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Operation of Large Hadron Collider
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Operation of Large Hadron Collider

Eight years of excellent performance
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CMS Preliminary (13 TeV, 2018, 2.0x10* cm~2s7!)

B Physics
CMS performance for Run 2
- Rich physics program provided by the CMS Run 2 Triggers: 13% Higgs
- standard (vertex, leptons, jets, MET), B-parking (11B events), 8ot [ 1 14%
- scouting triggers with event size O(10kB) and avoiding full reco! ‘
p Objects
B-parking: enriched in el S 2% 202 Hz
unbiased B-decays “x‘*fé all " =
% u::lasgg B 19 TI(-JIP Calibration
tagged B il 1 Hz 96Bl2-lz 197 Hz

- Extensive modifications to the software & computing system to handle large increases in
(and complexity of) data (and simulation) events

- PUPPI algorithm for pileup suppression (will be default in Run 3)

CMS Average Pileup (pp, vT=13 TeV)
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Diverse search strategies

- Enhanced focus on complex topologies and weakly coupled phenomenon

- Higher energy — boost
- Reconstruction of boosted particles can be a challenge — may appear as a large radius jet
- Rule of thumb: pt ~ 2M/R

un-merged ) hboosted W

for AR~1.0 < 200 GeV ql 200 - 350 GeV

> DT subjets

- Jets with large distance parameter (R) pick up all the radiation from original decay
- Use “substructure” techniques to analyze constituents of “fat” jets (find subjets)
- Is it a 1-prong, 2-prong or 3-prong decay ?
- Many observables/discriminators

- These strategies are now also being implemented in the trigger!

- Incorporate machine learning for Top tagging, W tagging, Higgs tagging, double-b/c tags
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CMS Object performance & improvements for Run 2

- Object reconstruction and identification with Machine learning
- Existing ID/Reco algorithms are improved and consolidated

,/

[ " Global features \

DeepJet

1x1 Convolutional layers
Automatic feature engineering

15 features

- New avenues explored the era of mathematical representations o

/ Charged tracks
| 16 features
25 tracks

[ conv. 1x1 L/
\64/32/32/8 \

- From MVA to DeepNN algorithms: Jet, Tau, b-tags, c-tags oy

- MVA and/or DNN algorithms for boosted W/t/H

41917 (13 TeV, 2017)
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Publications

- CMS has published 1033 papers on collision data (~100 papers/year)!
Total  Exofica  Standard Model ~ Supersymmetry | Higgs  Top  Heavy lons

B and Quarkonia Forward and Soft QCD Beyond 2 Generations Detector Performance

1033 collider data papers submitted as of 2021-03-25
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THE PHYSICS PROGRAM
- SELECTIVE HIGHLIGHTS
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SM Stairway.. .precision tests of the Standard Model

- We can probe rare processes and start to perform many differential measurements
September 2020 CMS Preliminary

. O 7 TeV CMS measurement (L <5.0 fb™)
Im prGSSIve pe rformance O 8 TeV CMS measurement (L < 19.6 fb™)
@ 13 TeV CMS measurement (L < 137 fb™)

e*(-s: Agreement WIth SIVI predICtions - Theory prediction
: 1 5 CI f .t d 4 Z 2 CMS 95%CL limits at 7, 8 and 13 TeV
g over 15 orders of magnitude
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Electroweak Multi-boson measurements

- Studies of vector boson scattering are the ultimate SM measurements
to be done at the LHC

- Need to experimentally verify the unitarization of the e rmmeni: s,

- Theory prediction

amplitudes to the Higgs boson contributions

- With Run 2 data, we finally reached the sensitivity to observe first VBS
processes: CMS Pre

. Electroweak production: WW (including Wews), — <"Fs
WZ, Z2Z, Wy, 2y, VVV g

- Sensitive to anomalous couplings ENENG e
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W/ production - Polarization of W and Z bosons in
WZ production

1 dO-WiZ 3

- Leptonic final state signatures ; ;
= SRl 7 cosbrw)’] + 2 (1 % cos O w)’] + 7 fosin® O, w

- Comprehensive study of WZ production!  ow-zdeosfew 8
- Inclusive total and differential cross sections

. . A ’ CMS Preiiminary 137.2b™ (13 TeV)
- Charge asymmetry and polarization R Bosgn] 20 LPe" S o Fo R R
] ] P I~ ‘\\ 1 P’2 @ 2000r +Data Mwzves VW E
- Search for anomalous triple gauge couplings Proton L VA
X wz, [izq #2 Total SM unc. E
CMS Preliminary 137.2 0™ (13 TeV) CMS Preliminary 137.2 ™ (13 TeV) -« —_————— ’ =
T | T T T | 1 T T 1 T T T I T T T T T | T T T I T T T / . . E
, ,/ Helicity 3
eee eee / E
> E
een eeu CMS Preliminary 137.2 17" (1:
zo 06 T T T T T T
s POWHEG E = ==
upe P (NLO QCD+LO EWK) upe " POWHEG+NNPDF31 E . e
MATRIX MATRIX+NNPDF31 05 . 5 otal S une.
(NNLO QCD+LO EWK) F 7T TN a !
m MATRIX — - MATRIX+PDF4LHC15 - S s 1
o F (NNLO QCDxNLO EWK) L MATRIX+CT14 0ab - o g .
KA statistical KX statistical _ T it 208060402 0 02 04 06 08 1
Combined I systemaic Combined Bl systemati 0ab < + > gy, C0s(8y)
Luminosity Luminosity . F
1 | 1 1 1 | 1 1 | 1 | 1 1 | | 1 1 1 | | L | 1 | | 1 1 ;— =
40 50 60 1 1.2 14 1.6 1.8 2 02f . )
o(pp > WZ) / pb o(pp > W'Z)/ o(pp > W 2) 3 ~_ " --.Observed, 68% CL
T - - - Observed, 95% CL
0.1 - Obser\(ed, 99% CL
o : 50.6 £+ 0.8(stat.) £ 1.5(syst.) = 1.1(lumi.) £ 0.5(theo.)pb b eeesPyiia
oF L ! ! ! | |

Charge Ratio:1.41 £ 0.04(stat.) £ 0.01(syst.) % 0.01 (lumi.) I

-
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Wy production and EFT constraints

- Wy is produced through ISR, FSR or aTGC
- Probe of the WWy Triple Gauge Coupling
- Low-dim EFT operator alter the WWy TGC

- New physics results in anomalous contributions to
the cross section at high mass scale A.

- Consider an EFT in which dimension-six operators

CMS 137 b (13 TeV) CMS 137 fo™' (13 TeV)
'_g I §Predi Unc. —Isat% dl 5103 I -;ileup ;Dat% g are added to the SM .
S - - -
g someromern | 2L, mfew  habbiowen o | W:
2104 - =angromgt photon q>) \&Prsz. Unc. =NonBroth pt?oton b ¢ pe rato rS re evant to Y-
¥t} mPileup . | » Y conversion 1

% wiow ~Cun/A* = 2 TeV* 1
A, EIO

Owww = Tr[W,,, WPW],
Op = (qu))+B;w(qu>)'
Owww = Tr[WWW"P W/],and

e O = (D, )" WH(D,2),
O eel) " “Photonp, (@el}” - Limit on operators extracted using Photon p;
- Signal strength extracted using binned Coefficient Exp.lower Exp.upper Obs.lower Obs. upper
likelihood fit to the mly distribution cwww / A\ —0.85 0.87 —0.90 0.91
- Measured x-sec is: 0 = 15.58 + 0.75 pb cp/ />2Az —0423 0423 —0425 04415
Cixr —VU. . —VU. .
- MadGraph5_aMC@NLO and POWHEG: VZ;V}’Az 53 ” 50 20
0=15410.75 (scale) £ 0.1 (PDF) pb (M)
o =224 + 3.2 (scale) £ 0.1 (PDF) pb (P) - Observed limits on cyww//\? are factor 1.75 lower

o than the previous result
\ 4/7/2021
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Polarized same-sign WW in VBS

- First measurement of production cross sections for polarized same-sign WW scattering!

- Longitudinal W polarization cross section sensitive to BSM effects

1371b" (13 TeV)

CcMS ' 1 Other I'akg + Data
—W W, N Bkg unc

- Require VBS topology (SS-lep, 2 fwd jets, rapidity gap)

- Separate polarization states for EWK WW production
- W W_and W{Wx (one BDT)
- WiW+s and W Wy (one BDT) (X is either of two polarization state
- The W\ has smaller pt compared to the W+

Events / bin

\\\\\\\\\\\\\\\\\\\\\\\\\

[/ Nonprompt

SN
\\Q\\\\\\\\ SSANN

- Constrain SM backgrounds from data in fit (WZ, tZq, ZZ)

. EWK production: 2.3 o (3.15 exp) g S
- 95% CL limit for WLWL production 1.17fb(0.88fb exp)

- Fiducial Cross section from 2D fit of the polarization-separating BDT shapes
WW center of mass frame

BDT score

137 fo' (13 TeV)

cMS ' I Other bkg + Data
—W.w \\Bkg unc.
W, W, /W, W, — W, Wy ww*

Events / bin
=

—_
o
w

_
o
o

10

Data/SM

BDT score

parton-parton center of mass frame

Process o B (fb) Theoretical prediction (fb)

Process o B (fb) Theoretical prediction (fb)

WrWE 0.32707%5 0.44 £ 0.05 WrWr 0.24102
WxWs  3.0670%% 3.134+0.35 WxWs 3. 25+° 50
WiWwx 1. 2o+g gg 1.63 +0.18 Wiws 1 4o+0 60
s WiWT 211759 1.94 +0.21 Wi W= 2. 03+8 gg

0.28 £ 0.03
3.32 & 0.37
1.71 £0.19
1.89 £ 0.21
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Precision top quark Physics

- LHC is a top quark factory!
- Over ~25 years since its discovery, the top quark is still one of the hottest topics...

- Inclusive cross section well understood; Observation of top quarks in
agrees with NNLO predictions heavy ion collisions

_Q - I 1 T T I L 1 T I I T 1 l 1 I L I T 1 I I 1 T 1 = _1 _
= g:xg.ff;;mz':ﬁ;%ﬂ:x‘rzf:b,,g, CMS Preliminary  Septamber 2019 3 o PPb (174 nb”, Sy =8.16 TeV)
c B MS ep 7 TeV (L =5 fb) 7 = - .
o - o oms I+l]1ets7TeV(L 2.31b™) ] C 35 CMS e*/u* + =4j (=2b)
= L v CMSalljets 7 TeV (L = 3.54 fb° Y i (4] C
o o0 CMSen8TeV(L=19.71b") > - { Data
8 103 o gmg Iﬁfetst 88T‘I€V\}IZL 1?864&:b)) L 30;

—t all-jets 8 Te! - y -
7 = A CMSeu13TeV (L=43pb”,50 ns) = - -t‘l correct
S | ostmensiiisen, : 25/ :

L +jets e ns ] _
o 5 oM |+Iiets 13 Tev 9_0_2315: )fb A F ] - tt wrong

* all-jets* 13 Te 2.53 C ] -
= — ¢ CMS t+e/p* 13 TeV (L=35.9b™) 900F 1 r . background
q>') * Prelimina : ] 20—_
ry F ]
B 102 800F 1= B
-] - X 14 -
(_é - 700F TR . 1 5 :_
= B F [@NnPoF3.0 .MMHT14 i C
Z=== NNLO+NNLL (pp) 600F 7 10
B == NNLO+NNLL (pp) .CT“‘ . EIABMIZ 17 C
10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[Tev] C
= NNPDF3.0, m = 172.5 GeV, 0iy(M,) = 0.118 + 0.001 ['ey(M,)=0.113] E Sy
_ L 1 I L 1 L I 1 1 1 | 1 1 1 | 1 1 L I 1 1 1 ]
2 4 6 8 10 12 14 L9,
{3 [TeV] 100 150 200 250 300 350 400
& My, [GEV]
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Rare top quark processes

- tZq: sensitive to tZ coupling and - 4 top quarks:
WWZ coupling, FCNC - unobserved very rare process atttt = 0.01 pb
- rare process: otZg =1 pb - Sensitive to top yukawa coupling
CMS 774" (13 TeV) . -t
= | soaa | mmzg | Iy YoM | < 1.7, thie
S : %‘l{lv;prompte/u =g§ : % g '
% 100 %:\fﬂ){(ﬂ/tigéson &#Ztal unc. | @95 3
s ' _ _ CcMS 137 o' (13 TeV)
_ - First observation! £ 10° BDT (post-fif
2-3 jets, 1 b-tagged | I.%) { Data Nonprompt lep. WEE Charge misid.
102 = tt:t{tMt/ = Rare = ?t‘\//v
50 o ttz ' [}
10!
o == 100
'qo; 1 E [stat. unc. [ Total unc. * 3
§0513 SE S H“- .
g 5 S5 0 05 1 g2 J/
o BDT output §1 /)%4.:#,¢".o.‘é*)////ﬂ
8 i iieseecatciociezs
oc(pp — tZq — t¢T4~q) = 111 £+ 13(stat) Ty (syst) fb S 555 EEB55555555555 5
15% precision Approachlng sensitivity to 4 top!
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Top pair + charm production - ST r— o i

. . g 106 t?cg -tch
- First measurement of tt+cc production SR Bl e
. c Singlet I@DY
- Important also for future ttH analysis 10¢ e

- Aided by the new charm-jet identification (DNN) o
- NN trained for the jet-parton assignment g _ é_” 10

- o (tt + cc) measured for the first time! b .
- Fiducial space: 0.152 + 0.022 (stat) £ 0.019 (syst) pb 07078 08 08 09 0%
- Full phase space: 7.43 £ 1.07 (stat) £ 0.95 (syst) pb soore forfhe hestpermuaton

+ First measurement of R = (it + cc)/(tt + Jj) T i R O B
- Fiducial space: 2.37+ 0.32 (stat) £ 0.25 (syst)% 1 R
- Full phase space: 2.64+ 0.36 (stat) + 0.28 (syst)% b: ¢ O E o é)l
- Fiducial space: full flavor content splitting T e
Oz [10] Oz 1]
- 2D likelihood scans agree within 1-2 o with m— AN~ DG—
the corresponding theoretical predictions; A R — N S
= o (itbb) and R, slightly above prediction e ) ? _________ )

E 1
4/7/2021 PITT LHC Run3 Workshop 0wy | 1 “hr




THE HIGGS PHYSICS PROGRAM
- SELECTIVE HIGHLIGHTS

=) vy
\ENEM

%
/|



¢ Data
= z+x
Ozy, 2z

[Im=125 GeV

¢+ Data
[ H(125)
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Measurement of Higgs Boson Properties

- With the full Run2 dataset, significant progress in the Higgs sector:
- Firmly established decays of Higgs to yy, ZZ, WW,
- Yukawa coupling measurements: tau-Higgs, bottom-Higgs and top-Higgs

- Move to precision mass measurement: 125.38 + 0.14 GeV
- Precision reaching 0.1%, still dominated by statistical uncertainty

> 9M$| IIIIIIIIIIIIIIIIIIIIIIIIIII | T I1 I3I7Iflb;1l(l1|3I-ll-el\I/—)
Fiducial and differential cross section measurements & *° ¢ Data
. . H(125
comparing data to state-of-the-art calculations f e
2 o + = 9922, 27"
2 B EW

B Z+X
150

The experimental precision is at the level
of the theoretical precision

100

o/osw = 1.02 £ 0.04(th) £ 0.04(exp) £ 0.04(stat) _

IIII|IIII|IIII|IIII|IIII|
|IIIII11II|IIII|I11I

ks Sl

~6.5% measurement!
0

[ [
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http://dx.doi.org/10.1016/j.physletb.2020.135425

Observation of Higgs boson coupling to third generation fermions
Highlights of 2018:

Higgs boson decays to bb Higgs boson produced together
with top quarks _/Ijet
@,

CMS,/ |5 =13 TeV (2017)
b-jet

b-jet

[
\ .
jet R 4
b-jet - “_ ,‘ 5
. g
(‘66§ + b-jet *% /
1 . &
77217 (13 TeV) CMS 35.9fb™ (13 TeV) 3 /o i {
3 ) o +045 4026 +037 2 -4,
£ r CMS ¢ Data B Combined 8 u=1.23 043 ‘005 (stat.) 035 (syst.) & 3l e-
pp—ZH e r Il VH Hos0b C
2L r b 11+ 2t
‘_' b + b '5710007 VZZ_}bb h 176 [ ]
i © (%% S+B uncertainty n=-152 A
e te ; I 2Iss L Tht
& =161 ™
> 2ss+ 1, |

+0.80
n=094
3l

+0.77
n=082 7

3+ 1, L
L=1.34 +142 |
a o7 L pp —_— tt
4229 | L] | T v,
. . . : =087 L e il TTE—> VetV RireY:
60 80 100 120 140 160 3 2 0 1 2 3 b

bW-—> b+p-+V,,

CMS-H IG-1 8—0 1 6 m(j) [GeV] Ract fit 11 (HH) bW+—> b+q+? |
R Innovative algorithms based on Machine Learning techniques

[ [ .. .
@, 4/7/2021 (Boosted decision trees, Deep learning methods) were employed.




tt+H multileptons

- 2018: observation of ttH production in combined
final states

- Now: tH and ttH analysis using full Run 2 dataset
- Observe in each individual channel, and measure
properties
- Signal extraction in many final states with DNN, ST
multiclass ANN, BDT 1 1
- Non-prompt and flips backgrounds determined in data .

- Conversions and the irreducible background
determined from simulation

g [ 4/7/2021 PITT LHC Run 3 Workshop



tt+H multileptons

Combined | 1 =0.92 92 [ 213 (sat) % (sys | Combined | =57 1 [ 28 (sat) 2 syst)|
- 2018: observation of ttH production in combined wo | ooz [ e
final states o | e
- Now: tH and ttH analysis using full Run 2 dataset i -| e B
- Observe in each individual channel, and measure ™ M@i s
properties
- Signal extraction in many final states with DNN, SR T £
multiclass ANN, BDT g
- Non-prompt and flips backgrounds determined in data @ 10)
- Conversions and the irreducible background _ ;
determined from simulation e s . i
- 4.7 obs. (5.2 exp.) significance just in multilepton! ) ”” S |
. - 4)"5"‘6‘“6'5“'4“‘i‘é“'é‘“é's‘;l'n‘z:-; - 4)"5“‘6'“6%“'%”‘i‘é"‘é“'é'i(;v‘vs
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tt+H multileptons

Combined | 1 =0.92 *°% [ 212 (stat) 7 (syst) | Combined | =57 ' [ 22 (stat) 2 (syst) |
- Observe in each individual channel, and measure =" o [ oo | oL
properties o e i |
- 4.7 obs. (5.2 exp.) significance in multilepton! -1 e B
- Obtained 2D confidence regions for (k;; ky/) @m OO, | ——

- When profiling y,, obtain at 95% CL

. CMS 137 fb' (1 3 TeV) .CMS 137 fb (13 TeV)

E J:"l""l""l """""" E 'J:'"\""!""I""I """"""""
- = F pp—tH+ttH 4 =3 Fopp—tH+ttH q
CMS 137 fb ! (1 3 TeV) 2.5F H - WW/zz/te { 2.5F H - WW/zZ/tt 4
> 2 T T T 7T | T T T T I L | T 1 T 7T | T T T | T 17T ; B ; E
B - a 2 —, 2 —,
C pp—tH+ttH ] E ] : ]
1.8+ RS - 1.5} LT E 1.5 P E
" | \ B E ] F ! ]
-09 < Vi < -0.7 or - Ho WWZZ/n PN I @ R +® L
B ! B F H 1 [ N } 1
1.6 L ' H - 0.5F e T R 0.5F R E
B 'I \ — F Observed q E Observed
O 7 < y < 1 1 1 4 o II l, 7 0; — 68% CL region i 0; — 68% CL region E
L. ! - F ---95% CL region ] [ ---95% CL region
" t " - ‘|‘ ‘, - -0.5¢ @ Best fit +SMexpected _0'5? @ Best fit +SMexpected |
C ! ! \ i B R N B B L N N T T T T T g
. . 1.2 / ' ! i ] -5 0 5 10 15 50 0s T s 2 s
times the SM expectation - Lo
1 h J N ] .CMS 137 fb” (13 TeV) 3CMS 137 fb (13 Tev)
- 1 _ P Al LAAAE LALAE RAARS RAARE RAARE RRRAN RARAS R S A LR LR RS AR R
B \ /) * i 5° F pp—tH+tH E :x_‘u' [ pp—tH+tiH ]
O 8 - v . 2.5F H - wwizz/r E 2.5F H - ww/izzir B
L § 2 12
0.6 I 15 : 150 9
T Observed: 1 1 @ ' ] i +® ]
F \ ! ] S e
0.4 | — 68% CL region -95% CLregion @ Best fit i 0.51- g 0.5 E
— r Observed 1 C Observed 1
+ Standard Model 1 0; — 68% CL region B 0? — 68% CL region t
0 2 PR TN TN U T U ST N NSNS NI A NS N ---95% CL region ] [ ---95% CL region
_1 5 _1 _0 5 O O 5 1 1 5 05 g gestit +SMexpected 055 @ gestit +SMexpected
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K‘t 05005 115 2 25 3 05 0705 1T 15 2 25 3
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Evidence of Higgs boson coupling to 2nd generation fermions

Highlights of 2020: Goal: Observe Higgs boson decays to py

Gluon fusion: o ~ 49 pb

g t

1:_ TIIIII|I||l|l||]||ll§|llll|lll|I||IIIIIIIII_:

" bb

| 1 111
LHC HIGGS XS WG 2016

g t
‘5000000000

Branching Ratio

ttH: o ~ 0.5 pb

Main production mode

Xg}:cr::n-ﬂ VBF-jets: large An,; & m;
VBF dijet selection
- . Large , dijet mass Tag decays of W and Z
F 1 ! Leptonic decays , ,
10:142(1)1 I1||2|1I l‘Ilél2l ]1I21:|3| l1l2|£lll I11;5l l1?6I l1‘21%l l1l2ll8I l11215l 130 se'ect Z(")/W(lV) Offers “rich” topologles
M [GeVl tt-specific
selection

- Signal extraction by topology of production mode
- Strategy: excellent m(up) resolution, characteristic kinematics
. Challenge: rare decay with non-negligible backgrounds

e
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g [ 4/7/2021 PITT LHC Run 3 Workshop




Evidence of Higgs boson coupling to 2nd generation fermions

137 b (13 TeV)
AARS Raan RanS

'g 10° ‘CMSI ‘ ‘+ Data = DXEW
Gluon fusion: o ~ 49 pb %jﬁ: 5;"::‘“’ S
. H R BDT used to F
. __li__ :22 0 in dimuo“ mass 1T I 1T I 1T I LI I LI I 71T I LI T TT T TT | | T T 1 | T T 1 | T T 1 | T T 1T | T
. f ‘u:,f ; : i, ggH-cat1 |
Soo £ = it ggH-cat2 ]
Main production mode ° th‘a 06 04 02 0 o2 04 06 u‘ej .

ggH BDT output ggH-cat3

137 b (13 TeV) 137 o' (13 TeV)
T T T T

@
&10°F CMS ¢Data  [@Hom

ggH-cat4

2
107

T T T
b s Fcms DNN iData  [IZiEW |
~
VBF: 0~ 3.8 Pb D 10°F postit Hov W Topquark D10F postiit Hziew oy ggH-cat5
[ J 1o5f VBF-SBRun2 [Hpibeson 10°F VBF-SR Run2 [ETop quark [T Diboson ]
105 m,=125.38 GeV —VBF —ggH

m,, = 125.38 GeV

Side Ban

VBF DNN-bin 1-5
VBF DNN-bin 6-9
VBF DNN-bin 10-11

e VBF DNN-bin 12-13
. . 215 e 2 —
VBF-jets: large Arn; & m; § K i — § ' it WH-cat1
| | | | 1 L i i i i | | —
2 4 6 8 10 12 2 4 6 8 10 12
VH' 0~2 3 b 137 1b” (13 TeV) 137 1™ (13 TeV) WH-cat2 _
- - p % w0k T T T +:)ata T -le T ] .g T T T T T T T T
E @z oy 3 oL S toaa ooz ] WH-cat3
S ok B Topquark [JOterbkg. 1 = [Jag -2z [Jotner big. i
S S
% 10°F BDT :g:svs\g - 4 % 102k —qqZH —gg > ZH ] ZH-cat1
2 H H 2 . —
o “ ZH-cat2
ttHhad-cat1

ttHhad-cat2

H |
3 3.2 T LI A R )

Tag decays of Wand Z ¢ ! “f“_;_+++++ Hiy ttHhad-cat3 ]

e BT e - - v S e T e S 7 1 nH|ep.cat1
'WH BDT output ZH BDT output —

ttH: o~ 0.5 pb g : : 137|b"(1|3TeV,) PE— S 13]7«;': (13‘TeV) ttHlep-catZ
tt H 5T cms +Data  [ETopquark H cms -+-Data miz —

[} @ 408 oY miz iz ETopquark EUWW)
i : B Sorertie. 3 paaa b by by s by by s bya g |l oo b by b b b by Iy
' . 0 5 10 15 20 25 3 35 0 02 04 06 08 1 12 14

S/(S+B) (%) s/\B

10°
i ¥ . g T T T T Skinas W AN LA AR LRARA RS AN LN RN R
Offers “rich” topologies £ ", sttt ¢ WU Lt AT T
K| perrrrrresereeed. 8 it ot G L
S 0.5 1 15 2 25 3 35 -1 -08 -06 04 -02 0 02 04 06 08
e tiH hadronic BDT output tiH leptonic BDT output
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Evidence of Higgs boson Couollnq to 2nd generation fermions

137 fo! 13 TeV
IR

“oms Goun W Additional point probing the

Post-fit Oziew oy

VoF catagory I Tep v Elowosn dependence of coupling strength

- First Evidence:
3.0(2.5)o obs(exp)

m,, = 125.38 GeV — VBF —ggH

on the fermion & boson mass!

35.9-137 fb" (13 TeV)

S/(S+B) Weighted Events / GeV

. . =\ _"| T L ' """'|t I¢_
- Signal strength: | EJ; 't cms wZ o
, , ‘ r X o
_ +0.40 +0.15 g oY T T 5 [ mi=12538Gev
U = 1.19 —0.39 (Stat —0.14 (SYSt) E OM*"}T{_I%*;*A ; %TWL tabh, b o Eu_|>10 ‘— p-value = 44% E
° 116"1'15"1'26"1‘25‘"1‘36"1‘35"%46"%45‘"%50 “ 0 b . -
L, (GeV) 10-25— T?"T E
—— — .1.37.f,b-1.(73.TfY) z AR T ERLT '37fb-1(13TeV) 102 ¢ Vector bosons
cms °°’“"‘“°°'lﬁ="‘93_)-f: & ° £ ¢ 3" generation fermions :
i . oo | - g ¢ Muons ]
VBF-cat. | =138 [ e8% CL 2 Y T SM Higgs boson _
B [ J9s%cL ] 6 | Lol Ll
ggH-cat. | u=0637% m, = 125.38 GeV =
| H | 1 s %) T T LA B
fcat | n-202%7 11 S Rt f H ----------------- &2
I +3.10 1 . ,': 8 é | Ll Lol 1
VH-cat. i W= 548283 = | ," 1, 1 10 102
1 Particle mass (GeV)
1 | co o by L 0
— - -15 -1 -05 0 0.5 1 . 2 2.5 . .
e Y kestity . Couplings to fermions & mass
TPPNT : : Couplings to gauge bosons « (mass)>?
- Likelihood scan to fermion or vector boson couplings ouplings to gaug s o (mass)
L Higgs self-couplings o< My
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Higgs boson properties in H —yy

- Full Run 2 dataset, ggH, VBF, VH and (t)tH channels
- BDT discriminators for photon ID and diphoton vertex ID

- BDT discriminator for analysis categories: diphoton BDT, dijet BDT for VBF, VH, 4
BDT, DNN for tH vs ttH

- Total Higgs boson signal strength: 1.03*9-11_,
- First Simplified template cross section measurement at Stage 1.2

CMS-HIG-19-015

S T T
mmmmm

- Minimizes model-dependent measurement _ cms 137 fb" (13 TeV)
- Partition major production processes into § E £, iﬁ’ ;
different kinematic regions by: "l T e T ¥ o, o
matching experimental selections é;yw:i |+ ‘ T s ALJF"“ a
avoiding large theory uncertainties E e, o . m g
isolating possible BSM deviations i’ E , | | | E
- Partition performed over p", m, il Niet, and prY g i o e s e e 3 ;

j=2}

B
B
g

¢}
g
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What are the implications of a light Higgs...

- the world has changed
- SM-like Higgs boson with my, = 125 GeV

- is such a light Higgs boson consistent with naturalness?
- is my stabilized by ~TeV scale new physics or is it fine-tuned ?

- a window to new physics
- Higgs is a signal to scrutinize for hints of what the physics beyond the SM may be

- Are there additional Higgs bosons ?
- Is the Higgs elementary or composite?
- Are there exotic Higgs decays ?

- what is the shape of the higgs potential?

~c t....more

SHe
s

PITT LHC Run 3 Workshop
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THE BEYOND SM PHYSICS PROGRAM
- SELECTIVE HIGHLIGHTS
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Beyond Standard Model Physics Big Questions

% %
% o S %, Q Q % Q
: ¥ 2 % 2% 2 : ¢
E“g 1% ééﬁ% <%% ?%m 1%&% @§§5 ﬂi 2@?@1
'PI th f d I % G & S () 2> o 9 9
etnora or models |deas % 2 o &

SUSY
- . Compositeness,
¢ Pred |Ct Extra dimensions
- New heavy particles Extended
Higgs Sector

- Some with large lifetimes -,

. Partner
- New signatures
W'iZ

Minimal
Dark Matter

Hidden
Sector

Multiverse
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- Probe new particles with
mass ~ few TeV

- Leaving no stone
unturned in the search.

- Going from traditional
searches to exploiting
new techniques.

- Is BSM hiding in difficult
corners of the phase-
space?

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

String resonance
Zy resonance

Higgs v resonance

Color Octect Scalar, & = 112

Scalar Diquark

i+ 4, pseudoscalar (scalar), g2 x BR$-2) >
i+, pseudoscalar (scalar), g2_x BRI$-21) >

.03(0.004)
.03(0.04)

quark compositeness (q). Nuss =1
quark compositeness (14), fuss =1
quark compositeness (q4), N.uxs =
quark compositeness (t1), Nusa= - 1
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

(axiak)vector mediator (xx). ga=025,gou=1,m, =1GeV
(axiak)vector mediator (), g, =025, gaw =1,m,= 1 GeV
scalar mediator (+4t8), 9, =1.gom=1,m, =1GeV

pseudoscalar mediator (+t/), g,
scalar mediator (fermion portal), A,
complex sc. med. (dark QCD), m,,

Leptoquark mediator, 8

RPV stop to 4 quarks
RPV squark to 4 quarks
RPV gluino to 4 quarks

RPV gluinos to 3 quarks

ADD (j) HLZ, neo=3
ADD (yy. #) HLZ, e =3
ADD Gex emission, n =2
ADD QBH (jjh, nes
ADD QBH (ep), ne
RS Guxlyy), ki, = 0.
RS QBH (jj), neo =1
RS QBH (ep), nex =
non-rotating BH, My = 4 TeV, neo = 6
splitUED, pz4 TeV

RS Guxl93, 9g), ki = 0.1

excited light quark (gy). fs=f=f =1LA=m_
excited bquark, f; =f=F

excited light quark (gg).
excited electron, f;
excited muon, fs =

m
—F=LA=m,

WISM, Ve =10, [Vinl® =10

WMSM, VeV PNV + Vil ') = 1.0

Type-lll seesaw heavy fermions, Flavor-democratic
Vector like taus, Doublet

scalar LQ (pair prod.), coupling to 1** gen. fermions, 8 =1
scalar LQ (pair prod.), coupling to 1 gen. fermions,
scalar LQ (pair prod.), coupling to 2 gen. fermions,
scalar LQ (pair prod.), coupling to 2 gen. fermions,
scalar LQ (pair prod.), coupling to 2 gen. fermions,
scalar LQ (pair prod.), coupling to 3 gen. fermions, f=
scalar LQ (single prod.), coup. to 3 gen. ferm., A= 1.4 =1

Z,,, narrow resonance
Z,, narrow resonance
SSMZ'(9g)

Z'q4)

Superstring Z,,
LFVZ', BRley) = 10%
Leptophabic Z/
SSM W'(tv)

S5M W'(tv)
SSMW'(gg)

LRSM Wa(tNz), M,

Axigluon, Coloron, cotd =1

.B=01, A om=0.1 800 < M <1500 GeV

Warning: not a complete list

Current Status of Beyond Standard Model Searches:

Overview of CMS EXO results

CMS preliminary

36-140 fb~! (13 TeV)

1011.03047 (2j)
1712.03143 (2 + 1y; 2 + 1y; 2§ + 1y}
1808.01257 (1 + 1y)

1911.03947 (2j)

1911.03047 (2j)
1911.04968 (31, =41)
1011.04068 (31, =41)

1803.0803 (2j)

:z???? E

1812.10443 (21)

1712.02345 (= 1+ E7™)

C a5z 1911.03047 (2)
1901.01553 (0, 14 + = 3j + E7"™)
1901.01553 (0, 1f + = 3j + E7™)
1712.02345 (= 1j + E7™)
1810.10069 (4j)
1908.01713 (h + EF™)

1908.01713 (h + E7™)

[ 035507, 191103761 (= 3j)
POO3S06T 181110151 (s 1) + B

ZExExzEzxzxzxzxz =X

36!
36 fb!

77!

O 0EE052N 1808 03124 (25;4))
0720 1805 01058 (2))

1806.01058 (2j)

1810.10092 (6f)

R

36 fb~1
38!
38!
36!

1803.0803 (2j)
1812.10443 (2y, 21)
1712.02345 (= [j + E7™)
1803.0803 (2j)
1802.01122 (ep)
1800.00327 (2y)
1803.0803 (2j)
1802.01122 (ep)
1805.06013 (= Tj(t, y))
e 1803.11133 (£ + ET)
05260 191103947 2))

zESzzzzzzzxx

36!
36 fb!

36!

1711.04652 (y + j)

IS 171104652 (v + )

=zzzx
‘
£
5
#
g
]

25 =IEN 1811.03052 (v + 2

0.001-1.43 1802.02965; 1806.10905 (3£(p, e); = 1j + 2¢(p, e))
1 0.02-16 1806.10905 (= lj+p+e)
1011.04968 (3¢, =4t)
100510853 (34, =4t, =11 +21)

<0.88
0.12-079

==z =z x

| <144 1811.01197 2e+2j)
(<127 181101197 (2e+ 2jie + 2j +E7™)
i <153 1808.05082 (2 +2j)
i
i

08-15 181110151 (1p+1j+ E7™)
<120 1808.05082 (2 +2j; p+ 2§ + E7)
<102 = 1811.00806 (27+2j)
1806.03472 (27t +b)

Exz=zxzxz=x=x

<0.74

1912.04776 (2p)
1912.04776 (2p)

a2 1911.03947 (2))

2103.02708 (2e, 2p)
1802.01122 (ep)

1905.10331 (1j, 1y}

1900.04114 (2j)

1803.11116 (21 +2j)
1811.00806 (27 +2j)
S OS S661 1911.03947 (2)

L 1

EExzEZEzEZzZzEZExzxzxzxzxXx

L
01 10 100
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Diverse search strategies

- Enhanced focus on complex topologies and weakly coupled phenomenon

- Inclusive searches complemented by dedicated searches that target gaps in coverage
- Challenging topologies

- As mass limits on SUSY patrticles, particularly colored ones, are pushed up, further extension of the
sensitivity requires special reconstruction techniques

- In particular, decay products in SUSY chains are highly Lorentz-boosted, resulting in the overlapping

particles/jets in the final state. Need to use jet substructure techniques, widely used in other massive
resonance searches.

- The results of first searches of this type are now becoming available
- Unconventional analyses
- Displaced jets, emerging jets, delayed jets etc.

. b v rt
- Longer decay chains ///

P T =0

] ) . tl", ~+ -...:._ R 41
e.g. consider taus in stop decay chains -~ X1
(traditional searches veto taus or don't ~e. o

focus on them b T \\K\ %

b 7T

[ [
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SUSY sleptons (and ewkinos and squarks)

Probe both electroweak and strong production with dilepton final states
- Moderate E} ;. requirements to target invisible particles. Per-model signal regions

Backgrounds estimates:
- Flavor-symmetric (tt, WW, & taus): estimate in opposite-flavor sideband, apply in same-flavor

- Drell-Yan: model E/ ;.. from y+jets events (for sleptons, extrapolate from Z peak)
Neutralino (chargino) masses excluded up to 750 (800) GeV (+100 GeV w.r.t. previous searches)
Light-flavour (bottom) squark masses excluded up to 1800 (1600) TeV (+300 GeV in bottom)

- Direct slepton production excluded up to 650 GeV (+200 GeV) _ &,EMS 137 fo" (13 TeV)
%.) pp - eUR eUR uL/Fl HUH B(f ¢ xo) 1 g
- 1 slepton edge 0 O, 700|NLO+NLL exclusion =
E g : r < =0b 1.9
. = DY =Observed + 1 .., =107 =
N L ) B,u{‘,-(«._';g E 600 ::: Expected £ 1,2 50 rrren 8
o 2 ' e S B 2 - = o
o RN BONEYF | - =
L i \ ' \ f “ T 500F : [ PP
O ” 1 b ! o > C i - : E (&)
| Sepons e e e e e e e e 4001 4 1 5
1 1 - B i - E’
B P
| P i“r’/iv: 300f- 107=
1 - 1 - o
LY o R g ! C
N ' N 200 Q
3 ' we e =10 1
o : Electroweak : C (@)
production X Strong on-Z 100 . 2
1 1 . : E o
e - 107° ©
= No jets Few Jets Many Jets 100 200 300 400 500 600 700 800 900 1000

Jet multiplicity my [GeV]



Search for New Particles: bump hunting

- Plethora of new models predicting new heavy resonances.
- Look for bumps is a powerful search technique

q H
- model-independent as long as resonance is narrow ,??/
. . 7 /
- Mass reach dilepton resonances : exclusion up to ~5 TeV Y
- Mass reach dijet resonances : exclusion 2 -8.5 TeV J\L
. . q
Di-lepton Resonances Di-jet Resonances 37,113 Tev)
310 _||c| |S||| LN I LI B |St| [rrrrprrrrprT ; S — I‘|I3I7lﬂl)-1| |(1|3|T|elv)

_ 137 fb (1 3 TeV, ee) + 140 b |(1 3 TeV [N o0 | e quark 1 = £ 2000 CMS 95% CL upper limits .
'8_ | l ] < 10 3 o o T Axigluon/coloron 3 I 1000 . Observed E
‘5‘ 1 CMS — Obs. 95% CL limit = Qé c :::tho 4 ::t’:o " — — Scalar diquark . ] T 200 : n VBFsgnal Median expected ;
Y EoN\s Exp. 95% CL limit, median 7 10R7 1 Coloroperscaar =gl = N 00 T e -
2 ~ ) _ ] 7 i 2| %422 HVT model A ]
,>i L S N width E 1 3 ) . DM mediator 3 N ?8 S HVT mgdgl B _
ﬁ L N\ —0.6% —3% - ‘:;_- \\ ______ RS graviton ] © E E
R 107 N\, —5% 10% 3 10” b 3 2f .
% SEWY N\, Zssu (width 2.97%) 1072 —f 1 3 E
NOITE R N ' (Width 0.53%) = fa 0.2F JHEP 11 (2018) 172
= b e N\ 1 10° SN L X] St
L 10 EmEmea U = 95% CL limits Y- eeessioress 0.0 = -~ Median expected :

10" \ ] 10 Gaen d OO 000" st Zonh b dah 300t 430

o . ] I, 3 m e
T B B B R g —e— quark-quark - - ] z
1 000 2000 3000 4000 5000 0—5 2| | é L1 |4|. 111 5| L1l é |\1 11 % L 4\§ 1 |\|
m [GeV]

Resonance mass [TeV]
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Dijet "Low Mass” Resonance Searches

- Large dijet cross section at low mass; study limited by resources to process and store data

- Benefits from

- Scouting approach for trigger trades-off between trigger rate and event size

- Reconstruction only at the HLT stage, keeping limited information (HLT objects)
- needs calibration of HLT against full reconstruction.

- Inclusion of ISR photon-tag

2 pronq 1 prong CMS Preliminary LHCP 2020 95% CL exclusions
- c- TTT I T T T T T 1T 17T I T T T T T 1T 17T I T T T T TT N
ISR g,y ._:__‘1____ | : o [T T ’ T o
H-- - e N :' ----- Expected
A q m = IMp=50% e Iz /My <~5%
y : /M =30% - : . _____ tiresonance, [arXiv:1810.05905]

35.9fb", 13 TeV
T,/ M, <~10%

Boosted Dijet+y [arXiv:1905.10331)

NN
“ ’ . B N N . 35.9 b, 13 TeV
- Use of “Jet Substructure” trigger @ HLT - M5 : ST Boosted Dit [arX1909.04114
N \, . ’
. . g . " \ \ AN VAR \ | Dijet+ISR jet [arXiv:1911.03761]

- Boosted jet identification at reconstruction - - , - wewiiew
N\ \ \ ijet b-tagged [arXiv: .
SRS \ t.‘ 19.7 1 8 TeV

NN \ Dijet scouting [arXiv:1604.08907]
19.7 fo!, 8 TeV
Dijet scouting [arXiv:1806.00843]
35.9 fb™, 13 TeV
Dijet [arXiv:1911.03947]
137 b, 13 TeV

T,/ M, <~30%

Boosted dijet + photon-tag — 107

Broad Dijet [arXiv:1806.00843]

Boosted dijet + jet substructure trigger/:

11 1 1 1 11 11 II 1 1 1 11 11 II 1 1 1 11
710 2030 100 200 1000 2000 Iz /My <~100%

Dijet y [arXiv:1803.08030]
IVIZ' [GeV] 35.9 f)é“, 13 TeV

o Dijet scouting
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34 b (13 TeV, 2018)
T T T T

CMS Online R ucted Di 1 E
Preliminary Jw pT(u) >3 GeV, n(u) < 2.4, opposite sign

10"
10"

Dimuon Resonances & Dark Photons
- For m,,> 45 GeV, use “standard” muon triggers
- Dimuon HLT trigger thresholds 17, 8 GeV
- For m,, <45 GeV, use high rate "dimuon data scouting triggers”

- Record muon triggers with much lower threshold :
- Ave. HLT rate: 5.6 (4.4) kHz in 2017 (2018) 103

- Dark Photons at the LHC: i B 10

u* W invariant mass [GeV]

—_

o
—
o

Events/GeV x Prescale

L1-Trigger Selection Requirements

2u,p, >4.5GeV, <2, 08, m(24]p7 GoV
3u,p, > 53 GeV

20,p, >0 GoV, <15, 08, AR<1 4
l«-vv>l0ﬂ~°‘. AR<1.2
h«ﬂ')OGW‘Ir’ﬂ‘k“ AR<1.4

P,
21, > 45 GoV, hii<2, 08, 7<m(2u)<18 GoV
WP, >22GeV

P,

2u,p, > 45 GeV, 08, AR<12

- Couples to SM particles via kinetic mixing parameter €

- possible decay modes to 2u final states ) , L

137 fb™ (standard triggers) and 96.6 fb™ (scouting triggers) (13 TeV)
o T T T T T T T T |
) 137 fb' (standard triggers) and 96.6 fb™' (scouting triggers) (13 TeV) @ B CMS ]
137 fb’" (standard triggers) and 96.6 fb” (scouting triggers) (13 TeV) 5 10°E ' T ' T T T T =
% ||v.||---||-||||-|.--Iu||3|.|||||||-|||||||- & E CMS E 10—3:_ —
o CMS -3 [ . - < n 95% CL observed limit 4 E— — 3
~ 10° ?g 32E" " Barrel category :; 10 e 95% CL median expected limit - - 90% CL observed imit .
° ) ) 30¢ + Data _5- x E I 68% confidence interval for expected limit 3 L i 22;" S(')‘n:]::r:: ;:Z‘:::fo'r':: sctod limit _
2 107 —— Standard triggers S B — 5 (25GeV) £ = 2x10™ S) C 95% confidence interval for expected limit ] o , P o

ac’ Scouting triggers = o8 ——— Background only fit 1 10—4 — 95% confidence interval for expected limit —
g e ] 1= - = LHCb (90% CL) [arXiv:1910.06926] 3
10° 3 C Electroweak fit constraints (95% CL) [JHEP 02 (2015) 157] N
10° e 107 = fuu reco 5| SCOUtIng —
- m oo s B E § 10 E E
10¢ C ] E
102 t' - .
1o - scouting - full reco_
r scouting triggers | standard triggers N . . . E
2 1073 . . L T SR S L scouting triggers | standard triggers 3
10 e L L e b o b b b b o b by 1y 1 20 30 40 50 100 200 i 1 1 | 1 ! L L
20 40 60 80 100 120 140 160 180 200 220 Resonance mass (GeV) 11 20 30 40 50 100 200
LoD My (GeV) my (GeV)

4/7/2021 PITT LHC Run 3 Workshop



Long Lived Particles (LLP)

- Unconventional searches:
- Many BSM models have long-lived particles/ displaced vertices.
- Challenging measurements; important to use all sub-detectors

displaced
CMS Long-lived | [F5<P dilepton M BSM
P
. [l lepton
History W quark
Graphic Credit: Jamie Antonelli . phOton
e A [l anything
disappearing ¢ i o« / displaced
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LLPs decaying to jets with displaced vertices

d
Long-lived particles decaying to 2 or 3 quarks (=5 track vertex) ;L p
Displaced vertex reconstruction benefits from upgraded inner detector & -
o ‘T d
d

improved pileup rejection techniques
Scan dy: data-driven background template from 1-vertex events
Low-lifetime search complements limits from displaced and delayed jet analyses

Limits set on long-lived gluino (2.5 TeV), stop (1.5 TeV), & neutralino (1.1 TeV)
with mean lifetimes between 0.1 — 100 mm
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E70_III!|I |I|||II|IIIlllllllllllll(lllllllz_ 6Fall202° 132-140fb1(13TeV)
E C CMS Preliminary ] @10 T I o T P TS
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.q:_; 50:_ . : § Data _: S pp—-§d.§—qq i? Delayed jets (1906.06441)
u>.l E ! Background template E ‘g 10* m; = 2400 GeV Displaced jets (EXO-19-021)
405 - = m.; = 100 GeV Displaced vertices (EXO-19-013)
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THE NEAR FUTURE: RUN 3

widened scope from large accumulated statistics
Helps with low energy or unusual signatures
Helps rare processes with small production cross section
More model-independent, not to miss anything

How to prepare for physics?
Pursue novel trigger algorithms
Continue benchmark analyses.
Develop new analysis strategies

VA7
S.-2
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CMS Phase-| upgrades and LS2 Status

- A small delay accumulated during the previous 12 months and the LHC will restart in 2022
- Maintenance, impro‘vxe‘muent( gnd completing Phase1 upgrade

Depth segmentation from . - Keef:j strip tracker CT!CI to
new electronics in HCAL L - HCAL barrel (completed): avoid reverse annealing
— | install SiPM+QIE11-based

HCAL HB

wporsce 8 il == 5Gbps readout i
Update electronics of the bt AR & Ipnff;zz e peampipe et
Phase-1 pixel detector . o
Pixel detector:
' | ' % * replace barrel layer 1 (guideline
- _!!l ,l Z - 250 fb-1 max lumi)
— : ~ e replace all DCDC converters

/

, \
Firsf; !qu“e’l_‘ pf“ GEM detectors MAGNET (now warm) & Yoke Opening

iy ! * Cooled freewheel thyristor+power/cooling

d

O

é

®

(T

Near beam & Forward Systems
* BRIL BCM/PLT refit

* New Totem T2 track det

* PPS: RP det & mechanics
upgrade

&
~. '

* New opening system (telescopic jacks)
* New YE1 cable gantry (Phase2 services)

oot

Muon system (already phase Il):

* install GEM GE1/1 chambers X

* Upgrade CSC FEE for HL-LHC trigger rates

* Shielding against neutron background / //
—_—

X S




CMS Run 3 Plans

- Expanding not only just “more of the same”

- Increase of stats for searches and precision measurements

- Machine learning techniques will continue flooding into the realm of reconstruction and triggering
- Exploiting new detectors, some designed for Phase 2

- Improve the data taking/triggers

- Consider extending Scouting and B-Parking data based on their usefulness in Run 2

- Design new triggers to enlarge the phase space; trigger on anomalous events using ML methods
- Improve analysis — embed statistical inference into machine learning algorithms

- Planning to move to heterogeneous architecture in HLT, with mixed CPU/GPU

- Already achieved 25% reduction of CPU time \

- Opens new possibilities for trigger algorithms
leveraging on GPUs

-25% cpu usage
+33% throughput

4% of online reconstruction/

can be offload to |GPU
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CONCLUSIONS
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Conclusions

- Excellent detector, reconstruction, dedicated techniques, dedicated triggers, and
sophisticated models and analysis methods, have enable high quality scientific
results and >1000 publications!

- CMS produced a wealth of results in all areas of particle physics demonstrating the
power of general-purpose experiments

- They highlight new milestones in particle physics and pave road for future exciting
results

- Towards Run 3
- Improvements in all aspects: detector, trigger, data taking, analysis algorithms!
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