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* HL-LHC and planned CMS Detector Upgrades

* Heavy-lon physics projections

* Higgs: couplings and di-Higgs production
* Top quark measurements

°* Beyond SM searches: Dark matter; heavy
resonances
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Intro to the HL-LHC

High-Luminosity LHC:
* (Collision energy: 14 TeV
* Factor ~4-5 increase 1n instantaneous luminosity

° Benchmark scenario for most projections:
3000 fb! integrated luminosity
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HL-LHC (Phase 2) CMS Detector Upgrade

Technical proposal CERN-LHCC-2015-010 https://cds.cern.ch/record/2020886
Scope Document CERN-LHCC-2015-019 https://cds.cern.ch/record/2055167

L1-Trigger/HLT/DAQ Barrel Calorimeters
https://cds.cern.ch/record/2283192 https://cds.cern.ch/record/2283187
https://cds.cern.ch/record/2283193 * ECAL crystal granularity readout at 40 MHz with precise
* Tracks in L1-Trigger at 40 MHz timing for e/y at 30 GeV

e ECAL and HCAL new Back-End boards

Muon systems
https://cds.cern.ch/record/2283189
* DT & CSC new FE/BE readout

* RPC back-end electronics

* New GEM/RPC1.6<n<2.4

* Extended coverage ton =3

* PFlow-like selection 750 kHz output
* HLT output 7.5 kHz

Calorimeter Endcap

L]
https://cds.cern.ch/record/2293646 . \
* 3D showers and precise timing
* Si, Scint+SiPM in Pb/W-SS

Beam Radiation Instr. and
Luminosity, and Common
Systems and Infrastructure
https://cds.cern.ch/record/002

Tracker https://cds.cern.ch/record/2272264 . - . —
* Si-Strip and Pixels increased granularity MIP Timing Detector
* Design for tracking in L1-Trigger https://cds.cern.ch/record/2296612
* Extended coverage ton =~ 3.8 Precision timing with:

* Barrel layer: Crystals + SiPMs
New paradigms (design/technology) for an HEP * Endcap layer: Low Gain Avalanche Diodes

experiment to fully exploit HL-LHC luminosity
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CMS Public HL-LHC Physics Projections

* Full list of CMS public HL-LHC physics projections:

CMS-PAS-FTR-18-040 Search for a new scalar resonance decaying to a pair of Z bosons at the High-Luminosity LHC February 2019
CMS-PAS-FTR-18-037 HL-LHC searches for new physics in hadronic final states with boosted W bosons or top quarks using razor variables February 2019
CMS-PAS-FTR-18-035 Projection of searches for exotic Higgs boson decays to light pseudoscalars for the High-Luminosity LHC February 2019

Sensitivity study for a heavy gauge boson W' in the decay channel with a tau lepton and a neutrino at the High-

CMS-PAS-FTR-18-030 Luminosity LHC February 2019
CMS-PAS-FTR-18-019 Prospects for HH measurements at the HL-LHC Decerzn(? 1e ;
Prospects for exclusion or discovery of a third generation leptoquark decaying into a = lepton and a b quark with the December

Llim s upgraded CMS detector at the HL-LHC 2018
- SR 0 . - . . December

CMS-PAS-FTR-18-027 Constraining nuclear parton distributions with heavy ion collisions at the HL-LHC with the CMS experiment 2018
CMS-PAS-FTR-18-036 Anomalous couplings in the ttZ final state at the HL-LHC Deceg‘:fg
n q . . - December

CMS-PAS-FTR-18-029 Search for excited leptons in £ final states in proton-proton collisions at the HL-LHC 2018
. . . . . December

CMS-PAS-FTR-18-025 Performance of jet quenching measurements in pp and PbPb collisions with CMS at the HL-LHC 2018
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR/index.html

Heavy-lons at HL-LHC

* LHC experiments have requested an integrated
luminosity of about 10—13 nb 'and 2 pb~'using
lead-lead (PbPb) and proton-lead (pPb) data at
nucleon-nucleon center-of-mass energies (Vsyy)
of 5.5 and 8.8 TeV, respectively.

* Heavy-1on projections presented here:

— Jet quenching

— Constraining nuclear PDF's
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Heavy Ions — Jet Quenching Projections

/Sy = 5.02 TeV | |
PbPb 10 b, pp 650 pb” * Ratio of the density of
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Constraining Nuclear PDFs at HL-LHC

ISpn = 5-5 TeV PbPb 13 nb
_IIII| T T T TTTT T I T TTTT I I T IIIII| I T I
1.1 CMS

Projection

R _ Y(1S)
- EPS09LO,Q=m, /2

0.5:”"| Lol Lo ol Lol
107 107 10 102

* Projections for gluon shadowing factor measured with
Y (1S) photoproduction in ultraperipheral PbPb collisions

at VsNN=5.5 TeV (FTR-18-027)
* HL-LHC will significantly extend Bjorken-x range probed
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Higgs at HL-LHC

* Projected sensitivity to Higgs coupling strength
across decay channels

* Di Higgs production as direct probe of Higgs
potential

* See dedicated “Prospects for Higgs Physics at the
HL-LHC” talk by Corinne Mills for additional
Higgs projections

Conor Henderson University of Alabama )




Higgs Coupling Sensitivity at HL-LHC

3000 fb ' (13 TeV)

3000 fb ' (13 TeV)
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* Projected HL-LHC uncertainties on Higgs couplings and
production modes, extrapolated from Run 2 results
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Testing the Higgs Potential with Di-Higgs

CMS-HIG-17-008

* SM Higgs potential fixed:
V(®) = —p°®T® + \(DTD).

* (Observation of Di-Higgs
production can probe the Higgs
self-coupling and test actual H
potential

° Run 2 search for HH—(bb)(yy)
limit ~24x SM HH

Conor Henderson
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Di-Higgs HL-LHC CMS Projection

°* For di-H at HL-LHC, CMS projects combination
of channels to yield 2.6 sigma significance for
SM HH process (CMS FTR-18-019)

Significance 95% CL limit on oy /0Py
Channel Stat. + syst. Stat. only Stat. + syst.  Stat. only
bbbb 0.95 1.2 2.1 1.6
bbtT 1.4 1.6 1.4 1.3
bbWW (lviv) 0.56 0.59 3.5 3.3
bbyy 1.8 1.8 1.1 1.1
bbZZ(00¢¢) 0.37 0.37 6.6 6.5
Combination 2.6 2.8 0.77 0.71
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Di-Higgs HL-LHC CMS Projection

CMS Phase-2

3000 fb' (14 TeV)

- Simulation Preliminary
—e— bbbb
—— bbbtz

-2AINn(L)

+ —«— bbyy

e BBVV(IvIv) /

bbZZ*(4l)
—e— Combination

Assumes SM HH signal

1 95%

68%

(CMS-FTR-18-019)

Conor Henderson

University of Alabama

From likelihood
scan, expected
95% CL 1nterval
on coupling
modifier k, (ratio
relative to SM

expectation)
= [—0.18, 3.6]
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Top Quark Measurements

Presented here:
* Top-antitop differential cross section projections

* Search for four tops
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tt Differential Cross sections
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* tt differential cross sections as functions of
pr(top) and y(top) (CMS-FTR-18-015)
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tt Differential Cross sections - Uncertainty

3ab' (14 TeV), 35.8 b1 (13 TeV)
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* Relative uncertainty in tt differential cross sections for
HL-LHC compared to 2016 dataset (CMS-FTR-18-015)

Dashed Lines: 2016 dataset result

* Solid lines: HL-LHC projection
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Search for Four Tops (FTR-18-031)

CMS Projection 14 TeV
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* With 3000 fb-!at HL-LHC, the four top cross

section can be constrained to 18-28%
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Beyond-SM Search Projections

Projections for many BSM scenarios studied;
presented here are:

* Dark Matter (1n association with a Z boson)

* Heavy resonances decaying to:
— 1/
— top pair
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Search for Dark Matter (FTR-18-007)

* Search for new invisible particles in ¢ )
events with Z boson and missing p
Z f
q
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Search for Dark Matter (FTR-18-007)

* Discovery significance and expected exclusion
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New Scalar — ZZ (CMS FTR-18-040)

CMS Prolectlon 3000 fb' (13 TeV)
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* Based on CMS 2016 result HIG-17-012:
arX1v 1804.01939, JHEP 06 (2018) 127

Conor Henderson University of Alabama 21




New Scalar — ZZ (CMS FTR-18-040)

* Expected sensitivity:

HL-LHC PrOJectlon 2016 Result
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* CMS FTR-18-040:
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https://cds.cern.ch/record/2658263

Search for ttbar Resonance (RS Gluon)

* Leptontjets and fully-hadronic modes; b-tag categories

3ab’ (14 TeV)
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Search for ttbar Resonance (RS Gluon)

* Projected exclusion and discovery potential:

3ab’ (14 TeV) 3ab’ (14 TeV)
e e
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* CMS FTR-18-009:
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https://cds.cern.ch/record/2649032

HL-LHC CMS physics projections shown for:

* Heavy-ions: jet quenching; nuclear PDF
constraints

* Higgs: coupling strength precision; di-Higgs
° SM: ttbar differential cross section; four tops

°* Beyond SM: Dark matter; ZZ and ttbar
resonances

° All public CMS HL-LHC physics projections:
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University of Alabama 26

Conor Henderson




Heavy Ions — Jet Quenching Projections

4 \[_ 502 TeV pp 650 pb™' + PbPb 10 nb™ 4 \[_ 502 TeV pp 650 pb™' + PbPb 10 nb™
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* Ratios for PbPb over pp collisions of the radial
distributions of DO mesons within jets, as a function

of their distance » from the jet axis
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Constraining Nuclear PDFs at HL-LHC

* Photoproduction cross section of = fsy-sstev eeeoisne’
vector mesons proportional to i o
squared gluon density

1h
O.9§

* By comparing results of Zosl
photoproduction cross section in - ;
both y+Pb and y+p, can extract 5 — esooam,p "o

information about the nuclear N R
. 107 107 107 1072
gluon density X
* Measurements from Y(1S) CMS FTR-18-027
hotoproduction will
p p Rpp(x) = (Z:b((:))) where x = \";ﬁ:,\ exp(—y). (1)

serve as important tests
. The Impulse Approximation is computed using data from the photoproduction of the vector
tO the Oretlcal mo dels meson in 7y + p scaled by the integral over the squared Pb form factor as described in [22]. The

impulse approximation calculation neglects all nuclear effects such as the expected modifica-

” tion of the gluon density in the lead nuclei d to that of th ton. A t CMS stud
that can deSCrlbe ion of the gluon density in the lead nuclei compared to that of the proton. A recen study

of coherent J/{ photoproduction has followed this procedure to estimate the nuclear gluon

the J / \|! data shadowing as reported in [14].
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Higgs Coupling Results from Run 2

35.9-137 b (13 TeV)

Conor Henderson
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CMS Di-Higgs Search Results

bbVV

Observed 78.6xSM
Expected 88.8xSM

bbbb

Observed 74.6xSM
Expected 36.9xSM

bbtt

Observed 31.4xSM
Expected 25.1xSM

bbyy

Observed 23.6xSM
Expected 18.8xSM

Combined

Observed 22.2xSM
Expected 12.8x SM

Conor Henderson

HIG-17-030

°* Combination of HH—bbyy, bbbb, bbtt, bbVV channels:
CMS

35.9 fb' (13 TeV)

gg—HH

—e— QObserved

- —- - Median expected
I 68% expected
95% expected

30 40 506070 100

6 78910
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Search for Dark Matter (FTR-18-007)
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* Exclusion sensitivity for the couplings gqg (left)
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Search for Excited Leptons (FTR-18-029)

* Excited lepton —ly,
* Analysis based on EXO-18-004

* Phase 2 Sensitivity for my.

Expected significance

Conor Henderson
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W’ — v (CMS FTR-18-030)

, 3000 fb' (14 TeV)
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W’ — v (CMS FTR-18-030)

* Selection: 0.7<p/pr™*<1.3 and Ao(p*,pr™**) > 2.4

CMS Phase-2 Simulation Prefiminary 3000.0 fo' (14 TeV

o

> 103 I b I I I I ;

o W vzl

~ 107 ] QCD multijets [ tf, tW E

g 10 [ Diboson —— my =4.0TeV ]

0 1 m,, = 6.0 TeV =

= E
107! =
102 I 1
102 1 (Based on CMS
104 = 2016 data result:
10°F = arXiv 1807.11421)

1000 2000 3000 4000 5000 6000 7000
m; (GeV)
°* CMS FTR-18-030:
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https://cds.cern.ch/record/2655312

W’ — v (CMS FTR-18-030)

* Projected discovery potential and exclusion
limits:
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W’ — v (CMS FTR-18-030)
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W’ — v (CMS EXO-17-008)

* (CMS result with 2016 dataset:

35.9 fb' (13 TeV)
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New Scalar — ZZ (CMS FTR-18-040)
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New Scalar — ZZ (CMS HIG-17-012)
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Search for ttbar Resonance (RS Gluon)

3ab' (14 TeV)
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Search for ttbar Resonance (RS Gluon
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CMS EXO Results

Overview of CMS EXO results

CMS preliminary 36-140 fb~! (8,13 TeV)
String resonance M 0.5-8.1 1912.12238; 1604.08907 (2j) 137 fb~t
Zy resonance M 0.35-4  1712.03143 (2 + 1y; 2e + 1y; 2j + 1y) 36 fb!
N Higgs y resonance M 0.72-3.25  1808.01257 (1j + 1y) 36 fb~t
2 Color Octect Scalar, kZ =1/2 M 0.5-3.7 1912.12238; 1604.08907 (2j) 137 bt
s Scalar Diquark M 0:5=7.51912.12238; 1604.08907 (2j) 137 fb~t
tt+ ¢, pseudoscalar (scalar), g2, x BR(¢-2{) > = 0.03(0.004) M 0.015-0.075 1911.04968 (3¢, = 4f) 137 fb~?t
tE + ¢, pseudoscalar (scalar), g2,, x BR(§-21) > = 0.03(0.04) M 0.108-0.34 1911.04968 (3£, = 4f) 137 b=t
quark compositeness (qd), Nuuar = Nisn Z12181111803.0803 (2j) 36 fb~!
L2 quark compositeness (££), fuar = 1 A <2011/1812.10443 (20) 36 fb~t
5% quark compositeness (¢§), N = — 1 Nimn <17.511803.0803 (2j) 36 fb~t
S’ £ quark compositeness (££), numr = — 1 A <32 1812.10443 (20) 36 fb_i
£ Excited Lepton Contact Interaction M 0.2-5.6 2001.04521 (2e + 2j) 77 fo
Excited Lepton Contact Interaction M 0:2=5.7 1 2001.04521 (2p + 2j) 77 fb~t
(axial-)vector mediator (xx), gq = 0.25, gom = 1, my =1 GeV M <1.8  1712.02345 (= 1j + EF'**) 36 fb~?
(axial-)vector mediator (g§), gq = 0.25, gom = 1, m, = 1 GeV/ M 0.5-2.8  1912.12238; 1604.08907 (2j) 137 fb~?t
scalar mediator (+t/tf), g =1, gom =1, m, =1 GeV M <0.29 1901.01553 (0, 1£ + = 3j + E}'*%) 36 fb~t
H pseudoscalar mediator (+/tf), g =1, gom = 1,my =1 GeV M <03 1901.01553 (0, 1¢ + = 3 + Ef'ss 36 fb~!
E scalar mediator (fermion portal), Ay =1, m, =1 GeV M <14 1712.02345 (= 1j + EJ's) 36 fbt
3 complex sc. med. (dark QCD), My, =5 GeV, CTx,, = 25 mm M <154 1810.10069 (4j) 36 fb~?
8 Baryonic Z', gq=0.25, gom = 1, m, = 1 GeV M <1.9 1908.01713 (h + E}'™) 36 fbt
2'—2HDM, g7 =0.8,gom = 1, tanB = 1, m, = 100 GeV M 0.5-3.2  1908.01713 (h + EJ's5) 36 fbt
Vector resonance, gq = 0.25, gom = 1, my =1 GeV. M 0.35-0.7  1911.03761 (= 3j) 18 fb~*
Leptoquark mediator, 1,B8=0.1, Ax,pm = 0.1, 800 <M, <1500 GeV M 0.3-0.6 1811.10151 (1p + 1j + EF') 77 fb~t
RPV stop to 4 quarks M 0.08-0.52 1808.03124 (2j; 4j) 36 fb!
2 RPV squark to 4 quarks M 0:1=0.72° 1806.01058 (2j) 38 fb!
3 RPV gluino to 4 quarks M 0:1=1:41" 1806.01058 (2j) 38 fb~?
RPV gluinos to 3 quarks M <1.5 | 1810.10092 (6j) 36 fb~t
ADD (jj) HLZ, ngp =3 M <12 11803.0803 (2j) 36 fb!
ADD (yy, £8) HLZ, negp =3 M <913 11812.10443 (2y, 21) 36 fb~!
" ADD Gy emission, n =2 M <9.9111712.02345 ( = 1j + EP'ss) 36 fb~t
5} ADD QBH (jj), nep = M <812111803.0803 (2j) 36 fb~t
2 ADD QBH (ep), nep = M <5.61802.01122 (ep) 36 fb~t
E RS Gl(yy), ki = 0.1 M <4.11809.00327 (2y) 36 fb~?
= RS QBH (jj), neo M <5191111803.0803 (2j) 36 fb~!
£ RS QBH (ey), nep M <356 1802.01122 (ep) 36 fb~!
“ non-rotating BH, Mo = 4 TeV, ngo M Z9171111805.06013 ( = 7j(L, y)) 36 fb~?
split-UED, pu = 4 TeV 1R 0/4=2.9"" 1803.11133 (£ + EF'=) 36 fb!
RS Gy(qd, 99), kiMp =0.1 M 0:5-2.6 | 1912.12238; 1604.08907 (2j) 137 fb~t
excited light quark (gy), fs M 1=515111711.04652 (v +j) 36 fb~!
P excited b quark, fs=f=f=1, M 1=18 1711.04652 (v +]) 36 fb~?
%—E excited light quark (gg), A=mjg M 0:556:3711912.12238; 1604.08907 (2j) 137 fb~?!
@ g excited electron, fs=f=f=1,A=m_ M 0:25-3.9 1811.03052 (y + 2e) 36 fbt
excited muon, fs=f=f=1,A=m; M 0:25=3:8 | 1811.03052 (v + 24) 36 fb?
a UMSM, |Ven|? = 1.8, Vi[> =1.8 M <12  1802.02965 (3(u, ) 36 fb~!
E; UMSM, [VenVyy|2/(|Ven|? + [Vin|?) = 1.0 M 0.02-1.6 1806.10905 (2¢, = 1j) 36 fb~t
SE Type-Ill seesaw heavy fermions, Flavor-democratic M <0.88  1911.04968 (3¢, = 41) 137 fb~t
5 Vector like taus, Doublet M 0.12-0.79  1905.10853 (3£, = 44, 24, = 1T) 77 fb~1
scalar LQ (pair prod.), coupling to 1° gen. fermions, =1 4 <1.44  1811.01197 (2e + 2j) 36 fb~t
o scalar LQ (pair prod.), coupling to 1% gen. fermions, §=0.5 M <127 181101197 (2e + 2j; e + 2j + Ef'*") 36 fb~!
f; scalar LQ (pair prod.), coupling to 2"¢ gen. fermions, B =1 M <153 1808.05082 (2u + 2j) 36 fb?!
§- scalar LQ (pair prod.), coupling to 2™ gen. fermions, B M 0.8-1.5 1811.10151 (1p + 1j + EF'™*) 77 fb~1
S scalar LQ (pair prod.), coupling to 2" gen. fermions, B M <129  1808.05082 (2j + 2j; u + 2j + EF'™*) 36 fb~!
= scalar LQ (pair prod.), coupling to 3 gen. fermions, f = M <1.02  1811.00806 (27 +2j) 36 fb~!
scalar LQ (single prod.), coup. to 3" gen. ferm., f=1,A=1 M <0.74  1806.03472 (2T +b) 36 fb!
Zp, narrow resonance M 0.0115-0.075 1912.04776 (2u) 137 b=t
2, narrow resonance M 0.11-0.2 1912.04776 (2p1) 137 b=t
SSMZ/ M 0.2-5.2 EX0-19-019 (2e, 2p) 140 fb~t
" SSM Z/(qq) M 0.5-2.9  1912.12238; 1604.08907 (2j) 137 b=t
§ Z'(qq) M 0.01-0.125 1905.10331 (1j, 1y) 36 fb1
g Superstring Z,, M 0.2-4.6  EX0-19-019 (2e, 2p) 140 fb~t
g LFV Z', BR(eu) = 10% M 0.2-4.4 1802.01122 (ep) 36 fb!
3 Leptophobic 7' M 0.05-0.45 1909.04114 (2j) 78 fb~1
z SSM W'(£v) M 0.4-5.2 1803.11133 (£ + EP's*] 36 fb~t
3 SSM W/(tv) M 0.4-41807.11421 (T + EF'™) 36 fb~!
= SSM W(qg) M 0.5-3.6  1912.12238; 1604.08907 (2j) 137 fb~t
LRSM Wg(£Ng), My, = 0.5Myy, M <44 1803.11116 (2¢ + 2j) 36 fb~!
LRSM Wa(TNg), My, = 0.5Muy, M <3.5  1811.00806 (27 + 2j) 36 bt
Axigluon, Coloron, coté =1 M 0.5-6.6 1912.12238; 1604.08907 (2j) 137 b=t
L L L
0.1 1.0 10.0
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). mass scale [TeV] LHCP 2020
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CMS EXO Results

* http://cms-results.web.cern.ch/cms-results/public-
results/publications/EXO/index.html
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