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Physics programme
P Test the self-consistency of the Standard Model

» Huge variety of processes analysed

‘Compact Muon Solenoid

» Approximatively 7 orders of magnitudes of cross-sections measured

» Majority already systematics-dominated

Overview of CMS cross section results

CMS preliminary

18 pb~1-138 fb~1(7,8,13 TeV)

wj 7Tev SMP-00-000 - o(Wj) = 1.3e+07 fb 5fb~t
w2j 7Tev SMP-00-000 - o(W2j) = 2.5e+06 fb 5 fp~1
w3j 7 TeV SMP-00-000 - o(W3j) = 3.9e+05 fb 5 fb~t
W4 7Tev SMP-00-000 = 0(W4j) = 5.6e+04 fb 5 fp~1
Zj 7 Tev SMP-00-000 - 0(Zj) = 4.3e+06 fb 5 fp~1
22j 7TeV SMP-00-000 . 0(Z2j) = 7.8e+05 fb 5 fp~1
73 7Tev SMP-00-000 = 0(Z3)) = 1.2e+05fb 5 fp~1
Z4j 7Tev SMP-00-000 - 0(Z4)) = 2.5e+04 fb 5fb~t
wy 7 TeV PRD 89 (2014) 092005 - o(Wy) = 3.4e+05 fb 5fb~t
wy 13 Tev PRL 126 252002 (2021) -  o(Wy) = 1.4e+05fb 137 fb~!
zy 7TeV PRD 89 (2014) 092005 = 0(Zy) = 1.6e+05 fb 5 fp~1
zy 8 TeV JHEP 04 (2015) 164 w  0(Zy) = 1.9e+05 fb 20 fb~?!
ww 7 TeV EPJC 73 (2013) 2610 ' o(WW) = 5.2e+04 fb 5fb~t
H ww 8 Tev EPJC 76 (2016) 401 . o(WW) = 6e+04 fb 19 fb~1
5 ww 13TeV  PRD 102 092001 (2020) W o(WW) = 12e+05fb 36 fo~?
% wz 7 TeV EPJC 77 (2017) 236 ' o(WZ) = 2e+04 fb 5 fb~t
wz 8 TeV EPJC 77 (2017) 236 ' o(WZ) = 2.4e+04 fb 20 fb?!
wz 13TeV  Submitted to JHEP B 0(WZ) =5.1e+04 fb 137 fb~?
7z 7TeV JHEP 01 (2013) 063 . 0(Z7) = 6.2e+03 fb 5 fp~1
7z 8 TeV PLB 740 (2015) 250 o 0(ZZ) = 7.7e+03 fb 20 fb~?!
2z 13 Tev EPJC 81 (2021) 200 W 0(ZZ) = 1.7e+04 fb 137 fb~?!
VW 13TeV  PRL 125151802 (2020) ' o(VWV) = 1e+03 fb 137 fb~?
www 13 TeV PRL 125 151802 (2020) ' o(WWW) = 5.9e+02 fb 137 fb~?!
wwz 13 TeV PRL 125 151802 (2020) ' o(WWZ) = 3e+02 fb 137 fb~!
5 wzz 13 Tev PRL 125 151802 (2020) ' 0(WZZ) = 2e+02 fb 137 fb~!
a 777 13 Tev PRL 125 151802 (2020) H ' 0(222) < 2e+02 fb 137 fb~!
Q Wvy 8 Tev PRD 90 032008 (2014) — o(WVy) < 3.1e+02 fb 19 fb~!
- Wyy 8 Tev JHEP 10 (2017) 072 — o(Wyy) = 4.9 fb 19 fb~1
Wyy 13 TeV JHEP 10 (2021) 174 i \ o(Wyy) =14 fb 19 fb~1
Zyy 8 Tev JHEP 10 (2017) 072 — o(Zyy) =13 fb 19 fb~1
Zyy 13TeV  JHEP 10 (2021) 174 = 0(Zyy) =54fb 19 fb~t
VBF W 8 Tev JHEP 11 (2016) 147 mill=  O(VBF W) = 4.2e+02 fb 19 fb~t
VBF W 13 Tev EPJC 80 (2020) 43 m=  O(VBF W) = 6.2e+03 fb 36 fb~!
VBF Z 7 Tev JHEP 10 (2013) 101 = o(VBF Z) = 1.5e+02 fb 5fb~t
VBF Z 8 Tev EPJC 75 (2015) 66 il O(VBF 2) = 1.7e+02 fb 20 fb~!
VBF Z 13TeV  EPJC 78 (2018) 589 mla  O(VBF2)=53e+02 b 36 fb~!
EWWV  13TeV  Submitted to PLB mlls  o(EWWV) = 1.9e+03 fb 138 fb~1
ex. yy > WWg Tev JHEP 08 (2016) 119 alex. yy-»WW) = 22 fo 20 fb~?!
EWqqWy 8 Tev JHEP 06 (2017) 106 = O(EW gaWy) = 11 fb 20 fb-1
EWqqWy 13TeV  SMP-21-011 a(EW qqWy) = 19 fb 138 fb~!
EWosWW 13TeV  Submitted to PLB sl Oo(EW os WW) = 10 fb 138 fb~?
EWss WW 8 TeV PRL 114 051801 (2015) mE——— O(EW ss WW) = 4 fb 19 fb~!
EWss WW 13 TeV PRL 120 081801 (2018) O(EW ss WW) = 4 fb 137 fb~?!
EWaqqZy 8 Tev PLB 770 (2017) 380 = o(EWqgzy) = 1.9fb 20 fb~!
EWqgZy 13TeV  PRD 104 072001 (2021) =il O(EWqqZy) =52b 137 fb~1!
EWqgWZ 13TeV  PLB 809 (2020) 135710 O(EW qqWZ) = 1.8 fb 137 fb?!
EWqqZZ 137TeV  PLB 812 (2020) 135992 = 0(EWqaz2) = 0.33fb 137 fb~?
L L L L
1.0e-01 1.0e+01 1.0e+03 1.0e+05 1.0e+07
o [fb] May 2022

Measured cross sections and exclusion limits at 95% C.L.
C M S resu |tSSee here for all cross section summary plots
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Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty
Light colored bars: 7 TeV, Medium bars: 8 TeV, Dark bars: 13 TeV, Black bars: theory prediction
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

Physics programme

P Test the self-consistency of the Standard Model

P TeV energy frontier

» Enormous range of energy investigated (up to 10TeV)

» Multitude of different models
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Diboson resonances

Resonances

Very heavy fermions
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P Jet-related uncertainties are becoming a limiting factor in many analyses

\

» Jets are abundant at the LHC -> hadronic decays, associated prod. with jets...

» Jet energy scale -> impact on: top, Higgs, multijet analyses

ttbar cross section dilepton

Source Uncertainty [GeV]
Trigger 0.02
Lepton ident./isolation 0.02
Muon momentum scale 0.03
CMS Preliminary 36.3 b (13 TeV) o y : .,;_':. ‘m’gpm sa ,
g Wl <05 ITotaI Luminosity CMSPreIIm/nary 36fb" (13 TeV) et energy scale
z | +jets 5D: m, =171.77 = 0.38 GeV | pre-fitimpacts []o+A6 [J6-A0 :
£ t-fit impacts[Jo+A0 [J6-A0 [JMC stat o oBTE '
5 e ———-—r——— | POSt-TIt IMPe D+A A LIVIC stat. Pileup 0.09
2 ? JECflavor bottom [ : — ) 0.20 t ME scale 0.18
> NESBRS.Seale X el 0.14 '
2 FSR PS seale g-qg . . . . . 014 tW ME scale 0.02
® CR: gluon move : : Do i 034 L 011 DY ME scale 0.06
e CR: QCD inspired § —— § {035 £ 0.00 NLO generator 0.14
BG W-ets § — i 076 : : £0.09 PDF 0.05
i - T Early resonance decay -—l—- 0.33 0.09 (o 0.09
. i e » !.PF,bﬁ.',, : ; ; ; e s : 0. Top quark pr 0.04
0 10<iyl,, <15 —oter §_ses iR | S e - AR YOS IS s s HUOS Stic:~i R SO et ME/PS matching 0.16
?/;:7 ME/PS matching -—-—- 0.48 0.06 [JE tune 0.03
1 — JEC rel. sample : —— ©0.90 £0.05 tt ISR scale 0.16
----------- - —'_'_'_'_'_'_ JES Bowler-Lund central : e i 082 10.05 tW ISR scale 0.02
. e SFs : e — . 093 I 10.05 tt FSR scale 0.07
1.5<lyl <20 bJES Peterson : P : 050 = :0.05 tW FSR scale 0.02
10 i stat. 10.04 .
JEC rel. FSR : : : : . 097 N 0.08 b quark fragmentation 0.11
1 JER In_1<1.93 : iw : © 033 1| 0.04 b hadron BF 0.07
RS rrpy RO we- JEC abs. scale — : 098 ] 0.04 Colour reconnection 0.17
—_ JEC flavor light quarks § e Po097 :0.04 DY background 0.24
20<lyl <25 anti-k; R=0.4 bJES Bowler-Lund : —— i 086 :0.04 tW background 0.13
10 - FSR PS scale g~>gg 5 : 5 5 L = :0.04 Diboson background 0.02
— Calibration : : : : : : : : : : 1 0.03 .
1 —— A JEC pileup data/MC : S 096 : : : : : £0.03 Wjets background 0.04
------------ e Rtk bJES semilep. B decays -—-—-—-—- 0.96 0.03 tt baCkgl‘OImd 0.02
TR s 56553555 =30 u SFs ; ————— : o9 ;i ¢ ¢ @ . 003 Statistical 0.14
m, , (GeV) 2 -1 0 1 2 03 02 01 0 01 02 03 MC statistical 036
. . ’ . 8-0.)/A0 AM, [GeV Total mMC uncertaint o
Dijet cross section Top mass |+jet (©-60) [GeV] t y ~073
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https://cds.cern.ch/record/2843201
https://cds.cern.ch/record/2806509
https://arxiv.org/abs/1812.10505

e
Era of precision physics

P Jet-related uncertainties are becoming a limiting factor in many analyses

» Jets are abundant at the LHC -> hadronic decays, associated prod. with jets...

» Jet energy scale -> impact on: top, Higgs, multijet analyses

» ... but also boosted searches -> merged decay products

» Must be known very well for a wide range in energy and pseudorapidity
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Dijet resonances

LHC-EW WG2
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PF Jet 2,
pt=2.01 TeV
eta=0.29

phi =-1.27

PF Jet 1,
pt=2.19 TeV
eta=0.27
phi=1.47

PF Jet 4,
pt=1.40 TeV
eta=-0.74

phi =-1.17

Wide Jet 2:
pt = 3.4 TeV
Mass = 1.8 TeV



https://arxiv.org/abs/1911.03947
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CMS DETECTOR STEEL RETURN YOKE arXiv:1311.4942
Total weight : 14,000 tonnes 12, onnes SILICON TRACKERS
[] Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
UItI-purpose detector g toa 1307
SUPERCONDUCTING SOLENOID
. Niobium titanium coil carrying ~18,000A

P Layered structure

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

» Tracker
» Electromagnetic calorimeter

- ELECT GNETIC
» Hadron calorimeter e

L] HADRON CALORIMETER (HCAL)
> S O I e n 0 I d Brass + Plastic scintillator ~7,000 channels < N ‘T\\ S 2 //;,/
innermost layer » outermost layer
> M uon C h am be rs tracking electromagnetic hadronic muon

system calorimeter calorimeter system

photons
P Particle reconstruction
: ) i electrons
» Detector signals -> physics objects —
» Based on ParticleFlow algorithm muons
P Operational since 2010, this talk focuses on: %ggggs
pions
» Run2 data (2016-2018), /s = 13 TeV setrons
I<L

» Run3 data (2022-ongoing), \/s = 13.6 TeV, 1100000
LHC-EW WG2



https://arxiv.org/abs/1311.4942
https://arxiv.org/abs/1101.3276

S ——
Hadronic environment 4l us

A\
<«

P As a consequence of the hadronisation of quarks and gluons produced in
pp collisions, a collimated shower of hadrons (jet) is produced.

\ Particle Jet Energy depositions

P In calorimeters

Click me

LHC-EW WG2 07 August 2024 7



https://cms.cern/news/jets-cms-and-determination-their-energy-scale

________________________________________
From detector signals to jet calibration
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From detector signals to jet calibration
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Proton-proton collision @ LHC >

CMS

» Challenging environment for LHC physics

» Additional interactions (pileup)

» Average of 30 interactions in Run 2

» Average of 50 interactions in Run 3 (so far...)

CMS Experiment at the LHC, CERN
- Data recorded: 2023-Jul-01 19:20:56.970240 GMT
P/ Run / Event/ LS: 369942 / 30775538 / 75

Andrea Malara
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Proton-proton collision @ LHC >

CMS

» Challenging environment for LHC physics

» Additional interactions (pileup)

» Average of 30 interactions in Run 2

» Average of 50 interactions in Run 3 (so far...)

P Additional particles deteriorate measurements

P Several approaches to cope with it

CMS Experiment at the LHC, CERN
- Data recorded: 2023-Jul-01 19:20:56.970240 GMT
P/ Run / Event/ LS: 369942 / 30775538 / 75
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Recorded luminosity (fb™"/1.0)
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Pileup mitigation techniques

Reconstructed Jet

Pileup Interesting Pileup
vertices vertex vertices
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Pileup mitigation techniques >

Charged Hadron Subtraction (CHS)

P Tracker information to remove charged
particles associated to PU

» Neutral particles energy subtracted
P Applicable for || < 2.4

Reconstructed Jet Charged Hadron Subtraction (CHS)
(] " ’
’
’
’
’
’
q '
Pileup Interesting Pileup Pileup Interesting ileup
vertices vertex vertices vertices vertex vertices
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Pileup mitigation techniques > |

Charged Hadron Subtraction (CHS) Pileup Per Particle Identification (Puppi)Puppiin cMs

B Tracker information to remove charged P> Per-particle weight
particles associated to PU

P Scale 4-momentum before clustering
» Neutral particles energy subtracted

P Applicable for || < 2.4

P Charged particles similar to CHS

» Redefined track-vertex association

Reconstructed Jet Charged Hadron Subtraction (CHS) Pileup Per Particle Identification (Puppi)
( - ’ N
’ N
’ N
’ N
' N
! N
q ' q "
Pileup Interesting ileup Pileup Interesting Pileup Pileup Interesting ileup
vertices vertex vertices vertices vertex vertices vertices vertex vertices

LHC-EW WG2 07 August 2024 17


https://arxiv.org/abs/2003.00503

N
Pileup mitigation techniques - Puppi for Run3 " m

P Widely used in Run 2, default in Run 3

P Improved all jet-related variables

» Jet efficiency and purity (matched to generator-level jets)

» Jet substructure

» New optimation to include hadronic tau reconstruction: CMS-DP-2024-043

(13 TeV)
b 1 _2 B I I I | I I I. | I I I | I ]
g : CMS ) Anti-k;, R =0.4, nl <2.5 ]
Q. 1.1 Simulation P >20 GeV, p°®>30 GeV
1%—' iy A——n — n - _:
F——A———V— ¢ et - 4
B — g = =
0.9F T
I — A ]
0.8]- — -
0.7 =% CHS + tight PU jet ID R
- 4 CHS + medium PU jet ID ]
0.6~ CHS + loose PU jet ID -
~ —# PUPPI Z
05 B l l l | l l l | l l l | l ]

0 20 40 60

Number of pileup interactions
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Median jet mass [GeV]

CMS-DP-2021-001
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~—"

E C MS ~,§— CHS W boson jets

— Simulation —&3— PUPPI W boson jets

— T

B

|

-
Ea
—E{>~

Bulk graviton
Anti-k;, R =0.8
400 < p, < 600 GeV
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-
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https://cds.cern.ch/record/2904356
http://cds.cern.ch/record/2751563

‘Compact Muon Solenoid

Jet reconstruction S\M\s\

Anti-k; as default algorithm

» small radius: R=0.4 (AK4)
» large radius: R=0.8 (AKS8)

[GeV] anti-k, R=1

TR L
Il“‘l‘.\‘l““““

AR
e
A

6 wus

Anti-kt clustering y
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https://arxiv.org/abs/0802.1189

n CMS
Jet reconstruction =
Anti-k; as default algorithm ) 34Elv?nltd1thCA | ' ) o]
» small radius: R=0.4 (AK4) 2_ e -
1
» large radius: R=0.8 (AKS3) -
OF ..
» alternative algorithms: CA, HOTVR, XCone
1 -
—2; :
3k

anti-k,, R=1

T LY
R L
e L pannaaRe!
pneal
A

A
R

Anti-kt clustering y
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https://arxiv.org/abs/1606.04961
https://arxiv.org/abs/0802.1189

- cMms, !
Jet reconstruction >
. . :3—|-'""I""_."'\'\I\':""
Anti-k; as default algorithm  Event 1 S o
[ clustered,with CA :o. ]
21 . - .o -
» small radius: R=0.4 (AK4) - Cen T :
1 )
> large radius: R=0.8 (AKS) R
o . ° -
» alternative algorithms: CA, HOTVR, XCone B
A -
—2; : |
—Sir..'.-..w
3 -2
_ Eur. Phys. J. C 76, 600 (2016)
p, [GeV] _antik, R=1 = gpTT
: [ Event 1 ' R
[ clustered,with HOTVR .- . ]
2 : T ’ -
e L L
O . =~ .l = 7
1 - T
_23_ : : . . .
—3£r|||

Anti-kt clustering y

Andrea Malara LHC-EW WG2



https://arxiv.org/abs/1606.04961
https://arxiv.org/abs/0802.1189

R,
Jet reconstruction - XCone = m

P Event signature defines clustering
P Return exactly N jets
P Examples from top-mass measurement

P Large improvement for the jet mass resolution

_e- 3 rl_ L o L | I..I I.j L |.I I. | .I.l L _I.__ b "i —_ ) T T | I I I I | I T T I__
- CMS .. - © S 0.41 CMS ]
o - Simulation = - —Io ] Simulation ]
i . ‘ - Supplementary ] 0.al | Supplementary-
B ..'.‘... . '..'.. . i . __ —_
s e e eEE B - —— XCone, R=1.2 1
E . E - Rup =04 N =3~
0 " o 0.2 —— CA,R=1.2 |
| . - ] i [Eur. Phys. J. C 77 (2017) 467] |
-1 to R " i i
. ) .. *‘- °.'. N ] __ __
2:; ot ..ir: . E 0.1_ i
= . _ XCone . - .
[ R —1 .2, N —2 7 - i
3: Vo 'Rsb_04N =203 - O_ - T
= -_'—3I | I I-|2I | I I-|1I L1 Iél [ IfII [ I2|I L1 I13_ O 100 200 300 400 500

m., [GeV]
"l Phys. Rev. Lett. 124 (2020) 202001
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.202001

i CMS,|
Jet reconstruction — XCone B
7 -
CMS arxivi2803.01313 o ssiouscmmrn e 17311y

P Event signature defines clustering

————— CMS 7+8 TeV comb. m}'® = 172.52 = 0.42 GeV
Lag rangian mass extractions EEEEE CMS 748 TeV comb. stat. uncertainty

> Return exaCtIy N jets Pole mass from cross section e

Inclusive tt 7 TeV, NNLO ® CT10 m®=177.0 3% (tot) GeV [PLB 728 (2014) 496]
Inclusive tt 7+8 TeV, NNLO ® CT14 mP=1743 21 (tot) GeV [JHEP 08 (2016) 029]
> Exa m ples from to p— mass measu rement Inclusive tf 13 TeV, NNLO ® CT14 mPe=170.6 =27 (tot) GeV JHEP 08 (2017) 051]
Inclusive tt 13 TeV, NNLO ® CT14 m*=173.7 21 (tot) GeV [EPJC 79 (2019) 368]

Differential tf 13 TeV, NLO + 3D fit (m°®, o, PDF) mPe=170.5 =0.8 (tot) GeV (EPJC 80 (2020) 658]

mP=1734 )7 (tot) GeV [JHEP 07 (2028) 213]

Dilepton 7+8 TeV, ATLAS+CMS cross section

P Large improvement for the jet mass resol|oseens tiearer noscrs

m® = 172.13 = 1.43 (tot) GeV [JHEP 07 (2023) 077]

MS mass from cross section

+1.8

Inclusive 1t 13 TeV, NNLO ® CT14 —e— my(m,) = 165.0 o (tot) GeV [EPJC 79 (2019) 368]
L
° ° ° ° .
o C M S ° Full reconstruction
R R P Dilepton 7 TeV, KINb and AMWT d— m'°=1755 4.6 (stat)=4.6 (sys)GeV [JHEP 07 (2011)04]
[ ]

All-jets 8 TeV, Hybrid ideogram m¥© = 172.32 = 0.25 (stat) = 0.59 (sys) GeV [PRD 93 (2016) 072004]

—e— 3rLIIII.IIII Il'lljlllll.lllllllll_l.__ Directmeasurements
9y )

. . ° e %, ¢ Dilepton 8 TeV, AMWT mY® = 172.82 = 0.19 (stat) = 1.2 (sys) GeV [PRD 93 (2016) 072004]
- . ° ° . y 40,
1 o . ': N ° Smgle top quark 8 TeV, Template fit mi® = 172.95 = 0.77 (stat) _Z z: sys) GeV [EPJC 77 (2017) 354]
| — L] L] .
© o * e %o o e o, Dilepton 8 TeV, M, +M® Hybrid fit m¥© =172.22 +0.18 (stat) "% (sys) GeV [PRD 96 (2017) 032002]
| ° ° ° bl T2 -0.93

Lepton+jets 13 TeV, Hybrid ideogram m}'® = 172.25 + 0.08 (stat) = 0.62 (sys) GeV [EPJC 78 (2018) 891]

Cl e d

| o o ' . ® All-jets 13 TeV, Hybrid ideogram m© = 172.34 + 0.20 (stat) + 0.70 (sys) GeV [EPJC 79 (2019) 313]
[ ] . .
O | ¢ . e °° . Dilepton 13 TeV, m,, fit mi'® = 172.33 + 0.14 (stat) iz:z sys) GeV [EPJC 79 (2019) 368]
° . . L0
° ° Single top quark 13 TeV, In (m,/ 1 GeV) fit mf®=172.18 2 0.32 (stat) "% (sys) GeV [JHEP 12 (2021) 161]

-0.71

@+
—* ] o t ( (
° ° . . ° Lepton+jets 7 TeV, 2D ideogram m© = 173.49 + 0.43 (stat) + 0.98 (sys) GeV [JHEP 12 (2012) 105]
. ‘ Slm UIa thn ] Dilepton 7 TeV, AMWT mi®=1725 =04 (stat)=1.5 (sys) GeV [EPJC72(2012)2202]
° o ‘ o ° - All-jets 7 TeV, 2D ideogram m® = 173.54 = 0.33 (stat) = 0.96 (sys) GeV [EPJC 74 (2014) 2758]
’ £ ® SUpp/emen tary — Lepton+jets 8 TeV, Hybrid ideogram m© = 172.35 + 0.16 (stat) + 0.48 (sys) GeV [PRD 93 (2016) 072004]

¢ N ( (
( (
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( (
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[ ( (
( (

150 160 170 180 190 2

= ° e ° ° . Lepton+jets 13 TeV, Profile likelihood mV® = 171.77 = 0.04 (stat) = 0.37 (sys) GeV [EPJC 83 (2023) 963]
L] o
— o’ . ° . ,. C % e ‘ ° ° — Combination 7+8 TeV mM© = 172.52 + 0.14 (stat) = 0.39 (sys) GeV [arXiv:2402.08713]
‘ ° ° ¢ ¢ § o i < o g < - 2 Ol s Sl < s
__. ° ‘ c. ° ® . ..: ‘ . n S RO 2= P RROR - e I a7
-1 o . . .:-; ° . o ] g Boosted measurements )
L] L] )
B . o« o o ° . o o ) e o o o | & Boosted 8 TeV, C/A jet mass unfolded 1 i ® i ! mY°=170.9 =6.0 (stat)=6.7 (sys) GeV [EPJC 77 (2017)467]
L J -
R . . “k « 5 ‘ A . 3 Boosted 13 TeV, XCone jet mass unfolded ) m®=1726 +04 (stat)x24 (sys) GeV [PRL 124 (2020) 202001]
L] '} Y L] —
° ° . .i ° ‘ Boosted 13 TeV, XCone jet mass unfolded mi*® = 173.06 = 0.24 (stat) = 0.80 (sys) GeV [EPJC 83 (2023) 560]
S ® o ° — * -7 2 Lo o sBay ST R e s A e e T 2 £ Sk Bosma o ~0 G - O e o SES S T A5 cd O e
° e ° - ’ ST =S ‘ - - ¥ - - = T - . " ‘g
- — ° ° ° e ® ] - . - o - ” _ _ —a . . _ _
2 " o VURT |, XCone _ Alternative measurements
= . R . = 1- 2 ‘N o _ 2 _ Dilepton 7 TeV, Kinematic endpoints —=C=1H m =1739 =09 (sta) )7 (sys)GeV [EPJC73(2013)2404]
| ® e S P jet — " jet . ° ] 1+2 leptons 8 TeV, Lepton + secondary vertex - m® = 173.68 = 0.20 (stat) :Zi (sys) GeV [PRD 93 (2016) 092006]
] o -
— . e ° Rsub = 0.4, Nsu;a =20r3 142 leptons 8 TeV, Lepton + J/¥ [=—=0—=] m¥©=1735 =3.0 (stat)=0.9 (sys)GeV [JHEP 12(2016)123]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.202001
https://arxiv.org/abs/2403.01313

N
Jet identification (“tagging”) = m

Z
A \\

Tagging
P Type of elementary particle that initiated the jet

» Boosted topology -> Collimated decay products reconstructed as multi-prong objects

SN
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EEEE———
Jet identification (“tagging”) B

P Type of elementary particle that initiated the jet

» Boosted topology -> Collimated decay products reconstructed as multi-prong objects

» Jet flavor (b vs light, b vs c, ...)

1 s=13 TeV
> _|| [ | Im_l ”l I [T T OO OO | | S O | I O | [ LT T S OO | OO T OO | [ |':'.';[!I[
% G |V S Simulation Prelimin ary / /
3 ~ QCD multijet events [
-9. 1 0—1 ParticleTransformerAK4 | . ////
displaced 2] § Ca— // /
: tracks charged & DeepJet e e Sy
jet lepton /// //
eavy-flavour / //
: 5 /’ 4
/ 7
o V4
// / — udsg
I et : ) / ....... C
J 10_3 I I | | I-"|-~ ] f["‘ 1 |‘i’j} N I | J/l [ I | I I | { I I | I I |
0 01 02 03 04 05 06 07 08 09 1
CMS-DP-2022-050 efficiency
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https://cds.cern.ch/record/2839920

N
Jet identification (“tagging”) = m

vy
@ )\

P Type of elementary particle that initiated the jet
» Boosted topology -> Collimated decay products reconstructed as multi-prong objects

» Jet flavor (b vs light, b vs c, ...)
p Jet mass (ML with regression)

CMS Simulation Preliminary

" O 2 LI L LI LI L L L L (1| |3|TIeIVI) S _l | | | | | | | | | | | | | | | | | | | |_
D F C||V|S| | | ] = 0.14 anti-k jets  weeeee H -> bb (soft drop)
- 0.18F — QCD multijet Q - T . .
< U.75p . - © _ _ —— H -> bb (regression) -
- Simulation — W boson . & 0,12 HA=08 -
0.16F axs 7 = " p_ >400 GeV ]
0.14 :_ 500<piTe‘<1ooo GeV, 'l <2.4 — Zboson __ 2 0 1__ ' _
r — Higgs boson A D g i
o Oversubtraction . i -
012 ; 0.081 .
0.1f - . - i
| Additional radiation A 0.06 .
0.08[ ' - . ]
0.06} - 0.04F ~
0.04 : 0.025 -
0.02} . ;L_' ;

; e — i O L ] S E
L“‘ e PP P ——— i 0) 0.5 1.5 2

O 20 40 60 80 100 120 140 160 180 200 CMS-DP-2021.017 M /M

CMS: arXiv:2004.08262v2 Mgp [GGV: —— - reco target
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https://cds.cern.ch/record/2777006
https://arxiv.org/abs/2004.08262

Jet identification (“tagging”)

P Type of elementary particle that initiated the jet

» Boosted topology -> Collimated decay products reconstructed as multi-prong objects

» Jet flavor (b vs light, b vs c, ...)
p Jet mass (ML with regression)

P Jet substructure

(13 TeV)

D. O 1:| LI | LU | |||||||||||||||||||| | LI | LU | LI |:
< 0.09F CMS — QCD multijet
C Simulation _ ]

0.08F s W boson 3
0.07 E_ 00<piTet <1000 GeV, h/*'1 <2.4 — Zboson _E

’ - Higgs boson ]
0'06;_ ™N = diozk:pT,k min (AR; ) _;
0.05F .
0.04f =
0.03f 3
0.02f 3
0.01f =
oO 0102 03 04 05 06 07 0.8 0.9 1

T
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[0 CMS Simulation Preliminary (13 TeV)
> : I I I | I I I | I I I | | I I I !
- H - c¢ vs QCD cc
% pt > 600 GeV, Inl<24
= 90 < mgp < 140 GeV
O
o) = E
-
S
O
-
o))
~
& 102
1073 E
—— ParticleNet-MD ccvsQCD
— DeepDoubleCvL
DeepAK8-MD ccvsQCD
10—4 | | | | | | | | | | | | | | | | |
0.0 0.2 0.4 0.6 0.8 1.0
Signal efficiency
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N
Jet identification (“tagging”)

P New ML developments with:
» HOTVR + BDT

» Vector boson charge tagger

CMS Simulation Preliminary
L B A —

—_
o
o
T

Mistag rate €g

—
<
|

10_zj

Train - jet pT > 800 GeV
Test - jet pT > 800 GeV

(13+13.6 TeV)

Cut based - jet pT > 800 GeV
*  Cut based - 400 < jet pT < 800 GeV |
* Cut based - 200 < jet pT < 400 GeV

Train - 400 < jet pT < 800 GeV
Test - 400 < jet pT < 800 GeV
Train - 200 < jet pT < 400 GeV
—— Test-200 < jet pT < 400 GeV

\
0.8

0.4 0.6

1.0

Signal efficiency €g
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https://cds.cern.ch/record/2902861
https://cds.cern.ch/record/2904357

N
Jet calibration

Applied to Resolution
data
. dijets
Applied to .
/+jet
simulation )

Parton level

m K, ... -
\ - %%

Click \ Particle Jet Energy depositions
ICK M¢€ P in calorimeters
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https://cms.cern/news/jets-cms-and-determination-their-energy-scale

N
Jet calibration

Applied to
data

Resolution

Aoplied t dijets
pplied to Z+jet

simulation

2018 Legacy (13 TeV

p

MC truth correction:

I—ol 60_ I I T T TTI I I T T IIII| I I I_
E. - CMS —+ 0=u<10 :
I S - . = 10=u<?20 -
PU subtraction g + 90 Private 20:u<30 -
O = 30 =u<40 .
~ - Anti-k; (R =0.4), PF+CHS —+ 40 =u<50 ]
-|q—)l 40__0.0<Inl<1.3 —
P Remove average offset due to PU K% - .
. O [ ]
P Approx. 0.5 GeV extra energy per jet o) 30 §
P Neutral component not removed by CHS g 20 .
3: i Target 1
101~ l =
o | | .
10° 10°
p-[l)-tCl[GeV]

JEC DPNotes Legacy
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https://cds.cern.ch/record/2792322?ln=en

N
Jet calibration

Applied to
data

Resolution

. dijets
Applied to .
PP /+jet

simulation

2018 Legacy (13 TeV)

MC truth correction:

3 100 I I T T TTT I I L IIII| I L
o~ - CMS % 0=su<10 |
PU subtraction o D S10=u<20
g _~ gol Private 20=u<30 |
W pnriamon TRIER
S [fmmeewrmes L d0-u<s0
P Remove average offset due to PU ﬁ 601 _
. O I ]
P Approx. 0.5 GeV extra energy per jet o | ]
40 -
P Neutral component not removed by CHS g - -
o _ > ! Target |
P Significant outside tracker acceptance < 5ok l _
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N
Jet calibration

Applied to
data

Resolution

. dijets
Applied to .
PP /+jet

simulation

MC truth correction: 9 20p ?Oii.L.:.‘ja:i?j .Te.V.z
PU subtraction % . 15 Private ToIhi -
=

P Remove average offset due to PU ﬁ 10;_ -
P Approx. 0.5 GeV extra energy per jet 2 5— —
B Neutral component not removed by CHS § o S S S A
P Significant outside tracker acceptance
P Not needed for Puppi _55 _

_10 | | | |||||| | | | |||||| | |
10° 10°
p-[l)-tCl[GeV]

JEC DPNotes Legacy
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N
Jet calibration = m

Applied to
data

Resolution

. dijets
A
pplied to 7 +jet
simulation
MC truth correction: o 1.2CMS Smulation Prefiminary _ Legacy (13 TeV)
- N L 2016 ly JES: AK4, PF+CHS -
PU subtraction 8 11 ngz?ry E%qdca; oo Folr_\lAII:ard -
: : Target o - : i
Jet response calibration J By 1 AR E
brati IR S T A N
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P Accounts for detector effects £ ¢ . o *l
0 0.6 * -
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detector acceptance B . p =30 GeV + p =1000 GeV 1
0.4 ° p =90 GeV . p = 3000 GeV
IIII|IIII|I |IIII|IIII|IIII|IIII|IIII|IIII|III_

00511522.533.544.5_

®

JEC DPNotes Legacy

LHC-EW WG2 07 August 2024 33



https://cds.cern.ch/record/2792322?ln=en

N
Jet calibration = m

I

Applied to
data

Resolution

dijets

Applied to .
PPl /+jet

simulation

MC truth correction: 2016 early Legacy (13 TeV)

" CMS - 0.0<hl<13

—h
o
@

-+ 3.0<hl<5.0

PU subtraction G e 13<hl<25 |
"~ Prelimi —+25<n<3.0
- Preliminary .

Jet response calibration  AKA, PFACHS

Response
o
N

P Core of the calibration

_ _ Target gy v

» Simulation-based e ssecea bt e ns e
P Accounts for detector effects 0.99 “ E
B Change in performance due to :
detector acceptance 0-98 E
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N
Jet calibration

Applied to
data

Resolution

Applied to
simulation

MC truth correction:

. Target
PU subtraction
Jet response calibration
Residual corrections
Extra jets

P Based on precision of other reference objects

» Electrons, photons, muons, other jets... \
B Truth level unknown f/

» Data/Simulation to reduce bias /
ule

P Realistic events taken into account Reference

» Extra jets, additional interactions,... &
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Jet calibration

Applied to
data

Applied to

simulation

MC truth correction: S 16

a
PU subtraction T, 5

; . \ £
Jet response calibration § B 1.4
Residual corrections 13
1.2

P> Small residual correction of jet response

1.1

applied to data based on dijet topology 1.0
Target

P Address different response in each 0.9

sub-detector (# dep.) 0.8

LHC-EW WG2
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N
Jet calibration oD 2091034

Applied to
data

Resolution

dijets

Applied to .
ppli Z+jet

simulation

.

2016 early Legacy, 20 fo™ (13 TeV)
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MC truth correction:

: QO DB MPF -
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» Additional p; -dependent corrections !
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Post-fit jet response (r
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N
Jet calibration CMIS-DP-2024.030

“I
dijets
/+jet

2018,59.8fb1(13TeV) + 2023,9.5tb~'(13.6 TeV)

Applied to
data

Applied to
simulation

MC truth correction:

. B i | I I I I | I I I I | I I I I | I I I I | I I I I | I I
PU subtraction S, ol grlgllligmary B _
Jet response calibration = o Atk R=04 [
O 1.6 i |
. . 7)) - |
Residual corrections s | SR _
- - = 14_ oy ]
Jet energy resolution smearing 27 TREH
7)) = T
&12r . _IT£;t:—i_* — N
. . . > s T:_ 7:..__:;1-"':1‘ +
P> Scale factors (SFs) applied to simulation o ol P i P P P -
to match resolution In data E’ | o] 2018 Legacy, all pr ]
O —
. i .. 0.8 [+ 2023 prompt Era D, p7=30 GeV -
P Direct balance in dijet events 771 1o 2023 prompt Era D, pr =90 GeV *
L _ _ - [~ 1 2023 prompt Era D, pr =300 GeV
P Sensitive to detector changes/calibration 0'673 R

Absolute jet pseudorapidity |n|
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https://cds.cern.ch/record/2902862

N
Jet calibration CMIS-DP-2021-033

Applied to

Resolution
data |

. dijets
Applied to .
PP /+jet

simulation

. 2018 59.7 fb'' (13 TeV
[ [ [ IIIII| [ [ [ IIIII| [

N

MC truth correction:

. E CMS = Total uncertainty
P U Su bt Fa Ct Ion 6 :_ Preliminary ~—— Excl. flavor, time
Jet response calibration C R=0.4 PF4CHS _ o
Iy, 1=0 :
jet —¥— Relative scale

Residual corrections

—& Pileup ((u)=32)
-~ Method/Sample
—=- Jet flavor (QCD)
- Time stability

/

Jet energy resolution smearing

JEC uncertainty (%)
o1

Jet energy scale uncertainties
P Uncertainty ~1% for jets pt >100 GeV 5

P Increasing contribution from PU ’
P Detector degradation: NERM M e,
_ 20 100 200 10002000
» Ageing, damage, ... o (GeV)

JEC DPNotes EQY
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https://cds.cern.ch/record/2715872?ln=en
https://cds.cern.ch/record/2792322

B EEEEEm———,
Current and future developments B |

P More performant wrt traditional algorithms
P Currently used for jet mass regression:
» Direct effect on analyses’s sensitivity

P Simultaneous training of tagging and regression for energy and mass:
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Summary and Outlook
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Current and future developments B

CMS Preliminary ~ 34.3fb™", 2022 (13.6 TeV)
L L L B B

31.4* ¢ pre-HCAL update _
P Usually small corrections for data offline... : 1 ) P pee
» ... corresponds to small effect on data online (triggers) T o
P Run3: t i
0.6 T
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N
PUPPI in Detall

1. Define variable o to discriminate pileup
from leading vertex

2. Assume charged pileup has the same
shape as neutral pileup

3. Use o on an event-by-event basis to
calculate a per-particle weight
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PUPPI in Detall

1. Define variable o to discriminate pileup from
leading vertex
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N
PUPPI in Detall

1. Define variable o to discriminate pileup from
leading vertex

2
v =log Y P1j for |n7;| < 2.5, j are charged particles from leading vertex
l i AR <Ry AR;; for |n;| > 2.5, j are all kinds of reconstructed particles

0.364 fb' (13 TeV)
B T T | T T T T | T T T T | T T T T | T T T T | T T T T

a.u.
o

—
T TTTT T TTTIT

—— Simulation, neutral

1072 —

—h
<
|

—

S
©
|

- O

o .
o v L

Data
Simulation _,

0 5 10 15 20
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N
PUPPI in Detall

2. Assume charged pileup has the same shape as

neutral pileup

2
v =log Y ( P1j ) {for 7;| < 2.5, jarecharged particles from leading vertex

i AR <R, AR;; for |#;| > 2.5, | are all kinds of reconstructed particles

3.18 nb' (13 TeV
-1025"|""|""|""|""|(""

- = 3

Gi 10 é— C M S PU sample, Inl <2.5 E;
¢ Data, charged

|

IllﬁL TTT

— Simulation, charged

{ Data, neutral

— Simulation, neutral 35

—_ —_ —_ —_ —_ —_ -
@ Q. 9 <9 9 9 9
~ (o] (4] £ w N _Iu

g 1.5: ' ' '
b= Mk ) - o =
©(S 15%3.#
C|E 0.5F ifl E
(d))] C . . . ]
0% 5 10 15 20 55

LHC-EW WG2 07 August 2024 47



N
PUPPI in Detall

3. Use o on an event-by-event basis to
calculate a per-particle weight

. 10%— 31807 0.364 167, (13 TeV)
C?S. 103; CMS Neutral particles, Inl <5 é
- Jet sampl - :
e ¢ Daa U0 1. For each particle calculate
10 ™ —— Simulation =
= PU sample = = -
10_1% L I:S)iar:t'nazjlation % )(2 — (al aP U) ‘ al aP U‘
= = ! 2
102 RMS5py
10°° : :
0 2. Assign a weight to each
10 particle
2
c 1.5¢ ¢ — .
of W; = Fpo npr=1(X7)
=
@ 0.5 . . . . S
0 0.2 0.4 0.6 0.8 1
Weight
Pileup > Hard scattering
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N
Validation of PUPPI

Performances of PUPPI jets/MET were extensively studied and compared to CHS
jets/PF MET in JME-18-001

40 35.9 fb' (13 TeV) 14 ‘ ‘ | | (13 TeV)
SV L L B UL I - L N L B “‘.‘ T
845 CMS . 2 MET resolution : | CMS “+osags 1 \\W boson
~ A ] ® 1.2 Simulation —&— PUPPI g/g jets 4 . . - .
530 N = T .
\g ; LA N E 8 = Anti—kT, R=0.8 CHS W boson jets N Identlflcatlon
25 N v v = 1l 400 <p, <600 GeV ]
2o:wx-""””' v E i —f3— PUPPI W boson jets |
15? i o 1 PUPPI has a better 0 1 PUPPI is more stable in
- esponse-correcte - . 8 — . .
B - MET resolution and PR S e S +— jet mass, jet mass
- T E O 00000-0—0——0 o
= v  PUPPIp™Z— 1 - ] .
s b 2 | less fake MET. 0.6 1 resolution and 7,;.
-§1 2k | E 0.4 %AAAMM%%% N
E 13_i_f__.x__!.x..x.x.x..}..,__x___* ________ — - e = ]
Pog - ] 02—
£ 70 15 20 25 30 35 40 45 50 0 10 20 30 40 . 50
o Number of vertices Number of vertices
13 TeV 13 TeV
> 1.2 — T 1 T ‘( ! E ? > 09— 71— ‘( | z )
= 5 CMS Anti-k;, R=0.4, 0l <2.5 1 ‘:E; 08b CMS Anti-k;, R=0.4,3<Mhl <5 -
T 1.1 Simulation pX™" > 20 GeV, p*° > 30 GeV R 0'7 Simulation P >20 GeV, p* > 30 GeV ] PU jetS rejeCtion
- E == E .
1%%&% . 0.6) 1 Inn| < 2.5 PUPPI rejects
0.9 — ] 050 == 4 more PU jets than all other
0.8k - E 0.4F = e 1 techniques
B ] - A ] .
. ig:z S L 0.3+ cHs e 4 Inly|>2.5PUPPIis
Yin +u - [ & CHS +tight PUjetID . :
[~ CHS +medium PU jet ID . 0'2;%% CHS+tn?e(:ium J:[J jet ID S i Compatlble to
0.6 i CHS + loose PU jet ID - 0.4~ CHS + loose PU et ID + E CHS+PUJetID
B PUPPI i C ]
O 57 | | | ‘ | ‘ | | ] 0:+\ PU\PP|\ ‘ | ‘ | ]
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Number of interactions Number of interactions
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https://arxiv.org/abs/2003.00503

PUPPI tune v15 SRPRRE 1l uis

Charged particles CHS PUPPI v15

used in the LV fit keep keep

@ Primary Vertex

Pileup Vertex N if 1st or 2nd PU verte

s used in the PU vertex fit reject && |dz| < 0.2 cm keep
else reject

pr> 20 GeV pr <20 GeV

nOt USGd |n a Vel"teX flt keep Inl <24 keep calculate a weight

if |d,| < 0.3 cm keep
else reject

Tab. 1: Categories for charged patrticles in CHS and PUPPI.

Inl>24 keep

A charged particle can be either: used in the fit of the LV, used in the fit of a PU

vertex or not used in any fit (see plot on the top left). The categories for CHS and
PUPPI for each of the cases is shown in Tab. 1.

In order to recover tracks mistakenly used in the fit of another vertex (vertex
splitting or track stealing by a nearby PU vertex), charged particles belonging to

one of the first two PU vertices and with |d,| < 0.2 cm are kept.
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https://cds.cern.ch/record/2751563/files/DP2021_001.pdf

R
PUPPI tune v17 =

pr > 20 GeV pr < 20 GeV

/”//

-

7] <2.4 keep calculate a weight

if |d,| < 0.3 cm keep

7| > 2.4 keep _
else reject
pr <20 GeV
Pr > 20 GeV pr> 4 GeV && FromPV = = else
In] < 2.4 keep keep calculate a weight
In| > 2.4 keep keep if |d,| < 0.3 cm keep
else calculate a weight
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Pileup mitigation techniques - Puppi for Run3 "~

P Widely used in Run 2, default in Run 3

P Improved all jet-related variables
» Jet efficiency and purity (matched to generator-level jets)
» Jet substructure
» Jet resolution (the lower the better)

» Improved performance also on lepton isolation, missing transverse energy, ...

(13 TeV) 50 CMS Preliminary 59.7 fo'' (13 TeV, 2018)
c 03 | | | | | | | ST
S | CMS 2<I <25 ‘ B el
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= © L ~ Type-1 PUPP| p™ss
<. 0.2 corrected -5~ PUPPIv11a N : Vo o
(@)] L . _ | ‘ 35—
= _ Ant_| kp, R=0.4 - PUPPI V15 1 | : L
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qJ i ] 30__ ++
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2 0.1 \E/E/B/B - 25/ —
L 3 = = a B —
' i 201 T P
I - 5 e
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