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The Standard Model: successful theory

, Very successful theory!
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Why the Standard Model is not enough ?

Very successful theory!
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Why dark matter?

Observations
grom 21 cm bydE®

\

Powerful evidence indicating the existence of particles in the
Universe that don’t interact with light




What is DM? How can we detect it ?
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Dark Matter

Direct Detection

DM couples to SM ? -> We can see it at colliders ! (pp — SM + DM)
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Indirect Detection

Many theories predicting DM + SM interactions. ATLAS DM searches widely use simplified models.

Assuming a interaction between dark matter and SM particles through mediators (either SM or new).



Simplified models: Mono-X searches

Exclusion of the combined searches sensitive to mono-X

Simple representation of DM connecting to SM as -

proxy of more complete theories.

SM couples with DM sector via a mediator
e Spin-0 or spin-1 mediator
e Signature of Mono-X (X = SM particle)
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Presenting latest mono-top search in ATLAS 6
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-036/
https://www.sciencedirect.com/science/article/pii/S2212686419301712?via%3Dihub

A more UV-complete model: 2ZHDM+a
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Simplest renormalizable theory with DM singlet
Unitarity.

Rich phenomenology in several final states at
colliders.
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More complex dark sectors ?

Dark photon search

1073
Is DM only just a single-flavoured unique particle and a mediator?
The dark sector might be more interesting than we think
More than one fermion and boson 106
Several mediators with SM
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SM-like interactions between dark matter particles . ATLAS
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The ATLAS detector

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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ATLAS-CONF-2022-036

Search for Dark Matter plus a single-top

Besonant production Non-resonant production

—| DM: E,™* trigger and E,™** > 250 GeV

W

Boosted top: one top-tagger large-R jet

Back-to-back topology: A(p(j,ETm‘SS ),,>1.0

A(P(j,ETmiSS )

all
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-036/

ATLAS-CONF-2022-036

Analysis strategy

Selection based on a BDT trained on event-level discriminants with good separation power.
Dominant background is V+jets and tt. Defined control and validation regions per production mode.
SRs with O and 1 b-jet.
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ATLAS-CONF-2022-036

Post-fit results: New Physics ?

Validation regions . : . .
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Good agreement between data and SM. i3

Dominant uncertainties: background theory modelling and large-R jet calibration
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ATLAS-CONF-2022-036

Interpretation: simplified model

X
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ATLAS-CONF-2022-036

Interpretation: simplified model and VLQ model
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ATLAS-CONF-2022-012

Search for dark matter in association with tW

Signals present one top, a W-boson and large missing
transverse momentum.
e E ™ trigger and high offline E,™**
e Profit of the top quark and W-quark to reduce the
background.

Exploring OL and 1L channels. 2L from previous results in
final interpretation

16
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ATLAS-CONF-2022-012

Analysis strategy: the zero-lepton channel
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ATLAS-CONF-2022-012

Analysis strategy: the one-lepton channel

Top-decays hadronically: reclustering jets to reconstruct W

At least 3 jets, 1 b-jet X X
mT(I,ETm‘SS) > 200 GeV
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r.nWreclus > 60 GeV

Main bkgs. : W+jets, tt

Top-decays leptonically: hadronic W-boson is boosted: \W-tagged

x X
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ATLAS-CONF-2022-012

Background estimation

Defining control and validation regions close to the SRs to normalize the most important backgrounds.

Common CRs: Z+jets, W+jets, single-top and ttZ.

Dedicated OL regions Dedicated 1L regions
CR for tt. VRs for V+jets and tt. CR for tt. VRs for W+jets and tt (hadronic and leptonic)
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Background-only fit results

ATLAS-CONF-2022-012

Simultaneous of all the SRs and CRs of the OL, 1L. No evidence of New Physics observed.
2.50 deficit in one bin of the OL channel.
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Eur. Phys. J. C81 (2021) 860 ATLAS-CONF-2022-012

Interpretation of 2ZHDM+a limits

Free parameters of the model : m

e My M, tanf (= vu/vd), sinB (a-A mixing).

Combined limit OL individual limit 1L individual limit 2L individual limit
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Final interpretation combining OL and 1L channels with 2L from previous analysis in tW+DM.
Exclusion at high tanf3 due to process o x B evolution
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ATLAS-CONF-2022-029

Search for dark Higgs in WW+ETmiSS: strategy

Events with one lepton: ETmiss or muon triggers w Ve
Dominant background — W+jets: m.(I,E;™*) > 220 GeV
Large E.™* significance

Resolved region

At least 2 jets, but no b-tagged jets
Reconstruction of W-candidate with the two jets with
m; closest to m,,

Merged region

W-tagging from large-R. s — WW boosted and lepton
might overlap with hadronic W-boson — TAR jet with
D_P=! < 1.1 as W-candidate.

TV
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ATLAS-CONF-2022-029

Background estimation

Both regions dominated by W+jets and tt-> Single-bin E‘-
control regions to normalize background. g
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Results

msmin variable: minimum possible Dark Higgs boson mass from object kinematics— SRs divided into bins

Events / bin

Data / Post-fit
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..... e o . n ool ]
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Good agreement between data and SM predictions in the signal region 25
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Limits on Dark Higgs model

350

300
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200

150

ATLAS Preliminary
{s=13 TeV, 139 fb™

E==" Expected Limit (+10)
- - - - Expected Limit (+20)

— Observed Limit
------ Relic Density

Dark Higgs model
JHEP 04 (2017) 143

gq=0.25, gx=1 ;
sin6=0.01, mx=200 GeV

i ooy | v s v s 0 p awmlowarFoppmilaonelorss
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Highest exclusion for m, ~ 750 GeV

Exclusion for different m,, values for
msin [130,390] GeV
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Limits on Dark Higgs model

July 2022
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Strongly coupled dark sectors

Dark sector with q,_, and interactions similar to QCD. Confinement and hadronization in dark sector (dark hadrons)

e g-q,, interaction leading to some dark hadrons decaying into SM particles
o Stable hadrons (DM candidates)

o Unstable hadrons (decay into SM quarks) xiglg;na\s/alley »
° Semu-vusplejets, not very explored ¢ bomchmark (HV\, £
o Ratio of stable dark hadrons over total number of hadrons: Rinv A\ Soov >
Qdark
P
Gdark

£~

HV K-
\N_,' o

28
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Strongly coupled dark sectors

Dark sector with q,_, and interactions similar to QCD. Confinement and hadronization in dark sector (dark hadrons)

e g-q,, interaction leading to some dark hadrons decaying into SM particles

o Stable hadrons (DM candidates) Hidden Vall
idden Valley

o  Unstable hadrons (decay into SM quarks) el o .
° Seml-V|S|IgIeJets, not very explored ¢ bomchmark (HV\, £
o Ratio of stable dark hadrons over total number of hadrons: Rinv A\ Soov %
Qdark
P
Gdark

£~

HV K-
\N_,' o

Visible jets.
SM measurements

29
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Strongly coupled dark sectors

Dark sector with q,_, and interactions similar to QCD. Confinement and hadronization in dark sector (dark hadrons)

e g-q,, interaction leading to some dark hadrons decaying into SM particles
o Stable hadrons (DM candidates)

o Unstable hadrons (decay into SM quarks) ﬂgg;”a\s/a”ey .
e Semi-visible jets, not very explored g benchmark CHV
o Ratio of stable dark hadrons over total number of hadrons: Rinv A\ o
Qdark
4 P
§ Gdark
Ty I e N
S o g {HV )
=1
mnv
Visible jets. " Invisible jets.
SM measurements Mono-X DM searches
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Strongly coupled dark sectors

Dark sector with q,_, and interactions similar to QCD. Confinement and hadronization in dark sector (dark hadrons)

e g-q,, interaction leading to some dark hadrons decaying into SM particles
o  Stable hadrons (DM candidates)

o  Unstable hadrons (decay into SM quarks) mgdd;”a\s/a”ey .
° Seml-V|S|IgIeJets, not very explored g benchmark (HV\,
o Ratio of stable dark hadrons over total number of hadrons: Rinv A\ oo
Qdark
P
Gdark
== A )
g (HV ]

Visible jets. " Invisible jets. Semi-visible jets.
SM measurements Mono-X DM searches Little explored !
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Analysis strategy: signal topology

Leading order signals LO plus additional jets

Back-to-back. ETmiSS aligned with one of the jets ETmiss less aligned with one of the jets

miss
ET

| OL search: jets + E_miss
Initial dominant background: multi-jet.

E, ™ from mismeasured jets

|
|
- E,™*>600 GeV and H, > 600 GeV
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Events / 0.05

Data / Bkg.

ATLAS-CONF-2022-038

Analysis strategy

At least two jets with p. > 30 GeV. One with p_ > 250 GeV. pbal = o1 (j1)+PT (2
A®(j,E. ™) < 2.0 for at least one jet. T 1P () +1pr () |
° Closestjet to E; miss i @: j,- Farthest, j,

Using p,°and |A(D(11,J )| = ICDmax ®min| as discriminants.

|¢max = ¢m1n|

10’ g——T——— 1T O <+ 10 T T T T

ATLAS Preliminary ° '\Ddat;' . 1S|gnaIM [TeV] R b ATLAS Preliminary , L hDII?J‘Izjet s 1SI%HZIM [TeV] R

P b 8=13TeV, 130" B Ears £ gl ErEmLsen Sl s 108

SR [ Z+jets nnn 2,04 7 [ Z+je i 2, 0.

mi tt 2,06 i e win 2,06

JF rr=eo0cev, ET™ > 600 GeV — | I= 5[ Pi=B000eV. B £ 50000V B Singletop =i 3,02

10 Post-Fit [ Diboson =i 3,04 o 10 Post-Fit [ Diboson miiin 3,04

7/ ./, Bkg. unc LI>.I 7/ /, Bkg. unc

ppanpege® WA W -
'.IL’IH" AR ‘"".":""..?='- .__-‘:___,,,.._...;.;-u-'-"""'-'--.' .
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Background estimation

e Backgrounds estimated from dedicated control regions.

O

e Each region (SRs and CRs) is divided into 9 bins

O

One norm factor per background.

tt and single-top merged into one single contribution

e  Multijet: correction factors in region with E ™ in [250,300]

GeV.VRIin ETrniss [300,600] GeV.

Signal
region

CR
Z+jets

0.6

Bin 7 Bin 8 Bin 9
Bin 4 Bin 5 Bin 6
Bin 1 Bin 2 Bin 3

2.7 3.2
|¢max - ¢min|

Events

Data / Bkg.

Events

Data / Bkg.
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ATLAS Preliminary ¢ Daa I Mumset
= ol
I L = e
H, = 00 GV, E7" x 600 GeV I « Bl 5ok op

Post-Fit [:| Diboson
10°

10?

10

7/ Bkg unc

':E)//////%/)f;%/ ’%%M%W%W Ll %/W
0.8 :

L
I

Bin1 Bin2 Bin3 Bin4 Bin5 Bin6é Bin7 Bin8 Bin9

e n
10 E* Ariaspreiminary 4 ous L et
= S 2 o+
SIS e W
o[ wesoncev.e=secey [ Il svo o
10 Post-Fit Dnlbom A

10%

WMA&#&V/@W//#&//&7&W¥/{% //_‘
. Z 3

N

1 1 1 1 1 1 C
Bin1 Bin2 Bin3 Bin4 Bin5 Biné Bin7 Bin8 Bin9
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Results

! >107"'|"'|"'|"'|"'""
ATLAS Preliminary e Data Signal M, [TeV], R [} ATLAS Preliminary e Data Slgnal M, [TeVLR |
107 = fe=13Tev, 130 1" — R G [ (s=13TeV, 1397’ B Wi e tos
SR = tZ{ﬂets llnllllllll: g, gg 8 10 SR [ Z+ets nunn 2, 0.4
108 & H,=600GeV, ET™ 2600 GeV g Single top aiai 302 ~ Hr = 600 GeV, ET™* = 600 GeV — A et
Post-Fit == Diboson myim3,04 9 10% & PostFit [——1 Diboson =i 3,04
1 05 /// Bkg. unc ch F 7/ /, Bkg. unc
10* i 1o
10° 10
102 10°
rllluﬁ\!
10 E-”l- Niminimin 10 : |
- bttt il-l-l-lr E P i 1 1 i
_l - i 1 L L L I L L - g) _2
11 ~] om :
1B ® Ros s Wi M i A W /W /
1W///y*///////f//////»f//////(///M;///;f//%/ 5 o8 s //
=< = = 06
I = 8 600 800 1000 1200 1 400 1600 1800 2000
B|n 1 B|n 2 B|n 3 B|n 4 B|n 5 B|n 6 B|n 7 Bln 8 B|n 9 ET® [GeV]

After fit, no BSM signal has been observed and good agreement between data and SM prediction
35
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Intepretation of results

o g i) LT L ] P ) P
= ATLAS Preliminary — Observed 95% CL = ATLAS Prelnmma? : — Observed 95% GL
10° Vs =13 TeV, 139:fb'1 ---- Expected 95% CL 10° s =13 TeV, 139 fb : ---- Expected 95% CL
I Expected + 1o R,,=0.4 g I Expected =+ 1o
104 E : Expected + 20 104k : Expected + 20
: : . Theory (LO, A=1) ~Theory (LO, 2=1)
102
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— = 10° JRE RS Tl LI UL PARLS 5 ISR s o R U
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Intepretation of results

Upper limit on A (coupling strength q’,_, - q)
Oneory (fb) for A=1:

32,5 13.7 7.03 3.95 245 1.62 4
= ATLAS Prelimina < Cross-section dependence with A“..
08r  {s=13TeV, 139 35
Semi-visible jet t-c
q
06
2.5
(]
04f
—1.5 ]
0.2t
sy I 1 1 1 1 ' 1 1

25 3 3.5 4 4.5 5
M, (TeV) 37
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Searches for long-lived particles

ATLAS Long-lived Particle Searches* - 95% CL Exclusion PUB-2022-034 ATLAS Preliminary
. . . Stanis. duly2022 JLdt=(328-139) b V5=13TeV
The dark sector might also contain particles of  mode Signature frat[n] Lifetime limit Reference
medlum llfetime (LLPS) RPV % - puq displaced vix + muon 136 ilxléurrfe
RPV i) — eev/euv/uuy  displaced lepton pair 328 | £ lifetime 0.003-1.0 m m(§)= 1.6 TeV, m(¥})= 1.3 TeV 1907.10037

[ ] Decays Wlth | n the deteCtO I’S bUt GGM i - ZG displaced dimuon 329 [ lifetime 0.029-180m  m(z)=1.1TeV, m(i3)= 1.0 TeV 1808.03057
displaced from interaction point. il [ e o B Bssbeifeis | GERNEPaR2CE:

2003.11956

GMSB7 — (& displaced lepton 139 | Fiitetime . emsomm m(7)—600 GeV 2011.07812

GMSB 7 — 7G displaced lepton 139 | # lifetime . 920mm m(7)=200 GeV 201107812

AMSB pp - 7179, %, %;  disappearing track 136 | & lifetime . 006306m m(i;)= 650 GeV 2201.02472

X AMSB pp - 7i70.7{ 7 large pixel dE/dx 139 |4 lifetime [oss0om ()= 600Gev 2205.06013

Relatlvely u nexplored duri ng Run-l — Stealth SUSY 2MSverices  36.1 | S etimo 01519 m (g~ S5)=04 m(g)=s00cer| 181107870

F d . | h Split SUSY large pixel dE/dx 139 | & lifetime C>045m  m(@)=18TeV, m(i})=100GeV | 2205.06013

ocused on p rom pt p articles searches. Split SUSY displaced vix + Ef'** 328 | g lifetime 0.03-132m m(g)=18TeV, m(i%)= 100 GeV. 1710.04901
Split SUSY 06,2-6jets+Ep™  3g.1 | glifetime 0.0-24m m(g)=18TeV, m(72)= 100 GeV | ATLAS-CONF-2018-003

H-ss 2 MS vertices 139 | s lifetime [ o0st72am | m(9)=935Gev 2203.00587

Hoss 2 low-EMF trackless jets 139 | s lifetime  oisseam m(s)=35 GeV 2203.01009
VHwith H — ss — bbbb  2C +2displ. vertices 139 | s lifetime . assmm m(s)=35 GeV 2107.06092
FRVZ H > 2y4 + X 2 p-jets 139 | yalifeimel 00654639 mm. m(ya)= 400 MeV 2206.12181
FRVZ H — 44+ X 2 p-jets 139 | ya lifetime S 275mm m(ya)= 400 MeV 2206.12181

LLP searches have experienced a tremendous
advance at LHC during Run-II

[} D IS p I ace d vertices I Ho 22 displaced dimuon 32,9 | Zq lfetime 0.009-24.0m m(Zy)— 40 GV 1808.03057
H H Ho 224 2 e, + low-EMF trackless jet36.1 | Zq lfetime 02152m m(Zy)=10GeV 1811.02542
e Displaced leptons and jets

. ©(200GeV) » 55 low-EMF trkcless jets, MS vix36.1 | s lietime 041-51.5m & x B=1pb, m(s)= 50 GeV 1902.03094
® P IXe | d E / d X (600GeV) » 55 low-EMF tricless jets, MS vix36.1 | s lifetime 0.04-21.5m % B=1pb, m(s)=50 GeV 1902.03094
. D(1TeV) > ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.06-52.4 m @ x B=1pb, m(s)= 150 GeV| 1902.03094
W = NC,N = €0y displaced vix (uuue, ee) +u 139 [ Niifetime | 0.74-42mm m(N)= 6 GeV, Dirac 2204.11988
W = NE,N - (ly displaced vix (uuue. e€) + 4 139 | N ifetime . 3133mm m(N)=6 GeV, Majorana 2204.11988
. . . W — N(,N — ey displaced vix (e, ee) +e 139 | Nilifetitiel 04981 mm m(N)=6 GeV, Dirac 2204.11988
Presenting a search for displaced jets e O S— .

in the ATLAS hadronic calorimeter 0.001 001 01 1 10 10 ¢7 [m]

ﬁ:ﬁaxx I 1 I 1 I 1 39
0.001 0.01 0.1 1 10 100

*Only a selection of the available lifetime limits is shown.

7 [ns]


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/

JHEP 06 (2022) 005

LLP in displaced hadronic jets: signature

Displaced jet

Displaced jet

=
|
nw
VIR \ VA
\\
\\
~»

/]

/]
=

f‘_/
Heavy scalar mediator (®) decaying to two
long-lived scalars (s)

e Scalars decaying to SM fermions
(quarks,leptons)

Signature: displaced jets
e Large energy deposit in HCAL and low
energy deposits in ECAL
e Trackless jets
e Narrow deposits
40
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LLP in displaced hadronic jets: backgrounds

‘ Displaced jet

=
|
nw
VIR \ VA
\\
\\
~»

/]

/]
=

QCD jets
e Jets usually deposits in all subsystems.
e Large QCD cross-section in pp collisions
— dominant

Beam-induced background (BIB):
e LHC beam-gas and beam-halo
interactions upstream detector

Cosmic backgrounds:
e Cosmic rays and external radiation to
detector 41
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LLP in displaced hadronic jets: analysis strategy

Displaced jet
CalRatio Displaced BOT &
trigger jet-NN selection

!

—| ABCD Result

Low-E_ region
Low mo -> Low E.
->LowkE, ., /E

HCAL® TECAL

E.cal/Egca depends on me

e Low E and high E, optimization

Data taking challenging: dedicated trigger
e Narrow jets combined with high
EHCAL/EEC.AL. and/or low deposits in .ECAL.
High-E_ region e Jet cleaning and BIB removal algorithm

Select displaced jets : Jet tagging NN
e Distinguish signal vs BIB and QCD

7 Displaced jet  BDT event selection to improve background
f1 rejection

I ABCD method to define SR and CRs. 42
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Displaced jet NN

Neural network (CNN plugged on LSTM) to distinguish signal, BIB and QCD. g % i ;‘é“s“:':""gzt T
e Quality, momenta, IP of tracks around candidate jets @ 13,3’;:';},5;';‘:3 ¢ Dt
e Momenta, timing, energy fraction in ECAL and HCAL of topoclusters. 2 NN outputin CR
. . . . . . o a0
e Spatial and timing info of muon-tracks arounds jets. Jet variables. g 10
e ANN to reduce dependence on mismodelled key observables. (£ 10
-3
o1o2
Separate NN for low-E_ and high-E.. FE e e 2 //}%/Z@Mﬂ%/{j
Good separation between signal and BIB and multi-jet. Q
040 102 10" 100
High-Et BIB NN Score
ATLAS - Signal ATLAS = Signal
Vs =13 TeV, 139 fb-! ®  SM Multijet MC 10t Vs = 13 TeV, 139 fb~! ®  SM Multijet MC
10! Low-E+ Training o BB High-Er Training o BB

1e

Fraction of Events

Fraction of Events

10",

1072

103

107 . . 06 08 1.0 43

103
0.0 0.2 0.4 0.6 0.8 1.0 Signal NN score

Signal NN score
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BDT and event selection

BDT defined per-event. Based on jet-NN signal and BIB score of two leading E_ jets and event variables.
Event cleaning: jet time, BDT score cut, trigger matching of one jet and high E /E
Final selection to remove BIB and cosmic.

HCAL" TECAL

2 L S B S e B S S H -
£0.18[ —e Main data 1 @ [T T T T T Low-Er selection
©ATLAS . F B ]
%0 16:—\/5—13 TeV, 139 fb! D 200,50) GeV E §0'257ATLAS —e—'I\BAI?':‘mdgtae:a 7 Hy™/Hp <06
5 ’ +(CTgf_nz%;(] S0 GeV o - s=13TeV, 139 fb"  —— (m_,m)=(1000,275) GeV - (X o1t jegeisn 10810 (Bu/Ern)) > 2
I3 0.14:— = (m,,m,)=(125,55) GeV cc’ 0.2k +<(::1=2r.n4()):;600 150 Gev ] p:r(jetsig“) S 80GeV
§0.12:— m:iim - % L ct=1.84m ] pT(jetSigzz) > 80GeV
~ - oo B © r —— = 7
“ot e 4 Eoaqsk e o100 G low- By NN product > 0.7
0.08:* * 8. H*:.;.-A = E ° v 7] High- Et selection
- oe e L . F° o ’. "] HmlSS/H < 0.6
0.06F e P S 0.1-, D T /AT 0
F . oe **.‘.-A- \ ] - o ¥¢ + .-v: (Zjetsiglh’jetsigz{1 lOglO(EH/EEM)) >1
0.04¢ o, B CHE 0osl° ¢ £ pr(et®n) > 70GeV
[ 0o o ‘e -, b B . P © +5Y A i
0.02__0 . OOOO;'o,.‘:_{,A[‘ *a, B 8 +++:;-V- ol pT (JetSlgzh) > 80GeV
0se® fee0o08e, - 3 % Lepetiante” 3 high- B NN product > 0.5
047202 o' 02 b4 Y —Y e
Low-E, BDT High-E_ BDT
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Signal and control regions: ABCD method

JHEP 06 (2022) 005

High-E_BDT

T

o
o

After event selection, main background is multi-jet. Modified ABCD method to estimate multi-jet background.

Combined fit of multi-jet background following relation of ABCD method.
Define SR (A) and CRs (B,C, D) based on top of event selection with: BDT score and ZARmin(jet,tracks).

main data

ATLAS
—Vs=13 TeV, 139 fb

Number of events

Multi-jet background
prediction in SR (A)

Na = (N - N¢)/Np

Low-FEr selection A B C D
Observed data 23 3 220 61
a priori

Estimated background 10.8 £ 6.6 3£1.7 220 + 15 61+ 7.8
High- E'; selection A B C D
Observed data 22 7 233 131
a priori

Estimated background 12.4 £ 4.7 7T£26 233+ 15 131 +£11

Excesses observed (p-value: low-E, = 0.076, high-E = 0.083)
Agreement between data and SM prediction.

45
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Interpretation: limits if ® is SM Higgs boson

% LI II T I LI T T T TTTIT I LI
3 LBzt P
X F -—e=Z_
= " s TRe I
bw 1 0—1 - B_/_'/._—%§$_T_j|_0._/? ............................................. = 5 f_
~ = = /
o = .
= "By L =1% 1
5 1()‘2 = H s 3 Less sensitive limit from 2016
-E : 3 combination at low cr due to not
= o . inclusion of ID
© 107 —
Q = ' ATLAS 3
% - (222)011652)2?; Gt_ID'FCiR"'MS (=13 TeV. 139 fo" - Sensitivity to BR(H — ss) down to 1%
T - — alRatio-only = ’ =
© 10 = mm HS (m, mg) = (125, 55) GeV — Obs. E Better sensitivity than previous
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Interpretation: limits if ® is SM Higgs boson
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JHEP 06 (2022) 005

Interpretation: limits if ® is new heavy scalar
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10_1 & g v Enaed g noeve ) o ge e el L P S (TR BT W U | L L
102 10" 1 10 1 10

¢t [m] cr[m]
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ATLAS

EXPERIMENT

Run: 355754
Event: 3106495648
2018-07-16 18:53:51 CEST

Event selected by
region A in high-E.
selection.
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Conclusion

Run-2 has provided us with more and improved DM searches and
seen the expansion of ATLAS research to long-lived particles

Recent new analyses searching for dark matter in association to a
top-quark.
e Mono-top searches greatly improved the current limits with
respect to Early Run-2
e Additional channels increase sensitivity in tW+DM searches.

Searches for more complex dark sectors presented
e  First results on strongly coupled DM sector in semi-visible
jets with ATLAS and in the single-lepton channel for dark
Higgs into WW.

New search for long-lived particles using displaced jets
e Improving early Run-2 limits and sensitivity at middle cr

LHC Run-3 started. New and exciting results await us. Stay tuned !

13.6 TeV
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Where to find it ? Is it big or small?

QCD axion WDM limit unitarity lithit

10-22eV ol keV GeV w0y My 10 M
. " R

““Ultralight” DM ““Light” DM| WIMP {Composite DM Primordial
(Q-balls, nuggets, ctc) black hOl es

non-thermal dark sectors
bosonic fields sterile v A good
can be thermal T Lin TASI Lectures reason to
Cannot explain relic preserve the
abundance but other SM Big structures Earth. Things
problems ( e.g. strong CP Can explain relic abundance formed of out there
violation) from thermal freeze-out at new particles could be dark
Early Universe. And masses or SM and full of
similar to what we know particles terrors ....

The most favoured theory is that it is a WIMP (weakly interacting particle). 52
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What kind of particle ?

Dark Matter ?

RG
‘k\e"" &
32 ®<\°’\ ‘ Dark photons,
o &
Dark quarks,
e

Dark Higgs

I don’t know, but | Dark sector Might be
am going to start could have something else:
easy: it is a single similar structure PBH, MOND....

particle as SM
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Scalar and pseudo-scalar mediators DMtt
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Mono-top backup
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ATLAS-CONF-2022-036

Search for Dark Matter plus a single-top

Vector-like quark (VLQ)

qforward

E. ™ trigger and E.™* > 250 GeV .
At least one top-tagged large-R jet Ag(j,E,™*) > 1.0
At least one forward jet.
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ATLAS-CONF-2022-036

Mono-top: BDT selection

Variable Description Resonant  Non-resonant VLQ §Z] B
DM model DM model & [ ATLAS Preliminary ® Data M Top
. & {s = 13 TeV. 139 fo ' M Z+jets ‘W-+jets
ET™ Missing transverse momentum v v 3 ! i Single top [ Diboson
" Monotop mtv . Uncertainty
Q E.:““ and large-R jet pr balance: ;mm::fj; o v VVR Res. — Pre-Fit Bkg.
Post-Fit
Njets Small-R jet multiplicity v v v
ARpax Maximum AR between two small-R jets v v v
mT,min(Eg“'ss,b-jet) Transverse mass of E.;.“‘“ and the closest b-tagged jet. Vv v v
Miop-tagged jet Mass of the large-R top-tagged jet v v
: Scalar difference of large-R jet pr and the sum
APT (J’Jets) of pr of all small-R jets. ¥ 4
Hy Sum of all small-R jet pr v
Hr/ E%iss Ratio of Hy and EJs v v
AE(E.i‘.‘iss,J) Energy difference between E** and the large-R jet v v o T ————
X E
o 1. P -
miss Angular distance in the transverse plane between ~ B> 77 7 W %
A¢(ET ) E{.“i“ and large-R jet L ¥ g : {W %/% /é’
pr(J) Large-R jet pr v e 0 i ) ‘ ) ) ‘ . ) ) . E
mr(E,J) T —— v 0 005 0.1 0.15 0.2 0.25 0.3 0.35 0.4 (:.(«:358 0.5
A é (b tagge d jet, J) Angular distance in the transverse plane between the 7% s
; 57

large-R jet and the leading b-jet BDT < 0.5 - VR ; BDT>0.5 - SRs
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Background estimation

ATLAS-CONF-2022-036

N b-tagged jets

Dominant background is V+jets and tt. Defined control and validation regions per production mode.
Same definitions for three production modes
+ 1forward jet for VLQ model.

TVR1bLPhi

TVR1bHPhi

-
!

TVR2bHPhi

XGB < 0.5

NF

N Fv+ic(s

A¢min (i’E

miss

T

Events

Data / Bkg.

ATLAS Preliminary -e-Resonant -©-Non-resonant  —+ VLQ
z 085+022  0.83+021  0.82+020
Pl 0924018  082+015 070015
0 2 4 6 8 10
ATLAS Preliminary ¢ Data M Top W Z+jets
10°F Vs=13TeV, 139 fo" Wijets MSingletop [ Diboson
Monotop Wity 77 Uncertainty — Pre-Fit Bkg.
Post-Fit
10°*
10°
10%
10
1
1.25 — ;——ﬂ___r——l.__a——__'/—— G
Nl . paee X P27 e 2
075

TVR TVR VVR
1bLPhi  2bHPhi Res.

WR TVR

1bHPhi  Non-Res. 1bHPhi

Non-Res.

VR TVR VVR1f
vLQ 1bHPhi vLQ

vLQ

TVR
1bHPhitf
vLa
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Post-fit results: VLQ

ATLAS-CONF-2022-036

Events

Data / Bkg.

1
ATLAS Preliminary ¢ Data Top W Z+jets
10°F Vs=13TeV, 139 fb" 'Wijets |MISingletop [ Diboson
Monotop WitV 7~ Uncertainty — Pre-Fit Bkg.
Post-Fit
10* g
10°

10

1.25 — e e e ) —— T " s
Rl e X e 2 e el 2 2%
0.75
0.5 . . - - - - - -
TVR TVR VVR TVR VVR TVR VVR TVR VVR1f TVR
1bLPhi 2bHPhi Res. 1bHPhi Non-Res. 1bHPhi vLa 1bHPhi vLa 1bHPhitf
Res. Non-Res vLa vLa

Events

Data/ Bkg.

ATLAS Preliminary ¢ Data —VLQ
/s =13 TeV, 139fb" I Top W Z+jets
Monotop Wi+jets Bl Single top
SR1b1f VLQ [/ Diboson [tV
Post-Fit 77 Uncertainty — Pre-Fit Bkg. |

10°

085 055 0.6 0.65 0.7 075 0.8 0.85 0.9 095 1
XGByq

Good agreement between data and SM. Dominant uncertainties: large-R jet calibration and modelling
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o(pp — tx) x BR(t = had) [fb]

ATLAS-CONF-2022-036

Interpretation: simplified model and VLQ model

X
d
u
‘ q
(]
s 1%

t 7

3
b

— 10° g 9 b
E g )
imi e Thy LO; = iy — = 4
iy o i g ATLAS Preliminary Theoy (O - § = 10°E ATLASPreliminary ~ — Theory (NLO)
F (s=13TeV, 13910 — vbis onZ. P T 10 s-13Tev, 139" 95% C.L. Exp. Limit N s=13Tev, 13910 95% C.L. Exp. Limit
10° - Resonant DM model [ o5 C-LA Ex / - oy Non-resonant DM model — 95% C.L. Obs. Limit - 40° Single-T Production —— 95% C.L. Obs. Limit
E =06, =04 el b & - [l 95% C.L. Exp. 1o 1 i [ 95% C.L. Exp. +1o
o, 2 [195% C.L. Exp. 26 & 10° 2=05.g =1,m =10GeV S i 5 1 x; = 0.5, singlet e P
102 m, = 10 GeV x ]| Exp. £20 a BR(T—> 1) = 025 [ ]95% C.L. Exp. +2¢
= > ~
B T 10° © 102
10_5 g
L T 1
1 9 10
. 1
107 1
2500 3000 3500 4000 4500 5000 5500 6000 P | I Y I B BRI W
Excluded 36 fb! m, [GeV] 1500 2000 2500 3000 3500 10001200 1400 1600 180020002200 24002600 2800
Excluded 36 fb™ my [GeV] No exclusion 36 fb™ m, [GeV]

Exclusion limits derived from fit of the BDT output distribution for each production mode, separately.

Significant improvements from early Run-2 results ! 60
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tW+MET backup
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Phys.Dark Univ. 21 (2018) 8-15

Single-top quark production and Dark Matter

s-channel sing=1/\2 m(a)=150 GeV m(A)=m(H)=m(H")=1000 GeV

IIIII ll[1l|

4

— pp —= tWyy inclusive

Negligible contributions . — L Dp — tHE, H — Wy

t-channel “ pp = tiyy, (t-channel)

Subdominant production mode of single-top quark
in association to dark matter in 2HDM+a model

m, = 1000 GeV

single top + DM cross-section [pb]

10°E LHC 14 Tev E

[l ! S | ! I

1 10
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Phys.Dark Univ. 21 (2018) 8-15

Single-top quark production and Dark Matter

tW-channel _ Isi'n?=l1llﬁ m(a)=150 GeV m(lA)I=r:1(1Hl)Tm(i-F)=1(r)00 GeV_
B n
i : . = LT T
Dominates the cross-section of the single-top p e P ¥ w’o;l u:vwe ]
production with dark matter S I PP e i XT
Resonant and non-resonant production mode O PP — tixx (t-channel)
e Resonant dominating at mH ~ [400,1200] ®» 10"
)
%)
Resonant o m,, = 1000 GeV
tW-channel s
D ...........
+ 402
0.10
@]
—
2
.a ", o
~F LHC 14 TeV E
9 Non-resonant S — ] e
tW-channel 1 10
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Eur. Phys. J. C81 (2021) 860 ATLAS-CONF-2022-012

Analysis strategy: the two-lepton channel

Pseudo-reconstruct top quark to discriminate. m

e Atleast 1 b-jetand 1 additional jet
e m,,>130GeV

e m ™<170 GeV Main bkgs. : Z+jets, ttZ, tt and single-top
e m' >150GeV

o mblmin and m‘, -> Endpoints for SM tt and single-top.
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%) r % E | °
2 o 5 7 + t
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Eur. Phys. J. C81 (2021) 860 ATLAS-CONF-2022-012

NJ;R:I.O

Back d estimati
Defining control and validation regions close to the SRs to >1 SRew,,
normalize the most important backgrounds.
1 ¢ tf CR (Z +jet
OL and 1L channels Rew, (80 Gl
e Common CRs for Z+jets, W+jets, single-top and ttZ. VRiw. (V+jets)
. . oL
e tt normalized separately for OL and 1L regions. =
VRew,, (tF)
2L channel 1
e CRsforttandttZ 0 1 ' 2 N,
e Additional control region for WZ my, 4, [GeV]
Variable SR | CRai) CR(tiZ) CR(WZ) | VR(t) VR(3¢) VRIZP (1)
1L
NSienal =2 =2 =3 =3 =2 =3 > 200 GeV : _—
! (08) (08) (>1SFOS) (> 1SFOS) | (0S) (> 1SFOS) R Ehst) SRW,;"
pr(63) [GeV] - - >20 > 20 - > 20
Meejpy [GeV] ¢[71,111] | ¢[71,111] e[71,111] e[7L,111] | ¢ [71,111] € [71,111] —+
Nt > 1 > 1 >3 €[1,3] >1 > 1
Np.jet >1 >1 >1 =1 >1 >1
(= 2if Njew = 3) < 200 GeV
min [GeV) <170 <170 <170 > 170 <170 varies
m‘b{, [GeV] > 150 < 150 - - > 150 -
mr [GeV] >130 | €[40,80] > 90 > 90 € [40,80] > 90 | ] | _
- 40 100 130 200 mp(L, BRI [GeV)

A¢min [rad]

> 1.1

> 1.1

> 1.1
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Eur. Phys. J. C81 (2021) 860 ATLAS-CONF-2022-012

Background-only fit results

Simultaneous of all the SRs and CRs of the OL, 1L and 2L regions
No DM evidence observed. 20 excess observed in 2L and 2.50 deficit in one bin of the OL channel.

OL+1L combined fit ATLAS 1L+2L fit
2\ [ atiAs Proimnay’ - oma —tomem 1 EUE amas | om | sewtomds 3
Tl e L X 1) o) § F amas 4D NSMToff 3
T SR_ ’ m Wiets . Z+jets 10 s=13 TeV, 139 fb B Single top quark [l W+jets =
- g.-only Post-fi m Others 10° []Others =
102 102 E_
10 WeEe——T1 B 1 _
1 1
[0
8 % ] T e r—— ot
g 2 s 0
9 0 t;‘:” T e
&5 -2 SRY™  SRI™  SRY™ SRI™ SR SRUM  SRUE sRU® SR SRy,
(7)) ¢ 90 g ¥e g8 F 0T 0T r oz g, ’ )
B = B = ® > B = Bz
£ iF iF iF is «
1] w (%] (%] (%]
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Dark Higgs backup
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ATLAS-CONF-2022-029

TAR jets for W-tagging in Dark Higgs search

Beneficial due to overlapping electrons with hadronic W-jet in the WW+ET”“SS.
TAR: Track-assisted reconstruction— Mass and substructure from track jets
R=0.2 jets overlapping with electron and tracks coming associated to electrons not considered

................. W

S W
‘ Match tracks
to subjets
Match tracks
to constituent | I¥ '
R=02 19‘9

track, new track, old T
PT =Pt X

TAS

track, old
Zip'r,i
to input jets and * * *
* merge jets ‘
- o8
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ATLAS-CONF-2022-029

Fit configuration: the msm‘” variable
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» v ....................... ]
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5 el W
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LLP CalRatio backup
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Searches for long-lived particles

Usual ATLAS and CMS Usual ATLAS and CMS
searches searches
Apart from dark matter, many BSM theories | Detector-Prompt = Détector-stable
predict particles of medium lifetime (LLPs) o i 3 & o
e Decays within the detectors o i I Il arXiv:1810.12602.
10° {0 e & & 5
w/z . i
Relatively unexplored during Run-1 — > i
Focused on prompt particles searches. s : : |
' 104 4 | i i
> | BB
@ ‘//lﬂ i e :
LLP searches have experienced a tremendous = D*/DO
advance at LHC during Run-I| g 0 & A o
e Displaced vertices £ 10% - & : P 7(0 iKO e P
e Displaced leptons and jets f ] o " eSetL
o Pixel dE/dx 1 3
e Displaced vertices n° : U
® ! : e H
107 4 : : 1 e e
| I ~

10-*7. 10=% 10** 10~* 10- 10* 107 10t 10°

Proper Lifetime T [s] 7


https://arxiv.org/pdf/1810.12602.pdf

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

Status: July 2022

ATLAS Preliminary

J£dt = (32.8-139) b Vs=13Tev  ATL-PHYS-PUB-2022-034
Model Signature  [Ldt[b™'] Lifetime limit Reference

RPV T - puq displaced vtx + muon 136 t lifetime 0.003-6.0 m 2003.11956

RPV §) — eev/euv/puv  displaced lepton pair  32.8 )2? lifetime 0.003-1.0m m(§)= 1.6 TeV, m(¢})= 1.3 TeV 1907.10037

GGM i? >26 displaced dimuon 329 X’? lifetime 0.029-18.0 m m(g)=1.1TeV, m(3)= 1.0 TeV 1808.03057

GMSB non-pointing or delayed y 139 | ¢ lifetime 0.24-24m m(79. G)= 60,20 GeV, By=2% | CERN-EP-2022-096

GMSB 7 — (G displaced lepton 139 | 7 lifetime 6750 mm m(f)= 600 GeV 2011.07812
t>13 GMSB 7 — 76 displaced lepton 139 7 lifetime 9-270 mm m(7)= 200 GeV 2011.07812
a AMSB pp — 7§}, ¥, ¥;  disappearing track 136 | A7 lifetime 0.06-3.06 m m(¥7)= 650 GeV 2201.02472

AMSB pp — 7173, 71 ¥1 large pixel dE/dx 139 if lifetime 0.3-30.0m m({)= 600 GeV 2205.06013

Stealth SUSY 2 MS vertices 36.1 | § lifetime 0.1-519m B(g — 3g)=0.1, m(g)= 500 GeV] 1811.07370 .

Split SUSY large pixel dE/dx 139 g lifetime >045m m(g)=1.8TeV, m(i)= 100 GeV 2205.06013 Prese ntl n 9 a S ea rC h fo r

Split SUSY displaced vtx + E.’r“iSS 328 § lifetime 0.03-13.2m m(g)= 1.8 TeV, m(?)= 100 GeV 1710.04901 d I S p I a Ced J etS

Split SUSY 062-6jets +EPS  gg1 | lifetime 00-24m m(g)=1.8TeV, (i) 100 GeV’ | ATLAS-CONF-2018-003 ° LLP deca y| ng after

H-ss 2 MS vertices 139 | s lifetime 0.31-724m m(s)= 35 GeV 2203.00587 AT |_ A S trac ke r.
§ H-ss 2 low-EMF trackless jets 139 | s lifetime 0.19-6.94 m m(s)= 35 GeV 2203.01009 Py La rg e d e p oS | tS | n
=  VHwith H - ss — bbbb  2( + 2displ. vertices 139 | slifetime 4-85 mm m(s)= 35 GeV 2107.06092 . .
é‘:; FRVZH — 2yq + X 2 p-jets 139 | 74 lifetime 0.654-939 mm m(y4)= 400 MeV 2206.12181 had ronlc ca Iorl meter
B rrzronex 2uots 139 [ atioime 2753 mm S 220612181 e Sensitive between 20mm
T H-2Z2 displaced dimuon  32.9 | Zg lifetime 0.009-24.0m m(Zy)=40 GeV 1808.03057 and 20m

H- 2z, 2 e, it + low-EMF trackless jet36.1 Z,4 lifetime 0.21-5.2m m(Zy)=10 GeV 1811.02542

®(200GeV) — s low-EMF tri-less jets, MS vix 36.1 | s lifetime 0.41-51.5m @ x B=1pb, m(s)=50 GeV 1902.03094 f
g (600 GeV) — s low-EMF trk-less jets, MS vix36.1 | s lifetime 0.04-21.5m o x B=1pb, m(s)= 50 GeV 1902.03094

d(1TeV) > ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.06-52.4 m a x B=1pb, m(s)= 150 GeV/| 1902.03094 8 _

W — N¢,N — ¢ty displaced vix (uupe, ee) +u 139 | N lifetime 0.74-42mm m(N)= 6 GeV, Dirac 2204.11988 @ - = = = f

W — N{,N — by displaced vix (uu.ue, ee) +u 139 | N lifetime 3.1-33 mm m(N)= 6 GeV, Majorana 2204.11988 - = @ ; -
% W — Nt N - bty displaced vtx (uu,ue, ee) + e 139 N lifetime 0.49-81 mm m(N)= 6 GeV, Dirac =~ < - f/

W — N(,N - Ely displaced vix (uu.ue, ee) +e 139 | N lifetime 0.39:-51mm m(N)= 6 GeV, Majorana S

0.001 0.01 0.1 1 10
Vs=13TeV  ys=13TeV
partial data full data Ll el el il
*Only a selection of the available lifetime limits is shown. 0.001 0.01 0.1 1 10 100
7 [ns]
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CalRatio triggers

Two step trigger: L1 and HLT. L1 seeds the candidates to HLT
e L1:Triggering on events with narrow deposits (An x Ag = 0.2 x 0.2 ) in calorimeter and E,,, /E
e HLT: CalRatio dedicated jet cleaning (standard jet cleaning minus E_,_, /E
deposits in 4 cells in @ and timing) applied
Efficiency dependent on LLP p_ and decay position.

ECAL >9

)and BIB removal (no jet with

HCAL" TECAL

3 1_4-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII‘IIII|I.IIIIIIII- >‘ 1.4—]] T T I T T T ]] T T T T I T T T T I T T T I—
c ATLAS Simulation —— L1 seed: 60GeV-high- E i CC’ - ATLAS Simulation — L1 seed: 60GeV-high- E i
g 10k L1 seed: 100GeV-high- E i g 10F L1 seed: 100GeV-high- E i
= (m,m)=(125.35) GeV - L1 seed: low-E, v2016 = - (m,,m)=(125,35) GeV - L1 seed: low-E; v2016 :
w 1 o ct=2.63m —¥— L1 seed: low-E; v2018 - L ’ L €1=2.63m —¥— L1 seed: low-E; v2018
r N I ] - ]
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CMS long-lived particles summary

RPV UDD, §~tbs, m; = 2500 GeV
RPV UDD, §~tbs, my = 2500 GeV
REV UDD, {-+dd, m; = 1600 GeV
RPV UDD, t-+dd, mj = 1600 GeV
RPV LQD, t-sbi, mj = 600 GeV
RPV LQD, f-bi, mj = 460 GeV
RPV LQD, f-bi, m; = 1600 GeV

GMSB, G-+gG, my = 2450 GeV

GMSB, §-+gG, mg = 2100 GeV

Split SUSY, G-qdx?. my = 2500 Gev

Split SUSY, g-+qqx{. mg = 1300 GeV

Split SUSY (HSCP), fz, = 0.1, m; = 1600 GeV
MGMSB (HSCP) tanB = 10, u >0 , m; = 247 GeV
Stopped £, t-+ty?, mi = 700 GeV

Stopped §, 441, f5; = 0.1, my = 1300 GeV
Stopped g, G-+qdG i), fy = 0.1, my =940 GeV
AMSB, x* =xin*, m,. = 700 GeV

GMSB PS8, x)~+yG. m,; = 400 GeV

GMSB, co-NLSP, 4G, m; =270 GeV

H-ZpZp(0.1%), Zo—pp, My =125 GeV, my =20 GeV
H=Z5Z5(0.1%), Zp=pup(15.7%), my = 125 GeV, my = 5 GeV
H=XX(10%), X-+ee, m); = 125 GeV, my = 20 GeV
H=XX(0.03%), X~ll, m; =125 GeV, my =30 GeV
H=XX{10%), X-+bb, my, = 125 GeV, my = 40 GeV
H=+XX(10%), X~bb, my, = 125 GeV, my =40 GeV
H=XX(10%), X~bb, my; =125 GeV, my =40 GeV

dark QCD, my, =5 GeV, my,, =1200 GeV

e e e QL O

"

2 X W @ A

XX X X X X X

)

1077

Selection of observed exclusion limits at 95% C.L. {theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.

Overview of CMS long-lived particle searches

CMS Preliminary 3-140 fb~1 (8, 13 TeV)

210413474 (Jets with displaced vertices) IO TSS00
2012.01581 (Displaced jets)

2104.13474 (Jets with displaced vertices) [U00035 =008
201201581 (Displaced jets) [0

2012.01581 (Displaced jets) [IININOOS=020

2012.01581 (Displaced jets) [ 0D06S05S
1906.06441 (Delayed jet + MET) [ 08230
2012.01581 (Displaced jets) [IIIIII0007=0:367

1801.00359 (Delayed jet)
1801.00359 (Delayed jet)
1801.00359 (Delayed pu)
2004,05153 (Disappearing track) [ 07 =30
1909.06166 (Delayed y(y)) I 02s6m

211004809 (Displaced leptons)  5e:05-285m

220508582 (Displaced dimuon)  5e05-5m
2112,13769 (Displaced dimuon using scouting) I no001 =025

14116977 (Displaced dielectron)  0.00012-25m
2110.04809 (Displaced leptons} I 0001=0:12 m)
2012.01581 (Displaced jets) [ 0001083
2107.04838 {Hadronic decays in CSCs) I oS0
2110.13218 (Displaced jets + Z) 0004202481

1810.10069 (Emerging jet + jet] I 00022503 )

103 101 10! 10°

cr [m]

10

140 fb~* (13 Tev)
132 7" (13 TeV)
140 fb7* (13 Tev)
132 fb7F (13 Tev)
36" (13 Tev)

118 fb~* (13 Tev)
132 b7 (13 TeV)

132 fb7% (13 Tev)
1371b°% (13 Tev)
1321b7* (13 Tev)
36 fb7 (13 TeV)
137! (13 TeV)
137 (13 Tev)
391b* (13 Tev)
39 fb~* (13 Tev)
3977 (13 TeV)
140 fb7* (13 Tev)
77 b7t (13 Tev)
118b°* (13 TeV)

98 fb" (13 TeV)
101 fb~* (13 Tev)
200" (8 TeV)
118 fb7* (13 Tev)
132 b~* (13 Tev)
137 fb~" (13 Tev)
117 fb~* (13 TeV)
16 b~ (13 Tev}
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