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Ø Measurements of W and Z vector-boson production cross section in 
association with heavy-flavour jets are central in the LHC physics program

Ø They allow to:
Ø Test precisely perturbative Quantum ChromoDynamics (pQCD) 
Ø Measure fundamental parameters of the Standard Model (SM)
Ø Improve our understanding of Parton Distribution Functions (PDFs)
Ø Understand import background to searches beyond the SM (BSM) and 

Higgs measurements
Ø Provide important inputs to simulations

Ø Two recent results from the ATLAS experiment are presented:
Ø Measurement of W + charmed hadron - 2302.00336 (submitted to PRD) 

Ø Sensitive to the s-quark PDF
Ø Confirm unsuppressed s-quark content at low-x from ATLAS W,Z 7 TeV data -

Eur. Phys. J. C 77 (2017)

Ø Z production in association with (b-tagged) large-radius jets - 2204.12355
(submitted to PRD)

https://arxiv.org/abs/2302.00336
https://link.springer.com/article/10.1140/epjc/s10052-017-4911-9
https://arxiv.org/abs/2204.12355
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Ø W boson decaying leptonically (𝑒𝜐/𝜇𝜈)

Ø Lepton 𝑝! > 30 GeV and |𝜂"| < 2.5

Ø 𝑝!(𝐷) > 8 GeV and |𝜂(𝐷)| < 2.2

Ø 𝐸!#$%% > 30 GeV

Ø 𝑚! 𝑊 > 60 GeV

Ø Strategy: identify c-jet via charmed 
hadron reconstruction
Ø 𝐷± → 𝐾∓𝜋±𝜋±

Ø 𝐷∗± → 𝐷)𝜋± → (𝐾∓𝜋±)𝜋±

Ø 𝐷∗ mesons decay prompt

Ø Combine with prompt tracks (𝜋±)

Ø Check candidates against selection 
criteria

W + charm

W boson decaying 
leptonically (e!/"!) 

ETmiss > 30 GeV 

mT(W) > 60 GeV 

Reconstructed D+ or D*+ 
meson (cd) from ID tracks 

   #+→ $−%+%+  

    #∗+ → #0%+ → ($−%+)%+ 
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W+charm: Reconstructing D+(*) mesons

D+ meson D*+ mesons decay promptly: 
    1. Reconstruct D0 meson from !−"+ 

    2. Combine with prompt tracks  
("+ candidates)   

    3. Check candidates against 
selection criteria

<latexit sha1_base64="ArFi5Ncrez4900co3MsTv3jzTk8="></latexit>

D+ D⇤+

Ntracks @ SV 3 2

SV charge ±1 0

D0 selection – |m(K⇡)�m(D0)| < 40 MeV

Invariant mass 1.7 < m(D+) < 2.2 GeV 140 < m(D⇤+ �D0) < 180 MeV

Ds ! ⇡� rejection m(K+K�) > |mPDG
� � 8| MeV –

D⇤ rejection m(K⇡⇡)�m(K⇡) > 160 MeV –

Semileptonic B�decay rejection �R(D(⇤), `) > 0.3

arXiv:2302.00336

(SV)
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Ø Main backgrounds:

Ø W + cmatch: tracks in SV belong to different c-hadron or decay mode

Ø W  + cmis-match: not all tracks belong to 𝐷±(∗) candidate

Ø W + jets: no track belong to 𝐷±(∗) candidate

Ø Top constrained in data region with ≥ 1 b-jet

Ø Multijet from fake-enriched region in data
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Ø Signal events have opposite-sign (OS) W boson and D meson

Ø Backgrounds mostly charge-symmetric, suppressed by subtracting same-sign 
(SS) events

Ø Binned profile likelihood fit of OS and SS 𝑚(𝐷(∗)) template

Ø 𝑚(𝐷(∗)) fit at particle level in bins of 𝑝!(𝐷(∗)) and |𝜂"|

Ø Simultaneous fit to SS and OS templates, extract signal cross sections in a 
background-subtracted OS-SS region

Standard Model and Top Physics results | LISHEP 2023 | C. A. Gottardo

W-plus-charm production

4

•Signal events have opposite-sign (OS) W boson and D meson 
•Backgrounds mostly charge-symmetric, suppressed by subtracting same-sign (SS) events 
•Simultaneous profile likelihood  fit of SS and OS m(D) template 
•m(D) fit at particle level in bins of pT(D(*)) and |η(ℓ)| 

200
400
600
800

1000
1200
1400
1600
1800

310×

En
tri

es
 / 

G
eV Data

SM tot.
 (bin 1)DW+
 (bin 2)DW+
 (bin 3)DW+

matchW+c
mis-matchW+c

W+jets
 + single toptt

Other
Multijet
Ch. Symm.

1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 2.1 2.15 2.2
) [GeV]±m(D

0.8
0.9

1
1.1
1.2

Da
ta

 / 
M

C

ATLAS
-1 = 13 TeV, 140 fbs

), OSππK→) + D(νl→W(
(D) bin 2, post-fit

T
 p-W

200
400
600
800

1000
1200
1400
1600
1800

310×

En
tri

es
 / 

G
eV Data

SM tot.
 (bin 1)DW+
 (bin 2)DW+
 (bin 3)DW+

matchW+c
mis-matchW+c

W+jets
 + single toptt

Other
Multijet
Ch. Symm.

1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 2.1 2.15 2.2
) [GeV]±m(D

0.8
0.9

1
1.1
1.2

Da
ta

 / 
M

C

ATLAS
-1 = 13 TeV, 140 fbs

), SSππK→) + D(νl→W(
(D) bin 2, post-fit

T
 p-W

(d)

200

400

600

800

1000
310×

En
tri

es
 / 

G
eV Data

SM tot.
 (bin 1)DW+
 (bin 2)DW+
 (bin 3)DW+

matchW+c
mis-matchW+c

W+jets
 + single toptt

Other
Multijet

1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 2.1 2.15 2.2
) [GeV]±m(D

0.8
0.9

1
1.1
1.2

Da
ta

 / 
M

C

ATLAS
-1 = 13 TeV, 140 fbs

), OS-SSππK→) + D(νl→W(
(D) bin 2, post-fit

T
 p-W



Measurement of W + charmed hadron
28/03/23 Francesco Giuli - francesco.giuli@cern.ch 6

Ø Background normalisation and systematic 
constraints via likelihood fit of 5 𝑝!(𝐷(∗)) or 
|𝜂"| bins

Ø Systematics in the “+” and ”-” channels 
mostly cancel out in 𝑹𝑪

±

Ø MC and data statistics dominate (from 
0.7% to 1.3%)

Ø Smaller systematics in |𝜂"| than 𝑝!(𝐷(∗))
Ø SV reconstruction independent of |𝜂!|

Ø Similar trend observed for various PDF sets 
and different predictions (different MC 
generators, but same ‘merged’accuracy)
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Figure 9: Measured di�erential fiducial cross-section times the single-lepton-flavor , branching ratio compared with
di�erent NNLO PDF predictions in the ⇡

+ channel: (a) ,�+⇡+
?T (⇡+), (b) ,++⇡�

?T (⇡+), (c) ,�+⇡+ |[(✓) |,
and (d) ,++⇡� |[(✓) |. The displayed cross sections in ?T (⇡+) plots are integrated over each di�erential bin. Error
bars on the MC predictions are the quadrature sum of the QCD scale uncertainty, PDF uncertainties, hadronization
uncertainties, and matching uncertainty. The PDF predictions are based on NLO calculations performed using
�MC@NLO and a full CKM matrix: ABMP16_5 [25], ATLASpdf21_T3 [9], CT18A, CT18 [26], MSHT20 [27],
PDF4LHC21_40 [28], NNPDF31 [29], NNPDF31_str [12], NNPDF40 [30]. ABMP16_5, ATLASpdf21_T3, CT18A,
and CT18 impose symmetric strange-sea PDFs.
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Ø 𝑅-
± with smaller uncertainties using 

CT18, ABMP16 and ATLASpdf21

Ø This suggests (𝒔 − 7𝒔) asymmetry is 
small in the region probed by this 
analysis

Ø PDFs which assume (𝑠 − �̅�)
asymmetry in worse agreement with 
our data

Ø Ratio of 𝜎 in 2 decay channels in 
agreement within uncertainties

Introduction pQCD tests SM parameters PDF constraints Summary

[PDF constraints][ATLAS] Measurement of W + charmed hadron

• Bkg normalization and systematics constraints
via likelihood fit of 5 pT (D

±(⇤)
) or |⌘(`)| bins,

and control regions

• Systematics in “+” and “-” channels mostly
cancel out in R

±
C . MC and Data statistics

dominate with 1.1-1.3% and 0.7-1.0%, resp.

• Di↵erential unfolded � measurements:
smaller systematics in |⌘(`)| than pT (D

±(⇤)
)

(SV reconstruction independent of ⌘(`))

• Ratio of � in 2 decay channels in agreement
with world average: 1.021± 0.034

• R
±
c with higher precision using CT18 and

AMBP16 (assumes s = s̄):
suggests s-s̄ asymmetry is small

• Global PDF fit ATLASpdf21 agrees well

P. Calfayan (Indiana University) La Thuile 2023 15



Measurement of Z + boosted b-jets
28/03/23 Francesco Giuli - francesco.giuli@cern.ch 8

Ø Relatively larger production of boosted population at 13 TeV wrt 7 TeV

Ø Boosted jet production with Z boson to reduce QCD background

Ø Boosted jet topology sensitive to New Physics: heavy resonances decaying 
into boosted jets

Ø Understand background for 𝑯 → 𝒃=𝒃 in boosted regime

Ø Test of our understanding of hard collinear gluon splitting
Ø Description of gluon splitting into Heavy Quarks (HQ) from Parton Shower (PS) 

models
Ø Slicing of HQ production between ME and PS

Ø How b-quark participate to hard scattering?
Ø 4FNS: 𝑏$𝑏 only from gluon splitting in ME
Ø 5FNS: massless b-quark in the proton PDF
Ø Fused scheme (4FNS+5FNS): in principle,                                                                         

more accurate scheme in all kinematic                                                                       
regions

4FNS

5FNS

considers parton densities of gluons and of the first two quark generations in the proton.

The other is the five-flavour number scheme (5FNS), which allows a b-quark density in the

initial state and raises the prospect that measurements of heavy flavour production could

constrain the b-quark parton density function (PDF) of the proton. In a calculation to all

orders, the 4FNS and 5FNS methods must give identical results; however, at a given order

differences can occur between the two. A recent discussion on the status of theoretical

calculations and the advantages and disadvantages of the different flavour number schemes

can be found in Ref. [1].

Next-to-leading-order (NLO) matrix element calculations have been available for as-

sociated Z+b and Z+bb̄ production at parton-level for a number of years [2–4]. The

leading order (LO) Feynman diagrams shown in Figure 1 illustrate some of the contribut-

ing processes. Full particle-level predictions have existed at LO for some time, obtained

by matching parton shower generators to LO multi-leg matrix elements in the 4FNS [5,6],

5FNS [7], or both [8]. More recently, a full particle-level prediction for Z+ ≥ 2 b-jets at

NLO in the 4FNS with matched parton shower has become available [9, 10]. The same

framework can also be used to provide a full particle-level prediction for Z+ ≥ 1 b-jet at

NLO in the 5FNS. In this article data are compared with several theoretical predictions

following different approaches.

Differential measurements of Z+b-jets production have been made in proton-antiproton

collisions at
√
s=1.96 TeV by the CDF and D0 experiments [11, 12] as well as inclusively

in
√
s=7 TeV proton-proton collisions at the LHC by the ATLAS and CMS experiments

[13, 14]. The results presented in this paper significantly extend the scope of the previous

ATLAS measurement, which used around 36 pb−1of data recorded in 2010. The current

analysis takes advantage of the full sample of
√
s=7 TeV proton-proton collisions recorded

in 2011, corresponding to an integrated luminosity of 4.6 fb−1, and uses improved methods

for b-jet identification to cover a wider kinematic region. The larger data sample allows

differential production cross-section measurements of a Z boson with b-jets at the LHC.

These complement the recently reported results of associated production of a Z boson with

two b-hadrons at
√
s=7 TeV by CMS [15].

A total of 12 differential cross-sections are presented here, covering a variety of Z boson

and b-jet kinematics and angular variables sensitive to different aspects of the theoretical

b

b
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g

(a)

q

q

b

b

Z

(b)

q Z

b

bq

(c)

Figure 1. Leading order Feynman diagrams contributing to Z+b-jets production. Process 1(a) is
only present in a 5FNS calculation, while 1(b) and 1(c) are present in both the 4FNS and 5FNS
calculations.
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Ø Lepton and Z-boson selection:
Ø 𝑒± (𝜇±) pairs in the calorimeter (muon system)                                                     

acceptance
Ø PID, Isolation, 𝑝# > 27 GeV, 𝑚!! > 50 GeV

Ø Jet selections:
Ø Inclusive Large-R jet (hadronically decaying                                                                       

high-energy gluon)
Ø Anti-kt with R = 1, trimming to suppress PU and UE, 𝑝! > 200 GeV, |𝜂| < 2

Ø Large-R jets with 2 b-tagged sub-jets
Ø Anti-kt with R = 0.2, matching with tracks pointing to IP, 𝑝! > 10 GeV, |𝜂| < 2.5
Ø b-tagging with MV2c10 at 70% b-tag efficiency (large rejection of c- and light-jets)

Ø Differential cross sections:
Ø 𝒎𝒋 and 𝒑𝑻

𝒋 (both inclusive and 2-tag) – overall kinematics of the large-R jets

Ø 𝒑𝑻
𝒁'𝒋 and 𝜟𝝓(𝒁, 𝒋) (inclusive) – Z-jet properties and correlations

Ø 𝜟𝑹(𝒃4𝒃) (2-tag) - 𝑔 → 𝑏$𝑏 splitting properties

Ø Total cross sections from integration of differential ones – test of overall scale

l+

l-

Z+large-R jets: object selection and phase-space regions

• Lepton and Z-boson selection: 
• Pairs e± (μ±) in the calorimeter (muon system) acceptance

• PID (e/μ), Isolation, PT> 27 GeV
• Mll > 50 GeV

• Jet selections (phase spaces):
1. Inclusive Large-R jet as a definition of a hadronically decaying high-energy gluon

• Anti-kt algorithm with R=1, trimming to suppress PU and UE, pT>200 GeV (boosted), |η|<2 for tracker coverage
2. Large-R jet with 2 b-tagged sub-jets: leading b-quarks in the jet from g->bb splitting

• Anti-kt algorithm with R=0.2, matching with tracks pointing to IP and pT>10 GeV, |η|<2.5
• b-tagging with MV2c10 algorithm at 70% b-tag efficiency (large rejection of c- and light-jets)

• differential cross section: what we do measure and test
• Overall kinematics of the large-R jet: MJ and PT

J (both inclusive and 2-tag)
• Z-Jet properties and correlations: PT(Z+J) and Δφ(Z,J) (inclusive)
• g->bb splitting properties: ΔR(bb) (2-tag selection)
• Test of overall scale: total cross-sections from integration of differential ones  

5
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Figure 4: Particle-level di�erential cross-sections in the inclusive event selection. The top row shows the large-' jet
?T (left) and mass (right), and the bottom row shows the ?T of the /+J system (left) and the azimuthal separation of
the / and large-' jet (right). The combined statistical and systematic uncertainty band from the FBU fit is shown. In
the legend, “MGaMC” refers to NLO configurations of the M��G����5_�MC@NLO generator, and “MG” to LO
M��G����, both run in conjunction with P����� 8. All models are using the 5FNS.
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Figure 4: Particle-level di�erential cross-sections in the inclusive event selection. The top row shows the large-' jet
?T (left) and mass (right), and the bottom row shows the ?T of the /+J system (left) and the azimuthal separation of
the / and large-' jet (right). The combined statistical and systematic uncertainty band from the FBU fit is shown. In
the legend, “MGaMC” refers to NLO configurations of the M��G����5_�MC@NLO generator, and “MG” to LO
M��G����, both run in conjunction with P����� 8. All models are using the 5FNS.
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?T (left) and mass (right), and the bottom row shows the ?T of the /+J system (left) and the azimuthal separation of
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Ø Serious mis-modelling of NLO Sherpa and LO MadGraph
Ø Poor description of extra radiation (larger transverse recoil of jet and Z+jet) à call 

for MC tuning

Ø NLO MadGraph well describes jet kinematics and Z+jet correlations

Large additional event activity Z-jet collinear
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Ø Statistically limited measurement prevents from strong conclusions

Ø Interesting to explore full Run 2 data set to possibly provide stronger 
discriminations among models

Ø 5FNS provide better normalisation (see total cross section)

Ø Fusing scheme close to 5FNS also in differential distributions
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Figure 5: Particle-level di�erential cross-sections in the 2-tag event selection. The top row shows the large-' jet ?T

(left) and mass (right), and the bottom row shows the angular separation of 1-tagged charged-particle subjets. The
combined statistical and systematic uncertainty band from the FBU fit is shown. In the legend, “MGaMC” refers to
NLO configurations of the M��G����5_�MC@NLO generator, run in conjunction with P����� 8, and “4/5F” refer
to the flavor-number scheme used.
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Figure 5: Particle-level di�erential cross-sections in the 2-tag event selection. The top row shows the large-' jet ?T

(left) and mass (right), and the bottom row shows the angular separation of 1-tagged charged-particle subjets. The
combined statistical and systematic uncertainty band from the FBU fit is shown. In the legend, “MGaMC” refers to
NLO configurations of the M��G����5_�MC@NLO generator, run in conjunction with P����� 8, and “4/5F” refer
to the flavor-number scheme used.
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Flat data/MC ratio

No major 
mismodelling issues 

(contrary to 
inclusive selection)
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Ø 2 b-tag boosted jets explore low 𝛥𝑅(𝑏7𝑏) – extreme phase space in resolved 
analysis

Ø Overall normalisation discrepancy observed for 4FNS (in particular MGaMC) 
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Figure 5: Particle-level di�erential cross-sections in the 2-tag event selection. The top row shows the large-' jet ?T

(left) and mass (right), and the bottom row shows the angular separation of 1-tagged charged-particle subjets. The
combined statistical and systematic uncertainty band from the FBU fit is shown. In the legend, “MGaMC” refers to
NLO configurations of the M��G����5_�MC@NLO generator, run in conjunction with P����� 8, and “4/5F” refer
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17

bbR∆

0.2

0.4

0.6

0.8

1 [p
b]

bbR
∆

 / 
d

σd

Data
ALPGEN+Py6 4FNS (LO)

Sherpa 5FNS (NLO)

ATLAS
-1 = 13 TeV, 35.6 fbs

 jets, R = 0.4tanti-k
|<2.5jet>20 GeV, |yjet

T
p

 2 b-jets≥ ll) + →*(γZ/

bbR∆

0.5

1

1.5

M
C/

Da
ta

MC+Py8 5FNS (NLO)AMG Sherpa Fusing 4FNS+5FNS (NLO)

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

bbR∆

0.5

1

1.5

M
C/

Da
ta

ALPGEN+Py6 (rew. NNPDF3.0lo) MC+Py8 5FNS (LO)AMG

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
bbR∆

0.5

1

1.5

M
C/

Da
ta MC+Py8 Zbb 4FNS (NLO)AMG Sherpa Zbb 4FNS (NLO)

 [GeV]bbm

5−10

4−10

3−10

2−10

1−10

1

 [p
b/

G
eV

]
bb

 / 
dm

σd

Data
ALPGEN+Py6 4FNS (LO)

Sherpa 5FNS (NLO)

ATLAS
-1 = 13 TeV, 35.6 fbs

 jets, R = 0.4tanti-k
|<2.5jet>20 GeV, |yjet

T
p

 2 b-jets≥ ll) + →*(γZ/

 [GeV]bbm

0.5

1

1.5

M
C/

Da
ta

MC+Py8 5FNS (NLO)AMG Sherpa Fusing 4FNS+5FNS (NLO)

100 200 300 400 500 600 700 800 900
 [GeV]bbm

0.5

1

1.5

M
C/

Da
ta

ALPGEN+Py6 (rew. NNPDF3.0lo) MC+Py8 5FNS (LO)AMG

100 200 300 400 500 600 700 800 900
 [GeV]bbm

0.5

1

1.5

M
C/

Da
ta MC+Py8 Zbb 4FNS (NLO)AMG Sherpa Zbb 4FNS (NLO)

Figure 13: Measured cross-section as a function of �R between the two leading b-jets (left) and invariant mass of
the two leading b-jets (right) in events with at least two b-jets. The data are compared with the predictions from
S����� 5FNS (NLO), A����� + P�6 4 FNS (LO), S����� F����� 4FNS+5FNS (NLO), S����� Z�� 4FNS (NLO),
MG�MC + P�8 5FNS (LO), MG�MC + P�8 Z�� 4FNS (NLO) and MG�MC + P�8 5FNS (NLO). The error bars
correspond to the statistical uncertainty, and the hatched bands to the data statistical and systematic uncertainties
added in quadrature. The red band corresponds to the statistical and theoretical uncertainties of S����� 5FNS (NLO)
added in quadrature. Only statistical uncertainties are shown for the other predictions.
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2003.11960

BOOSTED RESOLVED

Ø All MC show flat 
ratios to data 
within errors

Ø MGaMC (4FNS) 
gives largest 
disagreement in 
resolved analysis

https://arxiv.org/abs/2003.11960
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Ø Precision measurements with Run 2 data sets provide a rich environment to 
probe QCD
Ø Measurements to provide valuable feedback for generators and PDF development

Ø W,Z production in association with HF jets is a relevant part of the ATLAS 
physics program 

Ø Run 3 has started
Ø ~300 fb-1expected by end of 2025
Ø 80 fb-1 per year

Ø Even more impressive results with                                                                          
larger dataset and always-improving                                                                       
theoretical predictions

Ø Stay tuned! J
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Outlook

17

•The Run 2 ATLAS dataset of 139 fb-1 enabled 
precision measurements of SM properties and 
stringent limit settings on possible New Physics 
scenarios. 

•Run 3 has started, about 300 fb-1 expected by end 
2025, 80 fb-1 per year.  

•Even more impressive results with larger dataset 
and always-improving theoretical predictions. 



ANY QUESTIONS?
THANKS FOR YOUR ATTENTION!
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