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How CMS weeds out
particles that pile up
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Proton-Proton collisions @ LHC
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Pileup adds additional energy to the whole detector
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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




More data, more pileup
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More data, more pileup
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More data, more pileup
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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_ e 7;;;; L1 | L1 | [ I_
0O 10 20 30 40 50 60 70 80 90 100
Mean number of interactions per crossing 140-200

Anna Benecke


https://arxiv.org/abs/2003.00503

Challenges with pileup

CMS 19.7 fb™ (8 TeV)

0.7

Energy fraction
o O
o O

© ©o o o o
NN W ~p 01 O

0.1

arXiv:1706.04965

Data-MC (%)
o

0.025 | 5 | |
Z—-tt uﬁ§8 .
M-=1.5 TeV: 60 —— QY
0.02 |- ° = H 15
: 5 u=100 —— 7
}.l=140 —
®)
. 0]
0.015 - plain - T
unsubtracted >§
0.01 | N|
N
o
0p)]
0.005 | O]
3
I

0 S =

0 100 200 300 400 500

(a) raw, ungroomed jets

PU affects jet substructure, jet counting, lepton isolation...
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Pileup mitigation in CMS

Charged PU

Hm’wm P gets removed

e
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PU

AlL sorts of PU
gets removed

CHS PUPPI
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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
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1. Define variable o to discriminate pileup

from leading vertex

K, = lOg Z

2
( Prj ) {for 1n;| < 2.5, jare charged particles from leading vertex
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2. Assume charged pileup has the same

shape as neutral pileup

2
%; = log Z ( P ) {for 1n;| < 2.5, jare charged particles from leading vertex
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3. Use o on an event-by-event basis to

calculate a per-particle weight

: S 036417 (13TeV) :
s : 1. Calculate Median and RMS
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Use o on an event-by-event basis to

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

calculate a per-particle weight

10 e 3.18 nb™"- 0.364 fb™' (13 TeV) .
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Noise Jet ID

35.9 fb” (13 TeV) 35.9fb" (13 TeV
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Purpose: remove noise from HCAL & ECAL by
retaining ~98% of the real jets
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Jet energy resolution

13 TeV 13 TeV
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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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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, ...

Anna Benecke
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ldentifying W bosons

(13 TeV
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;' 82 B I I I I | I I I I | I I I I | I I I I | I I I I ]
8 E CMS | % CHS W boson jets E
';' 81_— Simulation ﬁ%k PUPPI W boson jets
7] - i
© i _
& 80 —
o ‘ ]
C  79- _
S T i ]
IR el
= 78 | et b
: # Bulk graviton i
77E ] Anti-k, R=08
I T 400 < P, < 600 GeV ]
B ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] ]

76O 10 20 30 40 20

Number of vertices

Anna Benecke

Median t,,
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ldentifying W bosons

(13 TeV
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Number of vertices

(13 TeV)
-9 0_5:| I I I | I I I I I I I I | I I I I | I I I I_
S 450 CMS ~H~ PUPPI 1,, < 0.55 E
c - Simulation 4~ CHS7,<0.6 -
= 041 ~&- PUPPI 1, <04 1
4] - QCD -
O 035:_ Anti-k;, R =0.8 —— CHS 1,,<0.45 e
'.E- 0.33— 4OO<pT<600 GeV —f
O . . _ _ ]
B0.25 eI 0
D = ﬂ“—a—_A_ -
£ 0.2F A
S0.151 -
3 - -
Pe! 0'15 S Wj_ i E
< 0.05F e

O:I ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] I_

0 10 20 30 40 50

Number of vertices

29



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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Summary

Anna Benecke

PU Jet ID variables

CMS-JME-18-001

Input Definition

variable

LV) pr Fraction of pr of charged particles associated with the

fraction LV, defined as ) -1y pr i/ X pr,i Where i iterates over all
charged PF particles in the jet

Ny ertices Number of vertices in the event

(AR?) Square distance from the jet axis scaled by p% average of jet
constituents: Y; AR*pt ;/ ¥, 7.

fringx, X = Fraction of pr of the constituents (3 pr;/ pjTet) in the region

1,2,3, and 4
jet
P/ pr

jet

PIT' Ch'/PT

‘—)|

m

N total

N, charged

R; < AR < R;;; around the jet axis, where R; = 0,0.1,0.2,
and 0.3 for X =1,2,3,and 4

pr fraction carried by the leading PF candidate
pr fraction carried by the leading charged PF candidate

Pull magnitude, defined as |(¥; p|r|7;)|/ pj{ft where 7; is
the direction of the particle i from the direction of the jet

Number of PF candidates
Number of charged PF candidates
Major axis of the jet ellipsoid in the #-¢ space

Minor axis of the jet ellipsoid in the #-¢ space

Jet fragmentation distribution, defined as |/} ; p%,i/ Y P
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Hadronic recoil performance

1. Sum up the AK4 jets in an
event = hadronic recoil to the Z
boson

Z Boson 2. In the ideal case:

pT ijets _

pr()

Response: Resolution:
“ o(u))
_)
q T(Z) U G(MJ_)

Anna Benecke Methode also desribed in arXiv 1903.06078



http://arxiv.org/abs/1903.06078

CMS-DP-21-001

Hadronic recoil performance

41.5fb' (13 TeV) 41.5fb" (13 TeV)
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Response (left) and resolution (right) both improved with PUPPI v15 compared
to PUPPI vi1a and is better than PF
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CMS-DP-21-001

Hadronic recoil performance

41.5fb™ (13 TeV)
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Resolution of i, slightly worse with PUPPI v15 compared to PUPPI viia but
still better than PF
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PUPPI v15
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Summary CMS-DP-21-001

Track-vertex association

3. used in PU vertex fit

@ Primary Vertex

e \ ________ \ ...............................
SN N AT

1. used in LV fit

2. not used in

N — any vertex fit
CHS rUrri vil PUPTrI v1s
used in LV ‘fb& keep keep keep
wsed i PU | | If 1st or 2nd PU vertex
_ reject reject &&|d,| < 0.2 cm keep
verbex fit .
else reject
not used in "
, keep keep if d, < 0.3 cm 1-dependent
any vertex fit see next slide
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Summary CMS-DP-21-001

PUPPI v15

pr > 20 GeV pr < 20 GeV
nl <24 keep calculate a weight
7| > 2.4 keep if |dZ| < 0.3 cm keep
else reject

Tab. 2: Categories for charged particles that are not used in the fit of the LV or a PU vertex.

If a charged particle is not used in any fit PUPPI keeps the charged particle only if |d,| < 0.3 cm, while CHS

keeps all charged particles. However, the track-vertex assignment, especially |d,| is not working for high-p;

particles and therefore rejects too many LV particles. In the new tune we therefore implemented a protection
for this.

In |n| < 2.4: Charge particles with p>20 GeV are kept, while the ones with p;<20 GeV are treated as neutral.
These particles get a weight and are excluded from the a calculation in |n| < 2.5 (see Tab. 2).

In |n| > 2.4: Charged particles with p > 20 GeV are kept. Charged particles with a p; < 20 GeV are kept if |d|
< 0.3 cm (see Tab. 2).

The motivation behind the |1| < 2.4 condition comes from the fact that only tracks satisfying this condition are
used for vertex fitting. PUPPI internally is split into |n| < 2.5 and |n| > 2.5 since |n| = 2.5 is the boundary of our

Phase-0 tracking system. The tracking system was extended to |#7|<3.0 with the Phase-1 upgrade.
Anna Benecke 38
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Summary

Weight

@ w;pr;[GeV]

5.7

CMS-DP-21-001

PUPPI v15

above 200 GeV is the
weight always 1

Weight of a particle above
the threshold
stays unchanged

Weight of a particle below
the threshold get increased

In addition, neutral particles receive a protection based on their
pr- If the weight of a neutral particle is less than
1 20

200—20 200 — 20

left plot) than the weight gets increased to be equal.

w; < pr-

(black line shown in the bottom

20

25<|n| <3

200

pT [GeV]

The weight is multiplied to the four-momentum of the
corresponding particle. Each particle has to pass a certain py
threshold to be considered in the clustering. The p; threshold
varies between 1.7 GeV and 6 GeV depending on the number of

vertices in the event and the # of the particle (plot on the bottom
left).

>

o0 Number of

vertices
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Efficiency and purity

(13 TeV) (13 TeV) (13 TeV)
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Figure 4: The LV jet efficiency (upper) and purity (lower) in Z+jets simulation as a function of the
number of interactions for PUPPI v11a (blue open squares), CHS (red open triangles), and the new

tune of PUPPI v15 (black filled circles). Plots are shown for AK4 jets with p> 20 GeV, and with (left) |
n| < 2.5, (central) 2.5 < |n| < 3 and (right) |n| > 3.
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