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Introduction

* Flavor Physics at ATLAS
— Measurements of Production Cross-Sections & Spectroscopy
— Measurements of “Weak Decays”

- LK)V, CPV, Precision Measurements of Lifetime, Search/BR Measurement of Rare
Decays, etc.

* Despite being a general purpose detector, competitive at flavor physics.
— Large Statistics
~— Full Coverage - Phase Space Complements LHCDb
— Good Muon Performance
— Often constrained by trigger bandwidth, however, constantly optimizing!

EPS-HEP2025



resolution is stable with luminosity!
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* Inner Detector: PIX, SCT and TRT, pT > 0.5 GeV, |n| < 2.5
- Run2: new IBL 25% improvement of time resolution with respect to Runl.
- Time, mass resolutions remain stable within increasing pileup in Run 2
 Muon Spectrometer: triggering (|n|< 2.4), precision tracking (|n|< 2.7)
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https://cds.cern.ch/record/1604429

arXiv:2412.15742

JHEP 07 (2025) 86.

https://doi.org/10.1007/JHEPO07(20
25)086

Differential cross-section measurements of D*
And D*s meson production In proton-proton
collisions
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D*ID* — ¢(u*u-)m*
D* and D*:. Context

* Measurements distinguish between promptly produced (hadronization of charm quarks from the
primary hard scatter) and non-promptly produced (c produced through decays of b-hadrons).

« ALICE, CMS and LHCb have measurement from partial run-2 datasets.

 ATLAS has a measurement from run-1 although this is the first measurement production cross
section of the Ds differentially.

 Compared with two theoretical models:

- General-mass Variable-flavor-number (GM-VFNS)* - charm quark PDF evolves with
massless evolution, heavy quark mass retained in the hard-scattering calculation.

- Fixed-order next-to-leading-log (FONLL)** - heavy quark production x-section calculated in
perturbative QCD, heavy flavor fragmentation is non-perturbative, and a decay function
describes the heavy hadron decay into leptons.

*B.A. Kniehl et al. PRL 96 (2006) 012001; B.A. Kniehl et al., PRD 71 (2005) 014018; B.A. Kniehl et al., PRD 79 (2009) 094009; M. Benzke
et al., JHEP 12 (2017) 021;

B.A. Kniehl et al., PRD 71 (2005) 094013.

**M. Cacciari et al., JHEP 05 (1998) 007; M. Cacciari et al., JHEP 10 (2012) 007.



D*ID*s — o(uu™)m*

D* and D%: Method

* Require 2 muons with opposite charge, with p.+ > 6 and p.t > {6 or

11}, and each |n| < 2.5 Ly = ||§T||COS%
. o . | - | a%y = |Lq|sin6
* dimuon invariant mass consistent with ¢-meson (inside a window ” Y
of width that scales with |n|) IZ¢| connects the SV and

PV in the transverse
plane.

* The primary vertex is refit to remove the 3 candidate tracks.

* Background is suppressed by: _
B 0 By 1s the angle between
LX}/ /U(LXV) >3 and |axy /Uaxyo I <4 Ly at.ld the p; of the pun
- gtl)o#_oress combinatorial background through goodness of the | cadidate
It

~ To match detector coverage and trigger acceptance, final
candidate must have pT > 12 GeV and |n| < 2.5

~ In case of multiple candidates per event, the one with the best
SV is selected.
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Events / ps

Pull

* Reconstruction efficiency depends on prompt vs non-prompt, so constrain the non-prompt
fraction by comparing data to lifetime templates from simulation (to constrain MC not
measured officially).

* Divided 9 pt bin x 5 |n| bins, apply reconstructed efficiencies — derived from MC

* Unbinned maximum likelihood fit to the data, modeled with:

for signal: a Voigtian distribution (convolution of Breit-Wigner and gaussian)
~ for bkg (combinatorial): quadratic exponential
‘°5§'A'T'L'Aé""” [ A O T Ag T ] BewTamas e
TRy S ——— E 0051 Vs=13 TeV, 137 fo! oRtedBe 3 S ons feTaTev, 137 - Background

:, - T Non-prompt D r _ E 3500;0-0<W<0-5 """"" nglgzz: =

0F ook ER

i - . 2500 ' E

1075 o ] 2000

i 0'15:_ + B 1500

10 - . 1000F

- 0.1 . 500F

e E - J- . E
4;"" - L L ;_ :— + T —: _ 2:1 1 i I Spepgeey 1:
o + E 0.05 1 & Ly | E
ok 4 | t 4 4 4 ] C . Oﬁi Y ‘++l iy + R +++|ll ++l+++x|’
—2%— R } - o) SIS P NS NPT I B S N —2:—‘”+H++++? [+”TTHTW IR r—f
E 5 2 25 4 35 4 45 s 0 10 20 30 40 50 60 70 80 90 100 70078001900 2000+ 2100 2200
Lifetime [ps] p, [GeV] Myx [MeV]

EPS-HEP2025 7



oy 1O|v|||vlww[ll|\ \"l|'\\\_: = L L L L L
% ATLAS wt GM-VFNS E 8 ATLAS e GM-VFNS
£ 9 \E=13D'[ev, 137 fb”! %5 FONLL 34 3 {s=13 TeV, 137 o' 25 FONLL
B 12 1 V ] & D*
g 8 <p; < 00 Ge —~ Data E MY <25 ~ Data
: 1 8
7 E g
6E . =

:0
3
5
58
3
25

fo%
=
o
)
2056
<

For the Ds,
this is the first

0%
%S
e
9
3
g%
S
55
5
0998 09
%
% 5
So3es

%}
%)
s

3

o

XS

%

%)

5%
5

XS

0%

50s]
%

53X

R
=

5%

RS

%

525

<
BRRAIARK
PRSI

[S20sstesetatotetetotoletototetetototeset
BRRRXXS oosesetosesetete

o}
QI

%
o

0%
0029,
R
%
0
boiet
3
5%
X
<%
o
<%
XY
o5
%
<3
5%
<%
ot

For D*, good 4
agreement with both 3

%
%5

ol Bl vl vl cvvd el vl g

models at low pr. At = measurement
higher pT, GM-FNS is g s — in the
higher; FONLL B = differential
remains consistent £ 3 :
with data. - Cross section
~ reported by
For Ds, only GM- S atamas awms 1 3 o amiae T ATLAS. and
VFENS is available, 5 355_521?*2"1’0103(73;51 ] B % 10 s=13 TeV, 137 b W SMAENS the f 13 i
and it predicts higher 8 LT - 107 <25 ~oma e Tirst tme
x-section throughout 3F | 4 3 10 7 such a
range, trending larger + I £ measurement
with pT. A3 I 1 isreported up
E 103 = _
Both models agree 151 ——= & topT~100
well with data in |n). Lo R T2 GeV
" 50 60 70 80 90 17;)0 8

P, [GeV]



The Ds uncertainty of 12% at Vs = 13
TeV improved relative to the 20%
uncertainty at vVs= 7 TeV.

The D* uncertainty of 14% at Vs = 13
TeV is higher than the 11% uncertainty
at Vs = 7 TeV due to background
uncertainty driven by low signal yield.

Data are mostly consistent with models
within uncertainties, although the ratios
predicted by GM-VFNS and FONLL are
significantly different.

D* inclusive fiducial cross-section [nb]

ATLAS GM-VFNS FONLL
0 % dotal o+ 6theory o+ 6theory
— 310 230
Vs =13TeV 1690 = 270 2200’:290 1 480’:190
— +120 +100
\s = 7TeV 888 = 97 98075, 6207 ¢
Ratio (13 TeV/7 TeV) 1.9+0.4 224 +0.04 2.38 £0.01
D7 inclusive fiducial cross-section [nb]
ATLAS GM-VFNS
0 % botal o * 6theory
_ 140
Vs =13TeV 810 + 100 950J:130
Vs =7TeV 510 + 100 47005
Ratio (13 TeV/7 TeV) 1.6 £0.4 2.02 +0.05
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arxiv:2411.09962
Accepted by EPJC

Precision measurement of the B° meson lifetime
using B° - JwK* ° decays
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https://arxiv.org/abs/2411.09962

B° - Jw K*: Introduction

ATLAS has an analysis of the Bs - J/ phi (Eur. Phys.
J. C 81 (2021) 342). To help validate this we

measure the Bq - J/ K* lifetime.

Particle lifetime is a fundamental property of primary
phenomenological importance. The b-hadron lifetimes
can be computed in the heavy-quark expansion

(HQE) framework.

Models typically provide predictions in ratios of b-
hadron lifetimes. Lifetime differences are largely
attributable to corrections for Pauli interference and
weak annihilation which are enhanced by a phase
space factor. That factor includes a non-perturbative
matrix of four-quark operators recently calculated
using QCD sum rules formulated in HQET.
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https://link.springer.com/article/10.1140/epjc/s10052-021-09011-0
https://link.springer.com/article/10.1140/epjc/s10052-021-09011-0
https://link.springer.com/article/10.1140/epjc/s10052-021-09011-0
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-23-004/index.html

Data-taking conditions for this analysis

* The measurement uses 2015-2018 pp collision data at sqrt(s) = 13 TeV.
* Triggers: J/ - p+ p—, the muon pT thresholds varying: 4 GeV, 6 GeV and 11 GeV.
- Low pT thresholds were activated in the end of fills when the instantaneous luminosity decreases.

For events accepted for this analysis, an average number of pp interactions per bunch crossing (pile-
up) was 31.

* No displaced J/y vertex cuts applied. Trigger tracking: transverse parameter dO < 10mm on all tracks.

B - J/YK*0 candidates
* Atleast one J/Y - p+ p— with x2 ndof < 10; within mass window retaining 99.7% J/{ candidates.
e K*: Out of two hypothesis K* 1" / K™ 1t* the one closer to K- PDG mass selected.

 J/Y and K* - fitted to a common vertex, constrained by fixing di-muon mass to J/Y PDG. Only x2 /ndof
<3 retained.

* 10% events have multiple J/YK* candidates (in average 2.1); the one with smallest x? /ndof selected.




Mass PDFs of Signal and Background

3

x10 —
* Signal mass is modelled with a 2 2s0f oty womt |
Johnson distribution g F i -
% 200:_ === Signal _:
* Background has two components: F gy
— 1. prompt - J/Y produced in pp - M E
J/PX, combined with random K* . - R ST, = .
. . 50__
~ 2. combinatorial - J/y) from any b- -
hadron decay combined with £ aE
random K*. They are modelled by g
sum Of “near and SlngId %5000 5100 5200 5300 5400 5500 5600
functions: My K*) [MeV]
0 1 .1 (i — 2
s(m; — myg) Miig(m;) = - exp [—5 (7+5smh (_A IJ)) ]

Mbkg(mi) = fpoly(1 +po-m;)+ (1 - fpoly) 1- AV2r\[1 + (775)

V1 + (s(m; — mg))?
where p, v, 6 and A are free parameters of fit.
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Proper-decay Time PDFs of Signal and Background

» Signal PDF: exponential function convolved by Resolution function
R.
Psig(tilov,, p1;) = E(t', Tp0) ® R(t" - 1;, 0,)

E(t ,7p0) = (1/750) exp(—t /7a) for t > 0, with 750 - the fitted B, lifetime.
 Background PDF:

3 k—1

Poig(ti103:, ) = | forompt - Obirac (1)) + (1 = forompe) ) b | [ (1 = BOE(, rbkgk)] ® R(t' — t;,07,)
k=1 I=1

Dirac function dpirac: direct background; 3 exponentials E(r’, Tbkgk): components of combinatorial
background; 7, , and fractions: f.omp: and by are free parameters of fit.

Resolution function R: modelled as a sum of three Gaussian distributions with widths: S o,

(k) —(t' — 1;)?
-1 = res r— Nl ) N0
(TE) Zf S(k) O_r p(Z(S(k) 0';‘-)2

three f,(;‘s) fractions and scale factors S are free parameters of fit, o, is the per-candidate time error,
extracted from data in the vertex fit of each B® — J/1y/K*°.



Conditional probabllity and efficiencies

 Per-candidate time errors o4, extracted from data in the vertex fit of
each B4° are used in the Resolution function R for deconvolution of

proper decay times.

* Trigger, offline reconstruction, event selections bias reconstructed
proper-decay time distribution.

* Trigger and offline tracklng Impose |do | < 10 mm, for all four final-
state tracks of B® - J/WK° , resulting in mefﬁmency at large times.

Ti(7i, 00, pr;) = Pi(7i,o+, pr;) - Ci(or ) 5
JACEE in; JUTT i pT i\o pT 3 g o ATLAS Simulation 3
© A4 . [rd 1CIH |
$ F s=13Tev Fi o
L — 3 § 12 2015 data conditions =
£ - g g F B
ATLAS =
15 =13 TeV, 140 fb ¥
Data =
— Total Fil o
Signal
Backgroul
o)
i
WP e ) L b - - e .
0.05 0.1 015 0.2 0.25 0.05 0.1 0.15 0.2 0.25 0.05 0.1 0.15 0.2 0.25 : 4
a,[Jiy K*) [ps] oy K*) [ps] ay(Jiy K*) [ps] ) 2 4 6 8 10 12 14 16 18 20

/W K*) [ps]



Systematic uncertainties

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

EPS-HEP2025
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Results

e The B effective lifetime value measured with a total of 2 450 500 +
2400 B - J/Y K* signal events The measured effective lifetime is

7 = 1.5053 £+ 0.0012 (stat.) = 0.0035 (syst.) ps.

X
=

0*

z T T T L R LI e e 21[)00:‘ T LA s B s e e —T a L L L LA B e s
= ATLAS . o C ATLAS a "o ATLAS
0 200 — s =13 TeV, 140 fb - S L fs=13TeV, 140 fb! s 10° ,, Vs=13TeV, 140 b
= Data ©® B800— — o Ta, T e Dat
) - ) £ L — Total fit £ Sa, e —_—
€ oo iy & E & o Toam
m == Signal B - == s Prompt background e, ey === Signal
F == Background ] 600— - =« Combinatorial background —] co ==1 Prompt background
150 F Model uncertainty - r Model uncertainty 7 10° ETNE = =+ Combinatorial background
1 1 400— - Te %
100 : — F 10°
3 - <,
b = 200— — 10 )
] = B ES '_‘. . =
_ LT SR BTSN IS - lar Theeseonmegen - I R R S R B ‘..“l"_
£y ;R T Ty 1 -
£y S e S £ 1 = s 1M‘—"M'+‘i+lu‘ | F
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09E E El 06E E
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Mass fit projection (left). Proper decay time fit projections in two different ranges: (-0:5; 1:0) ps (Middle) and (1; 20) ps (Right).
Solid blue line - total fit, dashed red line — signal.

The lower panels: ratio of data point to the fit value. The green band - the envelope of model variations included in the
systematic uncertainty, the bars on the data points indicate statistical uncertainties. Plot-right - the model variation band too
small to be visible.



Result Comparison

- - T T Results:
=] Measurement with total uncertainty
" Statistical uncertainty ATLAS = 7Tz = 1.5053 + 0.0012(stat.) + 0.0035(syst.) ps
B Systematic uncertainty = T, =0.6639 + 0.0005(stat.) + 0.0016(syst) + 0.0038(ext.) ps’!
ATLAS B~ JY K™ 1400 @13 Tev | = T;/Ts =0.9905 % 0.0022(stat.) + 0.0036(syst.) + 0.0057 (ext.)
1.5053 + 0.0012 (stat.) + 0.0035 (syst.)
ATLASB®- Jy K?, 4910 @7 Tev = - -
1500 £ 001 (sal) 013 (55 = Compatible with most other world
LHChB = JY K™ 1ib'@7 Tev
1524 3 0.006 (stat) + 0004 (3yst) @ measurements . '
LHCOB™ - Jy K, 117°@7 Tey == = Reduced systematic uncertainty by
1.499 + 0.013 (stat.) + 0.005 (syst.) . .
LHCh B~ KT 1fb71§7 ey f— factor 4.7 relative to previous (7 TeV,
1524 + 0,011 (stat) + 0.004 (st) BO - ]/IPK 0) ATLAS measurement
CMSB%- JY K™® B~ JYK?, 1971b'@8 Tev == s
1.5153 0.005 (stat.) + 0.006 (syst.) - Improvement due to data from the
DOB’- Du*v, X, 104 fb*@1.96 TeV |_§_| . .
1550009 (Stat-;lfoo-ozol o) Insertable B-Layer, improved alignment,
CDFB"~ J(““ ;< B p J’;IJ Koasfi@roeTey NN and increased statistics
1.507 + 0.010 (stat.) + 0.008 (syst. . . K
Belle !l B~ DK/t 190 '@ (49) H—— = [; 1s compatible with the HQE
1499 + 0,013 (sta.) + 0.008 (syst) rediction®* of 0 63+0.11 ps -1
BaBar BO—>D_I+V|,81fb'1@Y(4S) |_§_| P i 3 —0:07 Co
1504 £ 0013 (5) [, (08) = I'JI';is compatible with predictions by
Belle multiple channels, 140 fb~@Y (49) . .
e o ) o ) HE— HQE* (within 1.30) and lattice QCD**
[ N B B B 1thi 1
TR N By Ty (within gf*c) a}li]i'watlgthe world
B° T 1thin 1.
©)les] | pppog2s | AVeragettt (w °) 18




Conclusions

 ATLAS has continues to make competitive
measurements in Flavour Physics.

e Worldwide best measurement of B° lifetime.

e New measurement of the differential cross
section of the Ds and D=.

* For more BLS results check out our Twiki page
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults
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Measurement of the production cross-section of J/ and
W(2S) mesons

EPS-HEP2025
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Measurement of the production cross-section of J/{y and
PY(2S) mesons - Prompt

ATLAS
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widest range of pT for J/Y so far!
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Eur. Phys. J. C 84 (2024) 169

For NRQCD: Predictions and data largely overlap within
theoretical uncertainties, which relate to renormalization,
factorization, and NRQCD scales. Predictions overestimate
data cross sections at high pr.

For kT-factorization model: aims to improve the description
by taking into account the transverse degrees of freedom
of the initial gluons in the colliding protons. Uncertainties
include only the renormalization scale. Prediction
underestimates data at low pr. High-pr comparison is
limited by availability of the pr-dependent gluon PDF.

Improved Colour Evaporation Model (ICEM)
assigns a fixed fraction of the ccry production cross
section below the open charm threshold to
individual charmonium states. Predictions use
parameter values previously determined from
LHCb 7 TeV data. Predicts harder pT spectra and
underestimates the (2S) cross section.
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https://link.springer.com/article/10.1140/epjc/s10052-024-12439-9

Measurement of the production cross-section of J/{ and
P(2S) mesons - Non-Prompt

Theory / Data

ATLAS

-1
pp Vs=13TeV Ldt = 2.6 fb,1 p; < 60 GeV
0<ly| <0.75 -[ 140 fb [ 60 GeV
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Theory / Data

ATLAS
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EPS-HEP2025

FONLL uncertainties cover
renormalization scale and c-quark
mass. Agreement at low pr; prediction
diverges at high p+ for J/|.

GM-VFNS uncertainties originate

from renormalization scale
dependence. Result similar to FONLL
but with increased deviation at high pr.

NRQCD with kT-factorization can be
used to predict pr distributions of
vector charmonia through non-prompt
production. Shapes are produced well
but are limited by the available gluon
PDF.
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Systematic uncertainties: Mass-time correlation systematics

Correlations between the invariant mass and the pseudo-proper
decay time, and their potential impact on the fit results, are studied.

No mass-time correlation in signal PDF proven by MC.

For background the correlations are studied in data. First, applying
the default time Background PDF Pbkg (ti, oi, pri ) fit in each of the 6
mass sideband bins in data. Fractions fprompt and bl , b2
determined in each bin were then fitted to extract their dependence
on mass. The best description - achieved by linear functions.

Based on this information, an alternative fit model, in which the
background PDF term Pbkg (t, oi, pti ) IS constructed with the
parameters accounting for mass-dependence:
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