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Outline

- Highlights from operations and detector performance

- Physics highlights
- A few selected topics
- With apologies to all the topics | will not cover in this presentation

- Phase-2 Upgrades
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CMS Detector Evolution
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3 slightly different detectors in 3 years

i %1?%% ~ One more challenge for multi-year analysis
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' Pixel Tracker

2018: replaced DCDC converters
and 6 modules 72
2017: new detector with 4 layers
Run1: 3 layers

| Electromagnetic Calorimeter
2018 New DAQ links

Hadron Endcap Calorimeter
2018 Upgraded HPDs—SiPMs in Endcaps
2017 Upgraded HPDs—SiPMs in one 20° readout

EW /A .
/ / Hadron Forward Calorimeter

Muon Detectors ' -
ant tlb&s (VME — pT ROS)

Shahram Rahatlou, Roma Sapienza & INFN



CMS

End of Protons Physics Run Il

The last proton beams of LHC Run 2 were dumped Wednesday Oct 24 at 6 AM CET,
marking the end of a very successful data taking period.

LHC Pagel Fill: 7334 E: 6499 GeV t(SB): 13:25:25 24-10-18 06:02:40

PROTON PHYSICS: BEAM DUMP
: 6499 GeV 1.64e+09 I(B2): 3.83e+08

BTVDD.689339.B1 Updated: 06:01:33 BTVDD.629339.82 Updated: 06:01:33

BIS status and SMP flags Bl B2
Comments (24-0ct-2018 06:02:15) Link Status of Beam Permits | true W true |
End of Protons Physics Run Il Global Beam Permit

Setup Beam

MD4 block starting

Beam Presence
Moveable Devices Allowed In [ true | true |

** No meeting Wednesday morning ** Stable Beams

AFS: 25ns_2556b_2544_2215_2332_144bpi_20injV3 PM Status B1 PM Status B2
In the coming weeks, the LHC will be accelerating and colliding heavy ions

In December LHC will be shut down until 2021.




= CMS Luminosity

- Integrated luminosity delivered in 2018 ~68 fb-"
- (above the expected 60 fb-1)

- Excellent performance of LHC and of CMS

- LHC goal of 150 fb-" in Run 2 reached several weeks before the
start of the Heavy lons program (Many thanks to the LHC team)

- Excellent and stable performance of subdetectors

- CMS operations teams managed to achieve almost 95% data
taking efficiency in an extraordinary effort.
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—— Quality of data

- CMS is taking excellent quality data, including several special runs
- VdM scans, 90m beta* CMS-TOTEM joint run, Low PU run (HI run is coming very soon)

- DC/DC converters, failure mode understood as

CMS Prehmmary 2018 I5=13 TeV
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—— Evolution/Improvement of Analysis Techniques

ECAL low Pt

Clustérs
Tracks
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Particle Flow Boosted Jets, Jet Substructure

- 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 to maximiz@mmxaﬂamg_ﬂali‘stics
- Use of Deep Neural Nets/Machine Learning «— Pervasive in Run 2!

- Boosted jet topologies and jet substructure analysis




PHYSICS HIGHLIGHTS

A few selections...

[ [ :
m N , Oct 2018
g prilarain, Oc



éMS . . Exotica
—— Publications Status standard mode
- As of oct 15, CMS has submitted its 809 paper G eice
for publication _ Heavy lon

| Beyond 2 Generations
1 B physics
Forward physics

- Includes detector paper & performance papers in the
past 93 months since Jan 2010.

- Staggering publication rate: ~7.8/month, 92/year
- plus additional 25 papers based on non-collision data

- No sign of slowing!
144+ papers in past year
- ~12/month

The full list, including links to all individual papers:

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

- The timeline, split by physics topics:
- http://cms-results.web.cern.ch/cms-results/public-
results/publications-vs-time/

»Narain, Oct 2018
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HIGGS PHYSICS

electron

positron




—— Higgs Yukawa Couplings S o

- Higgs couplings to heavy fermions

pt (b-jet)
. wiz = 98Gev
Channel Date q -
o P (e_) =
H>TT May 2017 \ = VE GeV
q kN H pp—ZH / ,
pp->ttH Apr 2018 ] I_':'":E pr(e+) =
- 224 GeV
H->bb, pp=>VH Aug 2018 8222’:;%?33:”&5%; 20 43:16:45 2017 CDT
Run/Event: 301472 / 634226645
Lumi section: 664 HIG-18-016, arXiv:1808.08242,
. _ _ . accepted PRL
- With the “observation” of the Higgs couplings to the
-lepton, the Top quark, and the b-quark, we havde 1
now established the Yukawa couplings to the 3" L = F.. FHY 1 s
: ! . = —— wpD
Generation charged fermions and are entering the 4= H¥ +iwpDy
era of detailed measurement. D 62— V(H
- This is a great success of the LHC and the +| /1'¢| o ( )
experiments

- This was accomplished much earlier than expected
because of the outstanding performance of the LHC and to
the new highly refined analysis techniques

= Narain, Oct 2018




HIG-18-016.
CMS arXiv:1808.08242,

\\ . : \ VH ebb in 201 7 data PRL Ph121 (2018) 121801

- Improved sensitivity by 5-10% w.r.t. 2016 analysis

- new pixel detector, better b-jet identification, energy regression for b jets, use of deep neural
networks and S/B discrimination DNN b-tagger, kinematic fit in 2¢ channel

- Signal/background discrimination w/ DNN based on:
- b-jet properties, jet kinematics, event topology
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[ Z(>ee) iy R
05_H(9bb) ;Ail _Jﬂ;{ 'x\".\ \‘{_ ] 2
! X . m 15 b
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A A~—A _ : A ;@{ﬂ' '§’ oy é 1 o=~ ntr® B s = “”YXY_W_@% %
O = ola koA a0 0 = i L 0_5 frppe e gy i 8
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—— Observation of Hbb

Combine 2017 VH->bb with 2016+Run1

51" (7 TeV) + 19.8 fb' (8 TeV) + 77.2 b (13 TeV)

HIG-18-016,
arXiv:1808.08242,
PRL Ph121 (2018) 121801

Combine VH with other production modes

<51fb"(7TeV) +<19.8fb" (8 TeV) + <77.2fb" (13 TeV)

CMS B ° J(r)bserved CMS e Observed
VH, H—bb — +10 (stat @ syst) Hosbb — 110 (Stat ® syst)
..... 2016 = +1G (SYSt)
5 —_— i?;zsyst) : stat  syst
! 9gF ; 2.80 +2.08 + 1.30
Run 2 — .- 1.06 + 0.20 (stat) + 0.17 (syst) §
2016 RS S 119+ 0.39 VBF  —e——— 253+0.98+1.17
B — ” ..... e ttH — 0.85 +0.23 +0.37
Run 1 — . — 0.89 + 0.38 (stat) + 0.24 (syst) - : 240264024
ZH | - 0.88 +0.24 + 0.16
Combined -i- I 1.01+ 0.17 (stat) £ 0.14 (syst)
R Combined | == 1.04+0.14£0.14 |
0 05 115225 3 35 4 e S T
est fit u ,
Significance (¢) Best fit
Data set Expected Observed Signal strength
2017 3.1 33 1.08+0.34 combination VH(bb): 4.80 Observed (4.90 expected)
Run2(2016+2017) 4.2 14 106+026  all production modes: 5.6 ¢ Observed (5.50 expected)
o=, |Runl+Run2 49 438 1.01 +£0.23
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HIG-18-016,
arXiv:1808.08242,
PRL Ph121 (2018) 121801

= bb mass distribution

- Instead of DNN output, analyze M(bb) to visualize signal.
- Signal strengths compatible with main analysis.

77.2 0 (13 TeV)

'é - CMS ¢ Data
S i Bl vH,H-bb
£ [ ]vzz-bb
'g 1000 @ S+B uncertainty
Combined M(bb) Spectrum &
%
]
500
0
60I | I8|0I | I1(I)OI | I12|OI | I14|10I | I16O

m(jj) [GeV]




, CMS Supplementary 35917 (13 TeV)
e

0.9F

— ttH Ho1t

Signal fraction

— ttH Production at CMS

- Tree level measurement of top quark Yukawa couplings
- Using Higgs decays to b-bar, t*t-, yy, WW* and ZZ*
(various quark and multi-lepton channels)
- Hadronic t decays, t,, are used

- A total of 88 different event topologies, consisting of leptons,
photons and jets, are combined to get the result cms 35.9 b (13 Tev)

ass 3 4 2SS+t 3wt k2t

- Use of Deep Neural Nets is pervasive 2 i e e e
E oo Ehaw
35 [E@WZ+27Z UL
- Main systematic uncertainties are 30
- Experimental: lepton-id & b jet efficiencies; 1, and jet energy scales 256
- Theory on background calculations: modelling uncertainties in tt '122
production in association with a W or Z or a pair of b or c jets 10
- Theory on signal calculations: effect of higher order corrections on
ttH cross sections and uncertainty in proton PDFs i oh
- The yy and ZZ* states limited by statistics; H> bb and 51 °-5§—+ - | ;
H->leptons by systematics _“_302_ o ’
-~ 2 4 6 8

—Naraln Oct 2018
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Phys. Rev. Lett. 120, 231801 —

CMS . . Published 4 June 2018
~— Observation of ttH Production
510" (7 TeV) + 19.7fb” (8 TeV) + 35.9 fo ' (13 TeV)
CMS @® Observed
. . = 110 (Stat @ t)
- Combining Run1 & Run2 ) | b
HOWW 5 —— +20 (stat @ syst)
. . * —— -
- Some theory & background uncertainties are correlated wHWWH | :
- Experimental uncertainties are largely uncorrelated HH(ZZ") [ o
510" (7 TeV) +19.7fb" (8 TeV) + 35.9 fo' (13 TeV) 35 5. 1.fbl I(7ITeY)I+l1_97fb. (.a.Tey)f I35'91'b'g.1:?TeV) B B ;
% ] CMS ¢ Observed 7 CMIS — Combined / ttH(yy) E o=
& 0} Supplementary =i it el /£ 0 ;
10°E O tEH (u=1.26) . -5.20 — 748 TeV ] ; ftH(rr) [—m———
A fiH (1=1.00) o5 —
10 B ttH(bb) — @
10°k 20k .
(o2l 3 748 TeV T ————
15_'.‘ |
10F < F ;
10 13 TeV —on—
S B e RS - :
2 o5t * . !
@ Lo ; 5 Combined ——
% 150 NN - A P S B R T I I
S 0o e e e ae Qe -t 0 1 2 3 5 6 7
30 <25 20 15 10 =05 00 0 utTH
log, (S/B)

Significance: 5.20 Observered Best fit value o_f signal _stre_ngt_h_modlfler
for (upper section) the five individual decay

(4.2 o expected) channels considered,

o +0.31 __ +0.16 +0.17 +0.14 +0.15/ - (middle section) the combined result for
peen = 1.26505755 = 1.26 Ty 14(stat) Ty15(expt) o 15(bkg th)Tg67(sig th)l 7.5 Tev alone and for 13TeV alone, and

(lower section) the overall combined resulit.
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| A ttH "Candidate” event
pp — ttH

‘ I—» 1T —> € +Ve+V +Th*+V,
bW-—> b+p+vy
u-

bW+—> b+q+q

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, and emphasizes the breath-taking range that the SM spans in mass




CMS.

— Observation of H 2 t+1-
- Using 7, 8, and 13 (2016 only) TeV data

Final states: thth, eth, yth, ep

= u=0.98+£0.18
359 (13 TeV) 35.9fb™ (13 TeV)
——
> 1800.—! LRI IR O . T T . LI . L5 L ENLPEL N
o CMS ™ 40F _+_ Obs. - b
1600~ )
By 30F
0-jet (2] s . — Htt
e T 1400+ Observed = o0
n=0.84 ) 5
o —— Hestr (u=1.09) D ssssssss
() [ Zow 10p
Boosted 1200
p=1A7 7 g E I Weets Lo, S
£ 1000 oc0 mut M
VBF © [ oo =
=1.114U.34 q, '_ Bkg. S U PP P PP PP P |
e - B ” S 0 50 100150200250 300
Combined o o ) GeV
OE *;:?f Q 600:_ e, O-jet: T Mex ( )
| 2 VBF: 1,
1 09 ()] I Boosted: t,7,, uT, ev,, en
L | |

' C 1
8 ”2_1 o 3 0 50 100 150 200 250 300
estfit i = olo,, m.. (GeV)

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 & to fermions of 3rd generation

o mNarain, Oct 2018

PLB 779 (2018) 283

arXiv:1708.00373

CMS-PAS-HIG-16-043

Branching ratio: 6.3%, best channel to establish Higgs boson couplings to fermions

Significance of 4.9 observed (4.70 expected) with13 TeV data
5.90 observed (5.90 expected) combination with 7, 8 TeV data

35.9 b (13 TeV)

1 07 LI L I I Tri I L L L I L L I LI I L L L
5 CMS 12 —¢— (Obs..- bkg.)fbki;.
10 19E — (Hotobkg.
F 7 Bkg. unc./bkg.
10° 06
0.4 3
0.2 .
10* ’ 35 E
log, (S/(S+B)) 3
10° E
) ]
10 I
+ Observed T\T, -
10 . nt, . er, =
ey —H-—1t (1=1.09) E
1
. Bkg. unc.
—1 1 1 1 1 I 1 1 1 1 I L 1 1 1 I 1 1 1 1 I 1 1
10 3~ 25 2 15 1 05 0

log, (S/(S+B))



HIG-17-019

CM S x10° 35.9 fb! (13 TeV)
IV . . > 10E S1(5+B) welghted .
~—— Higgs—up couplingto 2" gen.  §ife E5 | soowos
L % 6 B component + 1 s.d. (2 s.d.
- Best channel to measure Higgs couplings to 2™ g i
fermion generation, even though SM B = 2.2x107%, g o
about 1/10 of yy g ¢
110 115 120 125 130 135 140 mlj?Ge\}fo

5.0 b (7 TeV) + 19.8 fb™ (8 TeV) + 35.9 fb™ (13 TeV)

- Clean signature, benefits from good mass resolution
- Backgrounds mostly from Z+jets and ttbar
- Use kinematics of the di-muon system (p, AQ, An),

the maximum muon n, and boosted decision tree
(BDT) technique for optimal signal sensitivity.

(@)
=
w

—=—  Observed
B8 Expected (background, 68% CL, 95% CL)
- Expected (SM m, = 125 GeV)

I|IIII|IIII|IIII

95% CL Limit on o/cg,,

- Upper limit on obs. (exp.) production rate:
292 (216)XSM @95(% CL_ 0120 121 122 123 124 125 126 127 128m,12[?3e\1/]30
- Upper limit on observed Branching Fraction for IALHIE [reieaien whi @ CelEse o el

: -4
H—-pp: 6.4 %10 Expected precision:
- by combining 7+8+13 TeV (2016 only) data - Higgs coupling (Ku) to 5%

* H-ouu signal strength (o,,.../0sy) to 10%
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TOP & B PHYSICS




TOP-17-016
CI\/\S arXiv:1808.02913, accepted by PRL

— Single Top + photon

- First evidence for single-top production associated with a photon
- In events with a top decay to buv, at least one more jet, and a photon
- event selection based on a boosted decision tree combining eight variables

- evidence at 4.40 observed, the measured o "BR is compatible with the SM
prediction: a(pp - tyj)B(t = uvb) = 115 + 17(stat) + 30(syst)fb)

- -
359" (13 TeV) 3591 (13 TeV)

A AL N BN B B B LN AL LA B R LA L B L L LA N L BN LR B
%1000_ CMS ¢ Data B ] %1000- CMS ¢ Data & B
o) - Preliminary Y statosyst [ zvets _ oy — Preliminary [ stat® Syst [ Zyjets ]
B N [ signal (tyj) [_]Vvy ] > B [ signal (tyj) [ JVvy -
Q 800 __ ] Ll B B t/(s-, tW-) [ Misidentified photon m
© N Bl (s tw-) [l Misidentified photon | 800 |— = ]
- — yjets -
2] - I wets _ B N -
o — \ —
S 800~ ] 600 [— i
o L ] - ’
400 — — 400|— ]

\\\\\\\

O1.5F T T T
o)
_Es, 1 %\W\W\\\Q\%&\\\\W\ \\\\\\\\\\\\\ % © 1 \\$ NN \\‘\ NN NN R SR W NN \\Q.\ \J‘\
Qo.5]- S5l NN \\m
= 100 150 200 250 300 350 400 450 500 550 600 R RAAR ARy
s I C YR 0 1 2 3 4 5 6 7 8 9 10
CNarain, Oct 2018 L8V BDT output
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Top Differential Cross sections

parton-level results are compared to calculations with beyond NLO precision in QCD.
Significant disagreement is observed between data and predictions for numerous observables.

cms Prellmlnary 35.9 fb! (13 TeV) CMS Prellmmary 35.9 fb! (13 TeV)
— o B — T B B o e
% F D|Iepton parton % Dllepton parton
(O] [ « Data . o Data
o) 10 E_! — Powheg v2+Pythia8 3 .9 1072 - — Powheg v2+Pythia8 3
= £ == -~ Powheg v2+Herwig++ = — - Powheg v2+Herwig++
r . o] y
. -—-- _al +Pythia8 [FxFx] --- _al +Pythia8 [FxFx]
ol = MGS5_aMC@NLO+Pythia8 [FxFx] S _8- 777777 MGS5_aMC@NLO+Pythia8 [FxFx]
Sl 1 T 3 o 10°%F E
: e Seeem
107" e 3 104F — E
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Stat. @ Syst. L Stat. ® Syst.
r mm Stat. [ mm Stat.
> 12 e b > 12 [
2 r 2w r B
] O e S R
= TE e = | T e——
08 o8 b
100 200 300 400 500 0 100 200 300 400 500
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c|v|s Prehmmary 35.9 b (13 TeV) CMS Prellmlnary 35.9 b (13 TeV)
— o N N — T N
%, F D|Iepton pamcle % Dllepton pamcle
S - ;—. e Data w e Data
S 107'F —— — Powheg v2+Pythia8 1 O 102 — Powheg v2+Pythia8 3
Q_ o . Bl o N
2 Powheg v2+Herwig++ o= Powheg v2+Herwig++
ol "= e ---MG5_aMC@NLO+Pythias [FxFx] 3 _8- - - - MG5_aMC@NLO+Pythia8 [FxFx]
o| §107F 1 o 10°F 5
10°¢
[
Stat. ® Syst.
2y 12 }-Stat.
_acc" g E T
= 1=
08 £
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Figure 20: The differential tf production cross sections as a function of p{f 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.

Oct 2018

Differential Cross section to
Constrain top chromo-magnetic Dipole moment

4 CMS Preliminary ~ 35.9 fb™ (13 TeV)
ﬁ_ E + Data
=6 —Cc/A%=-1 Tev2
= F —C /A =0TeV?(SM)
3 355 CA’=1TeV?
©4r
3C
2
1 |
2| Stat. @ Syst.
S|®1.5 Stat. only
S |
1
I
0.5
0 05 1 15 2 25 3

Ad(l, Ty

do [-0.06 <C_iA*<0.41

CMS-PAS-TOP-17-014

—_— -0.89 < C_/A’<0.43
dAo(l))

-0.42 < C_/A?<0.30
-0.32<C_/A?<0.73

CMS 8 TeV diff. x-sec
CMS 8 TeV incl. x-sec
Tevatron incl. x-sec




BPH-17-008, arXiv:1805.11192, PRL 121 (2018) 09200

CMS, o
— ¥2(3P)-7,1(3P) Mass Splitting =
- CMS 2 |
- ATLAS, DO, LHCb observe peak at ~10.5 GeV O e ! | S
- Consistent with x,(3P) in Y(nS) +vy 3ol BT, [T 7
- Three such states are expected with J=0,1,and 2, with the latter two ; i 4 | ;
expected to have large branching fractions to photons. S 0ol i
g |
- CMS revisited this with the full 2015-2012 dataset of 80 fb-" 400|
- Reconstruct mass structure in x,(3P) = (Y(3S)=2>pu)+y, where y :
converts in tracker (y >e+e-). 20N
- AM(X,1, Xp2) €Xpected to be 8-18 MeV oL

- CMS mass resolution =2.18 £ 0.32 MeV

o . Y(nS) y invariant mass (GeV)
- Low statistics compensated by excellent resolution

100[:— CMsS
- For the first time the two states y,,1(3p),& x2(3p), corresponding to [ femiaTeV
J=1,2, have been resolved : v . eor:-
°* AM = 10.60 = 0.64 (stat) = 0.17 (syst) MeV > sof — e
* M(xp1(3P)) = 10513.42+ 0.41 + 0.18 MeV I —

°* M(xb2(3P)) = 10524.02 + 0.57 (stat) £ 0.18 (syst) MeV

* consistent with predictions from non-perturbative QCD in the 20
range 2-18 MeV, than coupling to the continuum

- ' 1 ‘.L A.. 52} 1 ceaatea o 0 g
== 10.4 10.45 105 10.55 10.6
MINarain, Oct 2018 Y(3S) Y invariant mass (GeV)




BEYOND THE SM PHYSICS

Event with highest dijet mass: 8 TeV %

CMS Experiment at LHC, CERN

Data recorded: Sat Oct 28 12:41:12 2017 EEST
Run/Event: 305814 / 971086788

Lumi section: 610

Dijet Mass: 8.0 TeV




JHEP 03 (2018) 160

Supersymmetry

- Among several searches, also Higgs boson now used to probe electroweak
production of supersymmetry

- In just 6 years from discovery to Higgs tagging PP = X%z, pp = %%, pp = 1T suly 2018
uly

=T I T T T I T T T I T T T I T T T I T T T I

>
8 1400 - CMS Preiiminary 35.9 o' (13 TeV) -

200

- —1709.05406, 3 (XXl BF(I)=0.5, x=0.5) ...eypected

1< 1709.054086, 3| (¥3e—%v, x=0.5) e

1200 - 1807.02048, 2t comb. (XHG—TvTT, x=0.5) -

[ —SUS-17-010, 21 0S (XX —>RI, x=0.5) 1

[ —1807.02048, 2t comb. (X3—>T9vE, x=0.5) 1

v/ n 10001 _—1801.03957, comb. (XFC—>WZX0) ]

{jjﬂ - - —1801.03957, comb. (X ﬂ—»WH)'c‘,T’) :
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100 MS Prefiminary 77,8 10" (13 TeV PAS-EXO-17-026

—— High-mass resonances £k . .

5[ — Pythi _
10 £ Pythia SR =
A Data CR 44,

— Pythia CFlmidd

- Di-jet resonances with 2016+2017 1ot} Jorte

— Pythia Cngn

data 10°F - :
. o | 1 105 CMS Preliminary 778t (13 TeV)
‘ Improved anaIySIS methOdS: ° % % §104 FItMefhod| RatloMethod;--- Egci:ri]tged quark —:
" :_ _; | -------------- Axi Iuon/coloron %
complement parametric background Tt e
i oy =D 3
" " n u u ] 1__ llllllllllll = E | ....... V\'/ —
estimation Wlth predICtlon from hlgh AT] 2000 3000 4000 5000 6000 7000 8000 T Y mediator N
I Dijet mass [GeV] -------- RS graviton _
Sldeband = CMS Preliminary __77.8f0" (13 TeV) ) :
- reduces systematics 2 ST B - NN
- used at higher resonance masses = R (b aeoLims R
: : : s e [ qvacoon
- Interpretations in a variety of models  ° | o 13* .
o _ _ 2000 3000 4000 5000 6000 7000 8000
- Extends limits obtained with 2016 data o el PR ™ Resonance mass [GeV]

Il <25, | < 1.1 Model-independent upper limits
! -+ compared to predicted cross sections

Dijet mass spectrum
with background
predictions

(Data-Prediction)
Uncertainty

2 3 4 5 6 7 8
Dijet mass [TeV]
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_ EXO-18-006

— High Mass Resonances in Dielectron Final State

- Search for a narrow resonance in invariant mass of dilepton pairs
- Limits for high mass searches extending beyond 4 TeV

41.4 17" (13 TeV)

R R -
> | ; ; . 77.3fb (13 TeV,ee) + 36.3fb" (13 TeV, utu)
(D 10 Barrel-Barrel + Data CMS N 1 0 T T T T |“ T T T T T T T T T T T T T T T T T T I T |E
- 10° [ ]y7z>ee Preliminary =) — Obs. 95% CL limit .
g 10° I tw, WW, WZ, 22, 7 L, RTEmRAN Exp. 95% CL limit, median -
G 08 [ ]Jets — 5 P. 9970 :

e N 10 : [ ] Exp. (68%) E
10 E - .. []Exp. (95%) ]
1 — B \" m
107 10°° = ) " Lsgu =
- - ' _
10 " —Z ]
1073 i i
107 -
13_5 1 1 | 1 1 1 L L 1 1 1 | 1 O 7 §_ _§
180 100 200 300 1000 2000 = .
§ 05 oottt | | . - . -
g 0 _- * hat WGi— see ." e ¢ + I*T ! TT; - 1 0_8 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 "L 1 1
! ‘Of;— | i ] 1000 2000 3000 4000 5000
s 80100 200 300 1000 2000 M [GeV]

m(ee) [GeV]

Mass lower limit, with 2016 & 2017 datasets combined :

- Z’ssm (predicted by sequential SM)  :4.7 TeV
e, - Z'y (inspired by GUT based theories) : 4.1 TeV First 2017 analysis presented
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Events / bin

EXO-18-008

= Light Z' Boson e

- Light Z' Boson (within Lu-Lt Gauge Symmetry) couples (only) to second- and third-generation

leptons (u, v, T and v,), it can be produced from one of the muons in Z-decays, and using its decay
Z' - u*tu, might appear as a dimuon mass bump in 4 muon final states.
- Light Z' associated with Luy-Lt gauge symmetry could explain R(K*) [1] and muon g-2 [2] anomalies.

- Use the large LHC dataset to probe smaller couplings.

5

o
T

40¢

.. A
. . MS Preliminar 77.3 " (13 TeV
! g (- [ T T T ] 773v fb1(13TeV) = =. 1 C S e a TT | 3I b I( 3I Iel I) T 1]
el - ¢ Data g (@) 7]
z pt ~ 25p- CMS ] B z—an - i
[2) C Preliminary —— m(Z)=5GeV,g,=0.008 | ]
7 _ qc, C —— m(Z) = 15 GeV, g =0.01 77.3 b (13 TeV)
n > 20+ : " 4 = R AR AR R R R = 1
i B — m(Z') =30 GeV, gu=0.01 o 10 CMS Observed 3 =
Background syst. uncer. 3_ Prelimin. ary ; Eﬁgzgﬁg (68%) 3 10_4 _T /]
q nt 7 Expected (95%) J N
=, 1 Ooxpr 9, = 0.1 — 1 0—5 m
= O G, = 0.05 E X 1 0_1 ]
N 1 0_1 Ooxpr 9, = 0.01 . % E
é 410° N ]
77.3 16" (13 TeV) T 107 . ]
1 \ Ty ath \ ] c = 10 & i
CMS g ] z 10° J10® 5 |
3 Prellmlna'y —— m(Z') =50 GeV, gM=0.1 g " ; E CMS: Z—’Z'HM—’4M (ObS.) |
—— m(Z) = 60 GeV, g,=0.2 1 4 10 109 = :
- —r@emenas | T5T677 8 910 20 30 40 18 o T S 22k (0xp)
" 1 N -5
)ackground syst. uncer. — 10 —
Background syst m22 [GeV] g - 10710 2 10_2 Altmannshofer, et. al. o
108 ] 3 JHEP12(2016) 106 .
10 20 30 40 50 60 70 8 ; : i
Neutrino Trident
m(Z)[GeV] y ]
Bs mixing -
............... BR(Z— 4u), \s=7and 8 TeV |-
1 1 L 111 | 1 1 1 | I I |
2 3
ueiroz; arXiv:1609.04026 10 10 10
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EXO-17-015 -

Search for Leptoquark+Dark Matter

CMS has extensive program of searches for leptoquarks (LQ).

Dark matter (DM) produced with a co-annihilation partner (here a Maiorana fermion),
mediator: LQ coupling to 2nd generation only

Search in events with at least one muon and Emiss, look for a LQ mass peak in m

.
- Leptoquarks with masses up to 1160 GeV are excluded for dark matter mass mp,,= 300 rQ*
GeV, and up to 1000 GeV for mp= 425 GeV.

- e LZA BB (13 TeV) 200 CMS Preliminary  77.4 ' (13 TeV)

8 10 - CMS - f;?;:ev(w w00ev) % 1 elic Dtlan5|ty+|APV (:|36) | |

g Preliminary B viiets O 750

» 102 C = - — Observed

= P 3 700(=2:Expected +2 Gy o

G>J 10 [ z+jets E -

L e s 650 1

600

550 -B(LQ— lg)| ;=05
- A=0.1 !

95% CL upper limit on cross section times branching fraction [fb]

Obs./Exp.

107

1sbo 2000 300 900 1000 1100 1200 1300 1400 1500
s my [GeV] m g [GeV]
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— Long-Lived Particles

- Many BSM models have long-lived particles/ = = pr——

. . oty vertex HSCP . BSM
displaced vertices. Some of these can be e e oo
observed by special searches, usually with e
special triggers. — A s *«3:\“3 S

: : : conversion / Z X LS
- Search for stopped long-lived particles using full W=
2015 and 2016 data JHEP 05 (2018) 127 e ) W 1
: . . C T, TR N [T, N
- Signature is a high energy jet in the RERLT R “ ' Direct
calorimeter out of time with collisions WA | fea;“hes
: . . . displaced Isplace
- gluinos with lifetimes from 10 us to 1000s phoion = alepton
and mguino < 1379 GeV are excluded. Indirect
. ) ] Searches Not pictured:
- Top squarks with lifetimes from 10 ps to w———w  diplaced displaced  Stopped HSCP
EB=1 n e epton

1000s and mstop < 740 GeV are excluded

= Narain, Oct 2018

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.




—— XeXe Collisions @ Vsw = 5.44 TeV

- Xenon-129 ions are smaller than Lead-208 ions ‘ ‘

- allows to study system size dependence of QGP effects.
* CuCu & AuAu have been studied at RHIC experiments.

- XeXe collisions look similar to PbPb - collision geometry plays more important role.

* Observed differences are likely due to Xe deformation & initial state fluctuations
Elliptic Flow

Charge Multiplicity Nuclear modification factor
XeXe |5y, = 5.44 TeV 1 p » 515 CMS Preliminary
6 =5 27.4 pb” (pp), 404 ub™' (PbPb), 3.42 ub™" (XeXe) "2 FHIN-18-001 —5
— HIN 1_2 I T T T T l T T T T l T T T T | T T T T l T
" CMS -17-006 i . 01E g_
[ Preliminary r CMS - 5.44 TeV XeXe R* A ] = N aag
5 . LA 1-_ Preliminary b ? 0.08 b
_F . i | © |15.02TeVPbPbR,, 2 s
= b - ml<1 < 008 . @ XeXe |5y = 5.44 TeV
~ 4_ [/ . ol - B N
\m g p 6.4 < p, < 7.2 GeV 1 = 0.04 —_E_
_I! 3:_ A.:..'. ov® cMS HIN'1 8'004 _: 0.02 - = PbPb ﬁ =5.02 TeV
S = XeXe 5.44 TeV — L
T L@ ?otgl expti(N ) unc. £ 13f¥F
20 2— o expt. unc. — g 3
I - « PbPb2.76 TeV * ==
o ALICE - e 12
Ir . PbPb5.02 TeV 0.2 * e 0, c
C + PbPb2.76 TeV r 1 2 09
r | 1 1 1 1 | 1 1 | 1 | | 1 1 1 | 1 1 1 1 1 0 8
0 (l) 5|o 1(|)o 1tl>o 2(|)o 2éo 3(|)0 35|o 4(|)0 00 100 200 300 400 0770720 30 40 50 060 76780
N Centrality (%)
(N part? part
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PHASE-2 ACTIVITIES

% q 8.0E+34

7.0E+34

6.0E+34

5.0E+34

4.0E+34

w
o
m
+

w
4>

2.0E+34

-
v
o
£
2
>
=
7
o
£
€
3
3

1.0E+34

0.0E+00

G S

=1 [ :
= , Oct 2018
g ;1* arain C

® Peak luminosity —Integrated luminosity

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39

Year

Integrated luminosity [fb

33



| The LHC Luminosity Plan

LHC

_

HL-LHC

14 Tev 14 Tev —

LS - YETS
13 TeV 5107
INJECTOR UPGRADE to 7 x
7 TeV 8 TeV ‘gm: com“l::ou;n TDIS absorber in ;rgt‘tm HL-LHC {L%?:\%a;ily
— -E— R2E project 11T dipole & collimator regions installation I
Civil Eng. P1-P5 e ———

2019 2020

ATLAS - CMS
experiment upgrade phase 1 damage ATLAS -CMS
beam pipes 2 x nom. luminosity 2.5 x nominal luminosity upgrade phase 2
75% nominal luminosity e — ALICE - LHCb .
upgrade

- m m m 3000tb‘ — — -
x2 Run2 Xx10 Run3

3000fb-!

x5 Run

LHC Status

5%
]
/ e Running
Luminosity so far Luminosity after HL-LHC
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CMS

—— CMS Phase-2 upgrade

T Barrel Calorimeters
t|1_tt1 Trlgger/H LT/DAQ https://cds.cern.ch/record/2283187
ps://cds.cern.ch/record/2283192 -
https:/cds.cern.ch/record/2283193 * ECAL crystal granularity readout at 40
« Tracks in L1-Trigger at 40 MHz for 750 kHz MHz with precise timing for e/y at 30 GeV
PFlow-like selection rate « ECAL and HCAL new Back-End boards

* HLT output 7.5 kHz

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

/ _ + DT & CSC new FE/BE readout
'/, *NewGEM/RPC1.6<n<24
[ / / ~~ * Extended coverage ton =3

I /Y /

. N |
Calorimeter Endcap 3 \ \
https://cds.cern.ch/record/2293644 \ ’
+ Si, Scint+SiPM in Pb-W-8
» 3D shower topology with N\,
precise timing

Beam Radiation Instr.
and Luminosity, and
Common Systems

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

Tracker https://cds.cern.chirecord/2272264 MIP Timing Detector

« Si-Strip and Pixels increased granularity https://cds.cern.ch/record/2296612

« Design for tracking in L1-Trigger * = 30 ps resolution

- Extended coverageton =~ 3.8 « Barrel layer: Crystals + SiPMs

« Endcap layer: Low Gain Avalanche Diodes




— Bold Aspects of CMS Upgrade for HL-LHC

- Tracking information in “L1 track-trigger”
- Tracker is designed to enable finding of all tracks with PT>~2 GeV in under 4 ms.

- 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 ~14 (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 4"
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

EorsIV

eNarain, Oct 2018




CERN European Organization for Nuclear Research
Organisation européenne pour la recherche nucléaire

The Phase-2 Upgrade of the
CMS Tracker

Technical Design Report

Narain, Oct 2018

= | Technical Design Reports

CERN European Orgenization kor Nuclear Research - cemsuoamren CERN  European Organization for Nuclear Research  cemkunco rrazs
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2= HH->bbyy

HH physics is a benchmark channel for HL-LHC program (*)CMS-PAS-FTR-16-002, 2017
Projections(*) for HH — yybb have been updated with full simulation studies
Updates used in the extrapolation:

- Di-photon mass resolution (include ECAL ageing after 1000 fb-'of collected data), convoluted with expected gain
from regression (as in Run2) and at 200 PU scenario

- Improvement in b-tagging gives a signal efficiency increase of 15%

A significance of 1.9 standard deviations is expected (3000 fb-7)

- Further improvements are anticipated account for improvements that can be gained from precision timing information in ECAL and
the tracker

Expected number of events ___CMS Simulation 3000 fb' (14 TeV, PU=200)
1 E 300:— mHH>350 GeV ¢ Toydata —:
bb |m ~120k events - ::‘2/ 250:_ High purity category ... LZ:T::;::?Z:ckgmun 4 E
ww (30| " 3000 Sl ey s 1 The possibility of “evidence” of di-
2 200— ] . =
a0 : F | Higgs production can be reached
L 5 at the HL-LHC by combining all
T . .
I & . channels in CMS & ATLAS.
“1 . s -
vy (300 (120 :.l..l..l.u....1[...IA.M.[.I.[”...I.I.HF
v - e | | 1 10¢ 100 105 110 115 120 125 130 135 140 145 150
" b WW 99 T 77 1 M(yy) [GeV]
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Spin-1

7 g t diat
—|Mono-Z Dark Matter T <
- Extrapolate from Run 2 EXO-16-052 s > <
- Apply event-by-event

pseudoscalar + 2HDM (FTR'1 8'007)

ERNTTTYY
daD \s=14 lev

3 10° WZ Sl Dret Yan
. ] S CMS Projection E _’ E -
- PDF weights to reweight from \Vs=13 TeV to 14 TeV g Dz W-.-:L.mmm
d>.) 10° —— it uncertain
]

- Missing E; resolution smearing by factor 2 to model high-PU conditions 102 .. Vector mediator

Mpq=2000GeV, m_ =1GeV

- Probe vector-mediated DM production up to mediator masses ~1.6 TeV. * =400 GeV, m, = 1200 GeV

1

-
L.

- In simplified model w/ second Higgs doublet & pseudoscalar mediator: - =

- heavy scalars will be probed up to masses of 2 TeV o

IIIIIIIIIIII
200 300 400 500 600 700 800 900 1000

- light pseudoscalar mediator accessible up to ~660 GeV. MET (GeV)
o CMS Projection 3.0 ab™! (14 TeV)
s CMS F’rOjeCtlon 14 Tev CMS Projection 3.0 ab™! (14 TeV) 2500 100
o 10%E — ; — —r10.0 = with YR18 ®
o E Vo~ syst. uncert.
Vector Medlator i f -
i:“; . veoeer I\_nf_dl;t;;rc;:,ss = with YR18 syst. uncert. ® .. — = with Run 2 syst. uncert. b,
= rac 1 = = with Run 2 syst. uncert. 4 ., e >
S 1GeV —* 750 GeV 1 800 > 2000 ., with stat. uncert. only <
2 5 Mom = e 1000 GeV === wijth stat. uncert. onIy e S LT =5
» 10 ; 9,= =0.25 e 2000 GeV é ““““ 3 5 N et P c
Gu=10 e 3 Vector mediator, Dirac DM s % ...... 3
_______________ S 6001 gq=0.25,gom=1.0 S Q 1500 £
o E < =
g g 10 £ Lo o
= < Yl ()
B O Il
i g 400 © - 1000 X
i 3 S
n £ )
1= — [-)}
2 E e -]
PPPTL 200 - ] 500 a + 2HDM 9
i i with YR18 syst. uncert. b tan(B) = 1, sin(8) = 0.35 8
— = with Run 2 syst. uncert. U o mpw = 10 GeV Qo
107" = === with stat. uncert. only — Iﬁ a
E . I I oo | L I 3 0 : 0.1 F T T T T T T T T 0.1
AR 2 3 3 3 200 400 600 800 1000 1200 1400 1600 1800 100 200 300 400 500 600 700 800 900 1000
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—— Summary
- Overall CMS data taking went very well in 2018

- Achieved ~94% data collection efficiency

- CMS has published >800 papers

- Publications of analyses using 2017 data is proceeding well.

- Technical Design Reports for Phase-2 upgrade

- Now focus on “Yellow Report” and HL/HE-LHC physics to be submitted to the European Strategy
committee during mid December (2018)

EorsIV
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HIG-17-031

—— Combined Higgs Coupling @ 13 TeV , g s

A ~ All i ]
25000 — m,=125.4 GeV, u=1.18 categories —

¢ Data
— S+B fit
------ B component
(R Ea ]
[ ]X2¢c -

20000

Events / GeV

- Analyzed all main production and decay modes in
2016 dataset at Vs = 13 TeV (35.9 fb™")

15000

10000}

ggF VBF VH ttH so0o -
H—-ZZ- 4l o o ° © i
H—)yy o o a I
H-WW o E o ° _
40006110 120 130 140 10 160 170 180
H—-bb ® o o my, (GeV)
H —-TT ¢ ® ® CMS~Freliminary 35.9 fo' (13 TeV)
- S b wwsr maw ]
H pp ® ¢ 3 35? Ecs‘r;promm E\Ernz{ =
H—inv B o 2 £ 30 e v baa =
. . . . g 2w
- Total of 250 individual categories (counting signal & control regions) and 208 , E
~5400 nuisance parameters in the combined fit : E T e 1
- used to extract the signal strength modifier p for production & decay °8 2
Channels' 5;\#—\‘\—\ . é
o BR/ §n 1
M e ™ 2
t)SM (BR )SM % 6o 80 100 120 140
o m; [GeV]
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— Combined Coupling Measurement @ 13 TeV

Per production mode Per decay mode
¢ CMS Preliminary @ Observed CMS Preliminary ® Observed
35.9 b (13 TeV) =110 (stat.®sys.) 35.91b™ (13 TeV) == t1c (stat.®sys.)
=110 (SYS.) =110 (SYyS.)
- . —+2¢ — 120
i ° ion i :
HggH feee— [33% reduction in - E
5 uncertainty wrt 48 i ————
B § CMS+ATLAS Run-1
Hygr __‘_"_ - Systematic unc. >
L g 18 —==@=———  statunc. except in
E HZZ
Hom : e B ;
- i . ww D
: 20% reduction K :
uz|.| —e-- in uncertainty | :
u 50% reduction in TR e
ttH =~ ® | uncertainty wrt '
- g CMS+ATLAS Run-1 —
u fo (Lbb R
1111 I 1111 i 1111 | 1111 | 1111 I 1111 I 1111 | 1111 1 1 1 1 I 1 1 1 1 i 1 1 1 1 | 1 1 1 1 | 1 1 | 1
0 05 1 15 2 25 3 35 4 0 0.5 1 1.5 2 2.5
Parameter value Parameter value

CMS 13TeV | u=1171010 = 1.17709¢ (stat.) T5.9¢ (sig. th.) T3.0¢ (other sys.)

15% improvement in relative precision as compared to Run-1 CMS+ATLAS
Despite progress, there is still room for new physics

SRR

= Narain, Oct 2018




| | | T | T T T | T T T | T T T
- v Te ato comb ed196TeV(L 881b) 1
CMS dilepton,I+jets 5.02 TeV (L=27.4pp™) ~ ATLAS+CMS Preliminary May 2018 |

B - ATLASeu7TeV(L 46107
e CMSeu7TeV (L= 5fb§) LHCtOpWG
m ATLASeu8TeV (L= 202fp)
[ e CMSeu8TeV(L=19.7fb")
= v LHC combined eu8TeV (L= 53203fb)LHCtopWG
— = ATLASeui13TeV(L=321b")
~ v CMSeui13TeV(L=22fb")
= ATLAS ee/uu* 13 TeV (L=85 pb)
- |:| ATLAS l+jets* 13 TeV (L =85 pb)
A CMS l+jets 13 TeV (L=221b")
o CMS all-jets* 13 TeV (L= 253fb)

* Preliminary

~——~ Top Pair Cross Sections

- Top pair rate is > 10 Hz, enabling us to ®

address much more precise questions

- Single, double, and triple differential cross sections
- Rare (FCNC) decays

- CP violation (a beginning)

900F

2 [
10 800F

Inclusive tt cross section [pb]

700F

E=== NNLO+NNLL (pp)

E— NNLO+NNLL (pp) : A
Gzakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs [TeV]

- Width and more complex methods for measuringthe £/ / | eomom -mseam-oneeom 3
MassS 2 4 6 8 10 12 14
Vs [TeV]
T T T T CMS: 83533 pb
- Top pair production at 13 TeV CM energy is Theory: 816 +42 pb

Factory Cross Luminosity
Section (nb) (cm-2s-1)

mainly (80%) produced by gluons, providing
important information on the gluon
distribution at relatively high xg, up to ~0.25

B (KEKb) Bottom  1.15(Y(4S))  2.11x10%
LHC Top 0.82 (incl )  2.01x10%

P
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PAS-HIG-17-030

Higgs boson pair production

CMS preliminary gg—HH 35.9 b (13 TeV)
bbVV
Erpaci 355,50 Observed (expected) 95%
bbbb i confidence level upper
Expocid 6.5:5 limit corresponds to 22.2
bore | (12.8) times the prediction

Observed 31.4xSM
Expected 25.1xSM

for the SM cross section.
bbyy

Observed 23.6xSM
Expected 18.8xSM

—e— Observed

- —— - Median expected

s 68% expected
95°/1 expected

6 7 8910 20 30 40 506070 100 200 300 400
95% CL on o, /oM

Combined
Observed 22.2xSM
Expected 12.8x SM

95% confidence level exclusion limits on the
SM non-resonant Higgs boson pair
production cross section.
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| CMS PAS-EXO-18-001
— New ldeas in Dark Matter — Search for Emergent Jets

- Many compelling models of new physics contain a dark matter

candidate that has interactions with quarks. zggfm >m

- In one class of models, new fermions (dark quarks), Qq, are N SR
charged under a new force in the dark sector that has confmmg ﬁ;ﬂfﬁ:ﬁﬁ“@kqﬁ%@ntheB‘ésw‘imddm (et ghao on and (ightqurk amquirk
properties similar to QCD but are not charged under the forces

of the SM

- The mediator X 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 CMS Proliminary 1611 (13 To)

i c =10 GeV
shower and fragmentation. E My, = 10 Ge

— Expected limit 108
I R Expected limit = 1o
W, 5 |~ Observed limit
10

- For models with dark hadron decay lengths comparable to the
size of the detector, there can also be significant missing
transverse momentum (E miss).

- The main background to this signature is SM four-jet
production, especially jets with b-quarks

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

AR 1
PN 400 600 800 1000 1200 1400 1600 1800 2000

Narain, Oct 2018 mXd [GeV]




—— | Phase-2 Upgrades

- Detector performance with full simulation used to estimate the physics reach highlighting the
components of the upgrade. \We need to at least maintain current performance as observed in Run2
for all physics objects.

, Oct 2018

14 TeV
¢ ' Photon ID performance Muon ID performance b- taggrng performance S L1
% : (' Ve g - CMS Phase-2 Barrel: Inl<1.3 .
E 1__ u E. ] S L tf, jetp > 30 GeV Vs % 1.25F Simulation Preliminary i

C ; - - o o ]
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- ] L PU=0 | | e O P P P R
oL v v v v e ) ?10" yay s ,/ - | 140 160 T80 500 550 540 560
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—— Dark Photons Decaying to Displaced Muons

- LLP masses of several GeV
Decay length of LLP quasi-prompt (ct = 10 mm) to long-lived (ct = 10 m)
Focusing on large ct to probe new phase-space
- Use the three-dimensional distance between the extrapolated displaced muon
track and the primary vertex
Producing Dark Photons at the LHC:

- Gluon-gluon fusion produces SM Higgs (125 GeV) CMS Phase.2 simustion raiminary_ 3000 " (14 Te)

10t T T T
QCD

- SM Higgs can decay via H — 2n, (if kinematically allowed) < - N
- Lightest visible neutralino can now decay as n; — np + ¥p R ot n
. — Dark SUSY M = 20 GeV, er, = 10 mm
- Able to probe phase-space which has not been explored yet I . |
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