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Overview

Excellent performance of LHC and experiments in Run 1 and Run 2
lead to a plethora of SM measurements and searches for new physics

- No signifiant deviation from SM expectation in measurements

 No clear indication for new physics phenomena so far

Upgrade of LHC and experiments to fully exploit potential and push
discovery sensitivity significantly higher

Current supersymmetry limits from ATLAS

ATLAS SUSY Searches* - 95% CL Lower Limits
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Current exotics limits from CMS

Overview of CMS EXO results

Extra Dimensions

Dark Matter

Other
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scalar LQ (single prod.), coup. to 3 gen. ferm., B=1,A=1 M, [1806.03472 (2T + b) 0.74
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non-rotating BH, Mp = 4 TeV, nep = 6 Mgy |1805.06013 (= 7j(Z, y)) 9.7
split-UED, u =4 TeV 1/R [1803.11133 (£ + EF™) 29
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L L L
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Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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Setting the stage

LHC
Run 1 | _ Run 2 | I Run3
LS1 EYETS| 14 Tev
13 TeV
INJECTOR UPGRADE |
splice consolidation 4 nominal
7Tey 8TeV button collimators TOIS abeorber IR luminosity
R2E project 117 dipole & collimator installation }
Civil Eng. P1-P5
201 2012 2013 2014 2015 2016 2017 2018 2019 2020 | 2021 | 2022
ATLAS - CMS )
experiment upgrade phase 1 damage ATLAS - CMS
) m p‘m' 2 X nom Ihn-"-c,s“y 2.5 x nominal lum rl:!ilfy . um'm m 2
iﬁf«'.,w nominal luminosity —q ALICE - LHCb - 4
: upgrade

uminosty ]

+ High Luminosity LHC (HL-LHC) outlook
3000 fb-1 at center of mass energy of 14 TeV

Goals include deeper understanding of Higgs boson, precision
measurements in QCD, EWK, Higgs, B physics, and probing physics
beyond the standard model in both direct searches and precision
measurements

3000 fb' [N




Setting the stage

14 TeV / 13 TeV inclusive pp cross-section ratio

Minimum bias *1.02
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ttZ . ’1.20
tH J1.21
stop pair (0.9 TeV) | 91.37
gluino pair (2.0 TeV) e 1.73
Z'SSM (4 TeV) J1.40

g* (6 Tev) 2.0
QBH (9 TeV, n=6) ———



Challenges and opportunities: high (instantaneous) luminosity

Display:of a VBF H 1 in 200 p-p collisions

Average of 200 collisions per
crossing

Detector, trigger,
reconstruction, performance,
and analysis challenges

MET resolution
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Upgraded detectors for HL-LHC

Extensive detector upgrades to handle increased data rate, occupancy,
pileup, and integrated luminosity

ATLAS upgrades include:
. Trigger and DAQ at L1 and HLT (10 kHz)

. Improved muon coverage and trigger
. Upgraded calorimeters and trigger
. New inner tracker, coverage to |n| < 4

e High-granularity timing detector in endcap

CMS upgrades include:

Trigger and DAQ at L1 and HLT (7.5 kHz)
Improved muon coverage and trigger
Precise MIP timing layer in barrel and endcap
New inner tracker, coverage to |n| < 4
High-granularity endcap calorimeter




Overview of HL-LHC Working Group

Nov 2017 June 2018 Oct 2018 Nov 2018 Dec 2018
Kick-off | Plenary | Plenary | First YR draft ~ Publication |

Collaboration of theorists and experimentalists to project physics reach
of HL-LHC

HL-LHC twiki here
WG1: SM final report
WG2: Higgs final report

WGS3: BSM final report
WG@G4: Flavor physics final report

WG5: QCD and heavy-ions final report
Final jamboree with many interesting talks

This talk will cover a small selection of highlights, mainly from

ATLAS and CMS
.


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCWorkshop#Final_reports
https://arxiv.org/abs/1902.04070
https://arxiv.org/abs/1902.00134
https://arxiv.org/abs/1812.07831/
https://arxiv.org/abs/1812.07638/
https://arxiv.org/abs/1812.06772/
https://indico.cern.ch/event/783141/timetable/

HL/HE-LHC SUSY Searches

SUSY: breadth and reach

Simulation Preliminary

HE-LHC, [Ldr = 15ab™": 5 discovery (95% CL exclusion) Vs=14,27 TeV
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o
S gz, gl 0 Multiple 2.3 (2.5) TeV m(¥})=0 21.3
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g B+ 00, B ZE T W 2e.u 1jet X 0.42 (0.55) TeV| m(¥)=15GeV 2251
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§ X3Y4 via same-sign WW 2e,p 0 0.86 (1.08) TeV] 242
TLRTLR, ?—)TX’? 27 - 0.53 (073) TeV| m(i?)=0 2.31
I 27, 7(e, ) - 0.47 (0.65) TeV] m(¥1)=0, m(¥,)=m(zz) 232
7 -
7 27, (e, ) - T 0.81 (1.15) TeV} m(¥})=0, m(#,)=m(3x) 2.3.4
YiXT, XX, long-lived ¥§ Disapp. trk. 1jet 0.8 (1.1) TeV Wino-like ¥; 4.1.1
XX}, XX}, long-lived X; Disapp. trk. 1 jet 0.6 (0.75) TeV Higgsino-like X 411
MSSM, Electroweak DM Disapp. trk. 1jet 0.88 (0.9) TeV] Wino-like DM 413
3 MSSM, Electroweak DM Disapp. trk. 1 jet 2.0 (2.1) TeV Wino-like DM 413
"
=3 MSSM, Electroweak DM Disapp. trk. 1jet 0.28 (0.3) Te\ Higgsino-like DM 413
c,a
§ g MSSM, Electroweak DM Disapp. trk. 1 jet 0.55 (0.6) TeV] Higgsino-like DM 413
2 R-hadron, g—qgt| 0 Multiple 2.8 TeV, 421
GMSB ji—uG displ. u - 0.2 TeV] cr =1000 mm 422
s ool " —— arXiv:1812.07831
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SUSY: breadth and reach

HL/HE-LHC SUSY Searches ——

Simulation Preliminary

Mode e, U, T,

1, H—X 0

HE-LHC, [Ldr = 15ab™": 5 discovery (95% CL exclusion)

2%, 5—q9%) 4 jets 2.9 (3.2) TeV m(})=0

2%, 2 0 4 jets z 5.2 (5.7) TeV m(%)=0 21.1
-§ 22, 1] 0 Multiple 2.3 (2.5) TeV m(t?)=0 213
G} 2. gr—m';?? 0 Multiple 2.4 (2.6) TeV| m(,?‘.’)=5oo GeV 213

NUHM2, g—11 Multiple/2b 2 5.5 (5.9) TeV 242

m(X;)=0

Vs=14,27 TeV

S An i) 0 Multiple/2b ’ . . "
®» o )
— : gluino discovery potential to 2-3 TeV
XiXT, VW= 2epu 0-1 jets 0.66 (0.84) TeV} m(¥})=0 2.2.1
- O .
g = Xi¥3 via WZ 3eu 0-1 jets 0.92 (1.15) Te\ m(@})=0 222
S ) _
s ;S; V0 via Wh, WhsEvbb 1eu 2-3 jets/2b 1.08 (1.28) TeV m(eY)=0 223
Qc _,. N - Y
B W W 2ep - 0.9 TeV m(¥})=150, 250 GeV 224
o AN+ XV, Va-ZV1 ¥ WA 2e,p 1 jet 0.25 (0.36) TeV} m(¥})=15GeV 22541
= . ~
@ Y03 + 00 28] Xt Wil 2e.pu 1 jet 0.42 (0.55) TeV| m(t})=15GeV 2251
S . 0 o
R 2 4 1jet 0.21 (0.35) TeV] Am(¥3, ¥})=5GeV 2252
§ X3Y4 via same-sign WW 2e,p 0 0.86 (1.08) TeV] 242
AT, Tl P - 0.53 (0.73) TeV} m(t})=0 2.31
I 27, 7(e, ) - 0.47 (0.65) TeV] m(¥1)=0, m(¥,)=m(zz) 232
RO 2r, T(e.1) - 081 (1.15)Te|  m(@))=0, m(#,)=m(zx) 234
YiXT, XX, long-lived ¥§ Disapp. trk. 1jet 0.8 (1.1) TeV Wino-like X7 4.1.1
XX, XX, long-lived ¥i Disapp. trk. 1 jet 0.6 (0.75) TeV Higgsino-like X7 4141
MSSM, Electroweak DM Disapp. trk. 1jet 0.88 (0.9) TeV Wino-like DM 413
.8 MSSM, Electroweak DM Disapp. trk. 1jet 2.0 (2.1) TeV Wino-like DM 413
"
$ _% MSSM, Electroweak DM Disapp. trk. 1jet 0.28 (0.3) TeV] Higgsino-like DM 413
c’;
§ g MSSM, Electroweak DM Disapp. trk. 1 jet 0.55 (0.6) TeV] Higgsino-like DM 413
2 R-hadron, z—>qg¥! 0 Multiple 3.4 TeV m(¥})=100 GeV 421
2 R-hadron, g—qgt| 0 Multiple 2.8 TeV, 421
GMSB ji—uG displ. u - 0.2 TeV] cr =1000 mm 422
L L L1 L I L L L L ALl 1 arXiv:181 2-07831
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HL/HE-LHC SUSY Searches

SUSY: breadth and reach

Simulation Preliminary

Vs=14,27 TeV

HE-LHC, [Ldr = 15ab™": 5 discovery (95% CL exclusion)
Model e U, T,y Jets Mass limit Section

22, 3-q%1 4jets 29(32)Te m(¥})=0 2.1.1

2%, 2 0 4 jets 52(57) Te m(%)=0 211
o
£ gz} 0 Multiple 23(25)Te m(¥})=0 21.3
. 28, 3otk 0 Multiple 24 (26)Te m(¥1)=500 GeV 213

NUHM2, g—17 0 Multiple/2b 2 55(5.9) Te 242

i1y, fi—tX) Multiple/2b 1.4 (17) TeM
fiiy, 201 Multiple/2b 0.6 (0.85) Te\/
i1y, f—b¥ 101 03 0 Multiple/2b 3.16 (3.65) Te

> y

m(t})=0
Am(i, X7)~ m(t)

o0

212,213
21.2

- O .
£ rilviawz 3e.u 0-1 jets 0.92 (1.15) Te\ m(Y;)=0 222
@ S ~+=~0 - . n u
S S UiV via Wh, Whotvbb ey 2-3 jets/2b t d t t I 1 V
S8 STOpP discovery potential > e
XoXa— WX WKT 2e,p -
o N2+ M-ZUYioWH  2ep 1jet 0.25 (0.36) Te\ m(r)=15 GeV 2251
= . ~
3 XS + 300, o700 Vi WA, 2e.u 1jet 0.42 (0.55) TeV, m(¥})=15GeV 2.2.5.1
S ) D -
T B i e 2u 1jet 0.21 (0.35) TeV Am(¥3, ¥1)=5GeV 2252
%1 g, ToTON 2r - 0.53 (0.73) TeV} m(t})=0 2.3.1
I 27, 7(e, ) - 0.47 (0.65) TeV] m(¥1)=0, m(¥,)=m(zz) 232
RO 21, (e, ) - 0.81(1.15) e m(¥%)=0, m(z,)=m(%x) 234
YiXT, XX, long-lived ¥§ Disapp. trk. 1jet 0.8 (1.1) TeV Wino-like ¥ 4.1.1
XX, XX, long-lived ¥i Disapp. trk. 1 jet 0.6 (0.75) TeV Higgsino-like X7 4141
MSSM, Electroweak DM Disapp. trk. 1jet 0.88 (0.9) TeV Wino-like DM 413
.8 “ MSSM, Electroweak DM Disapp. trk. 1jet 2.0 (2.1) TeV Wino-like DM 413
=3 MSSM, Electroweak DM Disapp. trk. 1jet 0.28 (0.3) TeV Higgsino-like DM 413
c’;
§ g MSSM, Electroweak DM Disapp. trk. 1 jet 0.55 (0.6) TeV| Higgsino-like DM 413
% R-hadron, 3—qg¥} 0 Multiple 3.4 TeV m(¥})=100 GeV 421
2 R-hadron, g—qgt| 0 Multiple 2.8 TeV, 421
GMSB ji—uG displ. u - 0.2 TeV] cr =1000 mm 422
L L 1 L L L.l L I L L L ] ] ALl 1 arXiv:181 2-07831
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SUSY: breadth and reach

HL/HE-LHC SUSY Searches

Simulation Preliminary

HE-LHC, [Ldr = 15ab™": 5 discovery (95% CL exclusion) \s=14,27 TeV
Model GUT,Y Jets Mass limit Section
i3 £-aal] 0 s || 2cc2T mi=o 211
2%, 2 0 4 jets z 5.2 (5.7) TeV| m(@’)=0 211
-§ 22, 1] 0 Multiple 2.3 (2.5) TeV m(t?)=0 213
NUHM2, g—11 0 Multiple/2b 2 5.5 (5.9) TeV 242
77y, Fi—tls Multiple/2b 14 (17) TeV m@Eh=0  2.1.2,2.1.3
& and ] Multiple/2b = 0.6 (0.85) TeV) Am(i, X7)~ m(t) 21.2
@ i1y, fi—bX J2X] X3 Multiple/2b 7 3.16 (3.65) TeV] 242
TRr, Vs W 0-1 jets . 0.66 (0.84) TeV m(¥?)=0 22.1
"5’ § Xi¥3 via Wz 3eu 0-1 jets 0.92 (1.15) TeV} m(?})=0 222
f;,f’ % V0 via Wh, WhsEvbb 1epu 2-3 jets/2b e 1.08 (1.28) TeV m(¥1)=0 223
© S Browtwer 2e.p -

o TR+ Bz tioWE  2en 1 jet
S o 0~0 ~ -0 ~ .
3 TS + 000, 720 ¥ Wil 2e,p 1jet
S .
R I ar e v at 2p 1 jet

200 GeV to 1 TeV

X3Y4 via same-sign WW 2e,p 0

Wina

0.86 (1.08) Te\}

242

?L.R?L,Ra ?—)T/?? 27 -
I 2r, (e, ) -
o

T 27, (e, p) -

0.53 (0.73) TeV|

0.47 (0.65) TeV|
0.81 (1.15) TeV]

m(t})=0
m(¥1)=0, m(%,)=m(%z)
M(¥1)=0, m(7,)=m(z)

2.3.1

232
234

XiX1,X1X1, long-lived X7

XX}, XX}, long-lived X; Disapp. trk. 1 jet
MSSM, Electroweak DM Disapp. trk. 1jet
3 MSSM, Electroweak DM Disapp. trk. 1 jet
"
=3 MSSM, Electroweak DM Disapp. trk. 1jet
c’.-.
S8 MsSM, Electroweak DM Disapp. trk. 1jet
2 R-hadron, 3—qqg¥} 0 Multiple
2 R-hadron, z—qgt| 0 Multiple
GMSB ji—uG displ. 1 -

0.8 (1.1) TeV}
0.6 (0.75) TeV]

0.88 (0.9) Te\

20 (2.1) Te
0.28 (0.3) Te\
0.55 (0.6) Te\

3.4 TeV
2.8 TeV

0.2 TeV

Wino-like X7
Higgsino-like X7

Wino-like DM
Wino-like DM
Higgsino-like DM
Higgsino-like DM

m(¥})=100 GeV

cr =1000 mm

411
411

413
413
413
413

421
421

422
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Exotics: breadth and reach

Model spin  95% CL Limit (solid), 5 o Discovery (dash)  moant
KK — ab 2y b e
HVT - VV 1 : : 6.4.4 6.4.4
Gprs— W W~ 1 6.4.6
Gps — tt 1 6.2.2 6.2.2
Z10o — tt 1 6.2.3 6.4.6
Z,SSM S it 1 6.4.6
Zt,# - *t - 1 6.2.5 6.2.5
Z:,S‘SM ot 1 6.2.5 6.2.4
Z:,S‘SM T 1 6.2.4
WS'SM - TV 1 6.2.7
Wss — Vv 1 6.2.6
WH — tb — bb 4 1 6.2.6
Q= ji 1 6.4.6
vMajorana N q(;' % 5.1.3 5.1.3
vieaw (mpy = mg) 1 5.1.1 5.1.1

Ly LU L [ L 6.3.1
LQ(pair prod.) - bt 0 HE LHC _ 5.2.3 5.2.4
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Exotics: breadth and reach

Model spin _95% CL Limit (solid), 5_o Discovery (dash) .
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< Events / GeV >

clear gains from increased

Resonance searches umi and energy

Continuation and expansion of the current

resonance search program, acroSs a vast Variety /5 — 13 TeV /5 — 14 ToV
of channels Decay Exclusion Discovery | Exclusion Discovery
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W’ discovery potential up to 7.7 TeV! Z, >0 | 54TeV  54TeV | 58TeV 5.7 TeV

RS Gluon discovery up to 5.7 TeV!
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new sensitivity relies on

Supersymmetry: staus detector upgrades for taus

Stau pair production, decaying to T

taus and neutralino, currently p ~ :
unconstrained by LHC _L-- M
searched with signature of two \;\v %
hadrOnica”y decaying taUS, CMS Phase-2 Simulation p
and mixed hadronic / lepton < 0T T
. (D) . pp > 1, m7 =m=%x (YR18 syst. uncert.) _
signature O] - R _ i
= i Expected exclusion 95 % CL |
discovery sensitivity from each £ 4qo ™= 16 uncertainty on exclusion -
i L Expected discovery 5 ¢ -
experiment up to 500 GeV i _
300 ]
Detector, trigger, and i _
performance improvements are i i
key 200/~ .
relies on ability to trigger taus [ -
efficiently at moderate 100 -
energies i i
need to maintain low fake rake T R R - R
for taus at high pT 200 400 600 800
CMS-FTR-18-010 m [GeV]
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pushing down cross-section

SU persymmetry: eWkI NoOS limits at lower masses

Wino-like chargino states studied in multiple lepton final states

masses up to 650 (850) GeV can be discovered (excluded) from chargino decay to

neutralino and W* or up to 900 GeV with degenerate %3 x4

limits an order of magnitude beyond LEP and 500 GeV above current limits

HL-LHC will probe most of the natural EW SUSY parameter space for wino-like
charginos

Relies on vast upgrades to trigger at L1 and HLT to maintain lepton trigger thresholds!

Wino ¥ ¥, > W* X, W™ %, — 2L + MET final state

;‘ : LI B | | LI B | | | B | I [ B | I L I LI I L | LI B | | [ B | :
o 800 _ _ . —
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- mmaaa 95% CL exclusion (+1 6,,,), multi-bin-

200 - memaa 5c discovery, inclusive =
400E- All limits at 95% CL ]
300 jemmmTTTT T - =
200F p T . =

[ L ' ‘I E

100t N ' —

E ' ' -

_IIII|IIII|llIIIIIIIIII‘IIIIII||I|‘II|IlII_
QOO 300 400 500 600 700 800 900 1000

m@’) [GeV]
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Supersymmetry: ewkinos

The last bastion of naturalness: higgsinos
and compressed EW mass spectra

s
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=
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CMS Phase-2 Simulation Preliminary

requires efficiently triggering and
reconstructing leptons down to 3-5 GeV
and difficult background rejection,
including isolation

sensitive to higgsino masses up to 350
GeV for mass differences of > 5 GeV
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sensitive to systematic

Dark Matter searches Incertaintios

Mono + X searches will continue to push sensitivity to DM produced in association
with other objects

will be competitive in some regions with direct neutralino searches, sensitivity
from 200 (300) GeV for higgsino (wino) neutralinos

quite sensitive to systematic uncertainties, largely on background (W/Z+jets,
diboson) estimates

Discovery reach for mono-jet
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3
Dark photons vgw@wgm

LHCb will use a combination of prompt, long-lived, and meson analyses
to probe a large part of the mass and mixing plane for dark photons



https://cds.cern.ch/record/2636441?ln=en
https://cds.cern.ch/record/2636441?ln=en

Case study: pileup mitigation and

nggS {0 InVISIbIe importance of systematic uncertainties

Higgs to invisible BR is powerful and
model independent probe for light dark

/
q
» X
matter H
- current limit on BR (H—>inv.) is 0.19, \
. . X
: \\
”

mostly driven by vector boson fusion
production

current limit has ~ equal syst. and stat.
uncertainties
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. . . . i data =
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main signal is 2 forward jets and MET
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rejection of pileup jets is paramount

main backgrounds behave differently at
HL-LHC relative to LHC
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Higgs to invisible

Higgs to invisible BR is powerful and model independent probe for light dark
matter

single channels from CMS/ATLAS expected to reach 4% on BR (H—> inv.)

combination of experiments and channels expected to give limit to 2.5%

with significant work to mitigate pileup and reduce systematic and theoretical uncertainties

Run 2 syst —» goal / assumptions for HL-LHC syst

Systematic From Ref. [14] This analysis

e-ID 1%(gst)D1%(idiso) 1%

u-1D 1%(reco)®1%(id)E0.5%(iso) 0.5%

e-veto 0.6%(gst)D1.5%(1diso) 1% -
u-veto on QCD V+jets 5%(reco)®5%(id)B2%(iso) 2%

u-veto on EWK V+2jets | 10%(reco)®10%(id)P6%(iso) 6%

T-veto 1-1.5% for QCD-EWK 0.5-0.75%

b-tag-veto 0.1% (sig) 2% (top) 0.05% (sig) 1% (top)

JES T18%(51g) 27N LN TVl 2 7)1 A NValsic) N 870N W) 0.2%(2./ Z)
Integrated luminosity 2.5% 1%

QCD multijet 1.5% | 1.5%

Theory on W/Z ratio 12.5% 7%

ggH normalisation 24% 20%

different sources of systematic uncertainty considered in Ref. [14] and tor the HL-LHC setup
considered in this analysis.
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Challenges and opportunities: new detectors

Case study: new inner detector in ATLAS and its impact on
sensitivity of long-lived particle searches

Run2 ID | ITk

1000 [mm]
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Displaced vertex signatures

Displaced vertices in the
iInner detector are sensitive
to long-lived particles with T
~10 ps - 10 ns

Run2 ID | ITk

decaying to multiple

charged particles

8 _l | I l L L L I LI L I | I LI I LI | 1T 1T 1 I 1 | L I 1 | I_
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- . (&) e 1 _
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well-reconstruct vertex and ZE 1;3_;8-::_3___9__’_—.__._ —4— Tk Inclined Duals s
iect back d . TR 9O o0 --%-- Tkinclined Duals (w/ material) -
reJeC aC groun 08_— -D---D- ¥ T —#— ATLAS Run 2 ]
reconstruction efficiency 065 o "o ATLASRun 2 (w/matoriah -
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volume! 0 2:_ _f.*____ _‘.}_—.3.— -
25 —a— -
O_l L1 | l | L1 l I | | 1 1 I | | L1 m__l_._] 1 l.l 1 IT.TI | l‘l l_
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23


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-033/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-048/

Displaced vertex signatures

Translates to increased relative sensitivity at larger lifetimes relative to
current analysis, purely from new detector geometry

Gluino R-Hadron, g—qqy’, m(x°) = 100 GeV

= 4000
() — . . . .
S sgoob. ATLAS Simulation Preliminary
© ~  {s=14 TeV, 3000 fb™', All limits at 95% CL, nB=1.8 %5
E L
3600 —
s
3200 — el 1l
3000
= N ——
2800— - - - Expected Limit (x1,20_ )
- exp —
: """"" i1 Oth
2600 — —— 30 evidence
- —— 50 discovery
2400 —
2000 — ATLAS 13 TeV, 33 fb "' (observed)
~ Phys. Rev. D 97 (2018) 052012
_llllllllIlllllllllllllllllllllllllllll
200058 06 -04 02 0 02 04 06 08 1
Iogw(r/ [ns])
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Reconstruction Efficiency

Disappearing tracks

Y ~160 MeV =
:|: | n1 AT £ “invisible”
AN N | (! invisible
trigger
1_1__:__;______1_ I | | I I I | | I J‘ l--l___ I I—
i | - Pure higgsino or wino
0.8 N | SP can give rise to
- $ ATLAS Simulation Preliminary ong-lived chargino
i ! ITk Inclined Duals, () = 200 i . C
0.6 :’. Pure wino LSP scenario, Inl <2.2__ WhICh decayS to InVISIble
- ] Look for short track with
: Tracks + Tracklets . . .
04— Tracks ] 3 or 4 hits in pixel
L ; Tracklets - detector
B I N S RETTEEE Tracks + Tracklets, Run 2 —
oo S i Y\ Tracks, Run 2 B Efficiency of short tracks
N YA T R Tracklets, Run 2 - very sensitive to position
[ - e 1 | “l I 1 | 1 I | 1 I | | I L Of firSt feW IayerS Of pixel
0 200 400 600 800 1000

detector!

Chargino decay radius [mm]
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10*

10°

10°

Disappearing tracks

e Sensitivity gains relative to Run 2 (3) more challenging
at shorter lifetimes, solely from new detector geometry

“: 7(: 7: 7? production, tanf =5, u>0 Pure Wino —_—
b |l I 1 I T I Ll 1 I I T 1 1 ] I I 1 l 1 1 I ] 1 1 1 %)
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Summary and outlook

Enormous work by community to study the
potential physics reach of HL-LHC

The work is just beginning

All projections rely on enormous work on
many fronts — the accelerator upgrade, the

Dijet production @ HL-LHC Vs=14 TeV

detector upgrades, trigger, performance T

H 55 PDF4LHC15
H : 1.2
and reconstruction advancements, analysis | 208 4 HL-LHG (soen A

improvements, theory improvements, PDF "0 | HLALHG (scen ©)

)

—
—

reduction, precise luminosity
determination...

1.05

Ratio to baseline

Depending on the new physics, sensitivity
(and the potential to discover!) new physics
with masses from 200 GeV to 8 TeV =

0.95

0.9

—
IIIIIIIIIIIIIIIIIIIIIIIIII

some channels have straightforward gains M
with higher energy, increased lumi, and
upgraded detector

other channels will require more creative
and sustained effort to improve over Run 3
sensitivity
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Higgs physics as a probe of BSM

- Main Higgs couplings measured to % level precision

limited by theoretical systematic uncertainties
- First measurements of H—> yp and H—>yZ

- Improved constraints on higgs self-coupling

Vs =14 TeV, 3000 fb™' per experiment °
| Total ATLAS and CMS
— Statistical HL-LHC Projection
—— Experimental
—— Theory Uncertainty [%]
29 49 Tot Stat Exp Th
Ky = 1.8 08 10 13
Ky = 1.7 08 07 13 :C',
K; = 1.5 07 06 1.2 (?]
Kg — 25 09 08 2.1
99.4% CL
K = 3.4 09 1.1 3.1
Kb —— 3.7 13 13 32
K =~ 1.9 09 08 15 95% CL
Ky =— 43 38 10 17
KZY L 1 1 1 L | ' | ' | 1 | 1 | 1 | I L ! |9.|8 ' 7|2| 1|7 1 6:4| 680/0 CL
0 0.02 004 006 008 01 0.12 0.14

Expected uncertainty
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Signal efficiency

Higgs portal to dark photons
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Supersymmetry: gluino and squarks

Gluino pair production with prompt decay to quarks and neutralino
sensitivity to discover 2.8 TeV gluinos and exclude up to 3.2 TeV
nearly 1.0 TeV above current Run 2 limits

2000 —7m8m™———m———————————————————
1500t

1000t

1

n~o [GCV]

500t

0 1000 2000 3000 4000
m; [GeV]
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Supersymmetry: gluino and squarks

Stop pair production, decaying to prompt top-pair and neutralinos
sensitivity to discover 1.25 TeV stops and exclude up to 1.7 TeV
nearly 700 GeV above current Run 2 limits

Tttt i:’ i? - 0 lepton final state

; B | I 1 I 1 1 I 1 1 I I 1 1 I I 1 I 1 I 1 1 1 I LI 1 I LI 1 |
8 1400 — ATLAS 95% CL exclusion, 6, = 15%
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Cz’x‘_ 1200 N E:‘I 4 TeV, 3 ab'1 R 5¢ discovery, Oyt = 15% ]
?1 000 f_ &\ - - " 36.11b™95% CL exclusion _f
800 ]
600 -
400~ —
200 ]

o b b e Y
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

July 2018 Vs=7,8,13TeV
iss -1 . s
Model &,y Jets EV [ram™) Mass limit Vs=7,8TeV  vs=13TeV Reference
L) L) L) L) L] L] L] L] I L) L) T L) L)
4. 44X 0 2-6jets  Yes  36.1 1.55 m(¥})<100 GeV 1712.02332
o mono-jet  1-3jets  Yes  36.1 0.71 m(g)-m(¥})=5GeV 1711.03301
Q 5 . _ N
S 8 g—qa¥) 0 2-Bjets  Yes  36.1 2 2.0 m(¥])<200 GeV 1712.02332
= 2 Forbidden 0.95-1.6 m(¥1)=900 GeV 1712.02332
B 8 3-qatOT Sep 4 jets - 36.1 |2 1.85 m(¥})<800 GeV 1706.03731
o ee, i 2jets Yes  36.1 H 1.2 m(g)-m(¥|)=50 GeV 1805.11381
a3z, g—qqWZK, 0 7-11jets  Yes 361 |2 1.8 m(¥}) <400 GeV 1708.02794
S Sepu 4jets - 361 |2 0.98 m(g)-m(¥})=200 GeV 1706.03731
= . - :
= ggogon) 0-1ep 3bh Yes  36.1 2 2.0 m(¥!)<200 GeV 1711.01901
Bepn 4 jets - 361 |2 1.25 m(g)-m(¥})=300 GeV 1706.03731
biby, by —b¥ /b7 Multiple 36.1 by Forbidden 0.9 m(¥})=300 GeV, BR(hY})=1 1708.09266, 1711.03301
Multiple 36.1 | b Forbidden 0.58-0.82 m(¥})=300 GeV, BR(h1')=BR(iX7)=0.5 1708.09266
Multiple 36.1 B, Forbidden 0.7 m(¥})=200 GeV, m(¥})=300 GeV, BR(t{)=1 1706.03731
w e Db i, My =2xM, Multiple 361 |4 0.7 m(¥})=60GeV 1709.04183, 1711.11520, 1708.03247
=< .9 Multiple 361 |7 Forbidden 0.9 m(t})=200 GeV 1709.04183, 1711.11520, 1708.03247
m -
§.§ #i, Wb or oF] 0-2e.u 0-2jets/1-2b Yes  36.1 7 1.0 m(¥)=1GeV 1506.08616, 1709.04183, 1711.11520
S i, HLSP Multiple 361 | & 0.4-0.9 m(¥})=150 GeV, m(¥;)-m(¥})=5GeV, 7, ~ 7, 1709.04183, 1711.11520
g,’& Multiple 36.1 i Forbidden 0.6-0.8 m(¥})=300GeV, m(¥7)-m(¥})=5GeV, i, ~ 7, 1709.04183, 1711.11520
T g 7\f,, Well-Tempered LSP Multiple 3.1 | # 0.48-0.84 m(¥])=150 GeV, m(¥; )-m(¥})=5 GeV, 7, ~ 7 1709.04183, 1711.11520
Qi h—oel] / 22, e—el] 0 2c Yes 361 |& 0.85 m(i)=0 GeV 1805.01649
i 0.46 m(i, &)-m(¥})=50 GeV 1805.01649
0 mono-jet  Yes  36.1 i 0.43 m(7,,&)-m(¥})=5GeV 1711.03301
i, iy +h 1-2e,p 4b Yes 361 |& 0.32-0.88 m(i1)=0 GeV, m(i, )-m(¥})= 180 GeV 1706.03986
WX via Wz 2-3epu - Yes 361 | /% 0.6 m(¥})=0 1403.5294, 1806.02293
ee, =1 Yes 36.1 | Xk, 047 m(¥T)-m(t})=10 GeV 1712.08119
X1 X3 via Wh CLilyylthb - Yes 203 | i;/A, 0.26 m(E%)=0 1501.07110
W KT 0, R stven), B—r(vd) 2r - Yes 361 | ¥/ 0.76 m(EY)=0, m(7, 7)=0.5(m(F+)+m(E)) 1708.07875
ug_, § X 1%, 0.22 m(ET)-m(¥})=100 GeV, m(7, 7)=0.5(m(¥T)+m(¥})) 1708.07875
© H.rU R, AN 2e,p 0 Yes 36.1 7 0.5 m(¥])=0 1803.02762
2e,pu > 1 Yes  36.1 7 0.18 m(é)-m(¥})=5 GeV 1712.08119
4H, H—hG |26 0 >3b Yes  36.1 i 0.13-0.23 0.29-0.88 BR(Y) —» hG)=1 1806.04030
4e.u 0 Yes 36.1 i 0.3 BR(Y] — ZG)=1 1804.03602
Direct X1 X, prod., long-lived X7 Disapp. trk 1 jet Yes  36.1 Pure Wino 1712.02118
E " Pure Higgsino ATL-PHYS-PUB-2017-019
= % Stable g R-hadron SMP - - 3.2 1606.06129
E’E Metastable z R-hadron, 3—qg¥| Multiple 32.8 2.4 m(¥))=100 GeV 1710.04901, 1604.04520
S 2 Gumss, ¥—yC, long-lived ¥ 2y - Yes 203 | 0.44 1<7(¥})<3 ns, SPS8 model 1409.5542
28, X —eev/jepvippy displ. ee/epfpp - - 203 | & 1.3 6 <cr(¥))< 1000 mm, m(¥})=1 TeV 1504.05162
LFV pp—¥, + X, V. —epfet/ut CHLETUT - - 32 | 1.9 A1=0.11, A132/133/233=0.07 1607.08079
Kiv| 10 — WW)zeettvy dep 0 Yes  36.1 m(E))=100 GeV 1804.03602
38, 3—qq¥, ¥ - qqq 0 4-5large-Rjets - 36.1 Large 17, 1804.03568
n>. Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& 32, — ths/ g—iiX), | — tbs Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
i, it} ¥V = ths Multiple 36.1 m(E9)=200 GeV, bino-like ATLAS-CONF-2018-003
fify, f1—bs 0 2jets+2b - 36.7 1710.07171
ni, h—bl 2e,pu 2b - 36.1 f 0.4-1.45 BR(7, —be/bu)>20% 1710.05544
L L L L L L L L I 'l L 'l L 1
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.



SSM Z'(££)

SSM Z'(qq)

LFV Z’, BR(eu) = 10%

SSM W'(£v)

SSM W'(qq)

SSM W'(tv)

LRSM Wg(£NR), My, = 0.5Myy,
LRSM WR(TNR), MNR = 0.5IVIWR
Axigluon, Coloron, cotd =1

scalar LQ (pair prod.), coupling to 15t gen. fermions, =1
scalar LQ (pair prod.), coupling to 15t gen. fermions, B =0.5
scalar LQ (pair prod.), coupling to 2"? gen. fermions, B =1
scalar LQ (pair prod.), coupling to 2" gen. fermions, 8= 0.5
scalar LQ (pair prod.), coupling to 3™ gen. fermions, B=1
scalar LQ (single prod.), coup. to 3™ gen. ferm., B=1,A=1

excited light quark (gg), A=mq

excited light quark (qy), fs=f=f=1,A=mg
excited b quark, fs=f=f=1,A=my
excited electron, fs=f=f=1,A=m{
excited muon, fs=f=f=1,A=m;

quark compositeness (qg), Numrr = 1
quark compositeness (££), Nurr =1
quark compositeness (qq), Nurr = — 1
quark compositeness (££), Nurr = — 1

ADD (jj) HLZ, ngp =3

ADD (yy, ) HLZ, ngp =3
ADD Gk emission, n=2
ADD QBH (jj), nep =6
ADD QBH (EIJ), Nep=6

RS Gkk(qd, gg), k/Mp = 0.1
RS Ggk(££), k/Mp = 0.1

RS Gkk(yy), k/Mp = 0.1

RS QBH (jj), nep =1

RS QBH (eu), Nep=1
non-rotating BH, Mp = 4 TeV, ngp = 6
split-UED, u=4 TeV

(axial-)vector mediator (xx), gq=0.25,gpm =1, my, =1 GeV
(axial-)vector mediator (qq), gq =0.25,gpom =1, my, =1 GeV
scalar mediator (+t/tt), gq=1,gom =1, my =1 GeV
pseudoscalar mediator (+t/tf), gq=1,gpm =1, my=1 GeV
scalar mediator (fermion portal), Ay =1, m, =1 GeV
complex sc. med. (dark QCD), My, =5 GeV, cTx, =25 mm

Type Ill Seesaw, B =B, =B
string resonance

- - _ - - Leptoquarks _

Mz
Mz
Mz
My
My
My
My,
My,
Mc

R

Mo
Mo
Mo
Miq
Mo
Mo

+
ALL/RR
+
/\LL/RR
AEL/RR

Nirr

Mmed
Mmed
Mmed
Mmed
M,
My,

M Sigma

Ms

Overview of CMS EXO results

CMS

36 fb~! (13 TeV)

1811.01197 (2e + 2j) 144
1811.01197 (2e + 2j; @ + 2j + EF'ss) 1.27
1808.05082 (2u + 2j) 153
1808.05082 (2j4 + 2j; p + 2j + EP'*5) 1.29
1811.00806 (27 + 2j) 1.02
1806.03472 (2T + b) 0.74 |

0.1 1.0

mass scale [TeV]

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).

January 2019




Challenges and opportunities: uncertainties

Many of the HL-LHC measurements
and searches rely on reducing both
theoretical and experimental
systematic uncertainties

Common assumptions include

Precision measurements assume a
factor two reduction in theoretical
uncertainties

Continued precise determination of
luminosity in a harsher environment —
to 2 or even 1% level requires new
luminosity detectors and new analysis
techniques

Continued SM measurements are
essential to reduce PDF uncertainties
by a factor of 2-4, which is already
assumed in many of these results
New, more precise forward detectors in

ATLAS and CMS, and LHCDb
measurements will help

36

Ratio to baseline

-
-
6]

—
—

1.05

—

0.95

0.9

0.85

Dijet production @ HL-LHC Vs=14 TeV

| B9 PDF4LHC15
] S48 + HL-LHC (scen A)
H S5 4+ HL-LHC (scen C)

I | R R |

III|IIII LIl IIII|IIII|IIII|I]I

3000
MM ( GeV )

1 I2000I 1 1

= [T
=]
o
oL

2000

5000 6000



