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Experimental setup: LHC

P Proton-proton collider

» 27 km circumference

>Upt0\/E=14TeV

P Host of 4 large experiments
(+ several others)

» ATLAS
» CMS
» LHCb

» ALICE
P Vast physics programme =

» Standard Model physics
» Higgs/top physics

» TeV energy frontier

» New physics

Anna Benecke & Andrea Malara 2



Experimental setup: CMS

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

P Multi-purpose detector Overall dameter +150m pie (1008150 fm) -1 66 chanae

Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

P Layered structure

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

» Tracker

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

» Electromagnetic calorimeter

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

» Hadron calorimeter

» Solenoid

CRYSTAL

> M u 0 n C h a m be rs ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

> P art | C I e reconstruct | on Brass + Plastic scintillator ~7,000 channels

» Detector signals — physics objects

innermost layer ———————» outermost layer
tracking electromagnetic hadronic muon

system calorimeter calorimeter  system

» Based on ParticleFlow algorithm

photons
—_—

P Operational since 2010, this talk focuses on: electrons

muons

» Run2 data (2016-2018), 1/s = 13 TeV —

[aons
pions
—_—

» Run3 data (2022-ongoing), 1/s = 13.6 TeV
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Physics program
P Test the self-consistency of the Standard Model
» Huge variety of processes analysed, across multiple final states
» Majority of analyses already systematics-dominated
P TeV energy frontier

» Enormous range of energy investigated (up to 10TeV), several models studied

Overview of CMS cross section results

CMS preliminary

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

Wi 7 Tev SMP-00-000 - o(Wj) = 1.3e+07 fb 5 fb~1

o w2j 7 Tev SMP-00-000 - a(W2j) = 2.5e+06 fb 5 fb~!

o W3j 7 Tev SMP-00-000 - o(W3)) = 3.9e+05 fb 5 fb!

E w4j 7 TeV SMP-00-000 - a(W4j) = 5.6e+04 fb 5 fb!

] Zj 7 Tev SMP-00-000 =0 0(Z)) = 4.3e+06 fb 5 fb~1

k] 72j 7Tev SMP-00-000 - 0(Z2j) = 7.8e+05 fb 5 fb~!

- z3j 7 Tev SMP-00-000 - 0(Z3j) = 1.2e+05 fb 5 fb!
z4j 7 TeV SMP-00-000 - 0(Z4)) = 2.5e+04 fb 5 fb~!
wy 7Tev PRD 89 (2014) 092005 - a(Wy) = 3.4e+05 fb 5 fb~1
wy 13TeV  PRL 126 252002 (2021) = o(Wy) = 14e+05 fb 137 fb1!
zy 7 TeV PRD 89 (2014) 092005 = 0(Zy) = 1.6e+05 fb 5 fb!
Zy 8TeV JHEP 04 (2015) 164 = 0(Zy) = 1.9e+05 fb 20 fb~t
ww 7 Tev EPJC 73 (2013) 2610 W o(WW) = 5.2e+04 fb 5fb-1

5 ww 8 Tev EPJC 76 (2016) 401 . o(WW) = 6e+04 fb 19 fb~!

g ww 13TeV  PRD 102 092001 (2020) W o(WW) =12e+05fb 36 bt

3 wz 7Tev EPJC 77 (2017) 236 ' 0a(WZ) = 2e+04 fb 5 fb~1
wz 8 Tev EPJC 77 (2017) 236 #1 0(WZ) = 2.4e+04 fb 20 fb~1
wz 13 TeV Submitted to JHEP W 0o(WZ)=51e+04 fb 137 fb~?
7z 7 TeV JHEP 01 (2013) 063 . 0(ZZ) = 6.2e+03 fb 5fb-1
7z 8 Tev PLB 740 (2015) 250 W 0(z2) =77e+03 fb 20 fb!
7z 13 TeV EPJC 81 (2021) 200 W 0(z2) = 17e+04 b 137 fb?
VW 13 Tev PRL 125 151802 (2020) ' (VW) = 1e+03 fb 137 fb~?
wWww 13 Tev PRL 125 151802 (2020) . a(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~!

2 777 13 TeV PRL 125 151802 (2020) ' 0(222) < 2e+02 fb 137 fb~?

a wvy 8TeV PRD 90 032008 (2014) — o(WVy) < 3.1e+02 fb 19 fb=t

5 Wyy 8 TeV JHEP 10 (2017) 072 — o(Wyy) = 4.9 fb 19 fb~1
Wyy 13 Tev JHEP 10 (2021) 174 1 o(Wyy) =14 fb 19 fb~!
Zyy 8 Tev JHEP 10 (2017) 072 = o(Zyy) =13 fb 19 fb~1
Zyy 13 Tev JHEP 10 (2021) 174 = o(Zyy)=54fb 19 fb~1
VBF W 8 Tev JHEP 11 (2016) 147 ® O(VBF W) = 4.2e+02 fb 19 fb~!
VBF W 13 Tev EPJC 80 (2020) 43 H®  O(VBFW) = 62e+03 fb 36 fb~!
VBF Z 7Tev JHEP 10 (2013) 101 - o(VBF Z) = 1.5e+02 fb 5 fb~t
VBF Z 8 Tev EPJC 75 (2015) 66 = O(VBFZ) =17e+02fb 20 fb~t
VBF Z 13TeV  EPJC 78 (2018) 589 B O(VBF 2) = 5.3e+02 fb 36 fb!

O EWWV ~ 13TeV  Submitted to PLB s o(EWWV) = 1.9e+03 fb 138 fb~?

] ex. yy—WW8g Tev JHEP 08 (2016) 119 - alex. yy—»WW) = 22 fb 20 fb!

k] EW qqWy 8 TeVv JHEP 06 (2017) 106 — o(EW qqWy) = 11 fb 20 fb~1

& EWqqWy 13Tev  SMP-21-011 mjs= Oo(EW qqWy) =19 fb 138 fb~!

H EWosWW 13TeV  Submitted to PLB Sl o(EW os WW) = 10 fb 138 fb~?

> EW ss WW 8 TeV PRL 114 051801 (2015) m— O(EW ss WW) =4 fb 19 fb~!
EW ss WW 13 TeV PRL 120 081801 (2018) willl  O(EWssWW) =4 fb 137 fb~!
EWqqZy 8Tev PLB 770 (2017) 380 -— o(EW qqZy) = 1.9 fb 20 fb~!
EWqgZy 13TeV  PRD 104 072001 (2021) wifli  O(EWqqzZy)=52fb 137 fb~?
EWqqWZ 13 TeV PLB 809 (2020) 135710 o(EW qqWZ) = 1.8 fb 137 fb!
EW qqZZ 13 TeV PLB 812 (2020) 135992 = o(EWqqzz) =033 137 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.
See 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



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, multi-jets analyses

CMS-reliminary 36 b (13 TeV)

| + jets 5D: m, = 171.77 = 0.38 GeV | pre-fitimpacts [J6+A0 []6-A6
| post-fit impacts [§5+40 [l5-A0 [JMC stat.

= pull_

BERC Tavor bottom | -
FSR P scle q—qg '
CR: gluon move
CR: QCD inspired

BG Wi+jets
Early resonance decay

RO n
S .

L JEC abs. MPF bias : :

ME/PS matching : P i 048 0.06
JEC rel. sample -—q—- 0.90 : 0.05
bJES Bowler-Lund central - i 082 - 0.05
e SFs : e {093 Bl 0.05
bJES Peterson ; P : 050 : 0.05
o .
JEC rel. FSR : — i0.97 Bl 0.04
JER I I<1.93 : SENEDE : : 033 [ [ ] 0.04
JEC abs. scale '—i—' 0.98 - 0.04
JEC flavor light quarks : —— 097 : 0.04
bJES Bowler-Lund : — : 086 = : 0.04
FSR PS scale g—gg -—I—- 1.02 - 0.04
Calibration - 0.03
JEC pileup data/MC : —_— ¢ 0.96 : 0.03
bJES semilep. B decays -—-—-—-—- 0.96 : 2 2 = 2 :0.03
wSFs e iooes| i i . WM . 00
-2 -1 0 1 2 -03 -02 -01 O 01 02 03
(6-6,)/A0 AM, [GeV]

Top mass |+jet
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https://cds.cern.ch/record/2806509

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, multi-jets analyses

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

» Must be known well for a wide range in energy and pseudo rapidity

CMSrreliminary

FS Pscle q—qg
CR: gluon move
CR: QCD inspired
BG Wi+jets

Early resonance decay

RO n
.....

ey g eve
ME/PS matching

JEC rel. sample

bJES Bowler-Lund central
e SFs

bJES Peterson

stat.

JEC rel. FSR

JER '"Je‘|<1'93

JEC abs. scale

JEC flavor light quarks
bJES Bowler-Lund

FSR PS scale g—gg
Calibration

JEC pileup data/MC
bJES semilep. B decays
u SFs

36 b (13 TeV)

" “JEC flavor bottom | - 1 -

| + jets 5D: m, = 171.77 = 0.38 GeV

—— 0.34
—a 0.35

P : 048

| post-fit impacts [§5+40 [l5-A0 [JMC stat.

pre-fit impacts [Jd+A0 []6-A6

Wide Jet 1:
pt = 3.5TeV

Mass = 1.8 TeV

B0

i

. I
! . 0.90 = 0.05
—a— 082 N | 0.05
e {093 N | 0.05
— i 0.50 : i 0.05
: : : : = 0.04
— i 097 a 0.04
. : © 033 [ [ 0.04
e ! 098 N 0.04
e ow -
SN S i 086 : : 0.04
— Po1.02 N 0.04
' ' ' ' N 0.03
— ! 096 : i 0.03
— i 096 0.03
S a—— o9 i . .i ... O i i . {003
-2 -1 0 1 2 -03 -0.2 -01 O 0.1 02 03
(6-6,)/A0 AM, [GeV]
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Top mass |+jet

PF Jet 3,
pt=1.71TeV
eta=0.21
phi=2.45

pt = 2.01 TeV
eta = 0.29
phi = -1.27

PF Jet 1,
pt=2.19 TeV

Dijet resonances

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
https://cds.cern.ch/record/2806509

From detector signals to jet calibration

\ Particle Jet Energy depositions
P In calorimeters

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

Anna Benecke & Andrea Malara IN


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

From detector signals to jet calibration

e, — el
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From detector signals to jet calibration
. — el
e — i
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From detector signals to jet calibration

—

—

— -
©.2.35- Electromagnetic calorimeter
g : (S:inl\:lu?ation 0
9_ '2-4:_ %K L
2.45 B
250
8 T, &0 L
-2.55: - F E,
2.6 ys
2,650 Es
270 =
- | | | |

:lllll IIII|IIII IIII|IIII IIII|III
0.65 0.7 0.75 0.8 0.85 09 095 1 1.05
"
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From detector signals to jet calibration

e, — el

'

)
)

- : : T - :
8-2.35: CMS Electromagnetic calorimeter E 2.35: CMS Hadron calorimeter
~ - Simulation 0 ~ - Simulation 0
o -2.4E %K L S -2.4E . KoL
-2.451 ~E4 -2.45F
2.5~ 2.5/
- + T E
2,551 T2 " =g 2.55F
- F_ 1 -
2.6 2 2.6
2.65- Es 2,651
270 E 270
:|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII| :|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
0.65 0.7 0.75 0.8 0.85 09 095 1 1.05 0.65 0.7 0.75 0.8 0.85 0.9 095 1 1.05
i i
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From detector signals to jet calibration
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From detector signals to jet calibration
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From detector signals to jet calibration
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Proton-Proton collisions @ LHC

Pileup adds additional energy to the whole detector

Anna Benecke & Andrea Malara

http://cds.cern.ch/record/1357882
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http://cds.cern.ch/record/1357882?ln=en

Proton-Proton collisions @ LHC

CMS Experiment at the LHC, CERN
Data recorded: 2016-Sep-08 08:30:28.497920 GMT
Run./ Event /'L.S: 280327 / 55711771 / 67

Pileup adds additional energy to the whole detector

Anna Benecke & Andrea Malara




More data, more pileup

CMS-JME-18-001 (13 TeV)
1:__| [T T T | T T | T T | T T | I TTT | T T | T T | I TTT | I TTT | T 1T 1]
Q Bl pp _ i
= + CMS oP(13TeV)=69.2mb -
2 [ 2016-2018: <u>= 29 |
N L a
O - === 2018:<u>= 32 -
£ o .
e B —  2017:<u>= 32 i
= L 1 = 2016: <y>= 23 -
T 4 —
3 i ]
9 i ]
O i ]
O L —
O 3 —
q) - —
o i i
o -
1 =
O_ m—— L1 | L1 | [ I_
0O 10 20 30 40 50 60 70 80 90 100
Mean number of interactions per crossing 140-200

Anna Benecke & Andrea Malara


https://arxiv.org/abs/2003.00503

Challenges with pileup

A I

<o°

0.025

0.02

0.015

0.01

0.005

| ; | |
Zott R p—
M>=1.5 TeV; u=60 ——

- = u=100 ——
u=140 ——

- | plain -
5 unsubtracted

0 100 200 300 400

From G. Soyez, arXiv:1801.09721

(a) raw, ungroomed jets

500

PU affects jet substructure, jet counting, lepton isolation...

Anna Benecke & Andrea Malara
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https://arxiv.org/abs/1801.09721

Pileup mitigation in CMS

Click me

Charged PU
\,L’C‘(O‘\’ R gets removeo

ye gets removed
kA
& e

\

%

AlL sorts of PU

PU

CHS PUPPI

Anna Benecke & Andrea Malara
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https://cms.cern/news/how-cms-weeds-out-particles-pile

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

Anna Benecke & Andrea Malara
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from leading vertex

21
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http://cds.cern.ch/record/1357882?ln=en

1. Define variable o to discriminate pileup

from leading vertex

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

CMS-JME-18-001

0.364 fb™ (13 TeV)
| T T T T | T T T T

: IR T T
-, N ]
= 10 Jet sample, hl <2.5 =
® = CMS Data, charged F
- Simulation, charged PU
1 4 Data, charged LV
= Simulation, charged LV
B Jata, neutre ]
101 —— Simulation, neutral —
1072 = 3
107 =
o E
© .
= —
25
(04

Anna Benecke & Andrea Malara 22


https://arxiv.org/abs/2003.00503

2. Assume charged pileup has the same

shape as neutral pileup

2
Prj ) {for 1n;| < 2.5, jare charged particles from leading vertex

x; :lOg Z (AR
1

for |n;| > 2.5, j are all kinds of reconstructed particles

— Simulation, neutral

j#i,AR ;<R
S VETS00T  348nbT(13TeV)
CDU- 10; C MS PU sample, Inl < 2.5 :
15? ¢ Data, charged
= — Simulation, charged
107 3 { Data, neutral
102

L Iil IIIIIIll| IIIIIIII| IIIIIIll| IIIIIIll| IIIIIIll| IIIIIIll| IIIIIIll| IIIIIIll|

TTT] II_I_ITI'I'I'Iq IIIIIIII| | TR

Data
Simulation
_:’
0} :
.‘:,5_ I
—
|
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https://arxiv.org/abs/2003.00503

3. Use o on an event-by-event basis to

calculate a per-particle weight

CMS-JME-18-001 0.364 b (13 TeV

[N—

[T I
-
. 10 Jet sample, Inl < 2.5
© C M S ¢ Data, charged PU
—— Simulation, charged PU

1. Calculate Median and RMS
of charged PU shape (blue)

1 A Data, charged LV — _
= — Simulation, charged LV = aPU’ RMSPU
- + Data, neutral ]
10- —— Simulation, neutral -
1072 = 3
1 0_3 = 3

Data
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https://arxiv.org/abs/2003.00503

3. Use o on an event-by-event basis to

calculate a per-particle weight

CMS-JME-18-001

N—

0.364 fb™' (13 TeV
| T T T T | T T T T

[T I
-
. 10 Jet sample, Inl < 2.5
© C M S ¢ Data, charged PU
—— Simulation, charged PU

1. Calculate Median and RMS
of charged PU shape (blue)

1 A D_ata, cr!arged LV ; _
o Do py, RMSpy
107 —— Simulation, neutral - .
- - 2. For each particle calculate
102 = ~ ~
42 = (@ — apy) | o; = apy|
10°E - [ 2
| 25
o
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https://arxiv.org/abs/2003.00503

3. Use o on an event-by-event basis to

calculate a per-particle weight

CMS-JME-TS-001  3.18 nb” - 0.364 b (13 Tev)

- 10— | :
g 3 CMS Noutral partiles, b <5 ] 1. Calculate Median and RMS
oL Jet sample E of charged PU shape (blue)

= + ata 3
= — Simulation = —~
10= ™ =
e | pagmoe % “M0py
1o 'E - Simulation 2. For each particle calculate
10-2;? . ~ ~
1L V2 = (a; — apy) | a; — apy|
10 | RMS3,,
10‘55 '
S 15F Th T g 3. Assign a weight to each
§§ : 9 ' e particle
n 0_5:_ IIIIIIIIIIIIIIIIIIIIII -
0 02 04 06 08 1 WwW. = F ) _
Weight l >, NDF= 1()(1)
Pileup > Hard scattering
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https://arxiv.org/abs/2003.00503

Validation of PUPPI

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

CMS-JME-18-001

(13 TeV)
|_o| 1 5 i I I I I | I I I I | I I I I | I I I I | I I I I |
.é. - CHS W boson jets
- CMS i :
5 14 Simulation ﬁ%k PUPPI W boson jets _|
5 . :
9 I ]
0 13- | o
n | e T -

7))
© i L i
12—
e lef 4 T ]
- & 5 ﬁa}{ﬁ" ]
©o T 4 ﬁ%@ -
i 7 Bulk graviton :
— Anti-k,, R=0.8 |
10~ 400 < p_< 600 GeV—
1 ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
0 10 20 30 40 50

Number of vertices
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https://arxiv.org/abs/2003.00503
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Jet reconstruction

Anna Benecke & Andrea Malara
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=

Jet reconstruction

Starting point: cleaned PF candidates

[Albrecht, AB, Kogler, work in progress] cClustering step: 03178, d, = 0.000000

El_l | I.I. le T 1 I | I.I :l.lzl || I | L Iol [ I_I:
;— . “ o'
E' q
e g =t :
F N TR - | et
3 =2 - 0 1 2 3

¢

O b-quark A Quarks from W

Anna Benecke & Andrea Malara
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End point: two jets representing the
top quark kinematics

3

~

IIII.IOIOJIIIII'_I_
-

IIIIIIhllllllblolllillllllollllt
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Jet reconstruction

jets from W jets from W AK8
jet
AK4
jets b jet
b jet J |
subjets
——————————————————————————————————————————————————————
1
low pr AR oc— high pr
Pr
Advances in Jet Substructure at the LHC, R. Kogler
e U B LA B B B B
g | t - bW — bqq@' |
\?Eé Y Percentiles forp, >20 GeV:  _
o " W 70% 80% 90% -
2
ATLAS
CMS
ol v Uy v by b b ]

200 400 600 800 1000 1200 1400

Anna Benecke & Andrea Malara o [GeV]
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https://link.springer.com/book/10.1007/978-3-030-72858-8

Fixed R clustering

: 3 _l_ L I.l L .l.l L | L | [ I.I | L _I_ : 3 _l_ L | L | L | L | L | L _I_
. Event 1 ‘ .. Event 2

_ clustered,with CA pT 240 Gev i OO-,O) ~ clustered WIth‘CA . T ~ 850 Gev i

21 : 1 3 21 -

- 1 - " -

- : 4 <t | o o o]

i 1 © I §

i R 1 —

B . ] 1 oy B ©

SR 13 i L

of ..~ = C AR o -

i S R . i

- - 9 5 o

-1 i— © —: 3' _1 :_ _:

i 1Y E .

2f .. s 2f .

! Cambridge-Aachen | S ! Cambndge Aache n

_3 T'— L1 1° 1 | I.I I.¢ | L1 1 1 | I | | Lol .I | } I N | 1_ _3 _'— L1 1 1° | 11 1 .I | I.I L | | L1 1 1 | | I I | | I | 1_

-3 —2 ~1 0 1 2 3 -3 -2 ~1 0 1 2 3

¢ ¢
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https://link.springer.com/article/10.1140/epjc/s10052-016-4443-8
https://link.springer.com/article/10.1140/epjc/s10052-016-4443-8

-

Variable R jet clustering

3_|_IIIIollIII.|.IIII|IIII|III.I|IIII

. Event 1 '
clusteredwith HOTVR P &~ 240 GeV

1 . i g 8
O __ . .:o.. .O'G..:: .o ¢ . - :‘. ‘.

| . .Q : O ’ ° - ° * ° .o
1 N e . o:i ° 't. ° -.. o..' . o

S ' HOTVR

T

-3 -2 ~1 0 1 2
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'e-CD—I-IIII|III.L|°I::T.II|.IIII|IIII|I

doi:10.1140/epjc/s10052-016-4443-8

-

_._I_II.II|IIII|IIII|IIII|IIII|.1III_I_

.. Event 2 . : ' | =8
clustered with' HOTVR, pT. ~ 850 GeV -

.9’0'
ok

e & ° =
o®

*
.

IIIodl.l.hlﬁflllII|IIII|IIII|I

. HOTWR

_'_IIII.l.lI.I..I|I.I.II|.I.IIIll.ll..lll.lll

-3 -2 ~1 0 1 2

'e-CD—I-IIII|II.II|IIII0|III:I|III‘I|I

doi:10.1140/epjc/s10052-016-4443-8
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https://link.springer.com/article/10.1140/epjc/s10052-016-4443-8
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Jet Calibration

Applied to
data

Resolution

. dijets
Applied to .
PP /+jet

simulation

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

Jet Calibration

dijets
/+jet

Applied to
data

Applied to
simulation

2018 Legacy (13 TeV)

:CMS —+ 0=u<10

—
-
o

Corrections based on simulation of pp

- : I ] = 10=u<20
collisions and detector response ~ ool Private S a0iuch
PU subtraction [ A (R=04), PRACHS . 20=u<50

P Remove average offset due to PU

)]
o

TN
o
[ [ [ | [ [ [ | [ [ [ | [

P Approx. 0.5 GeV extra energy

» per jet and per interaction

Average Offset / p* [%]

P Neutral component not removed by CHS

N
o

P Significant outside tracker acceptance e
Target M O—*__*:__- PR E R R RERERE
10° 10°
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Jet Calibration

‘ .
dijets
/+jet

Run 3 (13.6 TeV)

Applied to
data

Applied to
simulation

P Approx. 0.5 GeV extra energy per jet

Ill\l)
Ll
Il
H*—g
Ili

» per jet and per interaction

o
|
*
EX»
E*
*
a
i
*

| El
I
)
|

I [ " L | 10 I I I T T TTT I I I T T TTT I T T
Corrections based on simulation of pp < F oms S 0su<10
. ) 5 o . = 10=u<20 _
collisions and detector response: g+ 8 Private epea
PU subtraction ~ g AK4 PUPPI o 30=u<40 1
I - 3.0<Il<5.0 —+-40=u<30 .
P Remove average offset due to PU L 4 e S0=u<B0
O Target 1
® — -

(@)

o

o

>

<

P Neutral component not removed by CHS -

I
N
|

P Significant outside tracker acceptance

|
AN
T T T
A

» Not needed for Puppi 30 100 300 1000 3000
p_;I)_th[GeV:
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Jet Calibration

Applied to
data

Resolution

dijets
/+jet

Applied to
simulation

Corrections based on simulation of pp  ; ,CMS Simuiation Proliminary __ Legacy (13 ToV)
- 2] u ; , .
collisions and detector response: S L1 Z(QSE‘Z?”V"ES AE%dEaFJEZi Forars
: : Target Qo ¢ . -

Jet response calibration I Dy 1 ‘e E

. . : ﬁ“““' " -|-+-I-.|.-I-'|""+"+ E. [ I ® e ° E

P Core of the calibration D 0.9pwmnny 1551‘; FRTTLN
B oost e | erilne

P Simulation-based f—é 0'8; *__ R .
S 07:_ g .-E - _:

P Accounts for detector effects £ ¢ o x|
n 0.6 * =

» change in performance due to 05C  + p =15GeV. p =300GeV -
detector acceptance : = p,=30GeV + p =1000GeV -
0.4 ° p =90 GeV i p = 3000 GeV

1111 | 1111 | ] | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | L1

O 0.5 1 15 2 25 3 35 14 4.5_t
hy®!
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Jet Calibration

dijets
/+jet

Applied to
data

Applied to
simulation

Corrections derived from data

P Based on precision of other reference objects 2010 carly Legacy, 20 (S TRV

S Icms | DBMPF
. 9 L P A 4 Multijet (p':dins) i
» Electrons, photons, muons, other jets... =1.04F 0 Tt e Mt o)~
- ml<13,0<1.0 © * VHe
. . - %+ Z+jet
P Address different response in each sub-detector 1.02 5+ W—qq "

» usually small corrections except in transition regions

Post-fit jet response

0.98
Target === 52/ n.df. = 96.4 / 151 i
0.96 - 2016 early avg. ]
i Total unc. .
PL EXtra JetS . o .ID Albsollutle IurllcII | o .:
30 100 300 1000 t 3000
7 P (GeV)

Z

ule
4 Reference
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Jet Calibration

2016 early Legacy, 20 fb™ (13 TeV)

Post-fit jet response (ratio)

Absolute unc.

4+ Multijet (p'j"‘"‘“‘)
v Multijet ()
)

" CMS DB MPF
[ Preliminary 4

1.041 a4 PFicHs 7 o
- ml<13,a<10 © * YHe
- % * Z+jet

0.98
B == x?/n.d.f. =96.4 /151
096+ 2016 early avg.
[ Total unc.

| | IIIIII|
30 100

P Usually small corrections offline for data

» means small effect on data online (trigger)

P Start of Run3:

» underestimated corrections for calorimeter

1 1 1 1 II| | | |
300 1000 3000

p2(GeV)

energy scale (downstream)

» confirmed impact by jet energy scale (upstream)
» small fraction of data collected less efficiently

Anna Benecke & Andrea Malara

Run2

INn Run3

Efficiency

0.6

o

4

0.0k

c nl <1.3

- CMS
_ Preliminary
D 1.04F AK4 PUPPI

¢ Z+jet
Fit unc

Run 3 prompt, 8 fb™' (13.6 TeV)
T T T LI I| T T T]

B Total unc. Run 2]

—_— —
N N
T T 1 T

-—
o
T 1

0.8}

L J‘ + ]

1 1 1 11111 | 1 1 1 L1111 | 1 1 11

30 100 300 1000 3000

P, [GeV]
CMS Preliminary ~ 34.3 o', 2022 (13.6 TeV)
L L R I
B ¢ pre-HCAL update _
¢ post-HCAL update |
[T ;‘.‘o‘grﬂtﬂ"'ﬂ”ﬂﬂ—:
B AK4PF jet with 7]

pr > 500 GeV
e o o0a® | ]
0 200 400 600 800 1000 38

Offline leading jet pt [GeV]



Summary & Outlook

Detector Reconstruction Pileup Clustering Calibration

2016 early Legacy, 20 fb™* (13 TeV)

T

r T “‘ T ‘4’ —_ T T L ‘ ‘
- - Event 1 ] 2 C CMS DB MPF
E gMISt . I clustered,with HOTVR E " Preliminary A A Multijet ©)
-2.4- >imuiation L - : - . 3 04 aka PRacHs [ 7 Multiet ) .
d ®  fhi<ida<to ° *YHet
r h c r % o+ Z+jet
g g1-02p 4 W—aq
e ; )
g .. o ‘ 5 o H
3 r g o = 1 ——
...-C.; -' fee “.-.. _Q_J‘ ....
C e o:: =
- 4 =098 .
- D P ik
- - g [ == y2/ndf.=96.4/151
r 0.96f- 2016 early avg. —
r [ Total unc. 1
0:(‘3‘5”(‘)‘7‘”0“7;5”(‘)‘8”‘()“8‘5”(‘)‘9‘”()‘!")‘5”"‘]”‘1‘(‘)5 N T T T L Absolute unc. ‘ i
S ' 3 -2 -1 0 1 2 3 30 100 300 1000, 3000
¢ p"(GeV)
CMS Preliminary ~ 0.206 fb~", 2022 (13.6 TeV)
2 S e s B, B s s B s Bt CMS Simulation Preliminary
g - = run 360950 c L L L L ) L L L ) LA |
W 10°E ~— run 360950 without LS 469 S 0.14f anti-k . jets e H -> bb (soft drop) ]
o . (@] L -
i ; c T T T T T T T T T T * © = _ —— H ->bb (regression) -
5| . I 9 i E 0.12F R=0.8 .
10°E Linkto DP notes 4  So.0e0f . c - p,>400GeV ]
| | & ] € oq . ]
o = 0.055[- +/+\+ 1 o B Link to DP notes
0% 1 05 | Tttt : g -
i 8 0050} —- 0PU { 008_ ]
sl o i ~+ TOTAL - 1
10 = E B 0.045F —+ PUPPI 0.06[ -
; L anxiv:2211.02029 ; i ]
102F J 0.040F g 0.041 -
: 0.035- '—//’"’/*\‘/#\’—_‘4\*/* R 0.02}3E ‘
10k _ e e e e e N B M H
25 50 75 100 125 150 175 i sagmssyeet LT
- ] Number of primary vertices 00 0.5 1 15 2
10°F [LI - Mieco / M
b L L L L ‘ L L L L ‘ L L L L ‘ L L " L " L " ‘ r : reco target
0 10 20 30 40 50

MET Significance [VGeV]
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https://indico.cern.ch/event/1230157/
https://arxiv.org/abs/2211.02029
https://cds.cern.ch/record/2854697
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsDP21017




Jet reconstruction
Create particle-flow (PF) particles

» link of tracks, calorimeter deposits, muon chamber hits
» successfully used since Runl

» Atlas only recently moved to a similar algorithm

Anti-k; algorithm to cluster together PF particles
» small radius: R=0.4 (AK4)

» alternative algorithms: CA, HOTVR, XCone

T
AeseReRetal
0

LA

T
e a

eear:
A
A

UL
.

waasnadyy

“““‘ﬁ‘n
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Validation of PUPPI

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

S ‘355‘)fb1‘(13TeV) (13 TeV)
" CMS ] - E1-4,““““““‘““‘_““‘,
3 . 1 METresolution : [cmMs  ¢oswe 1 W boson
- L4 s ® 1.2 Simulation —&— PUPPI g/g jets 4 . . .
i N A st v é 8 : Anti—kT, R=0.8 CHS W boson jets : Identlflcatlon
c RN 2 S A ] = 4= 400 <p, <600 GeV ]
Fyx®vY 3 i —f3— PUPPI W boson jets |
; Response-corrected é PUPPI haS a better 08 j PUPPI |S more Stable |n
- 4 PF prTZ-ee - MET resolution and R +— jet mass, jet mass
. Y PUPPIp™Z—ee ] —O0——O0-00-0-0—0——0 O R .
= [T uncertainty - less fake MET. 0.6 1 resolution and 7.
i%‘ Xyy ] 0.4 ;A%AMM%%ﬂ |
T LI B8 0 ST T Lod OO oo -0 0 .
e _ ooLv v i
5 10 15 20 25 30 35 40 45 50 "0 10 20 30 40 50
Number of vertices Number of vertices
13 TeV 13 TeV
12— L I ‘( | = ) 2,0-9: — T T T T T T T ‘( | 2 )
% E CMS Anti-k;, R=0.4, nl <2.5 E % 0 8:— CMS Anti-k;, R=0.4,3<l <5 E ] ] ]
A 1.1 Simulation PY">20GeV,pF°>30GeV o @A | Simulation P >20GeV,pr™>30GeV ] PU jetS rejeCtlon
- . 0.7 ’ e
e e o ————— 0.6 1 In|n| < 2.5 PUPPI rejects
0.9] T . 05F == 4 more PU jets than all other
x . 1 0.4k —e— O 4 techniques
0.8 — 4r e : |
iCHS o 0.3+ cHs —a 4 Inly|>2.5PUPPIis
&~ CHS + tight PU jet ID ‘ 7 n . A ] ]
0.7: Y | e | ] f&CHS+t|ghtPUjetlD L E Compatlble to
- —4% CHS + medium PU jet ID 7 0_2:%& CHS + medium PU jet ID , .
0.6~ —# CHS + loose PU jet ID - 0,154 CHS + Ioose PU jet ID T CHS+PUdJetID
[ % PUPPI ] " Fa pupPl 1
O 57 L L L ‘ L ‘ L | ] 07 L L L ‘ L ‘ | ]
0 20 40 60 20 40 60

ANNa —c..coie < v w

Number of interactions

INAT NI OA I VIGATGATL WA

Number of interactions
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https://arxiv.org/abs/2003.00503

HOTVR

JME-18-002 (13 TeV)
> 0.9 : | | [ L | L [ L [ L [ L | L | [ L | [ L :
CC) N CMS -=- DeepAK38 ]
O 0.8 _. , -e- DeepAK8-MD —

S - Simulation ImageTop .
tv—= 0.7F Top quark tagging, 5, =30%  -m-ImageTop-MD _—
— _ gen en -t Mep+ T N
LL] - 300<p_ <2000 GeV, ™"l <2.4 e 2 ]
0.6 C 105 <mg,’° <210 GeV e BEDST 32 E

- 110 <mgy"° <210 GeV HOTVR -

0-9F 140 < my g7y < 220 Gev ~~ N;-BDT (CA15) —

o4 . .- e ———0 =

03F o e

= B ]

0.2 == -

0.1 —

O ] | 1 | | | I | 1 | | 1 | | 1 | | 1 | | 1 | | 1 | :
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https://arxiv.org/pdf/2004.08262.pdf

Jet Calibration

Applied to
data

Applied to
simulation

Jet energy scale uncertainties

P Uncertainty ~1% for jets pt >100 GeV
» Primary goal it to bring down to 0.1%

» Improve techniques, reduce biases,
understand better our detector

JEC uncertainty (%)

P Increasing contribution from PU

P Detector degradation: Ageing, damage, ...

Anna Benecke & Andrea Malara

dijets
/+jet

Resolution

- 2018 59.7 fb™' (13 TeV)
B I I I T T || I I I T 1T || I I
- CMS = Total uncertainty
6 L Preliminary — Excl. flavor, time
B Run |
5 :_ R=0.4 PF+CHS -©- Absolute scale
B |T]jet| =0 —¥— Relative scale

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

——

20 100 200 10002000
p_ (GeV)
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Jet Calibration

Applied to
data

. dijets
Applled. to 7 et
simulation
Residual corrections
P Based on precision of other reference objects larget
» Electrons, photons, muons, other jets...
P Address different response in each sub-detector PU

: : . : Extra jets
» usually small corrections except In transition regions ; J

T T T T T I2l9|‘|6 ea'l’ly ITeglalcyn,l2IIO|fb-1 (1l3 -rle\/n) 2018 Legacy’ 60 fb-1 (13Tev)

i ] o T 1

[ CMS DB M'T\;I:ulti.et 1 2 fcwms MPF method 1

[ Preliminary b 4 M It']' t(plm..) b A\é 1.2 simuiation - RunA 7

" AK4, PFecHs T Multiet(er) 1 £ L Preliminary * = RunB ]
_ 1 a 1.15F +CHS i -+ RunC . Z

* & Z+jet ] g [ p =120 Gev +  + RunD .

o ¢ W—qq 1e E .
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T
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Chm

Post-fit jet response (ratio)

L Jl
] - r, *F - ]
- 1?%'%':—5‘%%*;’;1 """""" L S — E ule
== y2/n.df. =96.4/151 0 95i - E
------ 2016 early avg. - it ] f
o ol e ; : | Reference
A

Absolute unc. ] (OR® ] N B R R R
IIIIIIII
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Machine learning: future perspective

CMS Preliminary ~ 0.206 tb!, 2022 (13.6 TeV)
5 L L L L LS LA L

é 7 —— run 360950

H10% run 360950 without LS 469

105 1 ] Link to DP notes = _

104k : =

P Identify temporary problems in the detector wp 3
P Save time and increase data-taking efficiency F
100;_ | | | \ _;

0‘ - ‘10‘ - ‘20‘ - ‘30‘ ‘40‘ | 50‘

MET Significance [V GeV]

CMS Simulation Preliminary

é 0-14? anti—le}eil‘sl l I-II-I>tIJbI(scl)ftldrlopl) | l

P More performant wrt traditional algorithms ‘E 0.2 708 — H~>bb (regression) -
P Currently used for jet mass > 0.12— T Link to DP notes -
» direct effect on analyses’s sensitivity 0.08 g
P Planning on simultaneous training of tagging and 0'06;_ -
regression for energy and mass 0% ]
» improve scale, resolution and flavour dependency ooz;_u s Lo :
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https://cds.cern.ch/record/2854697
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