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CMS Integrated Luminosity Delivered, pp

ATLAS Online Luminosity
2011 pp fs=7TeV
—— 2012pp {s=8TeV
— 2015pp Vs =13 TeV
— 2016 pp Vs =13 TeV
—— 2017 pp Vs =13TeV
— 2018 pp Vs =13 TeV

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC

2010, 7 TeV, 45.0 pb *
2011, 7 TeV, 6.1 b !
2012, 8 TeV, 23.3 b !
2015, 13 TeV, 4.2 b
2016, 13 TeV, 41.0 b *
2017, 13 TeV, 49.8 b *
2018, 13 TeV, 67.9 1 '

Delivered Luminosity [fb"]
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2019 _05_27

LLP Signatures — ATLAS & CMS
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High-ET presel BIB-weight > 0.34

[ 1 I ! I
- ATLAS BIB data
" \s=13TeV, 33.0 fb
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Lower limit (95% CL) on m3 [GeV]

CMS Preliminary 13-39fb~" (13 TeV)
3000 [ a s qqxo (BR=100%) Status: February 2018 g
- (R-hadron cloud model) Jets + piss, arXiv:1802.02110 :
2500 . ©- Expected -o- myo = 100 GeV, charge suppressed a
- Jets + p'ss, arXiv:1802.02110 1
i @— Observed mg — m,o = 100 GeV, charge suppressed |
i Stopped gluino, arXiv:1801.00359 T
2000 T mEFTmX?, > 160 GeV, f5, = 0.1 ]
O | ST HSCP, CMS-PAS-EXO-16-036 A
Ly R fgg =0.1 ]
1500 F | o |
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Delayed Jets EXO-19-001
Disappearing Tracks SUS-19-005
Displaced Jets 1811.07991

2019_05_27

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID
— Niobium titanium coil carrying ~18,000A
> MUON CHAMBERS

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m?* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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ADD lifetimes vs geometry AT LAS ATLAS

EXPERIMENT

Highly ionizing particles/monopoles 1905.10130

Disp (& prompt) heavy neutral leptons 1905.09787
Displaced hadronic (CalRatio) jets 1902.03094
Heavy charged LLPs 1902.01636
Displaced vertex + displaced muon CONF-2019-006
Multi-charged LLPs 1812.03673
Muon vertex 1811.07370
Z + Displaced hadronic (CalRatio) jet 1811.02542

§ (R-hadron) — ag &, ; m(%;) = 100 GeV March 2019

[ @ APCOL26 jets awi7izozssz (f5=13 TeV, 36 1) ATLAS Preliminary
[ e APC 0L 26 jols ATLAS-CONF-2018-003 (T5=13 TeV, 36 i) Expected
[ — Displaced vertices anv. 171004901 (f2=13 TeV, 33 b} =&=EXpecie

| —e— Pixel dE/dx anov:1808.04005 (T5=13 TeV, 36.11b") —a— Observed
L —e— Stable charged acxiv 190201636 ({3=13 TeV, 31,6 5" 95% CL imils

| ——— Siopped gluino arv:131005584 [f2=7.8 TeV, 50,23 'Y

s

R ¥ A\ \_ Tile calorimeters
- \ - LAr hadronic end-cap and
' ) forward calorimeters
Pixel detector \

Toroid magnets LAr eleciromagnetic calorimeters

g

Lower limit on m(g) [GeV]

Muon chambers Solenoid magnet | Transition radiafion tracker
Semiconductor tracker

La:
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(r for n=0, fy=1) Beampipe 'Inner Detecto? Calo MS
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A Selection of Results Since October 2018

Search Brand New!
Check them out!

Highly ionizing particles/monopoles 1905.10130
Disp (& prompt) heavy neutral leptons  1905.09787

Displaced hadronic (CalRatio) jets 1902.03094

Heavy charged LLPs 1902.01636 mm
Displaced vertex + displaced muon CONF-2019-006 Delayed Jets EXO-19-001
Multi-charged LLPs 1812.03673 Disappearing Tracks SUS-19-005
Muon vertex 1811.07370 Displaced Jets 1811.07991

Z + Displaced hadronic (CalRatio) jet 1811.02542
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Delayed Jets

e Avoid dijet requirement from many
displaced jet searches by requiring an out-
of-time (but same BC) jet

* Timing from CMS ECal, first use to identify
displaced jets

* Non-collision backgrounds require full
detector for rejection

Cosmics Satellites Beam Halo
Drift Tubes Tracking  Cathode Strip
Resistive Chambers

Plate HCal
Chambers

Events/0.5 ns

-50[

—100F

150
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SRS TR PR PR BT P P
2%00 150 100 -50 0 50 100 150 200
x (cm)
, CMS Preliminary 137 b (13 TeV)
10 T I T T I T T T | T T T I T T T I T T T I T
s [___] Beam halo background
10 [__] core and satellite backgrounds
["] cosmic background
10° | —¢— Observation
------- GMSB m_ = 2400 GeV, ct,=1m
10 — e GMSB m_ = 2400 GeV, ct, =10 m
I T PEP P GMSB m_ = 2400 GeV, ct, =30 m
1
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Delayed Jets

* ~0 Background analysis with high signal
efficiency for late decays

* Significant improvement on higher end of ct

over tracker-based displaced jet searches

2019_05_27
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CMS Preliminary 137 fb" (13 TeV)
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MP M CMS
[max(Mem@)] |

M(m,)= e, THD

+p1=pi

Disappearing Tracks g

CMS Simulation Preliminary 137 b (13 TeV)

= 10%
* Use non-standard tracking to identify charged o OUE pIFoee I QcD Mutier
=~ 10'° i I Top
particles with very light charged daughters g " e I Wets
L?>j \ Bl Z+Jets
* Neutral daughter results in MET — trigger 10 — pp — 3.8~ oo
object
108 m%:,= e
* Tackle QCD background by considering M for o
events with two invisible particles o
* Suppress fake rate with strict isolation and w
reconstruction criteria i
0 200 400 600 800 1000 1200 1400
M,, [GeV]
CMS simulation Preliminary (13 TeV)
disappearing § I Tt 1.
track OE S
-+ signal at (very) low ]
y CETT f values backgrounds at |
. % high values .
1 E_ —;L —E‘I‘
N
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Short Track Counts

T ™

Obs / Pred
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Disappearing Tracks

CMS Preliminary 2017-18 DATA SR

101 fb™ (13 TeV)

+ Observation

s Prediction, Statistical Errors

- Prediction, with Total Error
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Fraction of jets

* Use a dedicated trigger to identify jets with properties

ATLAS

CalRatio — Displaced Hadronic Jets

consistent with decays in the HCal

* Incorporate MLP to estimate decay position and BDT
to discriminate between signal, QCD, and beam halo

* Remaining background estimated with modified ABCD

method
lean jets matched to CalRatio LLP
0_18?e?nljle‘s\rnfalc'\e‘\ (ljl '\al Iallc’l T |BIIB[ LI | L " L
- o]
0.16F ATLAS multijet ]
CVs=13TeV, 33.0fb" —o— (m,m,)=(1000,150) GeV ]
0.14 (m,m.)=(600,150) GeV ]
T —+— (m,,m )=(400,100) GeV
- —0— (mm,ms)=(200,50)GeV ]
0'12: —+— (m_,m )=(125,25) GeV
0.1-
0.08F
0.06}-
0.04F
0.02F
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Signal-weight
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0.2F -
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e CalRatio-only limits set, along with combined
limits from sister (MS-Vertex) analysis

* Analysis upgrades result in significant
improvement over Run-| limits

5
g 107 @ LR | T T
1 ATLAS s =13 TeV
oS 10* | m, =125 GeV, m_= 25 GeV
c .3 CR limit [10.8 fb'] — Obs.
5 10 —— MS1+MS2 limit [36.1 fb™'] ==== Exp.+ 1o
E 102 CR+(MS1+MS2) limit
3 —100% By,
S PT. | e 10% B
o 1 H —ss
% 0 s 1D/°BHass
-
—
O
X
To]
(o2}

s proper decay length [m]
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95% CL Upper Limitono x B, _, . [pb]
3
! —

10

'ATLAS

T —TTTTT
Vs =13 TeV

m,, = 600 GeV, m_ = 150 GeV

CR limit [33.0fb'] —— Obs.
—— MS2 limit [36.1 fb'] ==== Exp. + 16
CR+MS2 limit

-
o

iy

1 10 10?
s proper decay length [m]
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CalRatio — Displaced Hadronic Jets

95% CL Upper Limiton ¢ x B, _, . [Pb]

95% CL Upper Limiton ¢ x B, _, . [Pb]

ATLAS

EXPERIMENT

108 T T T TTTT

107

I ——
ATLAS

m, = 125 GeV, m_= 25 GeV, low-E_ selection
{s=13TeV 10.8 fb"

108 —obs. limit —100% B, ,
----exp. limit 10% By, o
10° exp.tio - 1% By
exp. + 26
10* --- Scaled Run 1 limit (8 TeV) m = 126 GeV, m_ =25 GeV

10™ 1 10
s proper decay length [m]

108 T T T UL LI | |
ATLAS

10’ m,, = 600 GeV, m_ = 150 GeV, high-ET selection
10° Is=13TeV 33.0b"

5 — obs. limit
10 ---- exp. limit

4 exp. £ 1o
10 exp. + 26
10° ---- Scaled Run 1 limit (8TeV) m_ =600 GeV, m_ =150 GeV

10_3 L L \|||-||| 1 | L1 |

107" 1 10
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Heavy Charged LLPs o

* Consider heavy charged particles moving through the full

. . %‘ 5000 T T T 5 T A 25 ‘.g
detector (but consider also MS-agnostic approach) 38 G
: 4000 e R
* Muon and MET triggers both usable d | RN
. . . .. . 3000~ R 15
* Time of Flight (ToF) and dE/dx allow for discrimination .
between signal and SM particles 2000 % @ Hi4
* Accurate ToF measurements require custom calibrations, 1000~ . S H s
e.g. to account for the position a particle impacts a Tile |
cell or run-to-run fluctuations in the timing measurement o 1000 20003000 ;OOO[GG":Z(’O
-1.3 -1.2 -1.1 \10
7

ATLAS §

fs = 13 TeV, 36.1 b’

d[m] 6.0 5.0 40
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Heavy Charged LLPs

* Analysis on 2015+2016 data with no significant
excess observed

* Lower limits set on particle mass for
R-hadrons, staus, and charginos

2019 _05_27
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Conclusions & Outlook

* Run-Il Analyses continue to
produce new and improved
results

 Strategies continue to evolve to
meet challenges

* Can continue to expect Run-I|
publications, we’re not done yet!

* Now is the time analyses are
planning for future upgrades,

both Run-Ill and HL-LHC — expect
more innovations

2019_05_27

other place near any of the worlds around the Sun,

AIR GOING
ONE WAY

INSIDE A HALLWAY
/  AIR
GOING

TURNERS

This machine makes the
force that keeps the air
in the middle of the _.__
hallway and pushes

it around the circle.

It works by running
power through

very, very cold

metal. Cold metal

lets power run

through it very

fast, and that

power makes a

force that pushes

hard on the air.

COLD METAL ---7~
The metal in

here is only a

little warmer

than the coldest

that anything

can be.
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Backup
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ATLAS LLPs

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

ATLAS Preliminary

Status: March 2019 [Ldt=(34-36.1)fo"1 5=8,13TeV
Model Signature  [£dt [ib7'] Lifetime limit Reference

RPV 2 — eevfeuv/uuy  displaced lepionpair 203 | x? Iiie;im e.  m R e ) o m(g): ;.;ITeV, m(,;‘,’):ll.f;Te'VI 1504.05162
aeMy) - 76 displaced vtx + jets 20.3 X‘; litetime m(g)= 1.1 TeV, m(y?)= 1.0 TeV 1504.05162
GGM S - Z G displaced dimuon 32.9 ,\{ litetime 0.029-18.0 m m(g)=1.1TeV, m(x?)= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y  20.3 ,\/'; litetime _ SPS8 with A= 200 TeV 1409.5542
AMSB pp — vy x{y;  disappearingtrack  20.3 |7 lfetime . o02230m mix)= 450 GeV 1310.3675
AMSB pp — yiy% x{x;  disappearing track 36.1 | xF lifetime 0.057-1.53m m(yt)= 450 GeV 1712.02118
AMSB pp — ¥y xfx;  large pixel dE/dx 18.4 |7 lifetime . 13190m mi})= 450 Gev 1506.05332
Stealth SUSY 2 ID/MS vertices 195 | § ifetime [ vizg06m) ()= 500 Gev 1504.03634
Split SUSY large pixel dE/dx 36.1 | g lifeime >09m m(g)= 1.8 TeV, m(x})= 100 GeV 1808.04095
Split SUSY displaced vtx + E;'""' 32.8 g lifetime 0.03-13.2m m(g)= 1.8 TeV. m(x{)= 100 GeV 1710.04901
Split SUSY 0, 2-6jets +E.;’“" 36.1 g lifetime 0.0-21m m(g)= 1.8 TeV, m(y?)= 100 GeV | ATLAS-CONF-2018-003
H—ss low-EMF trk-less jets, MSvix36.1 | s lifetime 0.18-120.0 m m(s)= 25 GeV 1902.03094
FRVZ H - 2ya + X 2 -, u-jots 203  |Falielime o-3 mm m(yg)= 400 MeV 1511.05542
FRVZ H — 2y4 + X 2 e, p—, n-jets 3.4 | yqlifetime 0.022-1113m m(ya)= 400 MeV ATLAS-GONF-2016-042
FRVZ H — 4yg + X 2 e—, p—, m—jets 3.4 | ya lifetime 0.038-1.63 m m(yqg)= 400 MeV ATLAS-CONF-2016-042
H—- 2,2, displaced dimuon 329 Z 4 lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
H—Z2Z4 2 e, + low-EMF trackless jet36.1 | Za lifetime 0.22-53m m(Z4)=10 GeV 1811.02542
VH with H — ss — bbbb 1 -2¢ + multi-bjets  36.1 | s lifetime  0-3 mm B(H — ss)=1, m(s)= 60 GeV 1806.07355
(200 GeV) — s low-EMF trk-less jets, MS vix 36.1 | s lifetime 0.41:51.5m o x B= 1pb, m(s)= 50 GeV 1902.03094
(600 GeV) — ss low-EMF trk-less jets, MSvix 36,1 | s lifetime 0.04-21.5 m o x B= 1pb, m(s)= 50 GeV 1902.03094
(1 TeV) = ss low-EMF trk-less jets, MS vix 36.1 | s lifetime 0.06-524m o x5=1pb, m(s)= 150 GeV 1902.03094
HY Z'(1 TeV) = qugv 2 ID/MS vertices 20.3 s lifetime o x B=1pb, m(s)= 50 GeV 1504.03634

I HV Z'(2 TeV) — quqv 2 ID/MS vertices 20.3 s lifetime o % B=1pb, m(s)= 50 GeV 1504.03634

PR | P PR | P
0.01 100 cT [m]
*Only a selection of the available lifetime limits is shown. 0.01 0-1 | 10 100
7 [ns]

LLP

5 - ATLAS & CMS Overview
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RPV SUSY,T — bl, m(f) = 420 GeV
8TeV, 19.7 b (displaced leptons)

H— XX {10%), X — ee, m{H) = 125 GeV, m(X) = 20 GeV
8 TeV, 19.6 tb" (displaced leptons)

H— XX (10%), X — py, m(H) = 125 GeV, m(X) = 20 GeV
8TeV, 205" (displaced leptons)

GMSB 5PSB, 7, — G y, m) = 250 GeV
8 TeV,18.7 fb" (disp. photon conv.)

GMSB SPSB, %, — B v, m(¥)) = 250 GeV
8 TeV, 19.1 fb™ (disp. photon timing)

RPV SUSY, m(@) = 1000 GeV, m(%.) = 150 GeV
B TeV, 1851b" (displaced dijets)

RPV SUSY, m(§) = 1000 GeV, m(%.) = 500 GeV
B TeV, 1851b” (displaced dijets)

AMSB 7,75 — %, # «', m{i) = 200 GeV
8TeV, 195" (disappearing tracks)

cloud model R-hadron, m(g) = 1000 GeV
8TeV, 186" (stopped particle)

AMSB ¥, tan(p) = 5, u > 0, m(¥) = 800 GeV
8 TeV, 18.81b" (tracker + TOF)

AMSB il tan(p) =5, u=0, rn[i;) =200 GeV
8 TeV, 18.81b" (tracker + TOF)

CMS LLPs

CMS long-lived particle searches, lifetime exclusions at 95% CL
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The ATLAS+CMS HL-LHC
Masterlist

https://arxiv.org/ftp/arxiv/papers/1902/1902.10229.pdf
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BSM Projections

4 Beyond the Standard Model Physics
4.1 Estimated sensitivity for new particle searches (CMS-FTR-16-005) . . .. ... .. ..
4.2 Search for stau production (CMS-FTR-18-010) . . ... ... .. ... . ... .....
4.3 Searches for staus, charginos and neutralinos (ATL-PHYS-PUB-2018-048) . . .. ..
4.4 Searches for light higgsino-like charginos and neutralinos (CMS-FTR-18-001) . . . . .
4.5 Sensitivity to winos and higgsinos (ATL-PHYS-PUB-2018-031) . ... .. .. ... ..
4.6 Top squark pair production (ATL-PHYS-PUB-2018-021) . .. .. ... .. ... ....
4.7 Sensitivity to Two-Higgs-Doublet models with an additional pseudoscalar with four
top quark signature (ATL-PHYS-PUB-2018-027) . . .. ... .. ... .. ... ....
4.8 Searches for new physics in hadronic final states using razor variables (CMS-FTR-
18-037) v i i i e e e e
4.9 Extrapolation of ERiss + jet search results (ATL-PHYS-PUB-2018-043) . . .. ... ..
4.10 Sensitivity to long-lived particles with displaced vertices and E#ss signature (ATL-
PHYS-PUB-2018-033) . . . . . o o ottt it e e e e e e e e e e e e e e e
4.11 Sensitivity to dark photons decaying to displaced muons (CMS-FTR-18-002) . . . ..
4.12 Dark-photons decaying to displaced collimated jets of muons (ATL-PHYS-PUB-2019-
002) o ot
4.13 Mono-Z search for dark matter (CMS-FTR-18-007) . . . ... .. ... .. ... ....
4.14 Dark Matter searches in mono-photon and VBF+EXiss (ATL-PHYS-PUB-2018-038) . .
4.15 Search for invisible particles in association with single top quarks (ATL-PHYS-PUB-
2018-024) . . i e e e e e e
4.16 Dark matter produced in association with heavy quarks (ATL-PHYS-PUB-2018-036) .
4.17 Excited leptons in ¢¢~ final states (CMS-FTR-18-029) . . ... ... ... ... ....
4.18 Heavy composite Majorana neutrinos (CMS-FTR-18-006) . . .. ... .. ... .. ..
4.19 Search for ¢ resonances (CMS-FTR-18-009) . . . .. .. ... ... ... ..
4.20 Search for a massive resonance decaying to a pair of Higgs bosons in the four b
quark final state (CMS-FTR-18-003) . . . . . . oot et e
4.21 Search for a massive resonance decaying to a pair of Higgs bosons in the four b
quark final state (ATL-PHYS-PUB-2018-028) . .. .. ... ... ... ... .. ....
4.22 Search for Z’ and W’ bosons in fermionic final states (ATL-PHYS-PUB-2018-044) . . .
4.23 Pair production of scalar leptoquarks decaying into a top quark and a charged lepton
(CMS-FTR-18-008) . . . . . o ittt et e e e e e e e e e e e
4.24 Leptoquark search in decays into 7 leptons and b quarks (CMS-FTR-18-028) . . . . .
4.25 Heavy gauge boson W' in the decay channel with a = lepton and a neutrino (CMS-
FTR-18-030) . . o o o o e e e e e e e e e e e e e e e e e e

https://arxiv.org/abs/1902.10229
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https://indico.cern.ch/event/663474/contributions/3063611/attachments/16850

° ] %
Phase Il Detector Upgrades Inner Tracker (iTk)  ©pTLAS

92/2743032/Gkougkousis ICNFP18.pdf

v’ 5 pixel & 4 strip barrel EXPERIMENT
ATLAS @ HL-LHC

layers
v Coverage up to |n| <4.0
v' 180 m? of Si, 2 — 3 billion

“\ 6\10(‘ channels
LAr & Tile CAL electronics
v" New 12 bit digitization
c boards at 40MHz
~ v New pre-processors with
o 140Tb/s for Lar and 80Tb/s
for Tile
Inner Muon Spectrometer
v v New on and off detector and
trigger electronics
A Toroidal LHC Apparatu$ ¥ dditional RPCH@nd tiew
. . . MDTs in barrel region
v’ Biggest LHC experiment with several
sub-detectors TDAQ System  High Granularity Timing detector
" 26T-53m long Central v New DAQ high rate v’ <30 psec/ track timing
solenoid _ (FELIX) boards resolution
" 31T~ 20-.1m barrel torqld ¥ Distributed FPGA v’ 2.4 <n<4.0, 2 Silicon based,
v' ~ 139 fb! total integrated luminosity communication layers/side

Slide stolen shamelessly from E. L. Gkougkousis (IFAE)
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CMS @ HL-LHC Compact Muon Solenoid
CMS Tracker v Heaviest LHC experiment with several sub-
detectors

v' 4 pixel & 6 strip barrel layers, fully silicon
v" Coverage up to |n| <4.0
v 100 m? of pixels Si, 1.9 — 2 billion channels

Barrel and end-cap ECAL/HCAL

v" New barrel readout electronics
v' 12 bit 160 MHz ASIC

v Crystal Colling to 8 - 6 °C

v" LYSO Crystals in endcap region

= 4T-12.5 m long solenoid
= 10000 t. steel return yoke
v’ ~142.8 tb’! total integrated luminosity

Muon system =

v Improve coverage in 1.5 < |n| < 2.4,
v" Exend to |n| < 3.0 using GEM/ RPCs

Timing Layer +—

v LYSO + SiPMs in barel region For g,
v" LGADs in forward region CO/in 3 Clajls See
v’ <30 psec per track, single layer Tal

v" Full coverage

b\

Slide stolen shamelessly from E. L. Gkougkousis (IFAE)
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Motivation

Neutral LLPs

Top-down Theory IR LLP Scenario

Naturalness

Dark Matter

Baryogenesis

Neutrino
Masses

RPV SUSY
GMSB
mini-split SUSY -
Stealth SUSY = BSM=/—LLP

. (direct production of BSM state at
AXInos LHC that is or decays to LLP)

Sgoldstinos

Neutral Naturalness .
Composite Higgs Hidden Valley ==
Relaxion confining

Seclors

Asymmetric DM ALPr=z==5s
Freeze-In DM

o — — s ==
Co-Decay SM+S
Co-Annihilation e—

Dynamical DM

SM+V (+8) = exotic 7.
decays

WIMP Baryogenesis
Exotic Baryon Oscillations
Leptogenesis exotic Higgs
decays

Minimal RH Neutrino HNL—
with U(1)g.L 2’ ::
with SU(2)r Wr exotic Hadron
long-lived scalars ~ decays
with Higgs portal - )
from ERS .« s epmsssion s, 2
Discrete Symmetries

1806.07396
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