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Flavour-tagging in CMS

Quarks/gluons reconstructed using one anti-k;

(R=0.4) jet (AK4).
* Heavy flavour tagging: identify jets originating from
b- or c- quarks.

Physics motivation: several standard model (SM) and
beyond SM signatures are characterised by heavy

flavour quarks in the finale state (e. g. H—bb,

tt —bbX, Z’—bb).

Input variables for tagging algorithms: jet

constituents and secondary vertices (SVs).

ParticleFlow (PF) algorithm: particles reconstructed

correlating information from different detectors.
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Boosted jet tagging

Hadronic decay products of highly boosted particles (W, Z, H) are collimated.
* Reconstructed with a 0.8 radius anti-k; jet (AK8).
« AK8 mass (mgp) obtained removing soft-wide angle radiation (soft-drop mass).

Several boosted jet flavor tagging algorithms developed by CMS.
» Designed to be independent from the AK8 pr and mgp.
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Evolution of boosted jet tagging at CMS
Run 3

Deep[- ParticleNet-MD GloParT

Run 2
double-b

Boosted decision 1D C Dynamic Graph Transformer
tree Recur CNN (DGCNN) architecture

Run 3 state of art for AK8 ) Run 3 state of art for offline

tagging at trigger level AKS tagging and first tagger
at trigger scouting level
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Jets as particle clouds: ParticleNet-MD

ParticleNet mass decorrelated (ParticleNet-MD):
* |et as a particle cloud (unordered sample).
« EdgeConv block:
o Compute distance (edge) between points: AR = \/Anz + Ap?.

o New node features x'; as a weighted combination of node features x; and
neighbours' features x; .

H. Qu, L. Gouskos, PRD 101, 056019 (2020)
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Run 3 ParticleNet-MD

ParticleNet-MD re-trained at Run 3 beginning:
 New X — 1T probability score for a X resonance;
« New features: lepton specific features and tracks features not linked to jet PF constituents.
« Simultaneous classification and mass regression (correction of the reconstructed jet mass).

ParticleNet-MD Run 3 target classes:

- 1CMS Preliminary 34.4 b (13.6 TeV)
« Xresonance decays:. X—bb, X—ccC, 2 ooE
X— light quarks, X—gluons and X — 1T, £ ,4E -
. c E Z —bb vs data (QCD estimator)
« QCD jets. 2 0.7 p; > 450 GeV, |n| < 2.4
% 0.6 E_ Training: Run 2 conditions
discriminators g 05E
I'Ob X—)XX w 0_4;— Training: Run 3 conditions
PNet-MDyowsacn™ rob(Xp—>xx§+ rob)(QCD) ot
P : Xp o 02E- CMS-DP-2024-055
rOD(A— =
PNet-MDyy,,sqcp= b xp bB(+ b)QCD "0 o9z os4 0% 0%
prO ( - ) prO ( ) Data (proxy for QCD) rejection
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bb-tagging performance at HLT

2022 2023 & 2024 (13 6 TeV)

ParticleNet-MD first AK8 tagger at high level z e T T | .

C . —CMS ....... ...................................................................................................................... _-.

trlgger (HLT) since 2022. 3 r Preliminary CI\/IS DP- 2025 009 -
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@ I = == — _

and 30 < my <200 GeV. 0B — —— —

* Samples resampled to enforce uniform (pr,  § F 20223471

Mgp) distributions. & L ; 5 Rl fb'1_1 i
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PNet-MD re-trained with 2023 simulations. & F | ! AKBIot it p > 500 GV & ey > e .
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ParticleNet-MD retraining at HLT

ParticleNet-MD trained with 2025 simulations.

* (oal: reducing the dependence from p; and mgp,.
with respect to the to the 2023 model (pre-existing

100CMSlSirlnulatioln Preliminary ___2025(13.6TeV)
model)_ ? New PI\IIet—MD model (IAUC=0.02687)I I
o - —— Pre-existing PNet-MD model (AUC=0.04557)
§ i New PNet-MDppvsacp > 0.14
e . (] »  Pre-existing PNet-MDppysacp > 0.10
Modified training procedure. Q 10k " o e L .
* Enlarged m, range into 20 < my <250 GeV. @]
* Training jets: p;> 315 GeV and mgp > 20 GeV. ;
102 3
Model tested on 2025 MC simulations.
e Jets with uniform (p, mgp) distributions. -3l |
hE 107 CMS-DP-2026-099 : 3
Tagging performance improved.
* QCD efficiency reduced by ~40% at signal 10— =59 0% ~— 0
efficiency ~94% (highlighted points). Hbb efficiency
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New ParticleNet-MD model response on data

New model tested on a subset of 2025 HLT data:
* New model more independent from mgp and p.
A trigger with the new model introduced at HLT in 2026:
* 1 AK8 jet, pr> 230 GeV, mgy > 40 GeV, PNet-MD,,,.cqcp > 0.14. CMS-DP-2026-099

CMS preliminary 0.23 o' (13.6 TeV) CMS preliminary 0.23 fb-' (13.6 TeV)
2> '""”_"""""“"”:_é‘ [T T Tyttt
S 0.020F, Inclusive data s \ Inclusive data ]
o New PNet - MDppvsacp > 0.14 ) o 0.015k New PNet - MDppvsacp > 0.14 -
D 0.015k — Pre-existing PNet - MDpoysaco > 0.1 1 3 [ —— Pre-existing PNet - MDppvsacp > 0.1
NEERE ] X :
= : pr>230GeV 1 Eo.010 pr>230 GeV
S001% Mep > 40 GeV 1 S Mep > 40 GeV |

oS
o
o
&
T

0.005F ‘\__‘ﬁ; [ _

0000, . . v o v i v

04"'|"'|"'|"'|"'|"'|' T T 04'| """" | L LR LR | PR BT |
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N A ] N , P ]
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msp [GeV] pr [GeV]
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GloParT

Global particle transformer (GloParT): First GloParT classes;
* Graph representation by connecting all https://doi.org/10.48550/arXiv.2604.09809

PF constituents and SVs;

o Multiple interaction features (edges) S e Hﬂs:ég H—'c”diéf?
between PF constituents and SVs. 2 7 !
- H-WW o : H g H q
* Adds new output classes with respect to e = ; — S —'ﬁﬁv’)if
ParticleNet-MD: 5 . ,
. . H—qq . ; —< .
O top_tagglng’ qq (g=u/d) 1 I (z,) y
O H — vv. H—tT o 1 _<: Th
t—bW bag 2 " 9 _
. . . (hadronic) bq 10+ 0erte 2 —% Z —“é Z
discriminators . - o
t—bW 7 ! &, ¢
(leptonic) ot 1 ! —AQ b —A%Z
. a ] bTuv 1
DS QCD - ZlES lpl - b 1 rzyfyimm<: q(blc) q (blc)
VS . o.pD: +Y. : L 1 abrey T
2ies %iPi T 2ieqcp Pi IR
others (light) 1 _@ q g TR
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GloParT tagging performance

CMS-DP-2026-104

Three GloParT versions developed by CMS:

* Qutput classes increased: 37 — 314 — 374 (more details on Congaiao Li’s talk).
* Tagging performances improved with respect to ParticleNet-MD.

C M S S fmufanon Prehmmary

1.0

. 2024 (13.6 TeV)
= 10 E T T T T T T T E
= F Partu:leNet MD [AUC 0.9928) ]
3 - GloParT vi (AUC:0.9932)
% | — GloParTv2 (AUC:0.9942)
o — GloParT v3 (AUC:0.9943)
c 1 0_1 =
= C
[®] = _
S, [ H-bbvsQCD
" L
S | 400< pr<B00 GeV, |n|<24
0 102l 60 < mgp < 150 GeV

10-2L =
E ) d__,.‘:-'j’
v
A
-I 0—4 ;{l‘ | 1 1 1 1 I 1 I 1 1 1
0.0 0.2 0.4 0.6 0.8
Signal efficiency
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2024 (13.6 TeV)
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Background efficiency
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GloParT mass regression

Two GloParT jet regressed masses estimate:
* generic mass: arbitrary prong multiplicities and substructure topologies;
* two prong mass: assumes jets with two-prongs.

CMS-DP-2026-104

Regressed masses compared with respect to ParticleNet-MD.

* Table shows for each tagger the mass peak position (m,,), the the full width at half
maximum and the the fraction of jets with reconstructed mass within Mpeak T 10 GeV.

Jet category ParticleNet GloParT v3 (generic)  GloParT v3 (2-prong)

H — bb
H— cc
H — qq
Fully-hadronic H — WW

Hadronic t

Hadronic W

July 14, 2026

128.6/22.5/64.9
128.9/19.9/70.1
126.1/17.6/79.8
125.8/21.2/63.4
174.9/38.1/41.3
82.4/12.2/90.6

127.7/19.6/70.3
127.9/19.9/70.5
126.6/17.5/78.6
124.1/19.3/73.8
172.3/28.0/55.8
82.6/12.5/88.2

BOOST 2026

127.7/20.8/68.9
127.4/20.0/70.6
125.9/17.0/79.9
121.3/24.9/62.5
168.9/54.7/31.4
81.4/12.1/89.7
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Mass-correlated GloParT CMS-DP-9026-104
GloParT v3 fine-tuned for SM t, Z and W tagging:

* Tagging performances improved with respect to Run 2 AK8 ParticleNet mass
dependent tagger (ParticleNet w/mass).

100 CMS Sfrlnufa tion P| r effmfnaryl* 2024 (13.6 TeV) o0 CMS Sfmu!anon Preffmmary 2024 (13.6 TeV) o CMS Simulation Preliminary 2024 (13.6 TeV)
F T T T I T T - T T T T T E = F T = e E T T T T T T T T T T T T T T T | T T T =
= - ——— ParticleNet wimass (AUC:0.9928) 1 8 o F’artu:leNet w/mass (AUC: 09626) % =2 C ——— ParticleNet w/mass (AUC :0.9580) 1
5 [ GloParT v3 (AUC:0.9862) 1 = [ GloParT v3 (AUC:0.9281) no8 g GloParT v3 (AUC:0.9279) H
"u; | — GloParT v3 ft. w/mass (AUC:0.9938) = | — GloParT v3 {1 wimass (AUC:0.9635) /_ E | — GloParT v3 i w/mass (AUC:0.9602) /]

T | N = /
g: - Hadronict vs QCD .-" ] 8 " Hadronic W vs QCD S 1 9 " Hadronic Z vs QCD 7 ]
- i1 o - ' * 1D - .
é - 400< pr < 600 GeV, |n|< 24 7 é - 400< pr < 600 GeV, |n|<24 7’ 1 5 - 400 < pr< 600 GeV, |n|<24 .
o 90 < Mgy < 250 GeV oM | 50<mgp< 140 GaV | .-_'-:S | 50<mgp <140 GeV ' i
1072} _ 4 1072 = g 1072
_ 721 Z ] ; ]
/// | T : //, :
ryd ] ] 3
. e N 4 . .-; "/ :
iy - A 7 4 ’
. g ._/"; - i - .-"l//. -

J ' ) e -~ ] ) . I;
10~ L e e Ly 104 A LA T N NN TN TR LI SN TR NN S N SR B 10 vy oy by oy oy by oy by oy L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Signal efficiency Signal efficiency Signal efficiency
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GloParT for HLT scouting

HLT scouting:

* HLT events with a reduced reconstruction, recorded at high-rate ~ O(30 kHz).
e 2022-2023: only pixel information for tracking reconstruction.
e 2024 tull tracker information.

GloParT for HLT scouting.
* Trained two models for AK8 and AK15 (R=1.9) jets.

* |nputs: only PF jet constituents.

* Training stage 1: the models are pretrained on offline-reconstructed samples.
O Used the same input feature set as for the final HLT training.

* Training stage 2: the models are then fine-tuned on HLT scouting samples.

July 14, 2026 BOOST 2026
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AK8 GloParT for HLT scouting CMS-DP-2026-105

AK8 HLT scouting model (blue solid) to the ParticleNet-MD (yellow) and GloParT
(blue dashed) offline models for scouting and offline jets matched geometrically.
* (ood tagging performance for bb and cc tagging.
* Full track reconstruction improved the cc reconstruction for 2024.

' CMS Simulation Preliminary 2024 (13.6 TeV) 'CMS Simulation Preliminary 2024 (13.6 TeV) , CMS Simulation Preliminary (13.6 Tev)
T T T T T T [ T T o [ T T T T T T T g L S S — T T T :

10 —

F GloParT AKS8 (HLT scouting) - 202
- — GloParT AK8 (HLT scouting) - 2024

10

10 —
GloParT AK8 (HLT scouting) H-ctvs.QCD
ParticleNet-MD (offline) (M, ger = 125 GeV)

GloParT AKS (offline) Pr;> 200 GeV, |nj|<2.5
B0 ¢ mgp < 150 GeV

I
GloParT AK8 (HLT scouting) H - bb vs.QCD
ParticleNet-MD (offline) (M, gen = 125 GeV)

GloParT AKS (offline) Pr.j> 200 GeV, |yl <2.5
60 ¢ mgp < 150 GeV

H = cc vs. QCD
{mH.ﬂ|n=125 GeV)

pr, » 200 GeV, |nj|<2.5
80 < mgp < 150 GeV

Misidentification efficiency

T

|
Misidentification efficiency
: i

|
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104 L 1 L | 1 1 1 | 1 1 1 | 1 1 1 | 1 L L 1074 L L L 1 L L L 1 L L 1 | 107 l/ 1 1 1 1 1 1 1 1 L L 1 L 1 L

L L L | L L L | 1 I 1
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AK15 GloParT for HLT scouting

CMS-DP-2026-105

First AK15 tagger introduced at CMS in Run 3.
* Good signal identification performance against QCD.
* (Good cc-identification from bb-misidentification.

2024 (13.6 TeV)

CMS Simulation Preliminary . CMS Simuiation Preliminary
B S L B S 7 T T T

2024 (13.6 TeV)
£0ea 120 1€

10

10 —

]

F — H-bbvsQCD 1
H - ¢ vs QCD GloParT AK15 (HLT Scouting) ]
{My, gen = 125 GeV)

- — HoqgvsQCD  pry»200GeV, [nl<25
60 < mgp < 150 GeV

_1__ 'If

A
|

Misidentification efficiency
Misidentification efficiency
3
I
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I T B
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pr,) > 200 GeV, |n<2.5
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-
9
ra

-
=
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| /7 J
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Conclusions

Presented boosted jet flavour tagging in CMS: ParticleNet-MD and GloParT.
« (Graph representation for jets.

ParticleNet-MD state of art for tagging at HLT level.
« Performances improved at HLT after the 2023 retraining.
o bb-tagging misidentification reduced by a factor ~ 3.

 New model introduced in 2026 data taking.

o Reduced the model dependence from mgy and pr.
o New trigger: 1 AK8, pr > 230 GeV, mgp > 40 GeV and new PNet-MDy,,cacp > 0.14.

Most recent model: GloParT.
« Added top and H — VV tagging.
« Tagging performances improved with respect to ParticleNet-MD.
« First tagging model for HLT scouting.

July 14, 2026 BOOST 2026
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Triggers

Select & record as many events as possible

LT IVIVIVVIXIVIYIZIVIZB - Scouting Streamis)
veryloose selection at HLT, * - ~3 k47, ~ 12 kB/event, ~ 0.8 GB/s

© mostly L1 pass through reduced data format, event size
reduced, event rate increased
- based on online reconstruction at
HLT (no offline reconstruction)
CMS

40 MHz ‘ Standard Stream

- ~28kHz, ~1.1 MB/event,~3.1 GB/s
- full event

o

I EIMIEIEY [ [x]/]/]

4
L1 Trig

HLT Accept A .
L1 Accept - offline reconstructed at TierO after 48
(L ~110 kHz High Level Trigger Storage hours (prompt)
HLT) [2 .
(HT 2 Parking Stream[3]
- ~6.3 kHz, ~ 1.1 MB/event, ~6.5 GB/s
- fullevent
- offline reconstructed when
computing resources become
available (delay)
1 JINST 15 (2020) P10017 [3] Phys. Rept. 1115 (2025) 678
2 JINST 19 (2024) P11021
July 14, 2026 BOOST 2026
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Measurement of AK8 PNet-MD,,, .cp efficiency

To measure the online PNet-MD,,,«qcp efficiency at the HLT level, a semileptonic control region enriched in tt
events with muons is selected. Events are collected using a single-muon HLT trigger, and at the offline level a
muon with p; >55 GeV and an AKS jet with p; > 300 GeV and mgp > 50 GeV are required. The muon and the
AKS8 jet are considered only if produced in a back-to-back topology [6].

To further enhance the tt purity, two additional offline AK4 jets are required to pass the ParticleNet tagger at a
working point corresponding to approximately 90% efficiency and about a 10% misidentification rate for light-
flavour quark and gluon jets.

The efficiency ¢ is defined as follows:

_ Nevents(n—selection HLT control triggerxtwo AK4 b—tag jetsXone AK8 jetXPNet—MDy, qcp HLT trigger)
°T Nevents (H—selection HLT control triggerxtwo AK4 b—tag jetsXone AKS8 jet)

g IS measured as a function of the kinematic variables of the offline-reconstructed AK8 jet with the highest
offline PNet-MDy,,«qcp score.

July 14, 2026 BOOST 2026 21



bb-tagging performance on MC

PNet-MD,,,,«acp HLT trigger efficiency

iIn 2024 data:

- semi-leptonic tt control region.

PNet-MD,,,,«acp HLT trigger efficiency

on the HH—4b sample:

- function of generator level di-Higgs

boson Mmass;

- events are preselected with both pair
of b-partons from the Higgs boson with

ARbb < 0-8.

Good agreement data-MC.
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ParticleNet-MD training

- Model training:

- Training and testing AK8 jets were weighted to achieve a uniform (py, mgp) distribution for
each output class.

- Of all the statistics available, 6 out of 7 jets were randomly selected for training, while the
remaining jets were used for testing.

- AKS training selections:

- In| <2.4, 315 GeV < p; < 2500 GeV, 20 GeV < mgp < 250 GeV, mass of the nearest
generator-level AK8 jet (AR < 0.4 from the reconstructed jet) > 20 GeV.

- AKS testing selections:

- In| <2.4, 200 GeV < p; < 2500 GeV, 20 GeV < mgp < 250 GeV, mass of the nearest
generator-level AK8 jet (AR < 0.4 from the reconstructed jet) > 20 GeV.

- To avoid introducing residual low p;-dependent biases, a higher p; threshold is
applied during training than during testing.
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Model response in the signal phase space

Mean PNet-MDy,, «qcp Score in each (py, mgp) bin for X—HH AK8 jets matching a generator
level H—bb.

- Jets are weighted to achieve a uniform (p;, mgp) distribution.
- The new model (left) shows a more uniform response with respect to the pre-existing one (right).
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Model response in the QCD phase space

Mean PNet-MD,,,,«qcp Score in each (py, mgp) bin for QCD AKS jets.

- Jets are weighted to achieve a uniform (py, mgp) distribution.

- The new model (left) shows a more uniform response with respect to the pre-existing one (right).
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GloParT v3 classes CMS-DP-2026-104

GloParT v3 categorization
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GloParT tagging performance

CMS-DP-2026-104
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GloParT mass regression CMS-DP-2026-104

CMS Simulation Preliminary 2024 (13.6 TeV) CMS Simulation Preliminary 2024 (13.6 TeV)
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GloParT mass regression CMS-DP-2026-104

CMS Simulation Preliminary ~ 2024 (13.6 TeV) CMS Simulation Preliminary ~ 2024 (13.6 TeV)
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GloParT mass regression

CMS-DP-2026-104
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Scouting GloParT mass regression
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ParticleNet architecture
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ParticleNet

Binary outputs:

PNet-MDyp,sacp = p(x_?b()ﬁ(;fz()qcm
PNet-MD¢cysacp = p(XfC(g ;C;()QCD)
PNet-MDqvsaco = p(x_?fq(;f:()cgcm
PNet-MD . ysacp = p(XE’E:):;T(leD)
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ParticleNet architecture
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