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Fundamental parameters

Where are the Interconnection between Particle
Physics and Cosmology in the context of ATLAS?
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Where are the Interconnection between Particle
Physics and Cosmology in the context of ATLAS?

1) Testing all details of the Standard Model!
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Understanding fundamental parameters

Mass measurement precisions:

PRL 131 (2023) 251802

* 0.02% on W mass
® 0.2% on top mass

arxiv:2403.15085

 0.09% on Higgs mass

LEP Combination
Phys. Rep. 532 (2013) 118
m,, = 80376 + 33 MeV

DO (Run 2)
Phys. Rev. Lett. 108 (2012) 151804
m,, = BO375 + 23 MeV

CDF (Run 2)
Science 376 (2022) 6589
m,, = 80434 £+ 9 MeV

LHCb 2021
JHEP 01 (2022) 036
m,, = B0354 + 32 MeV

ATLAS 2017
Eur. Phys. J. C 78 (2018) 110
m,, = 80370 £ 19 MeV

ATLAS 2024

This work
m,, = B0367 £ 16 MeV

80200

Overview of m,, measurements
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https://arxiv.org/pdf/2403.15085
https://arxiv.org/abs/2308.04775

Understanding fundamental parameters

Mass measurement precisions:

e 0.02% on W mass

* 0.2%

on top Mass

 0.09% on Higgs mass

DELPHI
Eur. Phys. J. C 47 (2006) 309
r, =2404 + 173 MeV

OPAL

Eur. Phys. J. C 47 (2006) 309
r, = 1996 + 140 MeV

L3

Eur. Phys. J. C 47 (2006) 309
r, = 2180+ 142 MeV

ALEPH
Eur. Phys. J. C 47 (2006) 309
r, =2140+ 108 MeV

Combination
Phys. Rep. 532 (2013) 119
r, =2195 £ 83 MeV

DO
Phys. Rev. Lett. 103 (2009) 231802
r,, = 2028 + 72 MeV

CDF
Phys. Rev. Lett. 100 (2008) 071801
I, = 2032+ 72 MeV

ATLAS
This work
l'w = 2202 + 47 MaV

Overview of I, measurements

PRL 131 (2023) 251802
arxiv:2403.15085
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https://arxiv.org/pdf/2403.15085
https://arxiv.org/abs/2308.04775
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(EP) C 84 (2024) 993)

Lepton universality:
* Probed in W decays to electrons and muons from top-pairs

(Nature 17 (2021) 7)

* 0.45% precision —> more precise than current world average  R¥/° = 0.9995 + 0.0045

® This complements previous result with taus R(r/u)

Matthias Danninger | SFU
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https://arxiv.org/abs/2007.14040
https://arxiv.org/abs/2403.02133
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First observation of guantum entanglement at high-energy:

* Probed via spin correlations in top-pai
e A correlation marker is inferred from t

ne angle between the chargead

r events (two-qubit system)

Typical entanglement
experiment with photons

LHC
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https://arxiv.org/pdf/2311.07288
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: : : g H
iggs couplings and selt-coupling \ 7
* | earn about electroweak phase transition & vacuum stability! A "y"(:
o Self coupling allows us to trace the shape of the potential // (Cm ) |
g 9999900999999~ i H

away from the Higgs mass

image credit N. Craig
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(PRL 133 (2024) 101801)
Nature 607, 52-59 (2022)

Higgs couplings and selt-coupling

 Higgs coupling to SM particles
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https://arxiv.org/pdf/2406.09971
https://arxiv.org/pdf/2207.00092
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(PRL 133 (2024) 101801)

Higgs couplings and selt-coupling

 Higgs coupling to SM particles
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e Upper limit on Di-Higgs coupling
Uy < 2.9 (0bs) and 2.4 (exp) at 95%
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https://arxiv.org/pdf/2406.09971
https://arxiv.org/pdf/2207.00092
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Higgs couplings and selt-coupling 9 assatseaises H
e HL-LHC goal — Observation of Higgs self-coupling 1 H;\
° B_tagglng pIayS a crucial role g 9999999999909 ~ (Citn)  (Chhn) \\H

Improvements to identification yielding impressive gains to

boost precision on top of (& until) HL-LHC!!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/
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Where are the Interconnection between Particle
Physics and Cosmology in the context of ATLAS?

1) Testing all details of the Standard Model!

Dynamics and
symmetries

for New Particles and Forces!
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Where is the New Physics? 14

Strong interacting
heavy particles

1.Is new physics out of reach?

WA
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Interaction strength

Mass
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Where is the New Physics?

1.Is new physics out of reach?

Interaction strength

Weakly interacting
light particles

Matthias Danninger | SFU

Mass
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Where is the New Physics? 16

1.Is new physics out of reach?

2. Have we looked in the wrong
place so far?

Interaction strength

We need to probe also the “lifetime frontier”
Matthias Danninger | SFU



New long-lived particles candidates 17

Visibl

Sector

Ordinary

Matter

e

o

Matthias Danninger | SFU

Mediator particle

AN NN

“Scalar portal”

h'he b

Dark
dark quarks? Sector

dark forces?

dark
Higgs?

dark leptons? Dark Matter

arxiv:2403.15332



https://arxiv.org/abs/2403.15332

New long-lived particles candidates 17

Visibl Dark
ISIDIC dark quarks? Sector
Sector
Mediator particle dark forces?
dark
Higgs?
“Scalar portal”
| hhe by,
Ordmary dark leptons? Dark Matter
Matter
. . q
Hidden Sector portal — A portal to the Higgs Boson <
\) // 1
. . . / q
—> Scalar becomes long lived it couplings to SM S R
particles is very small e <q
arxiv:2403.15332 q

Matthias Danninger | SFU
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https://arxiv.org/abs/2304.12867
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New improved Reconstruction
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What can we expect? 20
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What can we expect? 21

Displaced jets

/\ X

Material Interactions

\/

Secondary vertex
24
24

A

. 24
24
. 4 74
1 ¢
+
\ Primary vertex
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What can we expect?

Displaced jets

/\ X

Secondary vertex
24
24

A

. 24
24
. 4 74
1 ¢
+
\ Primary vertex
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Random Combinations

22



What can we expect?

Displaced jets

/\ X

Secondary vertex
24
24

A

\ : 24
24
oy 4 74
1 ¢
+
\ Primary vertex

Matthias Danninger | SFU

Jets containing B-hadrons
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What can we expect? 24

Simulation not reliable for estimating unconventional backgrounds — need a data-driven approach

Strategy: measure the probability in data for a given jet to be matched to a displaced vertex

P(DV|j) = 0.01 %

P(DV|j) =0.1%

\

P(DV |j) = 0.5 % 3-dimensional parameterization:
\ ® | P jet classification
\\ / * B-jet classification
W/

o Jet Momentum

Matthias Danninger | SFU \ Primary vertex



L ong Lived Hidden Sector Searches

arxiv:2403.15332

-
Qo ATLAS [ Background BR(H — ss — 4b) = 1%, [m,, ct] = [55 GeV, 100 mm]
@ {s =13 TeV. 37.5 — 140 fb" 7/, Uncertainty o(qq — Za) = 5x10” pb, [m , ct,] = [55 GeV, 100 mm]
= ’ ¢ Data BR(t — aq) = 0.1%, [m, ct,] = [55 GeV, 100 mm]
)
>
. . . - BF
il oo Zoenn AR v+ I vt S ¥
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S e
©
8 | T T T T T |
09-1.0 09-1.0 09-1.0 0.7-1.0 0.7-1.0 0.7-1.0
BDT. x BDT.
j0 j1

e Excellent data-driven modelling of SM backgrouna

e No significant excess observed
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L ong Lived Hidden Sector Searches 26

Matthias Danninger | SFU

B(H—ss)

1 ATLAS Preliminary (March 2022) 13 TeV, 36-139 fb™' Hidden Sector, m, =125 GeV

10°°

1074

/

L 4 / ‘:- \
~ * o -

Prompt

=iirrnnnnnnnnnnnnnnnl

l_‘, pe
o=
- ~
oe N
e = N
- = a
- = “
- - a
. > ~
“
P
-

|
| |
n
1
n
| |
|
| ]
n
|
n
| |
|
| |
n
| |
n
| |
|
|
|
|
n
|
|
|
[2
Y
"Sl §
. v
.
‘ ‘4.
= s w
'S A
' ] A 4 -
N .
- *
-~ ’l
- .
-
. 3
/'
. o *,
"
¥
*
l' "
v 2y
put l"
’,
1 4
| } "

1 IIJ.IIIII 1 IIIIIIII | IIIIIIII | IIIII“I‘ I IIIIIIII | IIQIIIII 1 IIIIIIII | IIIIIIII
5 A

----------------------------------------------------------------------------------------------

-----------------------------------

I 1T TTTLLL

Selected ATLAS results
95% CL observed limits

Searches:

—.— Muon System (2 Vix Only), 139 fb"
arXiv:2203.00587

—..— Muon System (1 Vix + 2 Vitx), 36 fb™
Phys. Rev. D 99 (2019) 052005

—.— Calorimeter, 139 fb"
arXiv:2203.01009

——— Tracker+Muon System, 36 fb ™
Phys. Rev. D 101 (2020) 052013

= Tracker (LRT), 139 fb™"

O JHEP 11 (2021) 229

= _| --e. Tracker (b-tag), 36 fb’

G JHEP 10 (2018) 031

{p | ---- Monojet, 139 fb™

ATL-PHYS-PUB-2021-020

H— inv, 7-8-13 TeV combination

ATLAS-CONF-2020-052

I IIIIIIIr L 1 11111

LLP masses:

10°  10* 10° 107

107" 1 10 107

Inner Detector

Calorimeter

cavnl S . 5_8 Gev . 15_20 Gev 25-35 Gev
10°

ot [m] 40 GeV . 45-60 GeV . Any

Muon System




L ong Lived Hidden Sector Searches 26

Prompt search
e

Matthias Danninger | SFU

B(H—ss)

1 ATLAS Preliminary (March 2022) 13 TeV, 36-139 fb™' Hidden Sector, m, =125 GeV
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® Results prior to latest search with Inner

Prompt search
e

Higgs measurements
—_—mmm—

1%

0.1%
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Hidden Sector, m, = 125 GeV
Selected ATLAS results
95% CL observed limits

Searches:
—.— Muon System (2 Vix Only), 139 fb"
arXiv:2203.00587
Muon System (1 Vitx + 2 Vitx), 36 fb™
Phys. Rev. D 99 (2019) 052005
Calorimeter, 139 fb™
arXiv:2203.01009
Tracker+Muon System, 36 fb ™
Phys. Rev. D 101 (2020) 052013
Tracker (LRT), 139 fb™"
JHEP 11 (2021) 229
. Tracker (b-tag), 36 fb’

JHEP 10 (2018) 031

Monoijet, 139 fb ™
ATL-PHYS-PUB-2021-020
H— inv, 7-8-13 TeV combination
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e 10-40x more sensitive than previous results using the same dataset

Prompt search . ATLAS Preliminary (March 2024) E=13T?V’.§§..’.J 401‘b1 Hidden Sector, m, = 125 GeV
ey TR T TR Selected ATLAS results

®:- =
\477— - ] 95% CL observed limits

Searches: 1
—== Muon System (2 Vix Only), 139 fb"
Phys. Rev. D 106 (2022) 032005
—..— Muon System (1 Vtx + 2 Vtx), 36 fb™
Phys. Rev. D 99 (20192)0152005
—— Calorimeter, 139 fb~
JHEP 06 (2022) 005
- . = . Tracker+Muon System, 36 fb ™"
Phys. Rev. D 101 (2020) 052013
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Higgs measurements
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— = JHEP 11 (2021) 229
— ] e Tracker (b-tag), 36 fb™
— — JHEP 10 (2018) 031,
'®) — -| =—-— Monojet, 139 fb"
O . 7 %) — — ATL-PHYS-PUB-2021-020
m H-inv, 7-8-13 TeV combination
— 10_3 T e T P TP LR PR P — ATLAS-CONF-2020-052
= - Tracker, 37.5-140 fb™
— - arXiv:2403.15332
: : LLP masses:
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40 GeV 45-60 GeV Any
ct [m] N

Inner Detector

Calorimeter

Matthias Danninger | SFU Muon System




Long-lived sleptons search 28

ATLAS-CONF-2024-011

Displaced lepton search: i :
. . . . . G
 Run 3 search using new LLP reconstruction (also in the trigger!) -
® Precision timing information from calorimeter is used to z‘\YZ ‘: =G
p
complement tracking information / .

e New improved limits also for electron and muon channels

Small couplings leading to long ¢ lifetimes

g 10 gl L I LI I L | L I L | L | 11 | L | L I L Ig ? 104 Z-T; T % T G
- ATLAS Preliminary CR data - : imi
S i \/§=13.6STev esesl.s flb1'aéh)/ll-BDT 5 ¢ SRdata i = N ATLAS Preliminary - --- Expected Limit (+10,)
..\‘B 1 §_ —— &6 (100-300 GeV, 1 ns) _§ GE) 10 = Vs=13 TeV, 140 fb” . ——— Observed Limit
S B - :‘“.h-.’_"'-. -~ 8(100300GeV, 10ns) I F p‘(‘§||=|-13-.6 Te\g/, o56.(:;’>I_1‘b PRL 127 (2021) 051802
LI>J 10 g_ l__- ..L: ee (100-300 GeV, 30 ns) —g ] 10 % Imits at 95%
8 B | 'l::_ _ E
= 10°E T ‘LL E 10?——\
= - R AN - i _
S 10°¢ e )
B | : PS , & 1 B \
: : P 107 & /,/
107 —|“ 5 ¢ E = I
-5 - I I - 10_2 —
1 O aJ_LJ _L B - J__I_J - _]__l__] B - ; 1 1 1 1 i 1 1 1 1 | 1 1 1 | I I | | 1 1 1 | | 1 IE E
_5 _4 _3 _2 _1 O 1 2 3 4 5 10—3§|ll|IIlIIIIIIIIIIIII||ll||l|l|ll|||ll|||ll|l
t(e) [ns] 100 200 300 400 500 600 700 800 900 1000
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-011/

Heavy Neutrinos — Sterile Neutrinos

29

—> Sterile neutrino becomes long lived due to oft-shell W-decay

arxiv:1301.5516

Quarks

Leptons

4.8 MeV 104 MeV 4.2 GeV
°d s b
down strange bottom
124.9 GeV
0 0 0 0
c T m 0
. tau i Q .
lectrpon  sterile muon’  sterile ing Sterile s Higgs
Utrino neutrind | MU0 peiiring MEUIMNP neu trino 5 boson
LL .
.511 MeV 105.7 MeV 1.777 GeV — spin O
%)
B, - c
e " n T | ¢
1)
o
electron muon tau oM

N\ N\ . W+*
| Uy |
's
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PRL 131 (2023) 061803

. ATLAS Preliminary

- Majorana

L |
",

2QDH (NH): :
U]?(0.06,0.48,0.46) -

2QDH (IH): _
U]?(0.33,0.33,0.33) 3

—== 1SFH:|UJ*(1,0,0) -
—-= 1SFH: |U|*(0,1,0) _

L]
“a,
L}
.....
"
---------

2 4 6 8

0.0 Inverted hierarchy

I Allowed by NuUFIT (1o)
uon- mmm Allowed by NUFIT (20)
Allowed by NuFIT (30)

Normal hierarchy
Il Allowed by NuUFIT (10)
mm Allowed by NUFIT (20)

Allowed by NuUFIT (30)

1.0/7, N
7

0.0 0.2 0.4 0.6 0.8
uz/u?

"Realistic” multi-flavour

mixing models consistent
with neutrino oscillations data


https://arxiv.org/pdf/1301.5516.pdf
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PRL 131 (2023) 061803

1 1 | D N N . | 1 | | | D T T e e | 1 | lll\\llll 1 | | R T e e | | 1 P L L L L
1073 102 10! 10Y 10! 102

MN (GGV)

—> Complementarity also to neutrino-less double-beta decay experiments
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arXiv:2408.11035

Magnetic Monopole Search:

e Using ultra peripheral lead collisions in Run 3 (new triggers)
* Production via the Schwinger mechanism in strong magnetic tields
e Striking experimental signature (Huge ionization loss)

.E lllllllIIIIIIIIIIIIIIIIIIIIlllllllll
S 10"E  ATLAS Preliminary ;gati’ 0262 nb
%, ackgroun
€ 10° Pb+Pb \s=5.36TeV By uncertainty
() :
> — Signal, m = 100 GeV
Ho10° - .
CR1 VR SR
104 : !
Ph Pb*
10°
IBL PIX1 PIX2 PIX3
10°
Background shape from CR2
10
1 Pb*
S Pb
= 1.2
_— 1.1
c 1
| = 0.9
Q0.8

Transverse thrust
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2023-01/
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arXiv:2408.11035

Magnetic Monopole Search:

e Using ultra peripheral lead collisions in Run 3 (new triggers)

* Production via the Schwinger mechanism in strong magnetic fields

e Striking experimental signature (Huge ionization loss)

3‘ | | I | | | I I I I I | | | I | I | I I I | I | I | | | | I
2 10°g \\‘\ =
O = ATLAS Preliminary \\ =
2= _ 1\ '\ i
© Pb+Pb \s, = 5.36 TeV, 0.262 nb
" FPA Model N\ )
= 19,/=19 > Pb*
: 0 . Pb
1 E— Observed 95% CL limit \ \ _E
- .y 00 - Expected 95% CL limit \ - Pb*
B Expected 95% CL limit +1c _ Pb
n Expected 95% CL limit +2¢ _
—— —— - FPA Model @ \s,, = 5.36 TeV
1 0—1 - —— —— - FPAModel @ |sy, = 5.02 TeV —
= MOEDAL observed (95% CL limit, sy, =5.02TeV) 3
1 | I | | | I | | | I | | | I | | | I | | | I | | | I | | | |—
20 40 60 80 100 120 140 160
Monopole mass [GeV]
HION-2023-01
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2023-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2023-01/

The tfuture ATLAS detector for HL-LHC 33

improved muon coverage new and upgraded forward
and luminosity detectors

trigger and DAQ
increased readout rates

 Expected HL-LHC int. luminosity is
3000tb-1 (~300tb-1 end of Run 3)

e Pileup will increase to u=200

ITk — the new all-Si tracker

new High-Granularity
Timing Detector (HGTD)

Matthias Danninger | SFU



Summary

Improved muon coverage new and upgraded forward

and luminosity detectors _
. trigger and DAQ

= Increased readout rates

ATLAS is....

e well into Run-3 data taking with excelient performance;

e exploring new areas of phase space to find New Physics;

e exploiting novel performance and analysis techniques to boost performance;

e delivering a suite of high-precision SM measurements.

e making good progress with the Phase-ll upgrades;

i‘ ITk — the new all-Si tracker

new High-Granularity
Timing Detector (HGID)

Matthias Danninger | SFU
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S Salie 02 400M Higgs bosons in ATLAS & CMS for precise
B, e —m G Higgs coupling measurements, access to Higgs self
B W U T ZZ=7:  interaction and longitudinal vector boson scattering
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. Plus significantly increased overall rare & new physics
sensitivity
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An upgraded ATLAS:
New detectors: high-granularity, high-coverage

tracker, high-granularity timing detector, muon
chambers
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Improved trigger, high-performance software &
computing, deeply embedded machine learning
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iggs couplings and self-coupling

* | earn about electroweak phase transition & vacuum stability!

g

o Self coupling allows us to trace the shape of the potential

away from the Higgs mass

image credit N. Craig
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/

Understanding fundamental parameters

Mass measurement precisions:

e 0.02% on W mass

® 0.2% on top mass
 0.09% on Higgs mass

Overview of m,, measurements 1 | 1 1 1. 1 11t 1 1 T T ] T T 1 -Il | Il I IStItI I ll T
i
LEP Combination ATLAS ! A | A TLAS ota at. only
Phys. Rep. 532 (2013) 119 3 = L -
.. = 80376 + 33 MeV s .y . : | : Run 1: Vs =7-8 TeV, 25 fb”", Run 2: ¥s = 13 TeV, 36.1 fb" Total  (Stat. only)
s=71TeV,461 : | : I
DOR2 """"""""""""""""""" """""" """""""""" Run 1 H—4l ' * i 124.51+ 0.52 ( £ 0.52) GeV
Phys.(Re'l:.nLett). 108 (2012) 151804 - - O mm _ _
m,,, = B0375 + 23 MeV : | § Run1H-yy b . 1 126.02 £ 0.51 (£ 0.43) GeV
oF (R ' Run 2 H—4l ——— 124.79 + 0.37 ( + 0.36) GeV
Science(37g I(?'eoz??) 6589 101
m,, = 80434 £ 9 MeV : | § Run 2 H-yy ; 1 J 124.93 £ 0.40 (£ 0.21) GeV
********************************************* Run 142 H—4l —— 124.71+0.30 ( + 0.30) GeV
LHCb 2021 : - '‘® -
Iy — 80354 £ 32 MoV 5 Run 142 H—yy — 125.32 +0.35 (+0.19) GeV
ATLAS 2017 i ' Run 1Combined " * ' 125.38 + 0.41 ( £ 0.37) GeV
Eur. Phys. J. C 78 (2018) 110 ® Measurement : ‘- - :
m,, =B0370 + 19 MeV [ stat. Unc : g Run 2 Combined P—T—- 124.86 £ 0.27 ( +0.18) GeV
ATLAS 2024 Broave ] | Runt2Combined  E® 12497 £0.24 (£0.16) GV
This work b s _as : :- [ '
My =807 £ 16 MoV BRSM Prediction : ATLAS + CMS Run 1 —e—i 125.09 + 0.24 (+0.21) GeV
_________________________ | ! i
80200 80300 80400 co oo by by ey by by
my, [MeV] m,, [GeV]
H
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https://arxiv.org/pdf/2403.15085

Axion-like Particles

Search for anomalous Higgs boson decays into two axion-like particles (ALPs) H — aa — 4y
4 photon invariant mass system is reconstructed

Search is sensitive to long and short lived ALPs N .
Complementarity to light-by-light heavy ion search
arxiv:2312.03306
102 - T T TTT7T - - - — - P— T T | I Y Y
ATLAS —
10' & Vs =13 TeV, 140 f v .
o CMS LbyL
i ATLAS LbyL o 7o)
10 F / BSM photon-photon
< 107 3
> Beam dump —— Obs. limit |CE = 1.0 3
.E 107 ~—- Obs. limit |CSf]| = 0.1 4
X 4F sNiggra (g —2), :
S 10 ]
107 -
107
10~
-8 Lol L
10" E -
10~ 107 10° 10° 10° 10°
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https://arxiv.org/pdf/2312.03306

What can we expect?

40
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arxiv:2403.15332



https://arxiv.org/abs/2403.15332

What can we expect? 40

arxiv:2403.15332

c I A O I O f=
f - ATLAS [ Background - O ATLAS [ Background BR(H — ss — 4b) = 1%, [m,, ct] = [55 GeV, 100 mm]
n - Vs=13TeV, 37.5-140fb" //, Uncertainty ] ?, Vs=13TeV, 37.5 - 140 fb™ 77/, Uncertainty o(qq — Za) = 5x10° pb, [m,, ct,] = [55 GeV, 100 mm]
'.qé; i Validation Reglon’ an.: 1 ¢ Data 1 E [ ] Data BR(t —)aQ) =0.1°/o, [ma, C'ta] = [55 GeV, 100 mm]
)
> >
Wi | 1-lepton 2-lepton VBF — Ll ;;'fgt?n ﬁ:fgt?n XD%F=1 J,;'fgt%" ﬁolf gon XS,FZ 2
107
o )]
Y4 J X
m 5 .
5 il b
Soeb o YA % ©
8 I | 8 T Il
0.7-0.9 09-1.0 09-1.0 09-1.0 0.7-1.0 0.7-1.0 0.7-1.0
BDT, x BDT, BDT, x BDT,
0 1 0 1

Matthias Danninger | SFU


https://arxiv.org/abs/2403.15332

