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Outline

» W and Z production in association with b or ¢ quarks, i.e. Heavy Flavour

(HF) quarks, is a key probe of fundamental physics at collider experiments:
»Test of HF quark mass (mc~1.4 GeV, mb~4 GeV) treatment in perturbative
QCD (pQCD) calculations
» Flavour of the final state can be related to flavour content of the initial state
proton PDFs
» Major background for Higgs and BSM analyses:

» Provide guidance on MC generators modelling
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Outline

» W and Z production in association with b or ¢ quarks, i.e. Heavy Flavour

(HF) quarks, is a key probe of fundamental physics at collider experiments: Wrcjet

s,d/s,d W /W+

»Test of HF quark mass (mc~1.4 GeV, mb~4 GeV) treatment in perturbative
QCD (pQCD) calculations

» Flavour of the final state can be related to tflavour content of the initial state

proton PDFs

» Major background for Higgs and BSM analyses: b f/

» Provide guidance on MC generators modelling Z+Db-jet

» Today’s talk focused on recent measurements at 13TeV: 5 b

» W boson in association with a charm quark:
» ATLAS: PRD 108 (2023) 032012 , CMS: EPJC 84 (2024) 27 g 00000000, > C
> 7 boson in association with b- or c-jets:
» ATLAS: arXiv:2403.15093, Phys. Rev. Lett. 130 (2023) 161901 Z+c-jet A
» CMS: Phys. Rev. D 105 (2022) 092014, JHEP 04 (2021 )109
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032012
https://arxiv.org/abs/2308.02285
https://arxiv.org/abs/2403.15093
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.161901
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092014
https://link.springer.com/article/10.1007/JHEP04(2021)109

W-+charm production

> Excellent probe of the strange quark PDF

Analysis strategy:

> W+ with D-

ATLAS:PRD 108 (2023) 032012 CMS: EPJC 84 (2024) 27

= or D*+ (ATLAS), c-tagged jet (CMS)
» Signal extracted as OS (Sig+Bkg) — SS (Bkg)
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Decay modes:
i) Dt - K ztn" and
(ii)) D*" - D2" - (K~zt)a™t
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032012
https://arxiv.org/abs/2308.02285

W-+charm production: n dependence » Sensitive to s, § PDF — constraints for global PDF fits

B0 150 CMS 138 fo! (13 TeV)
- —D Stat. Unc. - e} ST
= - %TﬂgTeV’ 140 fo” /SAY?;L?A%) %tfezlti T3 Eégﬁﬂswngj: -8' - rancleleve |
= 40 W+D'(—Knn) icTis T re MSHT20 — — L ° > 30 GeV, ¥ < 2.4 -
= ~ Pred.. aMC@NLO PDF4LHC21_4O %NNPDF31 _ = Py el W—lv )
% - Full CKM, NNLO PDF gag NNPDF31_str  mmm NNPDF40 - O p' >35GeV, | <2.4 (I =u,e)
£ 30F e 5 e e = = T -
: : : : O
ok huat T T N S B £100} ¢ by -
0 T ki - = b -
- e e s s 3 o f % b -
- : : : .ml'_ O ¢
10— = I . # ]
- : — i — ; — ; T S — i — : B + Data f §] -
= 0.5pabistian ., ’ E 50__ MG5_aMC NLO: g B
§ 04F i s E _ v NLO NNPDF3.0, CUETP8M! ]
O - ! ! :eﬁuun-': .
—lo 0-3F g g R - o NNLO NNPDF3.1, CP5 -
= 1.1 : : : N S
=1=1.05 ol.4F
32 1k 91-21:‘
_C — A . —_—
|—'80-95_ &0 gEy ¥ o ¥ 8 ¥ Y : |
= 09 S06E
0 S O 0.5 1 1.5 2 2.5
. o . M |
ATILAS: Data with broader » distribution than nominal
MG5_aMC@NLO predictions but consistent when CMS: Similar trend. Data in agreement with
including PDF uncertainties MCFM within total uncertainties.
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W-+charm production: Charge ratio W)

.. . _ C — _
» Sensitive to difference between s and s PDFs o(W=C)
» Experimental precision ~ 1%

ATLAS W*+D*(—Knn)
Vs =13 TeV, 140 fb’
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ATLAS: Consistent with PDFs that constrain the strange-quark
sea to be symmetric at the starting scale
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» PDFs allowing s and s distributions to differ have larger uncertainties

CMS 138 fb™ (13 TeV)
R R D

Total uncertainty
pS ' > 30 GeV, | < 2.4
- Statistical uncertainty p'T > 35 GeV, |n'| <24

Predictions: NLO MCFM + NLO PDF Data
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CMS: Data consistent with all PDF,
0.2% uncertainty, 2% uncertainty
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7Z+b(b) measurements A
: Y b
» Flavour/mass schemes, pQCD, IRC-safe b-jets, PDFs g — ‘ VN
» Important background for VH—bb and BSM searches = A b
Final states: Z + > 1b-jet, Z + = 2b-jets, b Z
PT(b-jet) > 20 GeV, |y|<2.5 (ATLAS) <= 30 GeV, |n|<2.5 (CMS) 7+ > 1b-jet
0 0-35X106 | g | b |
S E ATLAS ® Daa -
5 0-3F Vs=13TeV, 14010’ %zigﬁi —
» Theory: 5F NLO multi-leg ME+PS (MGaMC FxFx 0osE_ 20 +>1tagged et — i =
T 43GeV«c< pT(Ieading tagged jet) < 60 GeV I Other backgrounds —
or Sherpa) 0.2:_ . N\ MC Stat.@stt. Unc.
> CMS: older versions 0 15F E
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, . 0.1 e -
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ATLAS: EPJC 84 (2024) 984 r | > | 3 | z

b-tagging discriminant bin

=D
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092014
https://arxiv.org/abs/2403.15093
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.161901

Z+b(b) measurements: Inclusive cross sections

ATLAS: EPJC 84 (2024) 984
» 5FS NLO multi-leg MC predictions

describe both Z+b and Z+bb

measurements
» 1S 7Zbb NLO prediction describes
Z+bb, while undershoots data in case

of Z+b
» Uncertainties: Z+b: 6%, Z+bb: 9%

Results consistent with previous

ATLAS measurement with 36 fb™1
[ 2x better precision |

ATLAS

s =13 TeV, 140 fb’
(=) + > 1 b-jet
--10.49 £ 0.02 + 0.59 pb

Data (stat.)
Data (stat. @ syst.)

A MGaMC+Py8 FxFx 5FS (NLO)
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https://inspirehep.net/literature/2771257
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Z+b(b) measurements: Inclusive cross sections

CMS: PRD 105 (2022) 092014
»[.O multi-leg predictions describes the data best
» NLO predictions overestimate
» Uncertainties: Z+b: 7%, Z+bb: 12%
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Z+b differential cross sections: pT(b-jet) [p
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7Z+Db differential cross sections: pT(Z)
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Z+bb measurements: A¢p, (ATLAS) - ARpr (CMS)
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7Z+bb measurements: m(bb)
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Z+C measurements

£ .00900099 > C = Flavour/mass schemes, pQCD, PDF Intrinsic charm (IC)
Selections:
A » ATLAS: pT(c-jet) > 20 GeV, lepton |n|< 2.5
> CMS: pT(c-jet) > 30 GeV, lepton |n|< 2.4
NNANNNNNNV
¢ / » Backgrounds: Z+1/b, top
ATLAS o _ -
(S = 13 TeV. 140 fo" ATLAS: @140 tb, arXiv:2403.15093
Z(—ll) + > 1 c-jet » o (Z+c) = 20.9 + 0.1 (stat) + 2.8 (sys) pb.
-~ 20.89 +0.07 +2.77 pb » Compatible with all 5F predictions,
Data (stat.) [l Data (stat.+syst.) 3ES Zee NLO does not describe the data
'_'_' X MGaMC+Py8 FxFx 5FS (NLO) » 13% uncertainties
B Sherpa 5FS (NLO)
A MGaMC+Py8 4FS (NLO) CMS*: @36 tb-1, JHEP 04 (2021) 109
v MGaMC+Py8 Zcc 3FS (NLO)
O NNPDF40 (pch) > O'(Z+C)=13.6:|:O.2(Stat):EO.S(SYS)pb
E ('\'3'::)4DNF:&§LHCbZC + EMC) » Discrepancy with (older) MG5_aMC (NLO)
¢ BHPST (<x> = 0.6%) prediction of 17.6 + 0.4 (theory) pb
o BHPS2 (<x> = 2.1%) . ,
L e > 6%, with tight charm trigger
10 15 30 35 40 45 50

o(Z + 21 c-jets) [pb] *Translated from published o (Z+c)/BF(Z—ll)
tQCD@LHC, 2024 Sandeep Kaur, Carleton University 1 41



https://arxiv.org/abs/2403.15093
https://link.springer.com/article/10.1007/JHEP04(2021)109

Z+c differential cross sections: pT(c-jet)
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ATLAS: 5FS NLO multi-leg MC and NNLO describe soft end

but underestimate large pT(c-jet). 4FS NLO shape ok but offset.

NLO MGaMC

LO

CMS: All MC with too soft pT(c-jet) shape.
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7+c differential cross sections: pT(Z) oCMS 35917 (13TeV)
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ATLAS: 5F NLO multi-leg MC and NNLO describe soft end but .
underestimate large pT(Z). 4F NLO shape ok but offset. CMS: All MC describes the shape well.
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Charm PDF studies by ATLAS

ATLAS Qe Data
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Charm PDF studies by ATLAS
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Summary (1/2)

» W+Charm

= With Run2 precision W+c becomes sensitive to PDFs

g 6
» Z+b(b):
= Results updated with full Run-2 dataset, new flavour tagging algorithm h 7
=Higher precision and larger data sets allow to probe different flavour/mass
schemes, pQCD and IRC safe b-jet definitions g b

= Allows precise differential cross-section measurements

» 7Z+charm: First time in ATLAS

= Test effect of missing higher-order terms in QCD

= Investigate different Flavour-Schemes in predictions

= Explore possible sensitivity to Intrinsic-Charm

QCD@LHC, 2024 Sandeep Kaur, Carleton University
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Summary (2/2)

» V+HF measurements have profited significantly from flavour-tagging improvements in LHC Run2
and from the larger data set

QCD@LHC, 2024 Sandeep Kaur, Carleton University
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Summary (2/2)

» V+HF measurements have profited significantly from flavour-tagging improvements in LHC Run2
and from the larger data set

T T [T T T T T T T T T T T T T T T T T T 34000
S 80 ATLAS Preliminary ;
» Future prospective: [ VS =13 Tev, pr €85, 1101 Gev N2 3500
> IntrinSiC Charm and quark/gluon PDF ConStraintS - 605_ & C-jet rejection in simulated (Pythia8) top-pair events (Eba_.a i 74%)—3 3000 /g
w 3 C-jet rejection in top-pair data events W
o o — [ light-jet rejection in simulated (MadGraph) Z + jets events — — ] E
> Improved Jet ﬂavour algorlthm performance, TC:; 50;— {1 light-jet rejection in Z + jets data events E 2500 g
jet substructures for « g op rieco Software Update R
S o - ! + - o
% 30 - Reference: DL1r i . dagu%o/) o ] 1500 oo
° ° ° - DL1 ( data — 750/0) : b = o . B _gj
» Gluon splitting pattern, fragmentation etc. 20F e _ 779 k B 11000 2
10F ar i Taxz | x5 1500
R I I I R T
0 2017 2018 2019 2020 2021 2022 2023 0
» Precision measurements: Year of tagger deployment

» Ratio characterized by cancellation of large scale uncertainties
» Improved predictions—NNLO QCD, N3LO PDF , PS model
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Summary (2/2)

» V+HF measurements have profited significantly from flavour-tagging improvements in LHC Run2

and from the larger data set

o
o

» Future prospective:
» Intrinsic charm and quark/gluon PDF constraints

o))
o

» Improved jet flavour algorithm performance,

jet substructures for ag

c-jet rejection (1/&()
w g ol

N
o

» Gluon splitting pattern, fragmentation etc.

—_—
o o
T

» Precision measurements:

~
o o

o
T

SR I A AN B
- ATLAS Preliminary
* Vs =13 TeV, pr €[85,110] GeV

- C-jet rejection in simulated (Pythia8) top-pair events
- C-jet rejection in top-pair data events

light-jet rejection in simulated (MadGraph) Z + jets events

11500 —

:_ M light-jet rejection in Z + jets data events

- xé-.4 _
- Reco Software Update + -
- Reference: DL1r | dagl‘j 350/ E
2 DL1 (Egata _ 750/0) i (Eb = °) x4.0 _:
E (edat@ = 77%) |_H+ | 20 oy :
- x1.4x1.7 | x1.5 E
S N I I I I R B

2017 2018 2019 2020 2021 2022 2023

Year of tagger deployment

» Ratio characterized by cancellation of large scale uncertainties
» Improved predictions—NNLO QCD, N3LO PDF , PS model

Thank you for listening...
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Back-up
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NLO MC generators

> CMS

» ATLAS

The Drell-Yan (DY) procesg with exclusive jet multiplicity l;p to 2 is simulated at next-to-
leading order (NLO) precision by MADGRAPH5 aMC@NLO (denoted MG5 aMC) [16] version

2.3.2.2 tor 2016 data and version 2.6.0 for the 2017-2018 data with the FXFX [17] matching be-
tween the jets from matrix element calculations and parton showers. The NNPDF 3.0 NLO
and NNPDF 3.1 next-to-NLO (NNLO) PDF sets [18] are used for the 2016 and 2017-2018 data-

taking periods, respectively.

A third inclusive sample has been produced with SHERPA v2.2.4 [23] to generate pp — Z +
njets events, with n < 2 at NLO and n = 3,4 at LO. The merging with the SHERPA parton

shower is done via the MEPS@NLO prescription [24-26] with a matching scale of 20 GeV. The
NNPDEF 3.0 NLO PDF and a dedicated set of tuned parton shower parameters developed by
the SHERPA authors are used. In the matrix element calculation, the value of the NNPDF 3.0

Process Generator Order of pQCD 1in ME (FS)

Z — (C MGAMC+Py8 FxFxv2.6.5 0-3p NLO (5FS)
Z — (L SHERPA 2.2.11 0-2p NLO, 3-5p LO (S3EFS)
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7+cC measurements: more details on xr
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