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Outline

e ATLAS heavy-flavour physics studies span numerous topics:
* Production: heavy open-flavour hadrons and onia cross-sections

ATLAS

EXPERIMENT

 Decay: branching fractions, CP studies, lifetimes
e Spectroscopy: exotic and conventional hadrons
o Strengths: muon final states, vertexing, extensive kinematic ranges

e [ atest topics, for Epiphany 2025:

e Charmonium: differential J/y and yw(2S) meson production cross-sections  Eur. Phys. J. C 84 (2024) 189 4
ATLAS Briefing [

>

- Open charm: differential D* and DF meson production cross-sections arXiv:2412.15742 (submitted JHEP) 4

Today: first public presentation <

* Open beauty: precision B" meson effective lifetime measurement arXiv:2411.09962 (submitted EPJC) [

Today: first international-conference presentation X ATLAS Briefing [#
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ATLAS detector subsystems and triggers for Heavy Flavour studies

JINST 15 (2020) PO9015
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| e Multi-level trigger system: L1 (hardware)
* Inner Detector tracking systems: pr> 0.5 GeV, || <2.5 * Triggering for heavy flavour, typically

e di-muon and single-muon triggers
e Muon pt thresholds: 4, 6, 11 GeV
 More info: B-physics trigger performance
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Charmonium: differential J/y and yw(2$) production cross-sections

Motivation and Analysis Approach Eur. Phys. J. C 84 (2024) 189 4
ATLAS Briefing [

e Heavy quarkonia uniquely probe near the boundary between pQCD and non-pQCD

e Quarkonium production occurs via two mechanisms:
® Prompt: short-lived QCD processes, either in pp interactions or feed-down from heavier states
® Non-prompt. b-hadron decays

e pQCD much better at describing non-prompt than prompt production

e Kinematic range now pushed to significantly higher regimes, previously unexplored:
o Jiy: pr <100 GeV — p; <360 GeV

e w(2S):p,;< 100 GeV — p, < 140 GeV

e Achieved using an updated trigger strategy, to overcome insufficient angular resolution at high p:
o Low p(y) < 60 GeV: use di-muon triggers —o—>
e High p(w) > 60 GeV: use single-muon trigger (50 GeV muon p; threshold)

o Distinguish between [J/y, w(2S)] and [Prompt, Non-prompt] by 2D fits of di-muon mass and pseudo-proper lifetime
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Charmonium: differential J/y and yw(2$) production cross-sections
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Charmonium: differential J/y and yw(2$) production cross-sections

Results (nominal isotropic spin-alignment scenario assumed)
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Charmonium: differential J/y and yw(2$) production cross-sections

Theory-Comparison Implications

e Prompt J/y production: predicted spectra
harder than those measured; room to
improve all models

e Non-prompt J/y production: predictions better,
though still over-estimating at higher p

e Similar trends for the y(2S) analogues
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Open Charm: differential D™ and D" meson cross-sections

e Heavy hadron production in pp collisions is a fundamental process that tests arXiv:2412.15742 (submitted JHEP) i
perturbative QCD calculations, which have had persistently large uncertainties: ‘ '

e Hard-scatter energy scales are comparable to the heavy quark masses

¢ Prompt hadronisation of charm quarks vs. non-prompt production via b-decays

e Challenges modelling non-perturbative effects, e.g., hadronisation

¢ This study:

» Measure D™ and D;" production cross-sections simultaneously and differentially

using the channels D(f) — ¢7Ti — ;ﬁ,u_iti; less abundant than the analogous

¢ — KTK~ process, but can use di-muon triggers and have less background

o Push measurement of the D;~ cross-section up to p; = 100 GeV (a first)

e Selection:
e Di-muon system: triggers, opposite charge, invariant-mass criterion

e Track requirements: total charge, minimum p;, secondary-vertex criteria

e Main observable: invariant mass, m,, .

Epiphany 2025 January 13-17 Krakow, Poland Andreas Warburton, McGill University = On behalf of the ATLAS collaboration 8


https://arxiv.org/abs/2412.15742
https://arxiv.org/abs/2412.15742

Open Charm: differential D™ and D" meson cross-sections

Invariant mass fitting

e Extended unbinned maximum likelihood fit for signal yields

in terms of invariant mass m, -
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e A = mp: — mp= mass difference, required to be close to
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e Fit is designed to be compatible with data in a broad set of
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Open Charm: differential D™ and D" meson cross-sections

Lifetime fitting
e Prompt (pp — ccX — D(“;L)X’) and non-prompt (pp — bbY — cY — D(f)Y ") production processes manifest differently

in the ATLAS detector; constrain their relative contributions using the pseudo-proper lifetime observable mWﬂL)’fy/"” / pﬁ’“’

¢ Lifetime fits: convolutions of Gaussian and error functions with 1 [2] exponentials for prompt [non-prompt] PDFs
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Open Charm: differential D™ and D" meson cross-sections
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Open Charm: differential D™ and D" meson cross-sections
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Open Beauty: precision B" meson lifetime measurement

arXiv:2411.09962 (submitted EPJC) [4
ATLAS Briefing [
e Precise B-meson lifetimes and their ratios test weak-interaction roles and have potential BSM sensitivity

» HQE (heavy quark expansion) theory describes total decay rate I = 1/7 as free b-quark
decay at LO plus sub-leading power-suppressed terms invoking perturbative (Wilson coefficients)
and non-perturbative matrix elements

e This study: Reconstruct weak hadronic spectator-internal colour-suppressed decays

b . . c

BY = J/wK*(892)"

and measure their Effective Lifetime 75

o BV — B_O system has light (L) and heavy (H) mass eigenstates with an average decay width
I'y={; +1)/2, anormalized width difference y = AI' ,/21')) = (1, —1';)/(21' ), and a
final-state ( ) dependent amplitude asymmetry A = (RI]; — R{)/ (RI]; -+ R{) such that:
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Open Beauty: precision B" meson lifetime measurement

Candidate reconstruction and selection criteria

e BY = J/wK™ candidates:
e At least one J/w — utu~™ with y?/ndof < 10; within mass window retaining 99.7% J/w candidates
o K'V: Out of the two K¥7~/K~ 7t hypotheses, select that closer to K*(892)” PDG mass
o J/yyand K “0. fit to a common secondary vertex (SV), with di-muon mass constraint to J/y PDG mass; )(z/ndof <3
e 10% events have multiple (avg. 2.1) J/wK ° candidates; select that with smaller )(2/nd0f

¢ Primary vertex (PV) selection: b > > c
e Need to choose most likely Bg production vertex under pileup conditions (avg. 31) C
e PV positions are recalculated after removing tracks used to reconstruct BC? candidate W~
e PV candidate with smallest 3D BC? impact parameter is chosen .
d -« -« d

e For each BC(Z) candidate, determine pseudo-proper decay time f:

B
mgL
= Bxy , Where Lfy Is the transverse distance between PV and SV, projected on to pff
Pt
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Open Beauty: precision B meson lifetime measurement

B — J/Y K*(892)°

LL ; . ATLAS
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Run Number: 360063, Event Number: 1741874693

Candidate event dlSplay ‘j“ ' \ o] Date: 2018-09-06 10:02:57 CEST

e Red lines: muon candidates
o : charged hadrons

e Pink ellipses: vertices (PV & SV),
separated by ~2 cm

e Energy of 4-track system: 83 GeV, .
so highly boosted, jet-like! - —
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Open Beauty: precision B" meson lifetime measurement

2D unbinned maximum likelihood fit Pseudo-proper decay time PDFs
Mass PDFs e Signal: exponential convolved with 3-Gaussian resolution function
e Signal: Johnson §;; - distribution * Prompt background: 3-Gaussian resolution function
e Background: linear + sigmoid functions e Combinatorial background: sum of 3 exponentials, each convolved

) i ] with 3-Gaussian resolution function
Fit projections
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e Based on 2,450,500 + 2400 BY — J/wK " candidate signal events

e Measured effective lifetime: | 750 = 1.5053 + 0.0012 (stat.) + 0.0035 (syst.) ps
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Open Beauty: precision B" meson lifetime measurement

arXiv:2411.09962 (submitted EPJC) [#

: s ATLAS Briefing [
Consistency and stability test I 4
e Separate B lifetime fits for each of 3 data-taking ATLAS (s =13 TeV, 140 fo"
periods === Run 2 Fitted value
Run 2 Statistical uncertainty Run 2
e Black points: subsample lifetimes, stat.-only - Eiltjtr;dz \,Taolfg \lfv?t%esriftgncenaimy 1.5053 £0.0012 (stat.) + 0.0035 (syst.)
uncertainties |
. 2015+2016
e p-value for consistency, stat.-only: 0.038 1_50351 0.0018 (stat) |_‘_I
2017 - ——]
* Subsample results are consistent, mutually and 15089 + 0.0020 (stat.) |
with full-sample result 2018 i
1.5018 + 0.0023 (stat.) I 1 I
15 1505  1.51
©(B) [ps]
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Open Beauty: precision B" meson lifetime measurement

Results: Determination of the B" average decay width I, and the ratio I" /T

o Use HFLAV (2023) input values of 2y = Al ,/1"; = 0.001 £ 0.010 and asymmetry A = — 0.578 * 0.136 with
the ATLAS measured effective lifetime 750 to find:

I; =0.6639 + 0.0005 (stat.) + 0.0016 (syst.) + 0.0038 (ext.) ps~’

b > >
where the uncertainty (denoted ‘ext.’) is due to HFLAV inputs and listed separately g J/ 1/

e The value of I' ; agrees with HQE theory (Lenz et al., 2023): O.63J_r8:(1)% ps~!

e Usel'| =0.6703 £ 0.0014 (stat.) £ 0.0018 (syst.) ps~! measured by ATLAS (Eur. Phys. J. C 81 (2021) 342) to find:

E\J - > _\EZ ¢

r
r_d = 0.9905 + 0.0022 (stat.) + 0.0036 (syst.) + 0.0057 (ext.)

e The value of I' /1", agrees with HQE (1.003 = 0.006) and lattice QCD (1.00 % 0.02) theory model predictions
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Open Beauty: precision B" meson lifetime measurement

Comparison of ATLAS BY lifetime with other recent measurements

j=e-] Mcasurement with total uncertainty
Statistical uncertainty
[ Systematic uncertainty

ATLAS B’ Iy K0, 140 v @13 Tev

1.5053 = 0.0012 (stat.) = 0.0035 (syst.)

ATLAS B"— J/y K. 4.9 fb' @7 Tev

1.509 £ 0.012 (stat.) = 0.018 (syst.)

LHCb B = J/y K, 1 tb'@7 Tev

1.524 + 0.006 (stat.) £ 0.004 (syst.)

LHCb B’— J/y K. 1 @7 Tev

1.499 £ 0.013 (stat.) = 0.0035 (syst.)

LHCb B’— K*n~, | fb'@7 TeV

1.524 £ 0.011 (stat.) £ 0.004 (syst.)

CMS B’— Jiy K, B'— J/y K. 19.7 fb' @8 Tev
1.515 + 0.005 (stat.) + 0.006 (syst.)

DO B’— Dutv, X, 10.4 fb'@1.96 Tev

1.534 £ 0.019 (stat.) £ 0.021 (syst.)

CDFB’— J/y K°, B’> J/y K. 43 b @1.96 Tev
1.507 + 0.010 (stat.) £ 0.008 (syst.)

Belle IT B*—»D"K*/x*, 190 i @Y (45)

1.499 +0.013 (stat.) + 0.008 (syst.)

BaBar §0—>D*+1‘V1, 81 fb ' @Y (4S)

1504 % 0.013 (stat.) ="' (syst.)

Belle multiple channels, 140 fb™'@Y (4S)
1.534 + 0.008 (stat.) + 0.010 (syst.)

=
———

=

——

ATLAS

——

b=

arXiv:2411.09962 (submitted EPJC) [#

ATLAS Briefing [#

<+—— this work

]

r——

I————

|———]

e——

1 l 1 1 1 l 1 1 1

1.48

1.5 1.52
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1(B°) [ps]

New ATLAS result:

e Compatible with most other recent measurements

e PDG 2024 world average: 1.517 &= 0.004 ps,

differs by 2.16 (draws on full history of B lifetime
measurements)

¢ First measurement in pp collisions at 13 TeV

* Most precise single measurement to date
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Closing remarks

ATLAS

e ATLAS heavy-flavour programme is amassing competitive results from LHC Run 2 EXPERIMENT

e Open charm: differential D™ and D:~ meson production cross-sections extended up to p; = 100 GeV
o First D:" cross-section measurement to reach transverse momenta of 100 GeV  [Today: first public presentation

e None of the consulted theory predictions describes charm production well, especially at higher p+

e Open beauty: precision B O meson effective lifetime measurement Today: first international-conference presentation

e Most precise single measurement to date

e Further results under preparation, including combinations of Run 2 + Run 3 statistics

e ATLAS B-physics public results page: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults
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ATLAS heavy flavour in Run 3

— T T 1 T T T T 1 |
% 107k ATLAS Preliminary i
— . c§> - Data 2023, /5 = 13.6 TeV, 27.8 fb~ z
S 450F- ATLAS ?3“_23223115;‘7836}3“" - | ow-M ¢ J B T(nS) PF"(w1) PF"(k2) ]
2 400 S P B SO 11Gev 6Gev
o = m Run 3 (2022), 13.6 TeV 8
= 350 L (W) =425,36fb" = 106k Bl OO sGev 6Gev )
: 3005_ ~ = Run 2 scaled to 36 b’ LICJ L Bl 6Gev 4Gev -
c = i | 4 GeV 4 GeV
S 250F-
3 “UF
§ 200 i
= "
3 150F- 10°¢ ’
e = B ¢
@ 100 i 2
= - 0‘
50 ; :4
= e
o =~ 104 %
0 10 20 30 40 50 60 70 80 : e
Mean Number of Interactions per Crossing a¥a .00
2 4 6 8 10 12

m(up-) [GeV]

e Increasing instantaneous luminosity, higher < 1 > : ~34 (Run 2) — ~42 in 2022, ~50 in 2023

e Similar dimuon triggers used, but, early in fills, more aggressive pre-scaling of those with lower di-muon p

e For high-precision measurements (e.g., lifetimes, CP violation), errors on pseudo-proper lifetimes get reduced
with the shift to higher p (even with the associated loss of lower-p- statistics)
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ATLAS heavy flavour in Run 4, HL-LHC

e Replacement of entire inner tracking system (ITk upgrade):
e Refer to talk by Savanna Shaw, Upgrades session
e Copes with higher instantaneous luminosities, pileup
e Greater angular acceptance
e Expect ~21% improvements in pseudo-proper-decay time resolutions

e Reach studies use di-muon triggers with thresholds: (101410, Helt10 HeMe

e B — p*u": ATL-PHYS-PUB-2018-005 ATLAS

EXPERIMENT

HL-LHC tt event in ATLAS ITK
at <py>=200

e B - Jlyg: ATL-PHYS-PUB-2018-041
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Charmonium: differential J/y and yw(2$) production cross-sections
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Charmonium: differential J/y and yw(2$) production cross-sections
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Charmonium: differential J/y and yw(2$) production cross-sections

ATLAS ATLAS
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Charmonium: differential J/y and yw(2$) production cross-sections
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Open Charm: differential D™ and D" meson cross-sections
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Open beauty: precision B" meson lifetime measurement

arxiv:2411.09962 (submitted EPJC)

Source of uncertainty Systematic uncertainty [ps]
ID alignment 0.00108
Choice of mass window 0.00104
Time efficiency 0.00130
Best-candidate selection 0.00041
Mass fit model 0.00152
Mass-time correlation 0.00229
Proper decay time fit model 0.00010
Conditional probability model 0.00070
Fit model test with pseudo-experiments 0.00002
Total 0.0035
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