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Status of Particle Physics CMS/ !
at the LHC o

= The Higgs boson, with mass 125.09 GeV/c?, was discovered
6 years ago at the Large Hadron Collider. The presence of
the associated Higgs field explains how elementary

particles get their mass and, in some sense, “completes”
the Standard Model (SM).

= But the SM model still does not explain many of the
phenomena of our physical universe




The Standard Model Report Card |

Need for additional physics “Beyond the Standard Model (BSM)”

unstable at the TeV scale (Higgs is too light);

violated by the Baryon Asymmetry of the universe (not enough CP
violation — predicts too little matter);

No explanation for neutrino masses;

Can’ t explain why there are three generations of guarks and
leptons or their mass values (the “Flavor Problem);

The SM has no Dark Matter candidate and therefore does not
axplain _75% of the matter and energy in the universe.

For all its success on the microscopic level,
the SM cannot explain how we arrived at
the universe that exists today.

GRADE = INCOMPLETE

Berkeley Cosmology group



What is next? N

There are still strong reasons why some of the missing pieces should
appear at the TeV or “Tera” scale, accessible at the LHC.

There are many ideas, theories, and models about what BSM physics
will look like but there no clear guidance on the best place to look and
the “right” place may not even be in our current menu

A broad attack on many fronts is necessary

We have three basic tools for exploring this large, as yet largely
uncharted, territory

Studying the properties of the the Higgs that, through its coupling
directly to MASS, can make contact with hidden sectors that are
invisible to us otherwise

Looking for deviations from the precise predictions of the SM
Searching directly for new particles and new forces

All three strategies require more statistics, for which particle physics
has a plan based on the extraordinary capabilities of the LHC




LHC and CMS Performance at
13 TeV in 2016-2018 a.k.a. LHC Run 2
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LHC has produced 3 years of sustained high luminosity that is expected to result in >150 fb-! at 13

TeV by the end of the 2018 run

. It has exceeded peak DESIGN Luminosity by a factor of 2!
* 2018 maximum peak lumi ~2x103*cm2 s* with mean pileup ~ 38
LHC has much higher availability than expected, >50% of the time in stable operation

Rapid turn-around between fills (5 hours typical, 2 hours record)

CMS HAS HAD TO EVOLVE TO KEEP UP--- PHASE 1 UPGRADE




CMS Evolution in 2016/17/18

CMS Design

= Very large solenoid -
6m diameter x 13 m long
= Tracking and calorimetry fit
inside
= Very strong field — 3.8T
= Excellent momentum :
resolution w7

~— Si strip Tracker

Electromagnetic Calorimeter
2018: New DAQ links

= Chambers.in the returniron '
f h Pixel Tracker /
traCk and |dent|fy muons, 2018: replaced DCDC converters %
leading to a very compact and 6 modules / :
2017: new detector with 4 layers Hadron Endcap Calorimeter

2018: Upgraded HPDs—SiPMs in Endcaps

system
” 2017: Upgraded HPDs—SiPMs in one 20° readout

= A lead tungstate crystal
calorimeter (~76K crystals) for
photon and_ electron
reconstruction

= Hadron calorimeters for jet and
missing E, reconstruction to n~5

® Charged Particle Tracking with
all-silicon components
® Asilicon pixel detector out to
radius ~ 20 cm Muon Detectors
= Asilicon microstrip detector  assie e e 00
from there outto 1.1 m
= Weight, dominated by steel, is
14,000 Tonnes

Run1: 3 layers
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Evolution/Improvement of CMS
Analysis Techniques e

HCAL
Clusters

mmt i [ detector

Boosted Jets, Jet Substructure

Particle Flow

Particle Flow uses all available information to reconstruct physics objects, e.g.
charged track momenta in jets

= produces a big improvement in jet energy resolution, Tau identification, and
helps with high pileup
PUPPI (Pileup per proton interaction) is a special tool to deal with high pileup

Use of multivariate analysis techniques tomaximize power of available statistics
mBl Pervasive in Run 2!
Boosted jet topologies and jet substructure analysis

Use of Deep Neural Nets/Machine Learning




Recent Physics Results
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Publication Status N

CMS

N

‘Compact Muon Solenoid

776 physics papers submitted in
ten categories —

http://cms-results.web.cern.ch/cms-
results/public-results/publications-vs-time/
More than 25 new results released for 2018 end-
of-summer conferences

It is not practical in this talk to try to summarize
even this summer’s papers, let alone put them
in context.

I will discuss a few highlights from Higgs, Top,
and B physics and Searches (SUSY, Exotics)

Showall  Total Exotica Standard Model Supersymmetry Higgs Top Physics

Heavy lon B Physics Forward Physics

776 collider data papers submitted as of 2018-07-17
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Recent Physics Results - 1

Higgs

13



‘Compact Muon Solenoid

Higgs Refresher [

There are four basic production >
modes

There are 6 basic decays into
vector bosons, quarks, and Ieptoﬁ\i* 5
An analysis typically targets some

combination of these based on

their sensitivity

Signal to background, ability to
trigger are key features (smaller

¥ Zy
023% g15%

BRs, yy and 4leptons (u,e), were = o xBR
the discovery channels (o X BR)sm
N blished” . ggF VBF VH ttH
Established” Properties T P .
= Mass: 125.09 £ 0.21 £0.11 GeV H-vyy o . . .
] Spin: 0 H—=WW . ] . .
H—bb . . .
= Width: <1 GeV (direct); <0.013 GeV (indirect) - . . .
* Coupling strength of various processes, including H—up . .
ttH H—inv o . .
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Observation of H 2 Tt using

7, 8, and 13 (2016 only)

TeV data j\

CMS.

‘Compact Muon Solenoid

/
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PLB 779 (2018) 283 A

= Branching ratio = 6.3%, best channel to establish coupling of Higgs boson to fermions

* Final states: 7,7}, eT,, UT,, el = Significance of 4.90 observed (4.70 expected) with13 TeV data

= Combination with 7, 8 TeV data: 5.90 obs. (5.90 exp.) and p=0.98 + 0.18

First direct observation by a single experiment of
H coupling to fermions!
— Observed before in CMS+ATLAS combination

First direct observation of H coupling to leptons and to
fermions of the 3rd generation!
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35917 (13 TeV)
T

Oet
pom

EODS‘HBE_
W

VBF
et i

Combined
109 ‘n“??s’

n=1.09

2
Best fit p = GIGSM

ighted events / GeV

we

S/(S+B)

35.9 b (13 TeV)

B e
tCMS =
1600~
1400} ¢~ Ovserved £y
[ Heore (umt.08)
1200z
B I woien -
1000f-  acO mutet
[ Others
[ | Bkg.
800 [lew e 0 50 100150200250 300
o GeV
6001~ —e O-jet: T, i {GeY)
s gl VEF: 1T,
400 = Boosted: 7,1, ut,, ex,, eu
200}

150 200 250 300
m,, (GeV)

35911 (13 TeV)

10*

10°

10?

10

1

CMS

—&— (Obs. - bkg.)/bkg.
—— (H-t1)/bkg.
Bkg. unc./bkg.

SO0D o
SR RN OY Y-

+ Observed §T,

L

ey — H—11 (1=1.09)

PRI EERTTT BERETTT MERTIT MERETT BERTIT BT

Bkg. unc.

107"

3

-25 -2 -15 -1 -0.5 0
log, (S/(S+8))

15


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-043/index.html
https://arxiv.org/abs/1708.00373

ttH S

Phys. Rev. Lett. 120, 231801— || <<

Published 4 June 2018 =\

i )
q t

Higgs is too light to decay .~

into two tops ~H

q T

Signature is production of two top quarks and a Higgs
= The top is observed its its decay to Wb with the W decaying leptonically or hadronically

= The analysis uses Higgs decays to bottom-quark-anti quark pair, a t*t, vy, WW* and 7Z*
(various quark and multi-lepton channels)

= Hadronic t decays, 1, are used

= Atotal of 88 different event topologies, consisting of leptons, photons and jets, are combined
to get the result

= Use of Deep Neural Nets is pervasive
Main systematic uncertainties are
= Experimental: lepton and b jet identification efficiencies; t, and jet energy scales

=  Theory on background calculations: modelling uncertainties in tt production in association with
aWorZora pairof b or cjets

= Theory on signal calculations: effect of higher order corrections on ttH cross sections and
uncertainty in proton PDFs

The yy and ZZ* states limited by statistics; H=> bb and H->leptons by systematics

16



ttH: 7,8, and13 TeV Combined  [CM><
5.1 fb! (7 TeV)+19.7 fb! (8 TeV) + 35.9 fb1 (13 TeV) ? -

‘Compact Muon Solenoid
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@® Observed
CMS 1 (stat @ syst)
- . e 1o (syst)
- H —— +20 (stat @ syst)
tHH{WW™) _'*'_
ttH(ZZ") L o
HH(yY) -—-—_
ﬁH(‘L‘*T)
ttH(bb) ————
7+8 TeV
13 Tev —eo—
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s Ve b b b e b b e
-1 0 1 2 3 4 5 6 m 7
tiH

Best fit value of the signal strength modifier for (upper
section) the five individual decay channels considered,
(middle section) the combined result for 7+8 TeV alone
and for 13TeV alone, and (lower section) the overall
combined result.

17



A ttH "Candidate” event .

act Muon Solenoid

pp — ttH

| I—» 1T — € +Vet+V +Th*+V,
bW-— b+p+vp

bW+—> b+q+q jet
u-
b-jet
»,

jet ‘ v 4

This is only a “candidate” since we have backgrounds
= However, we are beginning to see excesses of such events

This example links the heaviest bosons and quarks (H, W, Top, b) and the heaviest lepton (t),
to some of the lightest quarks and leptons, including all three flavors of neutrinos.

18



MS,

CMS, /|
Higgs = bb B

HIG-18-016 |+

AN |

&

This has the biggest branching fraction

However, there is MASSIVE bb background from QCD processes, ~103 times the signal in
this mass region

Must choose a weak interaction production mode to reduce hadronic backgrounds
(QCD multijet, top)

Signal is a di-jet mass enhancement which has many challenges
Unlike H>t*t and ttH, we needed the 2017 data to bring its observation within reach
State expected to contribute the most V(W—>/v,Z>1,Z-> vv) H(bb)

» Three channels: 2, 1, 0 leptons (lepton = muon or electron)
Require Vector boson to be back-to-back w.r.t. the bb system
Several Improvements for 2017 analysis, including heavy reliance on DNNs, DEEPCSV
Analysis validated using VZ(bb)

bjet Z(“)H(bb) b-jet ‘ W(I;g_:-l(bb) ‘ b-jet ‘ Z(vv)H(bb)
MET ~*"*re.
iso. lepton iso. lepton b

19



On 28 August 2018, two of the experiments at the CERN’s Large Hadron
Collider (LHC), ATLAS and CMS, reported independently observation of . ’
Higgs boson decay to bottom quarks | 4rXjv:1808.08242, Submitted to PRL

Dijet invariant mass distribution in all channels

Observation of Higgs boson decay to bottom quarks

combined in the 2016 and 2017 data

S/(S+B) weighted entries

77217 (13 TeV)

1000

500

- CMS

Signal strength with its 10 systematic (red) and
total (blue) uncertainties for the five individual
production modes

¢ Data
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7] S+B uncertainty

Significance

is5.6c

ggF
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CMS
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stat  syst
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Hi = 0i/0iSM

—
WH .-
-

ZH 0.88 £0.24 £ 0.16

Combined . 1,04 +0,14+0.14
| 1 1 1 L 1 L I

0 1 2 3 4 5 6 7 8 9
Best fit u

With this observation of the Higgs boson coupling to the bottom quark, together with
earlier observations of the Higgs coupling to the top quark and the tau lepton (to all
three of the heaviest known fermions), the CMS physics program to characterise and
more fully understand the Higgs boson has taken another important step.



Higgs 2 pu-

CMS-HIG-17-019

CMs, |

\ i

T . \\ S
N

= Best chance at measuring a coupling to a second generation fermion,
even though branching fraction (BR) ~ 2.2x10*, about 1/10 of vy.

= CMS has looked for this in 7,8, and 13 TeV (2016 only) data
= Current 95% CL upper limit on BR is 5.7x10%, 2.64 (observed) vs 1.89

(expected)
x10° 359 (13 TeV)
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g 8 | S4B fit
‘;3 6L B B component+1s.d.(2sd.)
c
Z 4 3
g of
£ 1
% 0 3 | L 1 1 L 1 1
=
— 200 B compenent subtracted
& . b bt !4 b b
= [a ] i
a—200 { H * i
110 115 120 125 130 135 140 145 150
m,, [GeV]

95% CL Limit on o/ag,,

501" (7 TeV) + 19.81b™ (8 TeV) + 35.9 1b™ (13 TeV)

CMS Preliminary

= N W s 0B N O ©

—=— Observed

- ---- Expected background only

.-
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Higgs Combination:

‘Compact Muon Solenoid

[ ) \\
Signal Strengths e
i )
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VBF i )
: W — 359 bt
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HH :
Significance: i
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Despite progress, there is still room for new physics and we have reduce systematic uncertainties
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Recent Physics Results

Top
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Top Pair Cross Sections S Xl
p i
V/a
W )
—_ l T T T I T T T I T T T I T T T I T T T I T T T
2 i ZEﬁé‘&‘il;&?ﬁ’l?&ié%ﬂi%‘(ts2784";2,) ATLAS+CMS Preliminary My 2018 | CMS: 835 + 33 pb
S . et T sy LHCtop WG
= 3| m ATLASeu8TeV(L=2021b") .
5 10° s SRERIVLCIERY | oo —— Theory: 816 +42 pb
w - m ATLASeu13TeV (L= 32fb) -
a A S e ] . . P
g [ & M i e 1 Top pair rate is > 10 Hz, enabling us to
o - é CMS;HeJlests 139Te§/(L 25317 900 - . .
= Preeminey ; address much more precise questions
102 — . .
§ o S 800F 13 * Single, double, and triple
2 - 700E 11 differential cross sections
L g NNLO+NNLL (pp) _
== NNLO+NNLL (pp) M ® Rare (FCNC) decays
10 — Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 \/E[TeV] — . . . .
= NNPDF3.0, m,_ = 1725 GeV, 1 (M.) = 0.118 = 0001 E * CPviolation (a beginning)
C I N TR S BRI T .
2 4 6 8 10 *  Width and more complex methods

for measuring the mass

Factory Cross Luminosity
Section (nb) (cm-2s1) Top pair production at 13 TeV CM
energy is mainly (80%) produced by
B(KEKb)  Bottom  1.15(Y(4S)) 2.11x10% gluons, providing important
LHC Top 0.82 (incl t-t) 2.01x1034 information on the gluon distribution

at relatively high x;, up to ~0.25
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Single To Y
g P <
= X
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A )\
T [ ATLAS+CMS Preliminary
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O Q NNPDF3.1
CT14 E
Precise measurement of t-channel single top cross sections and ratio of R,_, ABMP16
of t* to t- production (more u-quarks than d- quarks)
* R, = 1.65+0.02 (stat) + 0.04 (syst). MMHT2014 :
Total single top cross section = 219.0 pb + 1.5 (stat) + 33.0 (syst) HERAPDF2.0
the absolute value of the CKM matrix element V,, is determined to be PN PRI EPSPAINEPRPINL S & I B o
14 145 15 155 16 185 1.7 175 1.8

1.00 + 0.05 (exp) + 0.02 (theo).

TOP-17-011

Ricn.=0pen, /O

t-ch.. T
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Top Differential Cross sections

‘Compact Muon Solenoid

CMS Preliminary 3591 (13 TeV)
T T ™

CMS Preliminary 359 1b" (13 TeV)
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Figure 20: The differential tf production cross sections as a function of p are shown. The left
and right columns correspond to absolute and normalised measurements, respectively. The
upper row corresponds to measurements at parton level in the full phase space and the lower
row to particle level in a fiducial phase space. The lower panel in each plot shows the ratio of
the theoretical prediction to the data.
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Top Mass

‘Compact Muon Solenoid

” 2017 CMS Preliminary March 2018
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arXiv:1407.2682 (2014)
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“classic” methods

Alternative methods

= “Standard methods” are all systematics-limited!

= Alternative methods are not as accurate now, but will become so and we hope the one or
more will have ultimately more favorable systematics

= Need to do better to address issues like stability of the EW vacuum

CMS-PAS-TOP-17-008

Events / 5 GeV
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COVS s, 35.9 b (13 TeV)
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CMS all-iet

400

172.34 +0.20 (stat+JSF)

10.76 (syst) GeV
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Top gallery
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Top in Association with ay

CERN-EP-2018-206
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An excess is observed, with a significance of 4.4 standard
deviations. A fiducial cross section is measured for photons
with P> 25 GeV

B(t—=>pvb)o(tyj)= 115 + 17 (stat) +33-27 (syst) fb,

which agrees with the standard model prediction.

pPb (174 nb™, {5y, = 8.16 TeV) pPb (174 nb”, {5, = 8.16 TeV)
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Rare, FC Top Decays

LHCtopWG

May 2018

Each limit assumes that
all other processes are zero

ATLAS+CMS Preliminary s5%CL upper limits <@ ATLAS <—@ CMS

[1] arXiv:1805.08483, sub. to PRD [2] JHEP 02 (2017) 079
[8] arXiv:1712.02399, sub. to JHEP [4] JHEP 04 (2016) 035
[5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
[7] arXiv:1803.09823, sub. to JHEP [8] CMS-PAS-TOP-17-017
81 JHEP 07 (2017) 003
Theory predictions
from arXiv:1311.2028
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Branching ratio

Even with full LHC data, none will reach SM expectations
but some will reach level predicted

by some BSM models
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Recent Physics Results

B Physics
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Angular Distribution of FCNC Decay
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Consistent with previous measurements
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and various SM calculations
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CMS, |
° ° H
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I
b2 bl B
A 1T
A bump at mass ~10520 MeV was discovered by ATLAS in 2011 through its decay r [ o ]
to Y(1S)y (where y is observed by reconstructing an e*e” conversion) and was 12001 M"’li - ol —
identified with the y,(3P) states [ cms = ‘ re
= Three such states are expected with J=0,1,and 2, with the latter two [ PR | -
expected to have large branching fractions to photons. They are expected 3 [Leeow’ & seoo- 10250 op e
to be separated by ~10 MeV in mass. = f0op A ’
This bottomonium state is closest to the continuum and could mix with states SO ‘} [ f
that are just above g oo ' e
= Jtisanalogous to the X(3872) in charmonium whose exact nature is still not @ w00l i, 7,(2P) R
pinned down i H A
CMS revisited this with the full 2015-2012 dataset of 80 fb! 200|- g‘@,},’.ﬁﬁﬁ %ﬁw&wj \ %@ "
= Studying specifically s o MW
" %(3p)2Y(3S)y2>Y(up)y (y>ete-) 0 938 oz 106
=  There are fewer Y(3S) but the small photon energy can be measured Y(nS) y invariant mass (GeV)
with excellent resolution by the CMS spectrometer with its 3.8T r
field and can provide the needed resolution 100 ’_CMS
s=13TeV

= 2.2MeV resolution agi L=800fb"

The two y,,(3p) states are clearly resolved z
f, sol — Totlfit
E [ - Signaly, (GP)
Mass Difference: AM = 10.6 + 0.64 (stat) + 0.17 (syst) MeV R

(more consistent with NRQCD than coupling to the continuum)

Masses of the two states: . 4 ‘
M, = 10513.42 * 0.41(stat) + 0.18 (syst) MeV 1ot 4005 s 108
M, = 10524.02 + 0.57(stat) + 0.18 (syst) MeV YESY nvariant mass (GeY)

20
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Recent Physics Results

Searches
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Search for New Physics with CMS

In 2018 JINR CMS group concentrated on data processing and analysis
@ 13 TeV within few selected physics topics

~ O studies of Drell-Yan pair production to verify the Standard Model predictions |
energy region
U searches for signals of new physics beyond the SM: new resonance states in dimuon
channel and TeV-scale gravity in multiparticle production

36.3 b (13 TeV)

> T T T N T
D - I
e iz CMS T 10 Obs. 65% CL i = Extra gauge bosons
i ff, tW, WW, WZ, ZZ, —y ==+ Exp. 95% CL limit, median s T
% 10° Edets “ N o o - mass limits:
@ 1 —Z,(-3TeV) 3 Yo —m 13.9-45TeV
1 - —5% 10% -

wn Ziggy (Widih 2.97%) =

JHEP 06 (2018) 120

. — 27, (width 0.53%)

KK-graviton mass
limits: 2.1 — 4.25 TeV

sl . R R B N
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N e E B 35.9 b7 (13 TeV, ee) + 36.3 fo' (13 TeV, p*y)

:.O bt E N 10 T T T E

g 05 e 'm = —— Obs. 95% GL limit g

& —Vgofoo 200 300 606 2000 L +++= Exp, 95% CL limit, median -

] m(pu-) [GeV] £10° I Exo. (68%) E

g [ ] Exp. (95%) 1

In channel with high-multiplicity final states semiclassical e G_KKK‘,E’;;_?_;

black holes with minimum masses as high as 10.1 TeV b :

and string balls with masses as high as 9.5 TeV are 107 3
excluded by this search. | 5rxiy:1805.06013, Submitted to JHEP .
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Search for Low-mass Resonances with CMS

In 2018 JINR CMS group also contributed in search for resonances inthe | >
\

mass spectrum of muon pairs produced in association with b quark jets
O an excess of events above the background near a dimuon mass of 28 GeV is

O
<
Z

observed in the 8 TeV data, corresponding to local significances up to 4.2c and
2.90 for two mutually exclusive
b-quark event categories

U similar analysis conducted with the 13 TeV
data results: in the first event category
corresponding to a local significance of
2.00, while the second category results in S

aldo . )
The fiducial cross section and 95% confidence

level upper limits

CMS 19.7 b (8 TeV) and 35.9 fb™' (13 TeV)
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arXiv:1808.01890. Submitted to JHEP
In the lack of a realistic signal model, the 13 TeV results
are not sufficient to make a definitive statement about the
origin of the 8 TeV excess. Therefore, more data and
additional theoretical input are both required to fully

understand the results presented in this paper.




Light Z’ Boson with CMS/
Lu-Lt Gauge Symmetry -

‘Compact Muon Solenoid

=  Since this 2’ couples (only) to second- and third-generation
leptons (p, v, tand v,), it can be produced from one of the
muons in Z-decays, and using its decay Z’=> p*u-, might
appear as a dimuon mass bump in 4 muon final states.

CERN-EP-2018-208
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Supersymmetry N

Reality at start of 2018 run: So far, SUSY is a “no

show”. Why?

* Maybe heavier than we thought

* Maybe more devious/obscure than we
thought

* Maybe it does not cure all

* Coverage for RP-violating and long-lived
particles not as complete

* Maybe just another great idea that nature did
not choose to follow

Retrospective:

. Great theory — could solve three problems at once

. In 2010, many thought SUSY would be seen soon
after startup- 100 pb?

. Expected to be first major LHC discovery- before
even the Higgs!

§
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Limits on stop pairs to 2 tops Limits on squark pairs to 2 quarks
= B Monond 2017 PP = % Monora 2017 L] epsaony
3591 (13TeV) gm’ 3B (13TeV) | E 4 CMS Prsminary 3891 (13 TeV)
e e - S 0o ~5US16:090.2158 + 0 W) Eroncng
sommid € € s “SUSrmom o i o
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(
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Limits on chargino-neutralino Limits on chargino-neutralino pair Limits on chargino-neutralino pair
pair production production with decays via sleptons production with decays via W/Z/H

Many good ideas being explored. Still a vibrant area of research in CMS

‘Compact Muon Solenoid




Long-Lived Particles

O
<
Z

Many BSM models have long-lived particles
/displaced vertices. Some of these can be
observed by special searches, usually with
special triggers

displaced

----- neutral HSCP W BSM
— charged vertex M lepton
e 2Ny charge M quark
\ e photon
. W anything
displaced 4& ) : ‘;1 d\sappesnng
conversion N} " At frae
e, ' "?. )
""" .: Y ‘.'... -
ot < Direct
o i pY Searches
displaced v
photon ‘:’ N
Indirect \
Searches Not pictured:
displaced displaced Stopped HSCP
=1 n let lepton

JHEP 05 (2018) 127

» Search for stopped long-lived particles

using full 2015 and 2016 data

 Signature is a high energy jet in
the calorimeter out of time with
collisions

* gluinos with lifetimes from 10 pus
to 1000s and mgluino< 1379 GeV
are excluded.

* Top squarks with lifetimes from
10 ps to 1000s and mstop < 740
GeV are excluded

EXO/SUSY searches shifting to different topologies, lower mass, longer-lived particles and will
continue to look in new places. Triggering on unusual states will be a challenge.
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The Future: CMS HL-LHC Upgrade
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The LHC Luminosity Plan :

LHC HL-LHC

LSt EYETS
—— EVETS] 14 TeV 14 Tev

energy
splice consolidation sl cryol gég\z'l;l
imit -
7 TeV 8 TeV button collimators TDIS abso interaction . HL EH(,: lummosuy
tm———— R2E project 11T dipole & collimator regions ir !

Civil Eng. P1-P5 F—

2019

2012 2013 2016

ATLAS - CMS radiation
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes 2 x nom. luminosity 2.5 x nominal lumingsity upgrade phase 2
nominal luminosity PE— ALICE - LHCb
upgrade
150 b | (300 b | 3000 1" IR
x5 Runl X2 Run2 x10 Run3
3% LHC Status 3000fbh-1

Iz
/ “ Running /

Luminosity so far Luminosity after HL-LHC
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CMS Phase-2 upgrade scope |

L1-Trigger/HLT/DAQ
https://cds.cern.ch/record/2283192
https://cds.cern.ch/record/2283193

 Tracks in L1-Trigger at 40 MHz for 750 kHz

PFlow-like selection rate
* HLT output 7.5 kHz

Calorimeter Endcap\> ) \\

https://cds.cern.ch/record/2293646

+ Si, Scint+SiPM in Pb-W-8

» 3D shower topology with N\,
precise timing

Tracker https:/cds.cern.chirecord/2272264

+ Si-Strip and Pixels increased granularity
+ Design for tracking in L1-Trigger

» Extended coverageton = 3.8

TDR, interim TDR and TP references)

Barrel Calorimeters
https://cds.cern.ch/record/2283187

voldl girdimuld vV T1edloul dl 4

MHz with precise timing for e/y at 30 GeV
« ECAL and HCAL new Back-End boards

Muon systems
https://cds.cern.ch/record/2283189

* DT & CSC new FE/BE readout
* New GEM/RPC1.6<n<24

» Extended coverage ton =3

Beam Radiation Instr.
and Luminosity, and
Common Systems

L ~ and Infrastructure

https://cds.cern.ch/record/2020886

MIP Timing Detector
https://cds.cern.ch/record/2296612

» =~ 30 ps resolution
+ Barrel layer: Crystals + SiPMs
* Endcap layer: Low Gain Avalanche Diodes
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Summary e
B
‘\\i\k\ \\ \\

Both the LHC and the CMS detector performed wel
in Run 2(2016-2018)

* The two year shutdown in 2019/20 should give us
time to progress on analysis.

= All experimental results are in good agreement
with SM predictions by now

= Observation of 3d generation couplings achieved

Now the LHC is running at 13 TeV (14 TeV after
2020) with high luminosity and availability, our
discovery potential is great.

Today we have of order <5% of the ultimate LHC
data in hand ( HL-LHC)

We are expecting many new results!
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Higgs Yukawa Couplings N

‘Compact Muon Solenoid

= Liberally borrowing from talk by Gavin Salam at
LHCP 2018
=  Higgs doublet gives mass to vector gauge bosons
=  The Higgs Yukawa interaction is a highly
motivated conjecture to give mass to the
fermions
= But no such term ever before seen
=  Not probed in any EW precision test
= |ndirect support for it through strong
production of Higgs bosons via top loops
= Could also be non-BSM contributions in such 2 .
loops 1-'2‘?{ JV/(@)
= Observation is difficult

= Expect to see first in 37 generation particles
since coupling is largest but they decay in
complicated modes and there are large
backgrounds from other SM processes

Over the last several years, CMS has worked hard to establish at
the level of “observation” the Yukawa couplings to the heaviest
fermions, the t-lepton, the Top quark, and the b-quark. Together with similar

results from ATLAS, over the last year we have now jointly established the Yukawa

coupling to third generation quarks and leptons and are entering the era of
detailed measurement.
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High Mass e*e" Resonance Search |

|
.. i e S 773 1b"' (13 TeV, ee) + 36.3 b (13 TeV, o>
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New Ideas in Dark Matter —
Search for Emergent Jets

‘Compact Muon Solenoid

CMS Prefiminary 161 1" (13 Tev)

Ss, N q ’E‘ m. GeV
. £ Expected limit
< r
£ | Observed limit
o

L
a A 1
Figure 1: Feynman diagrams for pair production of mediator particles, with mediator decay to
a quark and a dark quark in the BSSW model via (left) gluon fusion and (right) quark-antiquark 10
annihilation.

1
400 600 800 1000 1200 1400 1600 1800 2000

my, [GeV]
CcMS 16.1 o (13 TeV)
Displaced Di-Jet T GeV :
IS Expected limit
_'“ Expected limit = 1o
. . . . & — Observe
many compelling models of new physics contain a dark matter candidate o

that has interactions with quarks.

In one class of models, new fermions (dark quarks), Qg, are charged
under a new force in the dark sector that has confining properties similar
to quantum chromodynamics (QCD) but are not charged under the 10
forces of the standard model (SM) [2, 3]. The mediator Xd is a complex
scalar.

The dark quark jets contain many displaced vertices arising from the
decays of the dark pions produced in the dark parton shower and

1 s
400 600 800 1000 1200 1400 1600 1800 2000

my, [GeV]

10°

10%

95% C.L. upper limit on cross section [fb]

95% C.L. upper limit on cross section [fb]

CMS_Preliminary 161" (13 Tev)

10° &
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1
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Figure 6: Signal exclusion curves derived from theory-predicted cross sections and upper limits

fragmentation. For models with dark hadron decay lengths comparable at95% CL on the signal cross section for models with dark pion mass 11, = 1,2, 5, and 10GeV.

to the size of the detector, there can also be significant missing
transverse momentum (pmiss).

The main background to this signature is T SM four-jet production,
especially jets with b-quarks
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MIP Precision Timing Detector =

© 200 pileup collisions

= Simulawd Vericss
= 3D Reconatructed Varticss

(CMSSW

1412

04

PR R S T RIS R R T REET - il B S I e B
-15 -10

SR
+— ScmAMS — 10

1CMS Simulation preliminary 13 TeV

& F o [
6 09: tt. event tracks ?:)l:;faﬂ
g O.8§ p|>09G§;V
7B 3 07 semmwmo
“VBEH A 1T in 200 p-p collisions T s TSR B RIS
o ‘
Time of flight precision = 30 ps, Inl< 3, p; > 0.7 GeV g g:
(] O A A
“Provide a factor 4-5 effective pile-up reduction” 2 oo e e
. > 1 [ ]
* ~15% merged vertices reduce to =~ 1.5% S T M
. . . S 0O 020406081121416182
* Low pileup track purity of vertices recovered g Density (events/mim)

e All showers timed to 30 ps in calorimeters
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Bold Aspects of CMS Upgrade for HL- |CM>
LHC e

= Tracking information in “L1 track-trigger”

= Tracker is designed to enable finding of all tracks with P;>~2
GeV in under 4 us.

= Tracker is AGAIN ALL SILICON but now with much higher
granularity, and extends to [n| =4

= >2 billion pixels and strips
= High Granularity Endcap Calorimeters

= Sampling of EM-showers every ~1A _, (28 samples) with small
silicon pixels and then every ~0.35A_, (24 samples) with
combination of silicon pixels and scintillator to map full 3-
dimensional development of all showers (¥6M channels in all)

= Precision timing of all objects, including single charged tracks,
provides a 4t dimension to CMS object reconstruction to combat
pileup (~200K sensors in barrel section)

Goal: Be as efficient, and with low background/fake-rate, at 200-250 pileup
as we are today, and with extended acceptance
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