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Jets at the LHC 2

CMS Experiment at the LHC, CERN

~ 4| Data recorded: 2018-Jul-12 02:31:17.851712 GMT
P ~ | Run/Event/LS: 319524 / 953684541 / 663

‘p\ Particle Jet Energy depositions

in calorimeters


https://cds.cern.ch/record/2809446

Jets at CMS 3

« Jet reconstruction is integral to the CMS physics program.
» Crucial signatures in SM measurements & BSM searches.

* Need optimum reconstruction & precise calibration.
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« Unprecedented number of Pileup in | CMS CMS Luminosity Resuts % .
Run-3 datasets. = = o

> Pileup mitigation more important than 5] B

ever to maintain jet performance. g‘* 4
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults

Jet Reconstruction in CMS 4
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“Standard” jet algorithms with PF candidates as inputs:
« Small-R jets: anti-ktR = 0.4 [AK4] [ AK or CA R=1.5 are sometimes used.AnaIysis7

« Large-R jets: anti-ky R = 0.8 [AK8] specific.

* “Non-standard” jets also used (e.g Variable-R).



https://cds.cern.ch/record/2715872
http://dx.doi.org/10.1088/1748-0221/12/10/P10003
https://cms-results.web.cern.ch/cms-results/public-results/publications/PRF-14-001/
http://dx.doi.org/10.1088/1748-0221/12/10/P10003

Why AK8? 5
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Constituent-level Pileup Mitigation with PUPPI




Constituent-level Pileup Mitigation

JINST 15 (2020) P0O9018

CMS mitigates pileup at the constituent-level DP-2021-001
Reconstructed Jet Charged Hadron Subtraction (CHS) Pileup Per Particle Identification (Puppi)

Pileup Interesting F‘ileup- Pileup Interesting  Pileup Pileup Interesting Pileup
vertices vertex vertices vertices vertex vertices vertices vertex vertices
Figure by Andrea Malara
« Discard charged PF » Refined treatment of
candidates from Pileup charged PF candidates,
Vertices depends on vertex
association.

* Apply weights to neutral PF
candidates four-vector.


http://dx.doi.org/10.1088/1748-0221/15/09/P09018
https://cds.cern.ch/record/2751563

CHS vs PUPPI: Impact on jet energy

2023 (13.6 TeV)
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energy corrections.
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https://cds.cern.ch/record/2902862

Jet Energy Scale & Resolution Calibration

Early Run-3 datasets




Jet Energy Scale & Resolution Calibration

DP-2024-039

Applied to data

> Dur

Applied to simulation —>

» Factorized approach to jet energy calibration.
- Jet Energy Scale (JES):
1) MC “truth” corrections: correct to particle-level jet scale.

2) Residual corrections: correct for residual differences between
simulation & data.

 Jet Energy Resolution (JER):
» Smear jet energy in simulation to match that in data.



https://cds.cern.ch/record/2902862

JES & JER with early Run-3 dataset 11

DP-2024-039
JES residual corrections JER (Data/Simulation) SF
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Run-3 dataset.


https://cds.cern.ch/record/2902862

Jet tagging

Run-3 developments




What is Jet tagging?

Determine
origin of a jet

u,dors jet

corb jet

pileup jet

W or/Z jet




AK4: (Unified) Particle Transformer

« CMS investigated several Transformer models for flavour tagging:

2202.03772

» ParticleTransformerAK4 =%

. Utilize adversarial training to enhance model robustness
against simulation mismodeling. pesoos

i CMS Simuation Preliminary 136 TeV
Unified Particle Transformer (UParT) £ Eiiahtay joj<zs ﬁ,f z
» Extended class: extending from b & ¢ jet I i 1
tagging to include s & hadronic t (one per & - e
i i -‘ac_; — bvse |
final state) tagging. : R
g 107 7
3, DP-2024-066
» Extended regression: simultaneous flavor g |
aware jet energy & resolution regression R = ;
T R S B

b-jet tag efficiency


https://cds.cern.ch/record/2904702
https://cds.cern.ch/record/2839920
https://arxiv.org/abs/2202.03772
https://cds.cern.ch/record/2898464

AK4: (Unified) Particle Transformer

charm-jet
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First attempt at
strange-jet tagging in
CMS!


https://cds.cern.ch/record/2904702

Progress of CMS flavour-tagging algorithms
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Impressive advancement of jet tagging within ~decade.
Powered by state-of-the-art Machine Learning technigues!


https://cds.cern.ch/record/2904702

AK4 p; regression 17

PartiCIeNet Phys. Rev. D 101, 056019 (2020)
Graph NN with PF constituents & Secondary Vertices as inputs.

DP-2020-002

» First used for boosted resonance tagging with AK8 jets.cuseaserv-zzor
» Extended for AK8 jet mass regression. yopior;
» Commissioned for AK4 jet flavor tagging & pr regression.

2023 (13.6TeV)
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https://cds.cern.ch/record/2707946
https://cds.cern.ch/record/2866276
https://cds.cern.ch/record/2777006
https://cds.cern.ch/record/2904700
https://cds.cern.ch/record/2904702
https://doi.org/10.1103/PhysRevD.101.056019

AK4 p; regression with ParticleNet (Response)

2023 (13.6 TeV)
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* Regressed pr response closer to 1 compared to raw py
for central jets.

» Derive MC-truth corrections, achieve response closure
=1 within 1% (similar level to JEC).
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https://cds.cern.ch/record/2904700

AK4 p; regression with ParticleNet (Resolution)

DP-2024-064
00<|n<1.3 24 <n| <27 3.0<|n <50
2023 (13.6 TeV) 2023 (13.6 TeV) 2023 (13.6 TeV)
SO'SO*HH‘ ‘ T ‘ ] <1 S ‘ ‘ — T s — T ‘ ]
=z [ CMS * JEC 2 I CMS + JEC 1 =o4 CMS + JEC g
S o5l Simulation v PNet 1 S 0.35F Simulation v PNet q S [ Simulation v PNet 1
g r Preliminary +  PNetincl. neutrinos @ t  Preliminary + PNetincl. neutrinos @ 0.35F Preliminary 4 PNetincl. neutrinos ]
§ [ anti-kt R=0.4 (PUPPI) ] 50-30? anti-kt R=0.4 (PUPPI) * § L anti-kt R=0.4 (PUPPI) 1
] 0-20:* 0.0 <|n"|< 1.3 *: o o5k 2.4 <|n"°|< 2.7 B @ 030 3.0 <|n"°|< 5.0 ]
) r © 0.25¢ [} i ]
Soasf° 1 S 1 Boas E
Y [« [
r " ] [ * ° ] 0.20[ ]
0.10} v, ] 0.15¢ N . ]
? b ] ) 0.15- : 1
r L : ] 0.10[ + : . b : : .
| . r * x
0057 ‘ ML N W YTTTR 005 . . . ‘ : 2] 0.10E ‘ t
0.15 v = g
2 2015 ] S f .
= R = =02 .
5 0.10F E 5 5 L
Z z Z N 1
& 0.05|- E = 1 & 0.1t L 1
- - ‘ e ‘ L e ] ~ 010 ‘ ‘ T S ~ b X L ‘ ]
102 103 102 6x107 102 2x102 3x10
P (GeV) PP (GeV) P! (GeV)

Clear improvement in JER
across the jet pr range, even for forward jets.


https://cds.cern.ch/record/2904700

AK8 Global Particle Transformer (GloParT)

CMS-PAS-HIG-23-012
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-012/

“Real-time” analysis at the trigger level




HLT Scouting 22

Comprehensive review: arXiv:2403.16134

The real bottleneck is data
recording bandwidth (MB/sec),
not event rate (event/sec)

Scouting Stream Patin Inkaew

- reduced data format

- event size reduced by 100x

- event rate increased by 30x

- based on reconstruction at HLT
(no offline reconstruction)

Standard Stream
- ~2.5kHz

- ~1.1 MB/event

- full event

- reconstructed at

CMS L1 Trigger HLT Storage TierO after 48 hours

« HLT Scouting strategy successful since 2011.
« Major updates in Run-3.



https://arxiv.org/abs/2403.16134

HLT Scouting

« Access phase space not
recorded with standard
trigger strategy.
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https://arxiv.org/abs/2403.16134

Jet Tagging at Level-1 Trigger at HL-LHC

« Phase-Ill major upgrades: High-Granularity Calorimeter & Tracking at
Level-1 trigger.

» PF at Level-17
> T 3 g J ets at I_ ev e|-1 ,? CMS Phase-2 Simulation Preliminary 14 TeV, 200 PU

(2]
Soosk HH — bbbb events
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« Demonstrated it can be done. 3 L1 blagNN @ 15 kHz
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> Simplified PF(+Puppi). T CuadJetsiT @ 11 K
» NN for small-R jet tagging. S0.04]

CMS-DP-2022-021

« HIP-CMS effort to focus on 002/ :-5 "'"'.ﬁ,.?
“large-R” jets tagging at N e
Level-1. 05200 00 80 1000
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» Level-1 Scouting? i


https://cds.cern.ch/record/2814728/

Level-1 Scouting: The future is now!

CMS-DP-2024-056

Level 1 trlgger scoutlng 2024 (260 pb ! 13 6 TeV)
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Jets from Level-1
Scouting in 2024


https://cds.cern.ch/record/2904692

Summary

 Jet performance at CMS for Run-3: Better than ever!

* Measured JES & JER for early Run-3 datasets.
» HIP-CMS spearheading effort for 2024,

« Commissioned Transformer-based algorithms to tag jets & regress their
Pr.

« HLT scouting program extends & complements physics reach with offline
analysis.

» More to come with Run-3 datasets.
» Level-1 scouting for HL-LHC



EXTRA SLIDES



PUPPI

DP-2021-001

PUPPI calculates an a; value for each particle in the event Hecovariracks.Used

) 0 in nearby vertice fits
Pr; and vertex splitting
w=log 2 |7z,

. 3. used in PU vertex fit
J#i,AR;<R, i /
. . ' . . Leading vertex (LV)
for |57,] < 2.5, j are charged particles from LV and for |57,| > 2.5, j are all kinds of O Flacevertme /
reconstructed particles. The median (&py) and RMS (a}%”s) are calculated >

from the charged PU « distribution. Based on that each neutral particle

N

z-axis

receives a signed )(2 1. used in LV fit 2. not used in
= = Y " any vertex fit
signed y? = (@ ~ 3py) | 9 ~ Gpy| Q Keep ke
g X = (aRMS)z Decide based
PU on dz and py
The weight for each neutral particle is calculated with a cumulative (for |n] > 2.4)
distribution function and multiplied to the four-momentum of the particle: e (A T (T ey emem——

w; = F;ﬂ,NDF:l(signed » to unassociated particles ().


https://cds.cern.ch/record/2751563

¢-dependent JES Corrections

. . . CMS preliminary 2023, 9.5 b (13.6 TeV)
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https://cds.cern.ch/record/2902862

Jet pr Response in Simulation (Raw vs Regressed)

Jet pT  pp-2024-039 Regressed Jet p;  pe2o24064  Regressed Jet py with Neutrinos
CMS Simuiaton Preliminary__2023 (13.6TeV) o 1.2 Simueton Prelminary 20z (136Tey) g pCMIS Simulaton Prelminary 2023 (136 Te)
,‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ ] . - . . - -
% r Barrel Endcap Forward 1 2} [ anti-k; R=0.4 PNet ] (2] [ anti-k; R=0.4 PNet incl. neutrinos ]
511 BB EC1  EC2 HF E CC) 1.15F Barrel Endcap Forward = g 115F Barrel Endcap Forward .
o [ ot ] a L BB EC1 EC2 ‘ HF i o 5 L BB EC1 EC2 ‘ HF u
? 1.0 H (7] C 1 ] %) r : .
: [oabrastantsd | 4 ey 1 9 11 - i -y . 9 1.1 — i -y L]
2.0.9| odstr,, e [* R = A . = S, ;
S “~:" 1 -q—)._l 05: e .0_3.1 05: I E
I g 1 — ; 1 — L - —
‘© 0.8[ Fapl + — u o VOL ™ hd ] o 1oL 1 b
E r i -, 1 % r ! ] % C ]
- R RGeS R Y C o 1] 0 C la 1]
&5 %7 i *i; = L TP o [ p =50GeV ] S 1:“‘““*'*“"“““ ;;«‘ﬁ';w oo p,=50GeV |7
0.6F ™o RS £ A W,,a | p =100GeV ] £ C “ S L) e pp=100GeV ]
i - ] 0 0.95¢ g p, =300 GeV [ n 0.95¢ = p, =300 GeV |
051" anti-kr R=0.4 (PUPPI) * g ook w% ¥ ¢ p,=600GeV ] 0.9F *g 4 |+ p =600GeV
0.4 * pr=15Gev  + pr=300Gev B r .| | * P;=1000GeV| s w.| | * P;=1000GeV
= pr=30GeV  «+ pr=1TeV 1 - = i+ p,=3000 GeV|] - = |+ p,=8000 GeV|]
r pr=90GeV  —+ pr=3TeV ] 0.85 ‘ M 0.85 il M

0'3j | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ \i I Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il I Il I Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il I Il

0 1 2 3 4 5 0 1 2 3 4 5 ; 0 1 2 3 4 5 .
Jet pseudorapidity n Tl '



https://cds.cern.ch/record/2904700
https://cds.cern.ch/record/2902862

