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How CMS weeds out
particles that pile up
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Experimental setup: LHC

Source: CERN

Anna Benecke



Physics program

Test the self-consistency of the Standard Model of particle physics

CMS preliminary

Overview of CMS cross section results
18 pb‘1 -138fb1(7,8,13 TeV)

Wj 7 Tev SMP-00-000 - o(Wj) = 1.3e+07 fb 5fb~1
w2j 7 Tev SMP-00-000 - 0(W2j) = 2.5e+06 fb 5fb~1
W3j 7 TeV SMP-00-000 - o(W3j) = 3.9e+05 fb 5 fb-1
w4j 7 TeV SMP-00-000 = 0(W4j) = 5.6e+04 fb 5 fb~1
Zj 7 Tev SMP-00-000 - o(Zj) = 4.3e+06 fb 5fb~1
22j 7 TeV SMP-00-000 . 0(Z2)) = 7.8e+05 fb 5 fb~1
73] 7 TeV SMP-00-000 = 0(Z3)) =12e+05fb 5 fb-1
Z4j 7 Tev SMP-00-000 - 0(Z4)) = 2.5e+04 fb 5fb~1
Wy 7 Tev PRD 89 (2014) 092005 - a(Wy) = 3.4e+05 fb 5 fb~1
Wy 13 TeV PRL 126 252002 (2021) -  o(Wy) = 1.4e+05 fb 137 fb~!
zy 7 TeV PRD 89 (2014) 092005 &  0(Zy) = 1.6e+05 fb 5 fb~1
zy 8 TeV JHEP 04 (2015) 164 = 0(Zy)=19e+05fb 20 fb~1
ww 7 TeV EPJC 73 (2013) 2610 ' o(WW) = 5.2e+04 fb 5 fb~!
ww 8 TeV EPJC 76 (2016) 401 W o(WW) = 6e+04 fb 19 fb~?
ww 13TeV  PRD 102 092001 (2020) W o(WW) = 12e+05 fb 36 fb!
wz 7 TeV EPJC 77 (2017) 236 ' o(WZ) = 2e+04 fb 5fb~1
wz 8 Tev EPJC 77 (2017) 236 W 0o(WZ) = 2.4e+04 fb 20 fb~1
wz 13TeV  Submitted to JHEP ¥ o(WZ) =5.1e+04 b 137 fb~t
zz 7 TeV JHEP 01 (2013) 063 s 0(Z2) = 6.2e+03 fb 5 fb~t
7z 8 TeV PLB 740 (2015) 250 i 0(Z2) = 7.7e+03 fb 20 fbt
zz 13 TeV EPJC 81 (2021) 200 & 0(ZZ) = 1.7e+04 fo 137 fb~?!
VW 13TeV  PRL 125151802 (2020) i o(VW) = 1e+03 fb 137 fb~t
www 13TeV  PRL 125151802 (2020) e o(WwWw) = 5.9e+02 fb 137 fb~?!
wwz 13TeV  PRL 125 151802 (2020) T o(wwz) = 3e+02 fb 137 fb~t
5 wzz 137eV  PRL 125 151802 (2020) P a(wzz) = 2e+02 fb 137 fb~t
8  zzz 13TV PRL125151802(2020) (N 0(222) < 2e+02 b 137 fb~?
Q Wvy 8 TeV PRD 90 032008 (2014) — o(WVy) < 3.1e+02 fb 19 fb~?!
5 Wyy 8 TeV JHEP 10 (2017) 072 — a(Wyy) = 4.9 fb 19 fb~!
Wyy 13TeV  JHEP 10 (2021) 174 e o(Wyy) = 14 fb 19 fb~1
Zyy 8 Tev JHEP 10 (2017) 072 = 0(Zyy)=13fb 19 fb~?
Zyy 13TeV  JHEP 10 (2021) 174 m  o(Zyy) =54 19 fb!
VBF W 8TeV JHEP 11 (2016) 147 mil= Oo(VBF W) = 4.2e+02 fb 19 fb~!
VBF W 13 TeV EPJC 80 (2020) 43 H»  o(VBF W) = 6.2e+03 fb 36 fb~ 1!
VBF Z 7 TeV JHEP 10 (2013) 101 o Emm 0(VBF Z) = 1.5e+02 fb 5 fb~!
VBF Z 8TeV EPJC 75 (2015) 66 s O(VBFZ) =17e+02fb 20 fb~?
VBF Z 13 TeV EPJC 78 (2018) 589 Bl o(VBF2)=53e+02fb 36 fb~t
EWWV  13TeV  Submitted to PLB mil=  o(EW WV) = 1.9e+03 fb 138 fb~t
ex. yy - WWg Tev JHEP 08 (2016) 119 == olex.yyoWwW) =22fb 20 fbt
EW qqWy 8Tev JHEP 06 (2017) 106 w0 O(EW qqWy) = 11 1b 20 fb~!
EWqqWy 13TeV  SMP-21-011 mSs= O(EWqqWy) =19fb 138 fb1!
EWos WW 13TeV  Submitted to PLB sEl  Oo(EWos WW) = 10 fb 138 fb~t
EW ss WW 8 TeV PRL 114 051801 (2015) I E—  O(EWssWW) =4 fb 19 fb!
EWssWW 13TeV  PRL 120 081801 (2018) gl O(EWSssWW) =4 b 137 fb?!
EWqqzZy 8TeV PLB 770 (2017) 380 = o(EWqqzy) =19 20 fb~1
EWqqZy 13TeV  PRD 104 072001 (2021) o(EW qqZy) = 5.2 fb 137 fb1!
EWqqWZ 137TeV  PLB 809 (2020) 135710 o(EW qqW2) = 1.8 fb 137 fb?!
EW(qgqZZ 13TeVv  PLB 812 (2020) 135992 = o(EWqqzz)=0.33fb 137 fb~t
1 1 1 1
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

Anna Benecke

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

CMS cross section results



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

Era of precision physics

Reference
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e Events with leptons, especially muons are more clean and precise

e However, hadronic decays offer more statistics

e First measurement of the top quark mass with hadronic boosted tops with Full

Run2 data: m, = 173.06 + 0.84 GeV
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https://cds.cern.ch/record/2314658/files/ATL-PHYS-SLIDE-2018-190.pdf
https://arxiv.org/abs/2211.01456

Search for BSM physics

PF Jet 1,
Wide Jet 1: ‘i; =_20. 1297TeV
pt = 3.5 TeV ce

Mass = 1.8 TeV

PF Jet 3, o
pt=1.71TeV .
eta = 0.21

phi = 2.45 o

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

phi=-1.17

PF Jet 2, Wide Jet 2:
pt=2.01 TeV -

eta=0.29 s e e
phi = -1.27 Mass = 1.8 TeV

Anna Benecke Dijet resonances



https://arxiv.org/abs/1911.03947

Experimental setup: CMS

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes
Overall diameter :15.0m
Overall length  :28.7m
Magneticfield :3.8T

SILICON TRACKERS
Pixel (100x150 ym) ~16m* ~66M channels
Microstrips (80x180 pm) ~200m? ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

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

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

Source: CMS

CRYSTAL
ELECTROMAGNETIC

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

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels
<: \\\\\\ .
Stlfcon -
Tracker
Electromagnetic
Calorimeter
Hadromn
Calorimeter Superconducting .
Solenoid Iron return yoke interspersed
with muon chambers
Muon Electron Charged hadron (e.g. pion)
- ==-Neutral hadron (e.g. neutron) ---=--Photon
Anna Benecke



From detector signals to jet calibration

Hadronisation of quarks and gluons leads to collimated showers (jets) in the detector

Detector Reconstruction Pileup Clustering Calibration

2016 early Legacy, 20 fo™" (13 TeV)
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Parton level

Particle Jet Energy depositions
In calorimeters
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https://cms.cern/news/jets-cms-and-determination-their-energy-scale
https://arxiv.org/abs/1706.04965

Experimental setup: CMS
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Experimental setup: CMS

i Local track/cluster
reconstruction
i Link individual
-; i subdetectors
Trac - information
Electromagnetic
Calorimeter s
Hadromn
Calorimeter Superconducting
Solenoid Iron return yoke interspersad
wiith muon chambers

Muon Electron

Charged hadron (e.g. pion)

- ==-Neutral hadron (e.g. neutron) ----. Photon

Anna Benecke



Experimental setup: CMS

Electromagnetic
Calorimeter

Hadron

Calorimeter Superconducting
Solenoid [rom return yoke interspersead
with mucn chambers
Muon Electron Charged hadron (e.g. pion)
- ==-Neutral hadron (e.g. neutron) ----. Photon

Anna Benecke

Local track/eluster
reconstruction

Link individval
subdetectors
information
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Experimental setup: CMS
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Electromagnetic
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Hadron

Calorimeter Superconducting
Solenoid [rom return yoke interspersead
with mucn chambers
Muon Electron Charged hadron (e.g. pion)
- ==-Neutral hadron (e.g. neutron) ----. Photon
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Local track/eluster
reconstruction

Link individval
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information
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Experimental setup: CMS

Tracker

Electromagnetic

Calorimeter
Hadron
Calorfmeter Superconducting
Solenoid [rom return yoke interspersead
with mucn chambers
Muon Electron Charged hadron (e.g. pion)
- ==-Neutral hadron (e.g. neutron) ----. Photon

Anna Benecke

Local track/eluster
reconstruction

Link individval
subdetectors
information

ldentified the stable
particles in the event
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Event display

PF Jet 1,
Wide Jet 1: ‘i; =_20. 1297TeV
pt = 3.5 TeV ce

Mass = 1.8 TeV

PF Jet 3, e
pt=1.71TeV “
eta = 0.21

phi = 2.45 o

N PF Jet 4,
pt = 1.40 TeV
e 4 eta=-0.74
phi=-1.17

PF Jet 2, Wide Jet 2:

B pt = 3.4 TeV

phi = -1.27 Mass = 1.8 TeV

Anna Benecke Dijet resonances



https://arxiv.org/abs/1911.03947

Proton-Proton collisions @ LHC
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Anna Benecke & Andrea Malara
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http://cds.cern.ch/record/1357882?ln=en

Proton-Proton collisions @ LHC

CMS-PHO-EVENTS-20216-008

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



https://cds.cern.ch/record/2231915?ln=en
https://cds.cern.ch/record/2231915?ln=en

More data, more pileup

CMS-JME-18-001 (13 TeV)
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https://arxiv.org/abs/2003.00503

More data, more pileup

frequenoy Nuwmber of protons
40 Mtz \
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NEvents — 0[Ldt [, = f#
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More data, more pileup

frequewcg Number of protons
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More data, more pileup

b t
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4ro,0,

/
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Challenges with pileup

() b

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
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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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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 24


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

Anna Benecke & Andrea Malara 26


https://arxiv.org/abs/2003.00503

a.u.

Data
Simulation _

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

calculate a per-particle weight

_CMS'IJMIE'|78'OO7 3.18 b - 0.364 f”" (13 TeV)

'E CMS T Neutral vatiles. - 1. Calculate Median and RMS
oL <2 e of charged PU shape (blue)
E Lgiar:laulation E &PU’ RMSPU
102 I:P)Utsample =
— ala — .
- " Simulation - 2. For each particle calculate
10_35— = _ _
- : )(2 - (o, — apy) | @; — apyl
1074 = i 2
: f RMSpy
0—5
1.5:
1
0.5F
-5
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https://arxiv.org/abs/2003.00503

=
S

. 10 ET T |
1 03 L C M S Neutral particles, Inl <5
o Jet sample
10° + gata |
= —— Simulation
10 ™
- PU sample
1 ¢+ Data
= — Simulation

Data
Simulatio

CMS- JME 18 001

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

calculate a per-particle weight

3.18 nb™"- 0.364 fb™' (13 TeV)
T T | T T T | T T T |

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

g Apr, RMSpy;
2. For each particle calculate

2= (o; — apy) | o; — apy |
l RMS},,

=

n_L_L_L_L_L
~ 9Q Q@ 9 9 o
3 D Y Y~ I

o
4]

3. Assign a weight to each
particle

Pileup

Anna Benecke & Andrea Malara

W; = F)(zNDF—l()(z )

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)
13 Te
3 15 i I I I I | I I I I | I I I I | I I I I | I I I I |
o - CMS % CHS W boson jets 1
S 14 Simulation —£3— PUPPI W boson jets —
5 :
8 i |
0 13- | o
2 o S
© i L i
12—
e lef 4 T ]
- 55 ﬁa}{l} ]
© T 4 ﬁ]*ﬁ% ]
R it -
i 7 Bulk graviton :
— Antik,R=08
10~ 400 < p_< 600 GeV—
1 | | | | | | | | | | | | | | | | | | | | | | |
0 10 20 30 40 50

Anna Benecke & Andrea Malara

Number of vertices

29


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

CMS-JME-18-001

Noise Jet ID

35.9 fb” (13 TeV) 35.9fb" (13 TeV

~—"

w —|||||||||||||||||||||||||||||||||||||||||||||||||: w 1:|||||||||||||||||||||||||||||||||||||||||||||||||:
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1T f[ ----- CHS, genuine jets 3 o[ A”t'Cng 1 0. 4Nh1| <0. 52 ]
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N —-CHS, noise jets - - P, P PUPPLISSN, <20
19 1*. PUPPI, noise jets - & %y, —OHS 3<N <50
19.: . 7] : 4
104 %; '-._.-”- —g 10_2 :_.'J ‘A-‘.:"LLI PU PPI, 35 < Nvertices < 50_:
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harged-particle multiplicity Neutral-particle multiplicity

Real jets

Noise jets

Purpose: remove noise from HCAL & ECAL by
retaining ~98% of the real jets
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https://arxiv.org/abs/2003.00503

CMS-JME-18-001

Jet energy resolution

13 TeV 13 TeV
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https://arxiv.org/abs/2003.00503

Efficiency & purity in Z+jets

generator jets

Efficiency

Simulation only study

Anna Benecke
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Efficiency & purity in Z+jets

generator jets

reconstructed jets

Either not reconstructed

or rejected:

 Pileup Jet ID

e down weighted
particles from PUPPI

Efficiency

Simulation only study
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Efficiency & purity in Z+jets

reconstructed jets

Purity

Simulation only study
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Efficiency & purity in Z+jets

reconstructed jets

| _®

Most likely PU Jets did
not get rejected:
e CHS does not remove

enough jets ‘
e PUPPI does not
remove enough for et
oarticles generator jets
R Purity

Simulation only study
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(13 TeV)
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PUPPI better than CHS+loose/
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https://arxiv.org/abs/2003.00503

Efficiency and purity

(13 TeV)
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ldentifying W bosons

Z/\N candidate top candidate g/g candidate
AK8 AK8
subjets
subjets

ldentified through SD mass, n-subjettiness, subjet b-tagging, ...
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Quick look into Run3
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Significant reduction of the PU contribution with PUPPI in Run3
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Pileup Mitigation Techniques in CMS

PUPPI with lepton
Chﬂr@ﬂd G All sorts D‘f PU PU dependent eff. due to PU particles

\,?\A Cts reveoved that get not down-weighted enough
ewer® 9 gets removeot ’ . ’

ckrY®

& N / PUPPI no lepton
PU dependent misidentification
\ rate due to down weighting of LV
7L particles
O I/ 4
Ywity Y
CHS PUPPI Lepton Isolation

e full validation of PUPPI shows a good performance, especially at
high PU CMS-JME-18-001

e PUPPI is the standard pileup mitigation technique for CMS in Run 3
CMS-DP-21-001
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Jet reconstruction

End point: two jets representing the top

Starting point: cleaned PF candidates quark kinematios

[Albrecht, AB, Kogler, work in progress] cClustering step: 03178, d, = 0.000000
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Jet reconstruction
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Fixed R clustering
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Jet calibration



Applied to
data

Applied to
simulation

Jet Calibration in Run3
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Summary & Outlook

Detector Reconstruction Pileup Clustering Calibration
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