verducci BSM Physics



Unusual signatures: Long-Lived Particles

> jet

» Unconventional signatures as long-lived particles (LLPs) have unusual and — chargedparicle
wce®  highly ionizing particle

unique signatures, extremely challenging due to the non-standard final

— > electron

topologies. R
» The signal event reconstruction and selection, as Displaced leptonic vertices Displacec
the background estimation, use dedicated and vertices + MET
very specialised techniques. eto hho ID

o Detector-signature based search. Experimentally Disaigpnng
very diverse, depending on particles’ properties
(dE/dx, Time-of-flight, displaced vertex )

Displaced jets In
the Calorimeter

Stopped LLPs

e May require customised trigger and self-made NOTINFILLED AW
BUNCH >3 |

objects reconstruction algorithm CROSSING
: : : N Displaced jet
e Requires non-standard analysis strategies and tools \ in the MS
Late photons
. 3 ‘
e Non-standard background (cosmic-ray muons \
and Beam Induced background), generally Highly ionisingp: (Meta) Stable Displaced Lepton-jets
| o particles /1 Ps
data-driven estimation T, [Ehaigess
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JHEP06(2023)153 / Dark Matter e
4 7 A e neutral particle

candidates: ——— doum
Hidden Sector and
Dark Photons

Excellent Example of:
A. Dedicate trigger algorithm
B. Non-standard Background
C. Application of NN and BDT

selection

D. Estimation of expected
background via ABCD method



Dark Photon

These analyses explore the existence ot a dark sector weakly

coupled to the SM. The theory introduced a dark Higgs Hqg that Fliggs production

decays in dark particles. 7700000 ;

® Higgs boson can be produced via ggF and/or WH processes. /fmm>

® The benchmark models used in these analyses are the o
Falkowski-Ruderman-Volansky-Zupan (FRVZ) model and '\ Wz ’

Hidden Abelian Higgs Model (HAHM), where a pair of dark a Y

fermions f are produced via a Higgs boson (H) decay or dark
ohotons are directly produced by Higgs boson.

f
HAHM Model / / FRVZ Model
~ ¢ Y > f
>
1w
Y fa g HLSP
Hy Hy
< HLSP
Yd fd \1‘
Yd
! \:\ f g > f
f \\ _
Monica Verducci BSM Physics f
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JHEPO6(2023)153

Lifetime of the Dark Photon

The communication of the dark sector with the SM is

hidden
sector

SM

SU(3) x SU(2) x U(1)

through kinetic mixing of the dark photon and the
standard photon

5 F* b

€ ) 4 a.l i

Lgauge mixing = EByvb” : / :
T~ > f

where Buv and buv denote the field strengths of the W

T A Ha Vo
electromagnetic tields for the SM and dark sector X
respectively, and € is the kinetic mixing parameter. % f

The kinetic mixing term g, which can vary over a wide range of values, 10-11- 10-2,
determines the lifetime of the dark photon. For a small kinetic mixing value, the t4 has

a long lifetime, so that it decays at a macroscopic distance from its production point.

Monica Verducci BSM Physics
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Dark Photon Life Time

107

107

10°°

1072

Monica Verducci BSM Physics

| U
I ! J L1

1

0
m(A’) [ GeV ]

JHERUGIZU025 1] 53

104\°( 100 Mev')”
T < | — [s]
€ My,

The mean life time 7 of

the dark-photon is
inversely proportional to
the kinetic mixing

parameter e.
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JHEPO06(2023)153

Phenomenology Displaced Photon Jets (DPJ)

v4 Branching Ratio

1.00}-

» These models predict the existence of dark photons, o
light neutral particles decaying into collimated ! M |
leptons or light hadrons. [ Hadrons |
0.20¢ :

o This search looks for long-lived dark photons (small -

0.10

coupling) produced from the decay of a Higgs boson or |

. . . 010 015020 030 050 070 100 150200 300
a heavy scalar boson and decaying into displaced 4 Mass [GeV]

collimated Standard Model fermions.

e DPJ is a cluster of highly collimated charged particles:

electrons, muons and pions originated by N neutral light dark  -------=----
photons produced with large boosts = lepton/hadron pairs

in a narrow cone AR

2 lepton jets +
missing energy \ |,

e DPJ with long-lived y4's (small €) = displaced decays
highly isolated in the detector.

JHEP06(2023)153
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Strategy for Displaced Photon Jets

W) o The DPJ are characterised into two classes depending on the
dark photon decays:

e muonic-DPJ (uDPJ) - DPJs decays into muons, at least two
muons are required and no jets are allowed in the cone.

o calo-DPJ (caloDPJ) - DPJs decays into electron or pion
pairs in the HCAL, one jet is required and no muons are

allowed to be in the cone.

e The analysis exploits multivariate techniques for the
suppression of the main multi-jet background,
optimised for the different DPJ channels

» Main Background multijets, additional background
from non standard collisions events (Cosmic-rays and

Beam Interaction)

» Dedicated trigger selection is applied.

40
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Signal Regions

|

WH Production

Monica Verducci BSM Physics

definition for DPJ

2 uDPJ

2caloDPJ

Requirement / Region

SREE"  SRE8" SREEF

Special trigge}

—_—
—

Number of uDPJs
Number of caloDPJs

Tri-muon MS-only trigger

Muon narrow-scan trigger

CalRatio trigger

|AtcaloDPJ S | [IIS]
caloDPJ JVT

Adppy

BIB tagger score

max () pr) [GeV]
[] QCD tagger

201 c+u

2 1

0 1

yes — —
yes — yes
_ ves _
— <25  —
— <04 —
>7/b >n/b >w/5
—  >02 >0.2

< 4.5 <45 <45
— >09 >0.9

Requirement / Region

Number of uDPJs
Number of caloDPJs

Single-lepton trigger (u, e)

yes

mmo [GGV]

ItcaloDPJ | [IIS]
Leading (far) caloDPJ width

caloDPJ pr [GeV]
JVT

min(Ae)

min(QCD tagger)

<4

<0.10 (0.15)
< 0.6

< 3m/10

> 0.91
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Mult| Variate Tagger

® Muonic DJ :cosmic-ray tagger output score > 0.5

® Calo DJ: QCD tagger >0.9 and BIB Tagger >0.2

® Validation of the background in the ABCD
Plane by using SumPt and QCD Tagger

AL L | L L L L DL B 1:‘"l""l"""'l""[" | I B B B
ATLAS Simulation = : ATLAS :
—— FRVZ (m_, m, )=(125, 0.4) GeV = N —— FRVZ (m,, m, )=(125, 0.4) GeV .
----- FRVZ(m m, ) (800, 0.4) GeV - N <+« FRVZ (m,, m ) (800, 0.4) GeV |
— HAHM(m m, )=(125, 0.4) GeV 7 & - == HAHM (m, m )=(125,0.4) GeV )
=33 QCD multi-jet MC | ' 10" N <=2 Collision BIB dataset

| D -

1 llllllll

__.
.
AR

Entries normalised to unit area

lllllll

7 I Ll

0.1 02 0.3 04 05 06 0.7 08 09 1 0 01 02 03 04 05 06 07 08 09 1
QCD Tagger Score BIB Tagger Score
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Entries normalised to unit area
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o
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Eur. Phys. J. C 80 (2020) 450

COsmiCS ray Muons : and arXiv:2206.12181

/E/RW * The Trigger chamber RPC measures the time

2 that is corrected by the time of flight of the
muon assuming the IP as the origin of the muon.
On each layer the corrected time for a mu from
P is centred zero.

e | ooking atthe Delta T between Outer and T
Middle layers is possible to identify the direction |

of flight of the muon. High Pt: BOS +BOL Lxy>9000 mm
Pivot: BML 7750<Lxy<9000 mm
Low Pt: BMS Lxy<7750 mm

ti*and t2>* are the un-corrected RPC

e |fthe muon is a cosmics muon the Delta T time in low and high pt stations

corresponds to a defined value :~- 18 ns.
e the difference is proportional to twice time of flight.

— [} — -
=3 2500 = - 8 - 8
Clg) s 0.025 — ‘.. — o
= - 1] - o
< — . —
o 2000 - o - o 2 ¢ *
= 0.021— b 002—  (LOSMWLES o
- - : e
- ¥ X
L 3 B e . . °
1500 , - : — g
- > B o o %
- o D e - . - L ®
1000 0.01— * b Collision ot e e # ¥
- 3 3 TE : o I i
9 2 — ¥
- 3 - :8 ¢
5000 0.005 |— 0.005 — 8
B B 4
L 1 | 111 1 | 1111 N
_ 0 950 -40 -30 -20 -10 0 10 20 30 40 50 950 —40 -30 -20 -10 0 10 20 30 40 50
RPC hit ¢ extraTr rpc A t [ns]

extraTr rpc A t [ns]
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Results : Exclusion Limits

T

T T TTH

= 10.0%
= 5.0%
= 1.0%
= 0.5%

T TTH

= 0.1%

LR

= 10% EarlyRun — 2 displaced

= 10% Run — 1 prompt

R

Illlllll I | 1 I | 11
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90% CL limits
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—
—
—
—
—
—
—
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[ 1 11111l
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Dark Photon Mass [GeV]
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5=13 TeV, 139 fb™?
90% CL limits
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T
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LLP Displaced Hadronic Jets

Model Interpretation: \Weakly coupled Hidden
Sector (HS) communicates with the SM via
neutral LLP that decays within the ATLAS
detector.

e Scalars decaying to SM fermions
(quarks,leptons)

 This analysis explores signature, where both
neutral LLPs decaying in the hadronic
calorimeter, resulting in an atypical jet
topology:

A. Produce narrower cone than typical SM jets
originating from the IP

B. Ratio of energy in the HCal (Ey) to the energy
in the ECal (Eewm) is large (large log( Ev/ Exm))

C. No associated ID tracks to the jet -large ARmin
between the jet direction and the tracks

Monica Verducci BSM Physics

JHEP 06 (2022) 005

Background
e QCD jets

e Jets usually deposits in all subsystems.
e Large QCD cross-section in pp collisions
* Beam-induced background (BIB):
e | HC beam-gas and beam-halo interactions
upstream detector
e Cosmic backgrounds:
e Cosmic rays and external radiation to detector



—
N

' 14UEDR > | I | I | I | I | I | I | I | I | ] | |

. o - ATLAS Simulation L1 seed:GOGeV—high-ET :

'% 1o L1 seed: 100GeV-high-E_

ve nt e1e( l 10N 2 120 m)=(12535 GeV — L1 seed: low-E, v2016 | -

L 1 - ct=2.63m —*— L1 seed: low-E; v2018 1

0.8 :_ s T s = _:

* Dedicated signature-driven trigger: Cuts optimised for .- S c
“CalRatio Trigger”. : : :
gg | models: 04l . -

e Although the jets from neutral LLP decays pass High Er, mass(®)>200GeV ) 2: g R ]

. . . 2 » \ —

standard jet triggers, thg high pr?scales of Low Et, mass(®)<200GeV - ? iﬁmﬁiﬁ ]
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High- E+ selection i SU < - il
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. . . . sig1p s . Sigop ; "\ 1 B Ll M =n T |
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: : . pr(jet™ =) > T0GeV 045 N

of two leading Et T jets and event variables pr(iet™E2n) > 80GeV T :

. high-FE+ NN product > 0.5 B _

e ABCD method to define SR and CRs. 0.2} :
O_Ijlllllllllllli' L ]

0051152253354455
Monica Verducci BSM Physics LLP ny4[fm]



JHEP 06 (2022) 005

Jet NN and BDT Selection

Neural network to distinguish
signal, BIB and QCD.

e Quality, momenta, Interaction Point
P of tracks around candidate jets

e Momenta, timing, energy fraction
in ECAL and HCAL cluster of jets.

e Spatial and timing info of muon-
tracks arounds jets. Jet variables.

Displaced Jet
Characteristics

Mon. .cci BSM Physics

& ATLAS W Signal = ATLAS s Signal
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Background Estimation

After event selection, main
background is multi-jet. Modified
ABCD method to estimate multi-jet
background.
e Combined fit of multi-jet background
following relation of ABCD method.
Define SR (A) and CRs (B,C, D) based
on event selection with: BDT score and
2 ARmin(jet,tracks)
Agreement between data and SM
prediction!

Remind : ABDC Method

Three of thege regiong, called B, C, and D, are background
dominated. The tourth, A, ie the gignal region.

Monica Verducci BSM Physics
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Results

Sensitivity to BR(H — ss)
down to 1%

Better sensitivity than
previous CalRatio:

o Better trigger.

e Better displaced jet-NN.

Less sensitive limit from 2016
combination at low cr due to
not inclusion of Inner
Detector analysis.

Monica Verducci BSM Physics

— — -
W N —l —h
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95% CL upper limit on (6 / 6gy,) X By,
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arXiv:1910.08447

Di-Jets
Resonance

E xcellent Example of:

R R R R A R R SR

A. Bump Search

B. Sean for resonance




Di-Jets Resonance

* The results are interpreted in the context of

several new physics scenarios:
e excited quarks g+ (g =(u, d, ¢, s, b)) from
compositeness models,
e heavy Z0 and W0 gauge bosons,

*

®* a chiral excitation of the W boson, denoted W

* aleptophobic Z 0 dark-matter mediator model,
e quantum black holes,
e and Kaluza-Klein gravitons.

* |n addition, limits on generic Gaussian-
shaped narrow-resonance signals are
derived.

Monica Verducci BSM Physics
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Non-Resonant
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Di-Jets Resonance Search
dijet event with mjj=2.5 TeV

EXPERIMENT

umber: 329716, Event Number: 857582452

e Search for di-jet resonances. SO

*Full Run-2 data- set: 139 fb-’

*|nclusive di-jet search and
dedicated di-b-jet signature.

l- =
' 'M lll

esss + smmmER - -
i

-
'
-
— .' —~ . —
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Event Selection

Event Selection: single-jet trigger that requires at

least one jet with pt >420 GeV, the lowest pr Category Inclusive 1b 2b
unprescaled single-jet trigger. At least two jets Jet pr > 150 GeV
ith h : hal | Jet ¢ Ad(jj)| > 1.0
with pt >150 GeV and the azimuthal angle
between the two leading jets must be greater than ~ — ! - <20
9] 9 v*| < 0.6 < 1.2 < (.8
1.0. m; S1100GeV | > 1717 GV > 1133 Gev
o . . . b-tagging no requirement = | b-tagged jet 2 b-tagged jets
* |n addition to an inclusive dijet search, events DM mediator 77 W = DM mediator Z’ (bb)
with jets identified as containing b-hadrons W’ Generic Gaussian SSM Z’ (bb)
. o Signal q graviton (bb)
are examined specifically (one or exactly two b- QBH Generic Gaussian
jets). Generic Gaussian

* Improved b tagging:
b-jets identified with deep-learning neural networks,

operating point b (efficiency of b-selection)=77%
(for tt events).
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Invariant Mass Fit

%109 L L L L
|j>j108 ATLAS - Data
. : Vs=13 TeV, 139 fb” —— Background fit
e SM Di-jet mass spectrum described 107E- Inclusive __ BumpHunter interval
with parametric function and 10° o gLm=aTev
. i ] 10° q,mq*=6TeV
validated with data-driven methods. 4 *
10 I.I:Xt.'aax:x:lcxclﬁ"-'vacc q , O X 10
e The distribution of the invariant mass of 10° . P value =0.89
the two leading jets is examined for loca 102 "o
excesses above a data-derived estimate of 10 : s :
the Standard Model background. = T
-1 _;
* For b-tagged jets Control Regions CR are 0E S
| o . 2 :
defined with inverted b-tag requirements. S o -
S OF -
° Quantify Significance Of any access With S)_2:_| I I | [ | 1 | | I I | [ | 1 | | I I | [ | 1 | |_;
bump-hunter. P 2 3 4 5 6 7 8
m. [TeV]

f(X) — p1(1 — x)p2xp3+p4 In x
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arXiv:1910.0844 7 [ RN A A AR RARRE R
‘o 08F-ATLAS Internal ... _‘
o o B i
g - = JESToup -
Syste matics O S
&90_04:_ .......................................................................................................................... e _:
0025.. ....... ...... | _ — e ——— ...E
° ° ° ° O: ‘ :
The statistical uncertainty of the fit due to _0.02
the limited size of the data sample and the —0.04f
uncertainty due to the choice of fit function —0.06f s e e =
are COnSidered as SyStematiC Uncertainties _008;_ ............................................................................................................................................ _;
, , bl b b b b b
affecting the data-driven background 03 5 s 7
determination. M; [TeV]
) ) o ) ) AJLAN BLNLEL L BLELRLEL BUELELELE RLELELELE BUELELELE BRI
The main systematic uncertainties in the MC B0 ATLAS Internal -
. . . 9 i )
g|gna| Sampleg |nclude tthe agggmated %0.12? ........................................................................................ > JER 1o up -
with the modelling of the jet energy scale N ]
(JES), the jet energy resolution (JER) and 008 E
the b-tagging efficiency. N _:
0.04 :_ o N A ¥ Vassm— TN\ — _:
0.02 :_ ................................................................................................................................... _:
0:1 | | | | | | -
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o x A x BR [pb]
=

1072

1073

107

|

l\\llIlllllllllllllllllll]llll

------- Theory
—e— Observed 95% CL
------- Expected 95% CL

s - 10

1

1

I"l'

o x A x BR [pb]

]

Results

No excess found!

arXiv:1910.08447

107°E
1073 _ Table 2: The lower limits on the masses of benchmark signals at 95% CL.
_4: q*, inclusive . Category Model Lower limit on signal mass at 95% CL
1077 (s =13 TeV, 139 fb E Observed Expected
- ATLAS : q* 6.7 TeV 6.4 TeV
< J) TN U YT N U U T T NN WY U U N T TN T U NN TN TN TN W A ST S U
1075 3 4 5 6 v 8 QBH 9.4 TeV 9.4 TeV
W’ 4.0 TeV 4.2 TeV
m.. [TeV] i
R ; Inclusive W 3.9 TeV 4.1 TeV
- Exp. 95% CL upper limit for oy / my =0% | DM mediator Z’, 8q = 0.20 3.8 TeV 3.8 TeV
= 0P S9% Chupperimitfor 2 DM mediator Z’, g; = 0.50 | 4.6 TeV 4.9 TeV
: o /m=3% 1b b* 32 TeV 3.1 TeV
B :gimi e DM mediator Z’ g, = 0.20 | 2.8 TeV 2.8 TeV
oy /M =15% 5 DM mediator Z’, gq = 0.25 | 2.9 TeV 3.0 TeV
I 1 SSM Z’, 2.7 TeV 2.7 TeV
3 = E graviton, k/Mpp, = 0.2 2.8 TeV 2.9 TeV
- ATLAS :
s =13 TeV, 139 fb™

Gaussian signals, inclusive

1 2 3 4 5 6 7
m, [TeV]
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Precision
Measurements
In Heavy lon
Program

ATLAS

EXPERIMENT

yy—21trt—e
candidate

1 electron and 1 muon and nothing else visible

Pb+Pb, 5.02 TeV
\ Run: 365914
p; = 11,9 Gev \ Event: 562492194
pi = 1107, Gev 2018-11-14 18:05:31 CEST
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JHER S 1202 1] 245

Exotics in Pb-Pb Collisions

Axion production

Pb Pb(*)

® Pb-Pb collisions can be used to :

® Setlimits on the production of axion-like particles.

Pb+Pb (yy) = Pbt)+Pblyy

® Explore electromagnetic properties of the r lepton

Pb Pb(*)
Pb+Pb (yy) = Pb-+Pb(-) tau tau
Tau g-2 stud
® The Standard Model analysis explores the
possibility to measure g-2 of the tau leptons Gl o
® These studies use 2.2 nb-' of integrated luminosity 7 T< '
collected in 2015 and 2018 at sqgrt(s) = 5.02 TeV. r =
b
da, e
- .
Ph. ~ Pb
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Current status of a;,, measurement

@ > Anomalous magnetic moment:
> )
! 2
e Standard Model prediction (Mod. Phys. Lett. A 22 (2007) 159): Pbpbzbs/y
® a,=0.00117721 + 0.00000005 s L B B e
e Best experimental limits on a, set by DELPHI at LEP (EPJ C it K N B B N
35 (2004) 159): 0.5 01 ~0.08 0.05 0,04 002 0 g'?/ f:éf‘l.mo.tgfm 2.08
® —0.052 <a, <0.013(95% CL) LB 809 (2020) 135682 |
® Relevant for precision measurement of QED, electroweak, and
QCD onco2
¢ Many BSM models predict modifications of a..
® |epton compositeness where corrections are ot O( Miepton/ R
M constituent ) < i >
® SUSY models O(da, ~ m2./MZ2g) . e
® a.can be m2./m2, =~ 280 times more sensitive to BSM . “Average

175 180 185 190 195 200 205 210 215

than a,, ;
a,*10 -1165900
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https://arxiv.org/abs/2204.13478

Constraining atau with LHC

CE/RW | | o Pb e Pbi
s ® ATLAS and CMS analyses aim to improve existing 0
constraints on a, = (g—2)/ 2 using yy — 7t events F ) v m°
produced in ultraperipheral Pb+Pb collisions. T _ ZT
e Why Ultraperipheral Pb+Pb collisions? ’ _. | ' Psa Ve
® /4 cross-section enhancement balancing out lower 4
luminosity Pb ze Pb
® essentially no pile-up from hadronic interactions — ;:::5 o

exclusivity selections

® |ow trigger and reco object thresholds ™ > Vo +{* + Ve (f = e, ﬂ) 1 Lepton

® Main Background ¥ + 0 s v
oyy — /] T D> V+n +nn ] Ch@ﬁg@@j Plon
°yy = qq ™ Sy +nt+1 +at +na’ | S Cakielsel Flsis
ephoto-nuclear events
® Analysis idea from: + + B
e L. Beresford, J. Liu, PRD 102 (2020) 113008 B(m™ = £y ) = 35%,
e M. Dyndal, M. Schott, M. Klusek-Gawenda, A. Szczurek, PLB 809 B(T:: —S Ty, + neutral piOIlS) — 456%
(2020) 135682 T ’
B(t™ — m~n " n~ v, + neutral pions) = 19.4%.
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Analysis Strategy @ ATLAS

Analysis Strategy: Both ATLAS and CMS use muon to

3 periods of heavy ion collisions during Run2 trigger the event.

Ultraperipheral Collisions (UPC) of PbPb at/ syny = 5.02 Vetoing Forward activity to
TeV separate UPCs from inelastic
Order of 1.44 nb-1 data sample Po+Pb collisions

Elastic & diffractive

Small energy deposit in the forward detector system

. _ Zero Degree Calorimeter
Constraints on a, from total yy — 77 cross-section /

yield and differential distributions (e.g. leading lepton
PT)
Categorise di-T events:

epton + 1 track (£/pion)

v 7 B 0 » ©0 D1 ZDC modules
. Beam / // v Beam 8 8 6,‘5 ISG 88 8 [TIT] Bea‘“\\_\\ i
n + rack lIoN d s e e -
epton + 3 tracks (3pions) v oo e pmnie™ oy
\ aeam \ 4 { eam‘ | /
u+ e L | ~ —f

IP1
ZDC modules D1

Monica Verducci BSM Physics
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Analysis Strategy @ ATLAS

ATLAS
?E/RW Event Preselection ,
S . Observable Preselection
» Trigger: HLT_mu4 + FCal-based forward gap +
total Eyat L1 < 50 GeV oRL ass
, , ES < 1TeV
* Ezpc <1TeV: reduce neutral particles in the Trigger HLT_mu4_hi_upc_FeapAC3_L1IMU4_VTESO fired
forward region helps to separate UPCs from ,
| | . Region IMITSR IM3TSR IMIESR 2MCR
inelastic Pb+Pb collisions. Reduce photo-nucleat
baseline _ _ . L
background Nu =1 =1
, , NE - - = 1 2
Region Selection NS _o _o 1
: = - = _
* Exclusivity selections: no tracks except signal NotAR > 0.1 from % | = =3 _ _
eptons/tracks - no clusters unmatched to signal |NukAR > 0.1 from £7% — =0 =0
Unmatched clusters = = () — —
eptons/tracks - P B
* Cuts on system prhelp to suppress yy — uu _ _ _
backaround in TM1T SR — — —
p(u.trk.cluslcr) o o o
Region Data Signal Background  Background Backgropnd Background '71Trks o <17GeV — o
Yy =110 yy — uu(y) Yy — ee Yy — jet photonuclear rk(s) (>I<>
AT <04 <0.2 — —
IMITSR 5320  497.1 70.2 0.0 0.1 13.5 N > 11 GeV
HH S o o

IM3RSR  85.0 90.2 6.7 0.0 0.3 2.8
IMIESR  39.0 35.2 2.8 0.0 0.0

N TMuon+ 8 1Muon+ @ TMuon+
() A';,’trk(s) =1-|A¢,uxs)l/7 1Track JM 3Tracks M 1Electron
Monica Verducci BSM Physics
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Results

® Muon transverse momentum used to extract S R
. . OPAL 1998 )
the limits :
. . L3 1998 ®
® Limits sets to anomalous magnetic ;
DELPHI 2004 - se———— ATLAS
momentum of tau :
L , | " 0.06 . Pb+Pb \s,,=5.02 TeV, 1.44 nb
. — + . |
Limits set to signal strength u,, = 1.03 LT-SR - o Bost it value
| - 95% CL
UE-SR  — elm— : —
;2350—' N LA NN BN UL B g 60 I N BN B N BN BB NI R . E
= : ATLAS 1S - ATLAS i Combined  —— .
£ 300F Pb+Pb |5, =502TeV | € sof Pb+Pb |s, = 5.02 TeV ] !
> * Combined fi 1 2 H Combined fi . Exlpected : ——?—— 1 1
250F u1T-SR = » u3T-SR - ‘ S — — '
N Post-Fit ’ 40% Post-Fit i -0.1 0.05 0 0.05 0.1
200 = § i a
: ¢ Data, 1.44 nb” ] 301 e Data, 1.44nb" ]
150 - [ Jyy—1r (@_=-0.041) - C [Jyy—1t (@ =-0.041) ]
M IO I c 5 M -
100 photonuclear - 2 photonuclear ) 0)
: ptonudenr W e ~0.057 < a, < 0.024 at 95% CL.
ok a_=-0.06 E 10 , ; a.=-0.06 -
i --a,=0.04 ] .- -- a,=0.04 :
) —— ey Sr—r—t—r—r—r— = . e S IR o o s e o s . s s e e 9
T I - -
- e B v nmrmiiiiiiiiiiiiiiiiimiiiad & 1" 5. SR IO 77/ 07/ 22707 72t o,
8 Q%% . . 8 8L, :
5 10 15 20 25 30 5 10 15 20 25 30
Muon P, [GeV] Muon P, [GeV]
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ATLAS Long-lived Particle Searches™ - 95% CL Exclusion ATLAS Preliminary

Status: May 2020 [£dt = (18.4—136) b V5 = 8,13 TeV
Model Signature  [Ldt [fb™] Lifetime limit Reference
T T 1 T Tr1IrI T T 1 I Tr1Ir1I1 T T I I TTIr1f1 T T 1 T 1Trri T T 1 I 1TrrI T | B |
RPVt — uq displaced vtx + muon 136 t lifetime | I I 0.003-6.0 m I m(t)=1.4 ITeV 2003.11956
RPV x? — eev/euv/upv  displaced lepton pair ~ 32.8 X‘l’ lifetime 0.003-1.0 m m(§)=1.6 TeV, m(x})= 1.3 TeV 1907.10037
GGMy? - ZG displaced dimuon 329 |x] lifetime 0.029-18.0 m m(g)=1.1TeV, m(x3)= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 20.3 | x? lifetime — SPS8 with A= 200 TeV 1409.5542
AMSB pp — x%,x{x;  disappearingtrack 203 | x* lifetime  02230m m(y:)= 450 GeV 1310.3675
(E AMSB pp — xix9,x7x;  disappearing track 36.1 Xf lifetime 0.057-1.53 m m(y:)= 450 GeV 1712.02118
SN AMSB pp = x5O x{x;  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 — §g)= 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(x?)= 100 GeV 1808.04095
Split SUSY displaced vtx + E}“iss 32.8 g lifetime 0.03-13.2m m(g)= 1.8 TeV, m(x{)= 100 GeV 1710.04901
Split SUSY 0¢,2-6jets +EM= 361 | g lifetime 0.0-2.1 m m(&)= 1.8 TeV, m(x?)= 100 GeV | ATLAS-CONF-2018-003
H-ss ID/MS vtx, low EMF/trkjets 36.1 | s lifetime 0.12-116 m m(s)= 25GeV 1911.12575
| FRVZH -2y, + X 2 e—, u—jets 20.3 |Jalilelifel 0-3 mm m(y4)= 400 MeV 1511.05542
S
‘,‘, FRVZ H — 2yq + X 2 u—jets 36.1 | yq lifetime 1.5-307 mm m(yq)= 400 MeV 1909.01246
% FRVZH — 4y4 + X 2 u—jets 36.1 ¥4 lifetime 3.7-178 mm m(yq)= 400 MeV 1909.01246
§ H— Z4Z4 displaced dimuon 32.9 | Zg4 lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
H— ZZ4 2 e, pt + low-EMF trackless jet36.1 Z,4 lifetime 0.21-5.2 m m(Z4)=10 GeV 1811.02542
VH with H — ss — bbbb 1 -2( + multi-b-jets ~ 36.1 | slifetime 0-3 mm B(H — ss)=1, m(s)= 60 GeV 1806.07355
5 ®(200 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.41-51.5m o xB=1pb, m(s)=50 GeV 1902.03094
§ ®(600 GeV) — ss low-EMF trk-less jets, MS vix 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 vtx36.1 | s lifetime 0.06-52.4 m o x 8= 1pb, m(s)= 150 GeV 1902.03094
N— W¢ displaced vix (uu or ue) + u 36.1 N lifetime 0.44-37 mm m(N)=5 GeV, LNC 1905.09787
% N — W¢ displaced vix (uu orpue) + 4 36.1 | N lifetime 0.64|-22 mm | | | m(N)=5 ciev, LNV | 1905.09787
0.01 0.1 1 10 100 CT [m]

Vs =13 TeV Vs =13 TeV
partialdata fulldata IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 [ IIIIII 1 1 IIIIIII 1 [ ] 1 1. 11

*Only a selection of the available lifetime limits is shown. 0.01 0.1 1 10 100
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ATLAS EXxotics Searches™ - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: May 2020 [£ dt = (3.2—139) fbL V5 =8,13TeV
Model (,y Jetst ET™ [Ldt[fb7] Limit Reference
1 Ll LI I L 1 1 | | L Ll | I | l L | L Ll 1 1 1 I L] | | L L
ADD Gk + g/q Oe,u 1-4] Yes 36.1 Mp 7.7 TeV n=2 1711.03301
@  ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n =3 HLZ NLO 1707.04147
S ADD QBH - 2] - 37.0 | Mu, 89TeV n=6 1703.09127
&  ADDBH high ¥ pr >1e,u > 2] - 32 | Mu 8.2 TeV n =6, Mp = 3 TeV, rot BH 1606.02265
“E’ ADD BH multijet - >3 - 3.6 | Mw 9.55TeV n =6, Mp =3 TeV, rot BH 1512.02586
3 RS1 Gk — vy 2y - - 36.7 Gkk mass 4.1 TeV k/Mp; = 0.1 1707.04147
®  BukRS Gy » WW/ZZ multi-channel 36.1 Gkk mass 2.3 TeV k/Mp = 1.0 1808.02380
£ BulkRS Gk —» WV — fvqq 1e,u 2j/1J  Yes 139 | Gk mass 2.0 TeV k/Mp = 1.0 2004.14636
W Bulk RS gk — tt le,u >1b,>1J/2) Yes  36.1 | 8kk mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP e,y >2b,>3j) Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(A®Y - tt) =1 1803.09678
SSM Z’ — ¢ 2eu - - 139 Z’ mass 5.1 TeV 1903.06248
SSMZ" - 11 21 - - 36.1 Z’ mass 2.42 TeV 1709.07242
» Leptophobic Z” — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
S  Leptophobic 7' — tt Oe,u >1b,>2J Yes 139 | Z’ mass 4.1 TeV M/m=12% 2005.05138
3 SSM W’ — ¢ty Tepu - Yes 139 | W’ mass 6.0 Tev 1906.05609
Q SSM W’ — 1v 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
% HVT W - WZ — tvggmodel B 1 e, u 2j/1J  Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
% HVT V' - WV — ggqgqg modelB O e, u 2J - 139 V'’ mass 3.8 TeV gv =3 1906.08589
O] HVT V' - WH/ZH model B multi-channel 36.1 V' mass 2.93 TeV gv =3 1712.06518
HVT W’ — WH model B Oe,u >1b,>2J 139 W’ mass 3.2 TeV gv =3 CERN-EP-2020-073
LRSM Wk — tb multi-channel 36.1 Wgr mass 3.25 TeV 1807.10473
LRSM Wgr — uNg 2 u 1J - 80 Wgr mass 5.0 TeV m(Ng) =0.5TeV, g, = gr 1904.12679
- Cl gqqq - 2] - 37.0 A 21.8TeV 71, 1703.09127
Cl ttqq 2e,u = = 139 [A 358TeV 1, CERN-EP-2020-066
Cl tttt >1eu >1b,>1] Yes 36.1 A 2.57 TeV |Cael = 4n 1811.02305
Axial-vector mediator (Dirac DM) Oe,u 1-4] Yes 36.1 Mmed 1.55 TeV g4=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
> Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mmed 1.67 TeV g=1.0, m(y) = 1 GeV 1711.03301
Q vvyy EFT (Dirac DM) Oe,u 14,<1j  Yes 32 | m. 700 GeV m(x) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes  36.1 my 3.4 TeV y =0.4,2=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 1%t gen 12e > 2] Yes 36.1 LQ mass 1.4 TeV B=1 1902.00377
C  Scalar LQ 2™ gen 1.2 >2] Yes  36.1 LQ mass 1.56 TeV B=1 1902.00377
=~ ScalarLQ 3" gen 271 2b - 36.1 | LQYmass 1.03 TeV B(LQY — br) =1 1902.08103
Scalar LQ 3™ gen 0-1e,u 2b Yes  36.1 LQS mass 970 GeV B(LQY — tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X  multi-channel 36.1 | T mass 1.37 TeV SU(2) doublet 1808.02343
-;._‘Q VLQ BB — Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
g a VLQ Ts5/3T5/3|Ts3 = Wt + X 2(SS)/>3 e,u>1Db,>1] Yes 36.1 Ts/3 mass 1.64 TeV B(Ts;3 = Wt)=1, c(Ts;3sWt)=1 1807.11883
s g_ VLQY - Wb+ X 1eu >1Db,>1] Yes 36.1 Y mass 1.85 TeV B(Y - Whb)=1, cr(Wb)=1 1812.07343
VLQ B - Hb+ X Oeu,2y >1b,>1j Yes 79.8 B mass 1.21 TeV k= 0.5 ATLAS-CONF-2018-024
VLQ QR — WqWgq 1eu >4]  Yes 203 [lOESIes0Gew 1509.04261
S cé) Excited quark g* — qg - 2] - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447
O o5 Excitedquark g — qy 1y 1] - 36.7 q* mass 5.3 TeV only v* and d*, A = m(q*) 1709.10440
S € Excited quark b* — bg - 1b,1] - 36.1 | b* mass 2.6 TeV 1805.09299
] § Excited lepton ¢* Sepu - - 20.3 = A =3.0TeV 1411.2921
Excited lepton v* Seut - - 20.3 A=1.6TeV 1411.2921
Type Il Seesaw 1eu >2] Yes 79.8 N° mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2 u 2] - 36.1 Ngr mass 3.2 TeV m(Wg) =4.1TeV, gL = gr 1809.11105
oy Higgs triplet H** — ¢¢ 2,3,4 e, u (SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
£  Higgs triplet H** — ¢ 3eut - - 203 |H**mass 400 GeV DY production, B(H* — (1) = 1 1411.2921
o Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
_f = 13 Tev _ﬁ = 13 Tev 1 1 | - | I 1 1 1 1 1 1 1 11 I 1 1 1 1 1 1 1 1 I 1 1 1 1

. *Only a selection of the available mass limits on new states or phenomena is shown.
Monica Verc 5,0/ a0ius (large-radius) jets are denoted by the letter j (J).



Conclusions

® | did not present any discovery or very precise measurement published
but | hope you enjoy anyway the lecture and find some interest for BSM
studies!

® The list of searches presented is not complete, but please check the
inks below for having a complete overview:

® https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults

® https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/index.html

® For any comments or questions you can send me an email to \ = *

monica.verducci@cern.ch Q

seeese
.
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JHEPO6(2023)153

ABCD Method

0.0 ATLAS Internal — 20.0 ATLAS Internal 5
— L] APYPSMN———: .
‘217.55- c N S q7sf= . 1 Bs
. . 2 : { B° < ] _ - :
e A data-driven ABCD method is s ik, | K.
. o o .812'52- E w 2 °7F E »
used to estimate the multi-jet & 100f H { Bof 2o} B £
ol g w 3 3 Ll
background in each of the three L {3 1. 3
3 5o : 2 5 |3
Channels l'/% 25t o) A : 10 v% 25 A I WER
SN 2 e et
g 1 2 3 E 075 080 085 090 095 1.00
e The number of background 507 nDP Jtagger score
(a) muonic-muonic (b) muonic-hadronic
events are computed by
- 8y ATLAS Inemal
knowing the number of events g N T
, , Signal Region X -
in the other three regions: A 2 150}
eNA = ND x NB/NC gifl s
s 100F 1] =
2 7sf { oo
% s.oz- _ _250
B C D expected in A A observed E] = H; r D ANENE
< 0.0 U
g ) .

0.85 0.90 0.95 1.00

2 uDPJ 55 61 389 357 + 67 269 v
hDPJtagger score
uDPJ-hDPJ 169 471 301 108 + 12 110 o
2 hDPJ 97 1113 12146 1065 + 112 1045 (c) hadronic-hadronic
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Systematics Displaced Dark Photons

= — [ [ | | =
c = —
< 03— [ Total uncertainty —
o - A TLAS ----- Muon uncertainties _
- — Normalisation uncertainties —
o 0.25— NN taggers =
) . —
s - 0 e Triggers —
® 02— ________...V Jet uncertainties —
c F -
0.15— —
0. 1 [ ooy B s —
0.05F e senasanas : : E —
0 = l : . WH l WH ' WH =

SRy SRZ SR SR, SLabih SRy
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Beyond the Standard Model

CHANGES T WOULD MAKE T0 THE STANDARD MODEL

We start from the base guide of any theory: new CONSISTENT QUARK. NAMES
trv f del (USE STRANGE' AND “CHARM" FOR BOSONS)
symmetry for new models. ru V' N n ~ o -\ v w LI AL REPECT
‘ ; <~ To PETER H, THE
Preserve gauge invariance (SU(3) x SU(2)L x U(1)Y) oo || eer || op || ocon | (wipesc H‘ﬁsﬁ%%fm?
e do not introduce too large sources of breaking of the d ~ I r v \( G N ert Tuse
- - - - «—INCLUDE. I 173
icudent.al / approximate symmetries of the SM classical | DouN | RiGHT | gomo | | o @Rﬁw@ OB ok
agrangian oﬂ€N€E°5 COY PARTICLE
f |8 “%20 EPTONS, [ S \( M F%ERPEOPLERT{"\HKING
C M % srowee | 1. €T NOENSE ClAs
. . A QUANTOM
Remind: Quantum Mechanics any global FLECTRON]\_PIUON SN\ "2 pritosopuy STOfF
. | MR
transtformation induces a quantity conserved. AN D %,\wﬁvm BUGS
e\ /7. | | (S50 | 2 AR ™
. . . J
1. Translation Invariance -> Linear Momentum Fix NEUTRINO SYMBOL $6 L\ ) counp 7
Conservation T SToP MIXING UP W AND V -
2. Rotation Invariance -> Angular Momentum .
Conservation E. Noether’'s Theorem: Symmetries
3. Translation in Time Invariance -> Energy Invariances naturally lead to conserved
Conservation quantities!
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Cuts defined to
maximise the signal
events,

the signal events should be
negligible, used to estimate
the background events.

Monica Verducci BSM Physics

Definition of Regions

Orthogonal Cuts to the one
used for the SR, the signal
events should be negligible.

lransier factor
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An example: Estimation of Cosmics Muons

Background
CQISTeReoL
Reaov
TR QOIS
—e == = ~
DR | Bt [Bent | G Uuaadv —%
_ _ | ATTER S
P eGSR =N OLLETSS
— t : SAHpPLE DB
To:r ST FULL CONNUCR \&Sro. ON A \
Cj-ﬂ— o 2 CIT - aE N\t @&

® Now | need to know the number of cosmics in the SR, where the comics veto is applied.
® | calculated the expected number of cosmics in a VR and compare this with the effective number

of cosmics via a transfer factor. Fvents in CR that pass Muon Cosmics VETO

fC’osmics ~ Fvents in CR that do not pass Muon Cosmics VETQO

U Bepsmed cosTuCs
= oosvies RO

o - TR SR NSR_ NCRXf'
TURUSATION  Fuw CoF O B — i i
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=

>
I

l




HL-LHC

Chris Young showed
in his LHC talk at the
ATLAS Week the
following HL-LHC
luminosity profile

presented by Mike
Lamont at LHCP 2024

The profile features only the
baseline scenario (5 x 1034 cm—2s-1,
W1 = 132), but not the ultimate one
(7.5 x 1034 cm~2s-1, u = 200)

Information by Mike:

Peak luminosity [1 034cm'23'1]

O |
20

ATLAS Week slides

28 2030 2032 2034 2036 2038 2040 2042

Year

] 3000
71 2500 =
: P
1 2000 &
; =
{1500 5
5 3
5 D
Withionfuns — | 290 £
No | — 0

« The baseline scenario was found to deliver the required 3000 fb-1, which is why it was chosen

« The ultimate scenario is not excluded (Mike will request the corresponding simulation in that scenario)

« Mike also promised to check whether the relatively small ion effect is correct

Monica Verducci BSM Physics
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chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://indico.cern.ch/event/1427402/contributions/6003974/attachments/2884180/5054240/ATLAS-Weekly-News-25jun2024.pdf

ABCD Plane

= -1

< 200 ATLAS _ Yse3Tev. 1

é 17.5F .

lg 15.0 | .
o B2 B

E125F aa s
-8 .

10.0 | .

75F .

5.0 -

- B © ]

25 ’a‘ 2 -j

; i o ]

O.o I I L | 1 I m | I L 1 | I A 1
n/5 2n/5 3n/5 4n/5 n

|Adpp|

F
(a) SRgi

ATLAS Simulation Vs=13 TeV, 139 fb~!
S‘ 20-0 _I T T T T ' | T T T | T T T T T T T 1
8 -
=175} 3
b~
Q
W 150 .
o o %
£ 125 8s o E
& 5
10.0 | 1
75} :
50F .
[ e i
25F & 3 '
8 @ J
O.o [y lul 4 9y ..nl |

n/5 2n/5 3n/5 4n/5 n
|Adpp|

ggF
(d) SRZu

400
350
300

250 »
Q@

-
—

200
L

150

100

50

20.0 ATLAS v5=13 TeV, 139 fb~!
< 4V ‘."l'f'-l-"ﬁ"'-lf'*':
Q . m o :
,':17.5 m = o ’
131150 - O &
x - 5 Il-=' ]
£ 125" %3 %3 :
t0ofs o HE ” ]
75F E
50 O O .
[ f N wd ]
25 + =
EE ﬁ O i _E; ]

0.0 _._..n_.h..l_.ﬂ

075 080 08 090 095 1.00

ﬂ QCD Tagger Score
DPJ
(b) SREEF
C+u
20.0 ATLAS Simulation Vs=13 TeV, 139 fb~!
S‘ . vV ey vy ey iv LI L DL N LI L
® A ]
S 175f .
b~ .
Q .
IN 150 | B
é w :' w 3’ ]
E 125 &y av
e o ]
10.0 F © © .
i ]
75F ]
5.0F _ =
: % -
25F o) g‘:
- e e i
O.o N PR S T | lul oy 11 1 .w 11
0.75 0.80 0.85 0.90 0.95 1.00
I'I QCD Tagger Score
DPJ
F
(e) SRZE

c+u

(4]
Entries

ATLAS v5=13 TeV, 139 fb~!
S‘l 20.0 3 T LA AN B N B R L | T LEm ma 2 T T T T ]
é 175} -
b~
131 15.0 | .
x 'S 'S
£ S 8
€ 125} i) @
© ©
o o
100 —
751 .
L 1
50 3

25 8y Sy 3
= ]
0.0 1

0.80 0.85 0.90 0.95 1.00
ﬂ QCD Tagger Score
DPJ
ggF
c) SR
(c) SRS
20.0 ATLAS Simulation VsS=13 TeV, 139 fb~!
S‘ . B ' ' ’ | ' ' .’ | ' ' . ' ' L
> :
S 175f .
b~
Q
W 150 ]
é S [¥] EU
€125} ) @
4 (-4
(@) (@)
10.0 | .
75F 1 I
50F 1|
' v 1 |
25} as “aali
L o -
i (TR | |
0.0 b —

0.80 0.85 0.90

DI;! QCD Tagger Score
ggk
(f) SREE

0.95 1.00

200

150

Entries

Entries

Figure 6: The per-event distributions in the ABCD planes defined for the ggF search channels. Figures (a, b, ¢) show
data events, while Figures (d, e, f) show simulated signal events. FRVZ signal samples assuming a 125 GeV Higgs

boson with a decay branching fraction of 10% to the dark sector and a yq mass of 400 MeV are shown.
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Results

—
o

d

® Great Improvement due to the
combination of the Higgs
production modes.

Upper limit on B(H— 2y +X)
=

—
<
N

107°
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= NG BRAS 2y +X)=10% =
- Observed combination —
i - = = = Expected )
ATLAS P " Expected *+ 1o
= Vs=13 TeV, 139 fb Expected + 2 —
- FRVZmodel = eeee. SR obs -
C (m,, m )=(125, 0.1) GeV - = = = SR"" obs ~
- 95% CL limits - SR obs -
| | | | | | | I | | | | 1 . 1L 11 | | 1 | |
1 10 102
ct [mm]
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Rare decays:
S— UM ana +
B—uu (CMS

I

CMS Experiment at the LHC, CERN
Data regorded: 2016-May-81 07:08:48.668672 GMT
Run / Event / LS: 274250 / 379862289 / 189
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Rare Decays

Indirect BSM searches

® Aim at precise measurements of SM
processes, to compare them with theory
oredictions.

® BSM effects can interfere with the SM
processes and produce visible
differences

® Best environment to indirectly search for
new physics is in rare decays of SM
particles

® sensitive to new particles with lower
couplings or higher mass

® One of the most promising category
is flavour-changing neutral currents
decays b — sl*l;

Monica Verducci BSM Physics

L ¥/Z A
=T SM . 5
W
b t/c/u ﬂ S b > > S
> » ~ >
-

) Pen uin‘dia ram
Box diagram 9 0

Decays described in the framework of Eftective Field
Theory degrees of freedom at weak energy scale or
higher are integrated out additional 6th-dimensional
terms added to the effective Lagrangian
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JHEP 04 (2020) 188

Bs—=pupand B2uu

2 Bs—uu double suppress in SM B up as Bs2up +
® No tree-level diagram Jf*_gs_ﬁl‘_} ® Additional suppression from CKM
® Helicity suppression ® BF prediction ~ 10-10
® BF prediction ~3.6 107
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Moni

measured in two ZDC arms.

mportant for ATLAS
neavy-lon program, e.g. helps
to separate UPCs from
Inelastic Pb+Pb collisions.

FOr vy — 77 Oor vy — L4
production expect 60 — 70%
of events to have no
neutrons on either side
(OnOn topology).

- /DC I1s not simulated in MC,
so ZDC selections can only be
applied in data — simulation

reweighted to OnOn topology.

Beam
pipe

-nergles of forward neutral SR
harticles (photons, neutrons) Q%
TAN

P V~B_e‘3m

ZDC modules 71 D1
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"~ or zE‘r'(; <20 GeV
PR R TN .
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LHC with Lead Lead Collisions

The ions first travel through a linear

accelerator called Linac3, picking up a small = -
amount of energy (4.5 MeV per nucleon). /. HC—‘\
Next, the ions are accumulated and

ALICE

E
LHCDb

-

SPS

accelerated to 72 MeV per nucleon in
the Low Energy lon Ring, or LEIR. Then
they move to SPS.

Each LHC ring will be filled in 10 min by
almost 600 bunches, each of 7x10. lead i
ions. Central to the scheme is the Low

Energy lon Ring (LEIR), which transforms

long pulses from Linac3 into highbrilliance

bunches.
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e Atypical beam halo muon | i .
enters the detector on one side, Muon segment | Sy | IS Y pp——

timing <0 ) 77 INSSS timing = 0
.. 43

deposits energy in the
calorimeter and leaves on the

Other Slde. texpected=_|zl/c_|t | ) r2+z2/c
early tof
e Result: muon segments and gepected — _ | z|fc+ | t,¢| = 0
calorimeter clusters parallel to in time tof
the beam pipe. s —
- < 0.12? —
e BIB Study already performed | amas ema
during Run-1 with tagging flags ol |+
included in the event definition. 0.06}
0.04F -t L L
AN S
0.02} ML T ——"J_J;
R E— 1 > 3
jet ¢
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