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The High Luminosity LHC upgrade

Large Hadron Collider (LHC) HL-LHC
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7 TeV— 8 TeV —— 13 TeV 13/14 TeV
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This talk will cover a small selection of highlights of BSM searches,
from ATLAS and CMS

HL-LHC project approved:

» data taking to start on around 2026
3000 fb-1! of data

Vs = 14 TeV

L=7.5x103%cm=2s-1

up to 200 interactions/bunch-crossing

Yy V¥V VvV V

A lot of data for EW and QCD precision measurements, Higgs boson properties,

flavour physics, BSM searches!
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Detectors Upgrade

ATLAS upgrades include
» DAQ and trigger systems (L1 and HLT - 10 kHz)

> New Inner Tracker up to |n|<4

25m §

> Electronics upgrade for LAr and Tile

Tile calorimeters

calorimeters, muon system

LAr hadronic end-cap and

forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

> New muon chamber in the inner endcap region -

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

> High granularity timing detector in endcap semiconductor acker

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m ixel ( ym) ~16m M channel;
Overalllength  :28.7m Microstrips (80x180 um) ~200m? ~9.6M channels
Magnetic field :3.8T
H SUPERCONDUCTING SOLENOID
u p g ra e s I n c u e e Niobium titanium coil carrying ~18,000A
, o MUON CHAMBERS

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

» DAQ and trigger systems (L1 and HLT - 7.5 kHz)

> New Inner Tracker up to ||<4

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

» |Improved muon system coverage

» Precise MIP timing layer in barrel and endcap

ELECTROMAGNETIC

» High granularity endcap calorimeter

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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New openings

Large data sample benefits lower statistical uncertainties

» Lower experimental systematic uncertainties

(calibrations performed on larger dataset,

Z counting for luminosity)

» Lower uncertainties on background (& signals) prediction

(high statistic control samples allows more precise constraints)

Exploit full potential of detector upgrades.

New tools for searches:

* timing information for long lived particles searches

* sensitivity to forward events boosted
by extended tracking

* new trigger strategies

a ...
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Common effort

Experimental collaborations
(ALICE, ATLAS, CMS, LHCD)

and theorists involved in:
* BSM Yellow Report: arXiv:1812.07831
* |nput to European strategy

Three main approaches:
* Full simulation in the upgraded detectors
* Analysis with parameterised detector performance
» CMS: DELPHES with up-to-date phase-2 detector performance
» ATLAS: Particle-level analysis with energy smearing
* Projections using Run-2 signal and background samples scaled at 14 TeV

Treatment of uncertainties:
* Harmonised treatment of detector and theory uncertainties evolution
» halved detector and theory/modelling uncertainties
» neglected MC statistic uncertainties
» statistical uncertainty decreased by 1AL
» uncertainty on luminosity 1%
» experimental systematics preserved or reduced by a agreed factors
G. Gustavino


https://arxiv.org/abs/1812.07831
https://twiki.cern.ch/twiki/pub/LHCPhysics/HLHELHCWorkshop/report.pdf

SUSY

HL/HE-LHC SUSY Searches I o . ccuon Simulation Preliminary

HE-LHC, [£dt = 15ab™": 5 discovery (95% CL exclusion) Vs = 14,27 TeV
Model e U, T,y Jets Mass limit Section
28, 2-qg¥; 0 4 jets 2.9(3.2) TeV| m(t})=0 2141
@&, 2-qg¥) 0 4 jets 5.2 (5.7) TeV| m(¥1)=0 2.1.1
£ i 0 Multiple 2.3 (25) TeV m(¥1)=0 213
S 28, gt 0 Multiple 2.4 (2.6) TeV] m(¥)=500 GeV 213
NUHM2, 17 0 Multiple/2h 5.5 (5.9) TeV] 242
iy iy —t?) 0 Multiple/2b 1.4 (1.7) TeV| m(¥})=0 212,213
S Aiii . 0 Multiple/2h 0.6 (0.85) TeV| Am(f,, X))~ m(t) 212
(7]
iy, b /) XS 0 Multiple/2b 3.16 (3.65) TeV| 242
P e s L ¢t 2e.u 0-1 jets 0.66 (0.84) TeV| m(t})=0 221
+ O
.g % T via wz 3epu 0-1jets 0.92 (1.15) TeVj m(¥})=0 222
o
8 § X1 X3 via Wh, Wh—tvbb Teu 2-3 jets/2b 1.08 (1.28) TeV] m(¥})=0 223
OF utawiwi 2eu 0.9 TeV m(¥})=150, 250 GeV 224
o XX + 0K, X3 -2V X1 - wi| 2ep 1jet 0.25 (0.36) TeV| m(t])=15GeV 2251
% XY + X0, X ZV) ¥ Wiy 2e.n 1jet 0.42 (0.55) TeV| m(¥})=15GeV 2.25.1
- I R e 24 1jet 0.21 (0.35) TeV| Am(¥, 1)=5GeV 2252
§ T2V via same-sign WW 2ep 0 0.86 (1.08) TeV} 242
tiatin Tl 2r : : 0.53 (0.73) TeV m(¥})=0 231
I 2r, (e, ) - 0.47 (0.65) TeV|  m(¥})=0, m(¥,)=m(#x) 232
2 2r, e.) ¥ 0.81 (1.15)TeV|  m(¥})=0, m(F,)=m(z) 234
YiX1, 1R, long-lived X1 Disapp. trk. 1jet 0.8 (1.1) TeV] Wino-like ¥ 411
XiXT, XY, long-lived Y| Disapp. trk. 1jet 0.6 (0.75) TeV| Higgsino-like X 411
MSSM, Electroweak DM Disapp. trk. 1jet 0.88 (0.9) TeV} Wino-like DM 413
E MSSM, Electroweak DM Disapp. trk. 1jet DM mass 2.0 (2.1) TeV} Wino-like DM 413
w
23 MSSM, Electroweak DM Disapp. trk. 1jet 0.28 (0.3) TeV] Higgsino-like DM 413
T
§ 8 MSSM, Electroweak DM Disapp. trk. 1jet DM mass 0.55 (0.6) TeV| Higgsino-like DM 413
& R-hadron, §—gq¥} 0 Multiple g [r(&) =0.1-3ng) 3.4 TeV| m(f})=100 GeV 421
& R-hadron, §—qgt| 0 Multiple 2.8 TeV| 421
GMSB fi—uG displ. p 0.2 TeV] cr =1000 mm 422
. MEEPEEPEY | N MR arXiv:1812.07831
-1
10 1 Mass scale [TeV]

Larger dataset allows to apply stricter selection criteria ==» phase space corners

In most of these scenarios HL-LHC will increase present mass reach by 20-50%

6. Gustavin (compared to available Run-2 results).



SUSY: staus search

ATL-PHYS-PUB-2018-048
CMS-PAS-FTR-18-010

Di-tau final state with missing transverse momentum
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"800

m. [GeV]

Only just getting sensitivity @ Run-2!
Limited by production cross-section

(<1 fbo~1 for m(stau) > 400 GeV @ 14 TeV)

pp, VS =13 TeV, NLO+NLL - NNLO+NNLL

cross section [pb]
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» Exploit full HL-LHC dataset.


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-010/index.html
https://cds.cern.ch/record/2651927
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-018/

SUSY: compressed signatures

HiggSi"O'Iike LSP (naturalneSS mOtivated) Cha”enqinq topoloqv
Lightest chargino and second neutrino close in mass. ’ W
- : : . p »
Soft objects in the final state ISR-based selection X!
X!
0 0 x5 0 = . . . E
_ Ly X Koy Xy %oy %, prodluctlor:,tlan'[%l=5,ul>loI | - _ IPurel Hl|ggl;5|:ui
% | | | ATLAIS Simulaltion Prelilminary .
O, {s=14 TeV, 3000 fb" i _ _
—~ \ All limits at 95% CL ISR jet + Et™Miss + soft leptons
EXN 3“ Tl Soft Lepton analysis N
‘éﬁ o ) » challenging lepton ID
" > triggers upgrades to maintain
.o : low lepton thresholds
> .’ - — — - Expected limit (+10) |
2 w2t Large gain expected wrt to
1= Bl ek NEW full Run-2 results (W(qq))
100 [150 200 250 300 350 400 450
~0
Run-2 @140 fb-! m(x,) [GeV] ATL-PHYS-PUB-2018-031
ATLAS-CONF-2019-014 CMS-PAS-FTR-18-001
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https://cds.cern.ch/record/2647294
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-001/index.html
http://cdsweb.cern.ch/record/2675954

Dark Matter Searches: mono-X

invisible DM particles escaping the detector

visible particles from production / ISR

ATL-PHYS-PUB-2018-043

;‘ B T 171 I T 171 I T 1T 1 I T 171 I T 1T 1 I T 171 |
CGD) 1400:_ ATLAS Simulation Preliminary _:
'_>'< - \/g =13 TeV, 3 ab'1 exp. sys. x1, th. sys. x1 =
E | Axial-Vector Mediator _
1 200 = DirIaC Eermion DI\I/| exp. sys. x1/2, th. sys. x1/2 _
1000 [ 9,=025¢9 =1 exp. sys. x1/4, th. sys. x1/4  __
- 95% CL limits ]
I /S

~ Projection from Run-2 data 7
800 y) \ N
600 ]
400~ |
200~ |
- | -
O | l | L1 l | 1 1 | I L lI | l I l I I | |

0 500 | 1000 1500 2000 2500 3000

Run-2 @36 fb1 m, [GeV]

JHEP 01 (2018) 126
G. Gustavino  Phys. Rev. D 97 (2018) 092005

A

background

Look for MET signal
tail excess

>
MET

Simplified models with few parameters:
* mono-jet domain

74 '} DM
L AelY

| ¥, DM

jet .

Systematics dominated
signal, Z/W+jet th. unc.

jet/MET exp. unc.


https://cds.cern.ch/record/2650050/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-048/

Dark Matter Searches: mono-X (ll)

More refined models (e.g. 2ZHDM+a) probed by:
* mono-H/Z/ly, HF+MET, VBF+MET...

> ATL-PHYS-PUB-2018-024 CMS Projection 3.0 ab™! (14 TeV)

2500 10.0
» ATL-PHYS-PUB-2018-038 Z(")'l'MET = ith YR18 syst. uncert. °H°
== = With Run 2 syst. uncert. [+ 4
2000 {* =+, = with stat. uncert. only Z-—
z ¢ el CMS-PAS-FTR-18-007 o
S Rl o
D ..... .“’ é 1500 ; '." E
H "q. < E g =

-~ . 1.0
ay ¥ -DM E g _ N ) o
' — 1000 (NS N [ X
DM £ K o
7 v
_ - 2HDM b
Run-2 @36 fb-! arXiv:1903.01400 001 o o)~ 035 ;
. mpm = 10 GeV Q
= I.I>j

ATL-PHYS-PUB-2018-027 100 200 300 400 500 600 700 800 900 1000 -

B ) m, (GeV)

large sensitivity increase expected

VBF+MET key-channel for h (inv) search by tracker extension || < 4

BR~5-10% could be reached by reducing syst impacts by a factor 2 (CMS-PAS-FTR-18-016)

G. Gustavino 10



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-038
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-027
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-016/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-32/

Resonance searches

Clear gains from increased lumi and energy

Expansion of the current resonance search program,
across a vast variety of channels (it,tb,lv,ll...)

» excellent performance of high pT objects
> high mass sensitivity is dominated by statistics

Reach 6-8 TeV mass sensitivity in Z’-W’ scenarios
decaying in leptons:

= 1-2.5 TeV better than Run-2!

CMS PAS FTR 18 009 3ab’ (14 TeV)

o) ! L L
ﬁ CMS Phase 2 — Slgnal cross section -
& [ Simulation Preliminary 3 .
I E
OB ]
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10°kE 1 AR R L

2 4 6 8 10 12

Randall-Sundrum Graviton mass [TeV]
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ATL-PHYS-PUB-2018-022
ATL-PHYS-PUB-2018-044

ATLA{S Simulation Preliminary |
W' — ev, \s = 14 TeV, 3000 fb™
—— Wiy (6.5 TeV)
[ Jw
B
Czy
|:| Di-boson

_LLLI.LlI.ll IIIII.llll IIIII.llll IIIII.llll IIIIllLI] IIIIlIlI] IIIII.llIl IIIILllll IIIII.llll Lo

2%10?

10°  2x10° 10°*
Transverse mass [GeV]

Hadronic decays dominated by top final states
» good b-tagging efficiency

> low mis-ID probability in high pileup regimes

Phase-2 high granularity detector
New trigger and DAQ capabilities

11


http://cdsweb.cern.ch/record/2650549
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-009/index.html
http://cdsweb.cern.ch/record/2645269

Exotics searches reach

Section
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G. Gustavino
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Long Lived particles (ITk)

- — —-

» Many LLP searches are statistically limited!
» Background-zero searches sensitivity « &

T

T I T T I T 1T

TLAS Simulation
my=2TeV, m,=100GeV,t,=1ns Ny =7
X’1

> Gain by exploiting new detector technologies

—
I
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| Tk detector

—Q—.
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s
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_Illllllll
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—&— Tk Inclined Duals
-=<®-- [Tk Inclined Duals (w/ material)

—#— ATLAS Run 2
-={3-- ATLAS Run 2 (w/ material)

111

Higher reco efficiency:

IIIIII

TRT

* Improved geometry

Illllllll[llllll

* larger silicon volume

|||||||||||||||1|,:E_I_._I_L_L.11[T.T1|wl
100 200 300 400 500 600 700 800

R-hadron Decay Radius [mm]

* lower material budget

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

< 4000
8 ,0oF. ATLAS Simulation Preliminary
) . . . © C  V{s=14 TeV, 3000 fb™', All limits at 95% CL, nB=1.8*3:3
* More hits-on-track with higher resolution; = e
* Minimum number of hits after decay to ensure 34°°;-_~----‘-~'~7-777-7-777-_77_777-7f-7-77if—-ii5ﬁiﬁ{j{%ﬁ%ﬁ}i!"#':::-;
- . i . 3200 T K
efficient reconstruction and background rejection wouk- B
* Tracker-based triggers could further help to 2600 -~ Expeoted Limit (1,20, ) ——u |
= e +1 O
increase sensitivity it SR odud
2400 —
0200~ ATLAS 13 TeV, 33 fb” (observed)
[ Phys. Rev. D 97 (2018) 052012
| | l | P I T SR

_I 11 | - 11 1 11 1 11 I L1 1 I 11 1
2000—1 -08 -06 -04 -02 O 02 04 06 08 r"]sg
Iogm(r /]
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https://cds.cern.ch/record/2647992

Long Lived particles (MTD)

MIP timing detector (MTD)

* assigns timing for each vertex (ISR jet)
* measures TOF of LLPs

\

/

z LLP mass measurement. >I -

Precision timing helps to reject P
e spurious secondary vertices
e pile-up tracks

* Wo/o Timing detector:
time resolution dominated by
uncertainty from beamspot (~180 ps)

beamspot (180 ps)

BEGAREP <

—

* W/ Timing detector:
time resolution lowered at 30 ps
G. Gustavino

CERN-LHCC-2017-027
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https://cds.cern.ch/record/2296612

Long Lived particles (RPCs)

14 TeV, <PU>—O

TOF measurements:

CMS Phase-2 Simulation
T T T T T T T I T T T T | T T
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S 0.22F
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0.12—
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(factor of 25 better time s
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boards) ooz;
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are light, decay products boosted: displaced collimated jets of muons at HL-LHC
= Special LO triggers designed, using features of upgrade
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https://cds.cern.ch/record/2654518/
https://cds.cern.ch/record/2283189

S CMS public projected results
U | I | m O I'y ATLAS public projected results
| HL |LHLC PRmTl I
much larger dataset ' - ~—p
(e.g.staus production) 4/‘/

upgraded detectors and DAQ systems
(e.g. LLP searches)

reduce exp & theo. uncertainties .
(e.g. monojet) higher centre-of-mass energy of the collisions

(e.g. resonance searches)
2 20-50% better in most SUSY scenarios

up to 6-8 TeV high mass resonance exclusion limits

2 DM searches reach extended by more than 50%

L. . LLP
2 even larger gains in more exotic searches!
VLQ
NEW IDEAS in the next years will allow to probe
new physics scenarios or corner cases:
. e
Q new trigger strategies™ W', Z'

Q deep learning at low and high level physics?

Q THINK OUTSIDE THE BOX!
G. Gustavino HIC SUNT LEONES



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradePhysicsStudies

G. Gustavino

Even if Run-2 will not bring to a new discovery. ..

HL-LHC Run-2 New Physics

...HL-LHC will get us a new perspective!
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SUSY: EWKIinos searches

Wino % %, — W* % Z %, — 8L + MET final state
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SUSY: Stop searches
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Timing detector

General feature:

a high granularity segmented timing detector surrounding the tracker. o

CMS: MIP timing detector (MTD) will cover |n| < 3 Barrel
» with LYSO+SiPM, endcap with LGAD

ATLAS: LGAD-based technology (low-gain avalanche diode) covering 2.4 < |n| < 4

Primary motivation:

* resolving the timing of the primary vertices;
* stronger classification for e.g. jet-to-vertex classification.

Timing detectors would open more kinematic handles

for LLP searches.
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HSCP

* €~90% for 3>0.25
(in Run-2 €~20% for 3<0.5)
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Dark Photons
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LeptoQuark searches

LQ—)Tb

discovery up to 1.5 TeV
with pair production
(stats dominated)
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