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Seven recent results on quark and lepton flavor physics
from ATLAS, using LHC pp data from 2015-2018.
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ATLAS from inside to out:

= Inner detector (pixel, silicon
microstrips, straw-tube TRT) |n| <
2.5, surrounded by a 2T axial B
field from the solenoid

= Sampling calorimeters (LAr EM
In| < 3.2; Scint tile HAD |n| <3.2;
LAr HAD 1.5 <[n| <4.9)

= Air core toroids provide B field for
Muon drift tubes + cathode strip
chambers (muon tracking to |n| <
2.7) and resistive plate + thin gap
chambers (triggering to [n| <2.4)




Differential cross section measurement of D* and D.* meson production at Vs = 13 TeV *

Message: Heavy quark production in proton-proton collisions provides a test of perturbative QCD. Predictions in which
the masses of heavy quarks are comparable to the typical energy scale of a hard scattering process have large

uncertainties.!> Predictions are also challenged by the difficulty of modeling non-perturbative effects (hadronization) and
by uncertainties in fragmentation functions.

Experimental data can constrain calculations and contribute to New Physics searches, both as signal and as background.?
D meson decays to ¢(up)m are sought for this differential cross section measurement.

The outcome —

Production cross sections of D* and D * are measured differentially in pr and |n| at Vs = 13 TeV and compared to NLO

QCD predictions. This is the first such measurement by ATLAS for the D,*, and the first time such a measurement has
been reported up to py~100 GeV. This provides a benchmark for theoretical calculations in a new kinematical regime.

The results are mostly consistent with the GM-VFNS (General Mass — Variable Flavour Number Scheme) and FONLL
within uncertainties, with increasing deviation toward high-py.

*JHEP 07 (2025) 86, arXiv:2412.15742

IB. A. Kniehl et al., PRL 96 (2006) 012001.

2B.A. Kniehl et al., EPJ C 72 (2012) 2082.

3 One example New Physics search involves b and ¢ decays to tau; these impact lepton-flavor-violating tau decay analyses. ATLAS Collab., https://cds.cern.ch/record/2647956. | 4



Context:
= Measurements distinguish between prompily produced (hadronization of charm quarks from the primary hard scatter)
and non-promptly produced (c produced through decays of b-hadrons). ATLAS measures inclusive (prompt and non-

prompt) production here at Vs = 13 TeV.

= ALICE measured® differential cross sections at Vs = 13 TeV for promptly and non-promptly produced D and D, mesons
and reported the prompt fraction.

= CMS measured’ differential cross sections for prompt production of D mesons at \'s = 13 TeV on a partial Run-2 dataset
(collected up to 2016).

= LHCb measuredi prompt production cross sections for D and D, mesons in the forward region at Vs = 13 TeV.
= ATLAS previously measured** these quantities at Vs = 7 TeV.

" ATLAS has not previously measured the production cross section of the D, differentially.

* ALICE Collaboration, JHEP 12 (2023) 086, arXiv: 2308.04877 [hep-ex]; ALICE Collaboration, JHEP 10 (2024) 110, arXiv: 2402.16417 [hep-ex].
TCMS Collaboration, JHEP 11 (2021) 225, arXiv: 2107.01476 [hep-ex].

t LHCDb Collaboration, JHEP 03 (2016) 159, arXiv:1510.01707 [hep-ex].

** ATLAS Collaboration, Nucl. PHys. B 907 (2016) 727, arXiv: 1512.02913 [hep-ex].




The method uses:

= Collision dataset
= 137 fb-! from 2016-2018 at Vs = 13 TeV

" Monte Carlo
= events modeling inelastic pp collisions were generated separately for prompt (pp — c¢) and non-prompt (pp — bb)
production of D, mesons.
= Simulation includes all 2—2 QCD processes; higher order processes via initial- and final-state parton showering.
= Generated D and D, mesons were decayed to ¢ (up)m*
= (Generation includes multiple interactions per crossing (pile-up) and detector effects related to prior or subsequent
events.

" 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. 6




The method, continued:

Select the data:
= require 2 muons with opposite charge, with py and n| requirements
= dimuon invariant mass consistent with ¢-meson
= Pion candidate track reconstructed in the Inner Detector

For all possible pun candidates: remove those 3 tracks, refit the primary vertex (PV), then use
those 3 to attempt D meson secondary vertex (SV) reconstruction.

Use the SV-PV displacement to reject background based on L, and agy.
u ny/any > 3 and |a2y/aa2y| < 4

Suppress combinatorial background through goodness of the SV fit.

To match detector coverage and trigger acceptance, final candidate must have pr > 12 GeV
and [n| <2.5.

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

Lyy = |ZT|COSQxy

ayy = |ZT|Sin0xy

|ZT| connects the SV and

PV in the transverse
plane.

0y 1s the angle between

-

Ly and the pp of the pun
candidate 7



The method, continued:

= Reconstruction efficiency depends on prompt vs. non-prompt, so constrain the non-prompt fraction by comparing
data to lifetime templates from simulation.

Example template for D,: Example non-prompt fraction for D,:
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Reconstruct my,,,, .

...and bin in p and |5|....9 bins in p; X 5 bins in |n|
Apply reconstruction efficiencies based on simulated events.

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

Extract the number of signal events.
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Method, continued:

do | Signal (D or Dg ) inbin i
dprl;  Lumi x eff x BR[ >¢(uw)n] x bin width

* BR(D* - ¢p(uu)n*) = BR(D* - ¢pn®) X BR(¢p — up)

BR(DI-¢p(K*K~)nt
+ BRODF — p(un) = FEZET) o BR(g - )

=  Similarly for
T amil,

= Systematics:
= Detector effects: muon recon, track recon, pile-up re-weighting, trigger, luminosity
= Modeling: non-prompt fraction, production kinematics
= QOther: External BR’s, MC sample size, fit model

= Also compare these data to ATLAS data at Vs = 7 TeV, and compare inclusive differential x-section of data to both models.

10
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Inclusive D) production cross section results
at \s = 7 TeV and 13 TeV, and their ratio, in
the fiducial volume given by

= n/<2.1

= 20<p;r <100 GeV

for data and theoretical models.

The D, uncertainty of 12% at Vs = 13 TeV
improved relative to the 20% uncertainty at
Vs =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-VENS FONLL

0 % otal 0 £ 0theory O * Otheory
— 310 230
Vs =13TeV 1690 +270 2 200”:290 1 480*_'190
s =TTeV 888 + 97 980*1%) 620* 1)
Ratio (13 TeV/7 TeV) 1.9+04 2.24+0.04 2.38 +£0.01
D|inclusive fiducial cross-section [nb]
ATLAS GM-VENS
0 % dotal o+ 5theory
Vs = 13TeV 810100  950*1%0
— +56
Vs =T7TeV 510 =100 470700
Ratio (13 TeV/7 TeV) 1.6+0.4 2.02 +0.05
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Precision measurement of the B® meson lifetime using B — J/YK*° decays”

Message: Particle lifetime 1s a fundamental property of primary phenomenological importance. The b-hadron lifetimes can be
computed in the heavy-quark expansion (HQE) framework™ perturbatively through an expansion in powers of m,-!. 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.

The outcome:
= The BY effective lifetime is measured through the channel B® — J /K *9 to be:
Tgo = 1.5053 + 0.0012(stat.) + 0.0035(syst.) ps

This is the most precise measurement to date, and it 1s consistent with other measurements.

= The measured average decay width of the heavy and light B? eigenstates is:
[; = 0.6643 + 0.0005(stat.) + 0.0016(syst) ps’!
This is in good agreement with the theoretical prediction.

= The measured I'; is combined with the average Iy previously measured™™ by ATLAS to obtain:
[;/Ts =0.9910 £+ 0.0022(stat.) + 0.0036(syst.)

This result is compatible with predictions from HQE and lattice QCD and with the experimental average.

*Eur. Phys. J. C 85 (2025) 736, arXiv:2411.09962.

TV.A. Khoze et al., Phys. Usp. 26 (1983) 387; M.A. Shifman et al., Sov. J. Nucl. Phys. 41 (1985) 120; M.A. Shifman et al., Sov. Phys. JEPT 64 (1986) 698; I.L Bigi et al., Phys. Lett. B 280 (1992) 271; L.1. Bigi
etal., Phys. Lett. B 293 (1992) 430; L. Bigi, arXiv:hep-ph/9508408; N. Uraltsev, arXiv:hep-ph/9804275; M. Neubert, arXiv:hep-ph/9702375.

M. Kirk et al., arXiv:hep-ph/1711.02100.

“*ATLAS Collab., Eur. Phys. J. C 81 (2021) 342, arXiv: 2001.07115 [hep-ex]. 13



The concept:

The effective lifetime 7o is related to the decay widths of the light (I';) and heavy (I'y) mass eigenstates of the B — B°

system as:
1

(1+y2)
where

[q =, +Ty)/2

y = (I, —Ty)/2Iy

14



The method uses:

Collision data: 140.1 fb! collected at Vs = 13 TeV. Typical pileup per crossing is 31.

Monte Carlo:
= signal: includes pairs of oppositely charged muons with p > 3.5 GeV and |5| < 2.6, produced with PYTHIA
8.244 and CTEQ6LI.

The data reconstruction:

= The goal is to select BY — J /Y K*°

= >4 Inner Detector tracks

= > ] pair of oppositely charged muon candidates forming a vertex with y?/ndof < 10

= Form the J/y — for pairs of oppositely charged muon candidates, require invariant mass consistent with PDG

= Form the K*° - for all tracks except the muon-candidates from the J /1: apply K*n- mass hypothesis and
reconstruct K*¢ - K*m~. In case of multi-candidates, choose the one with the best K* mass.

= Form the B® - Combine J /1 K*© and require y*/ndof < 3. In case of multi-candidates, choose the one with the
best B” mass.

= 10.6M B’ candidates are obtained in the mass range 5.00 — 5.65 GeV.

= To choose the best candidate per event, reconstruct the primary vertex (PV) with B? tracks removed. Choose the PV
candidate with the smallest impact parameter extrapolated from the B? vertex in the direction of the B momentum.

15



The goal is to find the proper decay time t of every candidate:

t =

= [dentify 2 backgrounds:

ny Mmp

Pty

= “prompt”: J /1 comes from pp — J /X and K*° comes from something else
= “combinatorial”: J /1 comes from a b-hadron decay, and K*° comes from something else

Backgrounds are modelled from collision data sidebands.

Again, L,, is the distance in the
transverse plane from the primary
vertex to the B’ meson decay vertex,
projected onto the direction of the B? py

16




= Extract the lifetime of the B’ from a two-dimensional unbinned maximum likelihood fit to signal and background.
= Mass and proper decay time are simultaneously fitted using a log-likelihood function.

= The probability distribution function (PDF) describing ¢ for each event i is composed of 2 terms:
Tj(ti, ati,pTi) = Pj(ti|0ti,pTi) . Cj(ati,pTi) where j € (signal, background)

The C j(atl., pTl.) are 2-dim distributions that describe the difference between signal and background for per-
candidate time uncertainty g;, and transverse momentum pr..

= Fit using the following data for every event i: mass m;, ¢, uncertainty o, efficiency w;, and pz,
= Fit parameters: signal fraction, mass probability distribution function (PDF), time PDF

= Signal mass is modeled by a Johnson-Sy;

= Background mass is modeled by a polynomial (for relative size of 2 background components) + sigmoid
(partially reconstructed decays)

= Signal decay time is modeled by an exponential function

= Background decay time is modeled by a gaussian (prompt, just resolution) + 3 exponentials

17



= Systematics

Source of uncertainty

Systematic uncertainty [ps]

ID alignment

Choice of mass window

Time efficiency
Best-candidate selection
Mass fit model

Mass-time correlation

Proper decay time fit model
Conditional probability model

Fit model test with pseudo-experiments

0.00108
0.00104
0.00130
0.00041
0.00152
0.00229
0.00010
0.00070
0.00002

Total

0.0035

18



The measurements:
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Results:

= Tzo = 1.5053 + 0.0012(stat.) + 0.0035(syst.) ps
= [; =0.6643 + 0.0005(stat.) + 0.0016(syst) ps’!
= [/ =0.9910 + 0.0022(stat.) £+ 0.0036(syst.)

=  Compatible with most other world
measurements

= Reduced systematic uncertainty by
factor 4.7 relative to previous (7 TeV,
BY - J /YK %) ATLAS measurement

= Improvement due to data from the
Insertable B-Layer, improved alignment,
and increased statistics

= [, 1s compatible with the HQE
prediction* of 0.631J:31 ps~1.

= J'y/I'is compatible with predictions by
HQE* (within 1.36) and lattice QCD**
(within 0.4c0) and with the world
average*** (within 1.3 o)

* A. Lenz etal., JHEP 01 (2023) 004.
** D. Becirevic, arXiv:hep-ph/0110124.
*** HFLAV, PRD 107 (2023) 052008.

[=e=] Measurement with total uncertainty
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Observation of structures in the J/y and y(2S) mass spectrum

Message: An excess of events is observed in the production of J/y + y(2S). The excess is observed for both Y (2S) — uu
and Y(2S) — J/Ymtn~, where all J /3 — uu. Thus a resonance is in both the 4-muon final state and in the final state of
4u+2n. The mass 1s consistent with 6.9 GeV at significance 8.9 6. This confirms, in a new channel, previous reports of the
proposed tetraquark state T,..;z. Tetraquark data may provide insight into subtleties of non-perturbative QCD.

The context:

= LHCb reported™ first observation of a narrow resonance near 6.9 GeV in the di-J/y spectrum in 2020.

= ATLAS™ and CMS confirmed™” this.

= CMS™ reported quantum numbers favoring an all-charm composition for the state (cccc).

= ATLAS opened a search into other decay channels in order to further elucidate the nature of this exotic state.

The outcome: Three different fit models were applied to the data. The model assuming a standalone resonance at mass 6.9
GeV and width 0.18 GeV i1s favored. Evidence is not found for an additional resonance at 7.2 GeV.

TATLAS Collaboration, arXiv:2509.13101 [hep-ex], submitted to PRL.
*LHCb Collaboration, Sci. Bull. 65 (2020) 1983, arXiv:2006.16957 [hep-ex].
" ATLAS Collaboration, PRL 131 (2023) 151902, arXiv:2304.08962 [hep-ex].
**CMS Collaboration, PRL 132 (2024) 111901, arXiv:2306.07164 [hep-ex].
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The analysis:

= The signal will look like pp —J/y(—p ')+ w(2S)(—u ) or pp —=J/y(—p )+ y2S)(—uwnn’)
The dataset:

= 140 fb'! of pp collision data

= Trigger on 2- or 3-muon events with > 1 uu mass consistent with J/y or y(2S)
= Require: > 2 uu pairs w/common vertex, both reconstructing J/y or y(2S) mass

= For the 4u+27 events, require 2 additional tracks contribute to the y(2S) decay vertex. Again, L, is the distance in the

= Requirements on momenta, fit quality, L, — | transverse ﬁ’lane fron; the primary
vertex to the meson decay vertex,

projected onto the direction of the
meson pr.

The strategy:

= Define: signal region (SR) and control region (CR) based on distance AR = /(An)2 + (A¢g)? between the charmonia. CR
requires 2 same-sign (“SS”) pions. Sort events into SR and CR.

= Monte Carlo samples evaluate mass resolution, efficiency for the signal and the background from double parton scattering
and non-prompt charmonium production background.

= Data sidebands estimate background with 1 or 0 charmonia, and a “feed-up” background due to combination of 4 muons + 2
random pions.

22



The method, continued:

= Refine the signal selection: apply a boosted decision tree (BDT) trained on mx invariant mass, scalar ), py, vertex
reconstruction quality, cosine of the angle between J/y direction in the y(2S) frame, and y(2S) direction in the lab
frame.

" Apply an unbinned maximum likelihood fit involving background (4n CR, 4u+2n CR, SS events in the CR) and signal
(4u SR, 4u+2w SR, SS events in the SR)

= 3 signal fit models tried. “Model C” has the best result: X(6900) decays through J/y + ¢(2S) channel. The probability
distribution function (PDF) is a single Breit-Wigner function.

= To test for the presence of a second resonance near 7.2 GeV [“X(7200)”], an additional Breit-Wigner is included in
cach of the models.

Systematic uncertainties: signal modeling (trigger/reconstruction efficiencies, charmonium branching fractions, signal

natural decay width); detector effects (muon momentum calibration, reconstruction/identification efficiencies); mass
resolution function choice; background shape; choice of resonance parameters.
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Results for X(6900):

Mass m: 6.884 + 0.0177
Width I': 0.178 + 0.054F
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= X(6900) signal significance: 8.9¢
= Fit results are consistent with individual fits of the y(2S) — 4 and y(2S) — 4p+2n channels.
= Existence of a previously-reported™ structure at 7.2 GeV i1s not supported in these data.

*(3 sigma) ATLAS, “Observation of an Excess of Dicharmonium Events in the Four-Muon Final State with the ATLAS Detector,” PRL 131 (2023) 151902, arXiv:2304.08962 [hep-ex];
(4.7 sigma) CMS, “New structures in the JAy J/y mass spectrum in proton-proton collisions at Vs = 13 TeV,” PRL 132 (2024) 111901, arXiv: 2306.07164 [hep-ex];

(signif. not reported) LHCb, “Observation of structure in the JAy-pair mass spectrum,” Sci. Bull. 65 (2020) 1983, arXiv:2006.16957 [hep-ex].
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Measurement of high mass tt#* £~ production and lepton flavor universality-inspired effective
field theory interpretations”

Message: Measurements of off-shell tté* £~ production give sensitivity to the effective tt* £~ coupling possibly involving a
BSM iteraction vertex. Here € is e or w. The signal: production of a top-antitop pair with a pair of same-flavor opposite-
sign leptons. Couplings of this type are poorly constrained by existing measurements. Events with high invariant mass

lepton pairs are particularly sensitive to such new couplings. This study also probes anomalous 4-fermion interactions to test
for lepton flavor universality violation.

The pictures: ' t
g g MODEL WITH
g t  EFFECTIVE
g £ VERTEX
9
STANDARD -
MODEL
+ o

The outcome: This regime of high invariant mass lepton pairs has not previously been reported by ATLAS. No significant
deviations from the Standard Model. New constraints on relevant effective field theory (EFT) operators are set.

*arXiv:2504.05919, submitted to Eur. Phys. J. C.
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The content:

= 140 fb! of pp collision data. Uncertainty on [ Ldt is 0.83%. Mean pile-up per crossing: 33.7.

= Focus on the Kigh dilepton invariant mass region: select events with 3 isolated leptons and additional jet activity.

Target for interpretation:

= Apply the SMEFT” formalism, with top flavor assumptions™*. Consider only dimension-6 operators: their effect is
parameterized as a function of their corresponding Wilson Coefficients assuming mass scale A =1 TeV characterizes BSM

dynamics.

= (Consider operators in 3 modes: flavor-inclusive (no distinction among lepton flavors), flavor-split (distinction made, with
additional operators per flavor), and flavor-relative (compare electron and muon cases — first time this is tested at the LHC).

Operator  Definition

Description

Ote (epyuer)(tyHt)

Oge (QyuQ)(Epyer)

O (Lpyuly)(tyHr)

0y (pyulr)(07*Q)

OEQI (Lpa'yulr)(Qa'yH Q)
Ollth (e, Ve (0F1)

O%th (E};O-uver)éjk(ékg—#vt)

R-handed leptons and R-handed quarks in the 76+~ vertex

R-handed leptons and L-handed quarks in the t7£*¢~ and bb£* €~ vertices

L-handed leptons and R-handed quarks in the r7£t£~ vertex

L-handed leptons and L-handed quarks in the t7£*£~ and bb£* £~ vertices, weak-singlet
L-handed leptons and L-handed quarks in the t7*£~ and bbt* £~ vertices, weak-triplet
Mixed L-/R-handed quarks and leptons in the t7¢+¢~, th{*{~ and bb{*(~ vertices, scalar

Mixed L-/R-handed quarks and leptons in the 1767 (=, th{v, tb{v and bbt*{~ vertices, tensor

*JHEP 04 (2021) 073, arXiv: 2012.11343 [hep-ph].
t JHEP 05 (2016) 052, arXiv: 1601.08193 [hep-ph].
f Nucl. Phys. B 980 (2022) 115849, arXiv: 2111.13711 [hep-ph]
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What to look for:

The signal process is pp — tt€*€~. The leptons are opposite sign (“OS”) but same flavor (“SF”). A t-quark decays as
t—Whb. The b-quark is observed as a “b-tagged jet.” The W decays as W—&. So there are 3 leptons £ and one b-jet in the

signal.
The dataset:

= le or lp triggers, pr > 26 GeV

= Reconstruct electrons from calorimeter + tracking

= Reconstruct muons from calorimeter + muon spectrometer

= Reconstruct jets using the anti-k, algorithm, with calorimeter + tracking
= Tag b-jets based on secondary vertex probability

= Compute missing energy

= Remove track overlaps

Analysis strategy:

= Signal Region SR: enriched in tt£* £~ at high mass m,.,..
= 13 Control (background) Regions CR: SM processes due to ttW and leptons in tt events that are not truly prompt
(called “fake leptons”). These produce the same final state as signal: 3 prompt final state leptons, or final states with

one non-prompt lepton misidentified as prompt.
27



Simulation needed:
= Model" the Standard Model signal and all backgrounds.
= Some data-driven corrections to backgrounds.
= Create template distributions of m , , , which has the maximum sensitivity to the 4-fermion EFT operators.
Signal selection:
= 3 leptons w/py cuts, at least 1 opposite-sign same-flavor (“OSSF”) lepton pair.
" MAasSossr pairs > 10 GeV to cut out low mass resonances
= 3 jets, at least 1 b-tagged
= To select high mass tt£*£~: require the lepton pair closest to m(Z) to have m oo > 101.2 MeV
= No leptons from conversion
= (ategorize events — 13 templates.
= Consider ee and pp signal regions separately: sensitive to flavor-specific EFT Wilson Coefficients.
= Binthem,, distribution. Effect of EFT operators grows with energy — scrutinize highest mass bin.
= Maximum-likelihood fits of the data to templates in signal and bkg categories in the SR and CR simultaneously.

= Systematics: Luminosity, pile-up simulation, jet energy scale, jet energy resolution, jet vertex tagging efficiency, choice of
MC generator, b-tag efficiency, electron (muon) recon, trigger, momentum scale, resolution; missing E; scale, resolution;
resummation and factorization scales, PDF, showering algorithm, underlying event model, higher order QCD corrections,
initial-state radiation, modeling choices, features of the non-prompt background model.

*  Simulation with GEANT4 or ATLFAST?2 (for rare processes). Pileup from PYTHIA 8.186, A3 tune. Signal generator: MadGraphS aMC @NLO 2.8.1, NNPDF3.0NLO pdfset. Top

decays through MadSpin to preserve spin correlations. Pythia 8.244 using A14 tune and NNPDF2.3LO for parton shower, hadronization. B- and c-decays through EvtGen 1.7.0. Sherpa
used for ttW. MadGraph5 aMC@NLO 2.6.0 used for ttH. MadGraph5 aMC@NLO 2.9.5 used for single top + Z/y*. MadGraphS aMC@NLO 2.2.2 for tWZ events. Background
tt modeled with Powheg Box , NNPDF3.0NLO, hgy, = 1.5 X my,.




Results:

= All measured cross sections are compatible with the SM.
= Upper limits for the high mass region ~ 20 ab.
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Results, continued:

= 95% CL limits placed on the Wilson Coefficients for BSM EFT in various combinations, using the bins form,, , > 550 GeV.

= These improve upon previous constraints” on these operators.

= The search for lepton flavor universality-violating EFT effects is limited by the Run 2 statistics. This analysis demonstrates
that cancellation of systematic uncertainties is possible, so increased statistics can improve the precision of the measurement.

ATLAS ‘ | " Other WCs fixed to 0 ]
Vs =13 TeV, 140 fbo! | =  68% Pseud. Cl ]
; | 9ot Peeud. 95% exclusion
cuf | limits on the , — — ‘
Cref ' ] NeW PhySiCS %‘;Aﬁi TeV, 140 fo-!  mmm ci=0.0(1)ther WCS:":;’ o ¢ =4n?
Coe| ; scale N\ for § ]
- different ct|—
o assumptions on Cteé
| 1 the value ofthe | cael
o | dimensionless cail
>0 >0 e ° Wi|s.olr}ucoefﬁcienzi'(/)/\2 [Tev-'f]'0 coup li ng. Cieot
Confidence levels on flavor-inclusive CRor
Wilson Coefficients (WC) for a fit to data L o o .
with only one WC constrained at a time. A 95% Pseud. CL exclusion [TeV]

“CMS Collaboration, JHEP 12 (2023) 068, arXiv:2307.15761 [hep-ex]. 30




Test of lepton flavor universality in W-boson decays into electrons and t leptons”

Message: The goal is the ratio R;/, = % :

Comparison of branching fractions for W — v and W — ev probe lepton flavor universality (LFU) in W-boson decays.
While LFU has been tested in various charged current interactions, tests in the decays of on-shell W-bosons have yielded

lower precision. This comparison opens a window onto possible New Physics processes different from what is probed in
decays of light particles.

The outcome: Theratio R/, = 0.975 + 0.012(stat.) £ 0.020(syst. ) is observed, consistent with Standard Model
assumptions of lepton flavor universality when correcting for phase space and radiative effects.

*JHEP 05 (2025) 038, arXiv:2412.11989
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The context:

For the related ratio R;/, = %,
u

= measurements™ at LEP deviated from the Standard Model by > 26
= more precise subsequent LHC measurements by ATLAS™ and CMS* agree with the Standard Model

. : _ B(W-ouv,)
For the related ratio R, /e = Bwoev.)
= ATLAS obtained’ 0.9995+0.0044 at a precision exceeding the world average.
_ B(W-1tvy)

= For the ratio of interest, R;/, = BWoev.)’
e

= the LEP result ™ deviates from the Standard Model by > 26
= the CMS measurement* agrees with the Standard Model.

= This is the first ATLAS measurement of R; /. that uses top quarks as the source of the W-boson. It also includes an
additional decay channel compared to those in the related ratios.

* ALEPH, DELPHI, L3, and OPAL, Phys. Rept. 532 (2013) 119, arXiv:1302.3415 [hep-ex].
“*ATLAS, Nature Phys. 17 (2021) 813, arXiv:2007.14040 [hep-ex].

I CMS, PRD 105 (2022) 072008, arXiv:2201.07861 [hep-ex].

t ATLAS, Eur. Phys. J. C 84 (2024) 993, arXiv:2403.02133 [hep-ex].
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The concept:
= 140.1 1.2 fb"! of pp collision data. Mean of 33 pile-up events per crossing.
= Events were extensively simulated:*

= Signal includes tt, Wt,and tt + X (X = W, Z, H).

= 2 backgrounds:

= Production of Z-bosons decaying to lepton pairs
= ““fake electrons”: processes in which the electrons do not come from decays of real W or Z.

Processes simulated with GEANT4 and ATLFAST. Pile-up overlaid with PYTHIA 8.186. The b and ¢ quark decays modeled via EvtGen.

The tt production modeled with POWHEG Box v2 (matrix elements at NLO in o). NNPDF3.0NLO PDF set. The hg,, = 1.5 m,,. PYTHIA 8.230 for parton shower and
hadronization.

Additional re-weighting applied to tt to match calculations at NNLO in ogand NLO in agyw — improved agreement between data and simulation. The tt sample normalized to the cross
section prediction at NNLO in a.

Wt modeled with POWHEG Box v2 and PYTHIA 8.230. Scales set to my,.

ttV modeled with MadGraph5_aMC which provides matrix elements at NLO in alphas with the NNPDF3.0NLO PDF set. PYTHIA 8.230 for parton shower and hadronization.

ttH modeled with POWHEG Box v2 and PYTHIA 8.230. Scales setto ymy(t) + my(£) + my(H).

V'V bkg modeled with SHERPA 2.2.1 or 2.2.2.

Most V+jets bkg modeled with SHERPA 2.2.11 or 2.2.14. 33




The goal: a pure sample of events with leptons originating at the primary vertex, all produced from W decays.

The strategy - “tag and probe”: One charged lepton (u or e) is the tag, the other (e only) is the probe — determines
whether the e i1s produced promptly (W — ev) or non-promptly (W — tv — evvv).

Selection - Distinguish cases based on probe pr (lowered by extra neutrinos) and distance of closest approach d, of
extrapolated e track to the beamline in the transverse plane (larger if intermediate T decay vertex involved).

Assemble the dataset:

= Select tt events in which W’s from both t-quarks decay to leptons.

= Reconstruct e by in calorimeter and Inner Detector.

= Reconstruct p in Muon Spectrometer and Inner Detector.

= Jet reconstruction with the anti-k, algorithm, R = 0.4

= Exclude leptons from the jets

= [dentify jets containing b-hadrons (“b-tagged™) using a deep neural network.

= Retain: events with 1 tag and 1 probe (with opposite charge) lepton, and 2 b-tagged jets.

= Exclude events related to Z-production: [m +,- — myz| < 5 GeV
= In events where 2 electrons both satisfy tag criteria, analyze twice — for both assignments.
" Define separate datasets: [li,o-€probe AND €455-€probe
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Backgrounds:

= non-resonant Z — e* e~ (irreducible, counted in a control sample)

= “fake” [non-prompt] electrons from (1) decay of b- or c-hadrons, and (2) photon conversions. Corrected through a
comparison of a data control and simulation.

= Prompt electrons from W and Z decays contaminating the control sample
Compare data to model:

= 2-d binned template profile likelihood fit to the pr (3 bins) and |dy| (8 bins) distributions. Separate for i,,-€,ope AND
€ag~Cprobe datasets, so 48 bins total.

= Negative log likelihood minimization involves R, [the objective], k;, [normalization scaling factor of tt and Wt in
the signal], k(u/e) [modeling differences between tag muon and tag electron selection] and 300 nuisance parameters
representing uncertainties.

Dominating uncertainties:

Modeling of the tt and Wt production, d, calibration, background estimate, electron reconstruction, identification, and
1solation.
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Example distributions in |d,| for different p; bins, one
each for the W, ,-€p00e AND €,5-€ 100 datasets, show
agreement in yield and differential shape.

Result: R; /. = 0.975 £ 0.012 (stat.) + 0.020 (syst.)
Numbers of events in simulation agree with data across channels
and p bins.

ue He He

7<pr<10GeV 10<pr<20GeV 20 < pr < 250 GeV
Prompt e(17) 1278 +28 13370 +150 178000 =+ 1000
e from T (i7) 1092 =32 4490 +100 11670 + 290
Prompt ¢(W1) % = 6 340 + 60 5300 = 900
e from 7 (Wt) 280+ 2.5 119 + 16 380 += 110
Prompt e (not from #f or Wt) 52+ 1.5 23 = 7 180 = 50
efromZ — thr~ 199+ 04 854+ 14 1329+ 22
Fake e 317 +22 380 + 33 840 + 60

ee ee ee
7<pr<10GeV 10<pr<20GeV 20 < pr <250 GeV

Prompt e(t7) 1238 +35 12210 +130 160300 +900

e from 7 (¢1) 1051 +30 4060 +100 10490 =+260
Prompt e(Wrt) 35 = 7 320 = 50 5000 +700
e from 7 (W1) 30 = 4 116 = 13 340 =100
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This ATLAS measurement is:

= (Consistent with the Standard Model
assumption of lepton flavor universality.

= Comparable in precision to the

measurement by CMS and consistent with ATLAS 1 CMS
" \lg =13 TeV, 140 fb Phys. Rev. D 105 (2022) 072008
' —s— | EP

Phys. Rept. 532 (2013) 119
= Comparable in precision to the LEP
combination while differing from it by 20. —_—

—o— PDG average
Phys. Rev. D 110 (2024) 030001

ATLAS - this result :

Statistical Uncert. ;
[ ] Systematic Uncert.
—e— [otal Uncertainty

®

0.9 0.95 1 1.05 1.1
B(W— tv)/B(W— ev)
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Precise test of lepton flavor universality in W-boson decays into muons and electrons

Message: The goal is the ratio R%e = %.

This ratio probes the universality of lepton couplings.

The context:

= Universality has been tested™ to the 0.1%-0.22% level in decays of 7, ©, and K.

= There have been mixed results on universality in the “b-hadron decay flavor anomalies,” most recently™ favoring the SM.
= Measurement’ of R%e by CMS in channel pp — tt - W + X at Vs = 13 TeV is precise to 0.9%

= Previous measurements by LHCbT" and ATLAST'T in channel pp —» W+X

= Previous measurements from LEP2% using ete™ » WW~

= PDG value#t is 1.002 £ 0.006.

= This ATLAS measurement uses W-bosons produced through top decay at \s = 13 TeV.

The outcome: R%e = 0.9995 £ 0.0022 (stat.) = 0.0036 (syst.) = 0.0014 (ext.), confirming Standard Model lepton universality in
W-boson decays at the 0.5% level.

“Eur. Phys. J. C 84 (2024) 993, arXiv:2403.02133

** Prog. Part. Nucl. Phys. 75 (2014) 41, arXiv:1310.7922 [hep-ph].
“*PRL 131 (2023) 051803, arXiv:2212.09152 [hep-ex].

TPRD 105 (2022) 072008, arXiv:2201.07861 [hep-ex].

T JHEP 10 (2016) 030, arXiv:1608.01484 [hep-ex].

Tt Eur. Phys. J. C 77 (2017) 367, arXiv:1612.03016 [hep-ex].
 Phys. Rept. 532 (2013) 119, arXiv:1302.3415. 38
% PDG, Rev. Part. Phys. PTEP 2022 (2022) 083CO01.




Strategy:
= Measure the tt production cross section in the ee, ey, and pp channels

= The limiting uncertainties: e and p identification.

=  We want: the ratio Rﬁ,/e = %.
Ruu/ee _ B(Z-uw)
u — e

= To reduce lepton identification uncertainty, simultaneously measure B(Zoee)’

/e
. u/e Ry, B(W—>uv) B(Z—-ee)
Then compute Ry, = ,—Rw/ee E(Woev) /B o)

=  Multiply this ATLAS R” /¢ by |RUH/ee using the precise LEP/SLD (“external”) value* (R," /ee 1.0009 £
ply y l

Z—externa Z external

0.028) to get RA/®.

= The square-root normalization ensures that numerator and denominator each include only one power of efficiency,
reducing the impact of uncertainties on efficiency.

*PDG, PTEP 2022 (2022) 083CO01; Phys. Rept. 427 (2006) 257, arXiv:0509008 [hep-ex]. 39




The dataset:

Selecting
= tt events where each t - Wh. Each W — #v, and each b produce a jet.
= Wtevents,t - Wb and both W — fv.

The signature is 2 leptons + at least one b-tagged jet.

140.1 £ 1.2 fb-! of pp collision data. Mean of 33 pile-up events per crossing.

trigger on 1 e or 1 p, with py thresholds.
Reconstruction:

= Primary vertex has highest Y p# of associated tracks.

= Reconstruct e by matching tracks in ID and calorimeter, cuts on py, pseudorapidity ||, isolation, promptness

= Reconstruct u by matching tracks in ID and muon spectrometer, cuts on with pr, |n|, 1solation, promptness

= Reconstruct jets using the anti-k; algorithm (R = 0.4) combining calorimeter and ID information; selections to remove
overlap energy from jets.

= b-tag jets
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Selection:

= 2 opposite-sign leptons, at least one matched to the trigger

= To collect tt (leading to ee, ey, or pp), require my, > 30 GeV and 1 or 2 b-tagged jets.
= To collect Z — €4, select only ee and pu with my,, in the range 66 — 116 GeV.

=  Apply weights to equalize electron and muon i1dentification efficiencies in n and pr.

Simulate events:*
Backgrounds to tt are: Wt, Z+jets, dibosons, and events with misidentified leptons.

Event selection

Analysis:
= Measure the tt cross section in each dilepton channel — fit # of events to predictions based on ep+1 or 2 b-tagged jets
assumed signal cross section, assumed bkg, and selection efficiencies. ee+1 b-tagged jet

: - : : o ee+2 b-tagged jets
=  Apply a maximum likelihood fit to observed event counts in all 6 signal, bkg, and normalization

channels. The channels are:

uu+1 b-tagged jet

A 4

uu+2 b-tagged jets

= 10 free parameters: 2 cross sections, 2 ratios, 3 b-tag efficiencies, 3 factors related to Z+jets bkg. Z — ee or uu

>kSarnples processed with GEANT or ATLFAST, pileup overlaid with PYTHIA 8, A3 tune. Small data-driven corrections to energy scales and tagging efficiencies.

tt produced with POWHEG-Box V2 using NNPDF3.0 NLO PDF. Shower, hadronization, underlying event modeled by PYTHIA 8.210, NNPDF2.3 LO PDF and A14 tune.
Alternative generator MadGraph5 aMC used to evaluate modeling uncertainties.

EvtGen used for b decays.

Background from Z+jets modeled with SHERPA2.2

Normalization samples of Z—leptons produced with POWHEG-v1/PYTHIA8/AZNLO tune/CT10 PDF.

Diboson production modeled using SHERPA 2.2.2. 41




Events / GeV

Data / Fit

Excellent fit of event count data to model, for
all 6 event counts: 2 examples shown here.
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This data excess at low my, in all same-sign
channels (always < 20) is attributed to top
quark pr mismodeling and is input to
systematic uncertainties.

Z%Iee Zeluu

Z-channel
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Fit results for the cross sections are:

ATLAS

o =8095+1.1+201+75+19pb LEP2 : =
fiducial _ 7747 + 0.1+ 1.8+ 6.4+ 0.7 pb e DWW, V5=163-207 GeV i
Tz-00 AL ROEDELEIP ATLAS e

pp—W, Vs=7 TeV, 4.6 fb” 5
Fit results for the branching ratios are: LHCb

op—W, V5=8 TeV, 2o :
RIS = 0.9990 + 0.0022 + 0.0036 CMS ) v
Ui/ ee pp—tt, Vs=13 TeV, 36 fb ;

R, = (0.9913 + 0.0002 + 0.0045

PDG average '—P'—'

ATLAS (this result) o
pp—it, Ys=13 TeV, 140 fb”

| | | | | | | | | i | | |
092 094 096 0098 1 1.02
B(W —pv)/B(W—sev)

Then:

u 17
RIC = RE . \/Ree = 0.9995 + 0.0022 (stat.) + 0.0036 (syst.) + 0.0014 (ext.),

Z—external =

confirming Standard Model lepton universality in W-boson decays at the 0.5% level.
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_ _ E ~ tt events i
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of W branching ratios. e i 1
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Phys. 17 (2021) 813; green and pink results E
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()
. S 095" =
= Bands show 1o measurement uncertainties. ~ - 68% confidence intervals | -
oC : i
i 55 Rat/p) |
= Good agreement between all measurements s L Rix/e) -
and the SM prediction. 0.9 HHE Rue) ]
| | | | | | l | | | | | | I | | | | | |
0.9 0.95 1 1.05 1%

R(z/w)=B(W—-tv)/B(W—-uv)
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Search for charged lepton flavor violating ptqt interactions in top quark production and decay*

Message: This is a search for charged lepton flavor violation (cLFV) in events involving top quarks.

The context:

cLFV appears in many Beyond-the-Standard-Model (BSM) theories, for example those that unify leptons and quarks; and
Supersymmetry.

Some deviations from SM predictions have been observed in comparisons of hadron decays involving 7 versus those with
other leptons - see R(D) and R(D").

Where the energy scale probed is significantly lower than the scale of new physics, effective field theory (EFT) can link the
regimes.

CMS compiled limits™ on top-quark two-quark-two-lepton “2Q2L” operators related to e and p, but limits on top-quark
202L contact interactions involving i and T have been unconstrained.

The outcome:

The measurement agrees with the Standard Model prediction within 1.6 .

A limit at 95% CL is set on the charged lepton flavor violating branching ratio B(t - utq) < 8.7 x 1077.

An EFT mterpretation yields 95% CL limits on Wilson coefficients.

Scalar leptoquark-induced charged lepton flavor violation is considered, and 95% CL limits are placed on the leptoquark
coupling strengths.

f Phys. Rev. D 110 (2024) 012014, arXiv:2403.06742.
farXiv: 2312.03199 [hep-ex].
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The question: How well do ATLAS data conform to a Lagrangian of the form
L= Lo+ Lo = Lsm+ ) =50y +
where c, is the Wilson Coefficient weighting the contribution of )t(he New Physics operator O, at scale A?
Search for —
1. single-top production via gq — t£#*¢'F (+charge conjugate) where qe {u,c} and £¢' € {ut, Tn}
Thent - Wb, W - uv

and T = hh'v

2. tt events where t — £1¢'T g (+charge conjugate) and the other 7 decays to a muon according to the SM. pt
b b

The primary signal separating new physics from

Hatched circles are the cLFV vertex. SM background here 1s the high-p; lepton.




Also search for events involving scalar leptoquarks “S,”

This 1s a first search for single scalar leptoquark
production with large inter-generational couplings
using the top quark.
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The strategy:
= 140 fb"! pp collision data

= Signal region SR: defined as cLFV single-top-production and top-pair production.
gq - téf and tt > (££'q)((W - £q)b)

The £ are {e, u, T} and the q are {u, c}. These are events with 2 same-sign muons, one hadronically
decaying tau, and at least one jet. One jet must be b-tagged. The same-sign requirement suppresses
background from Z — u*tpu~.

= Control region CR: rich in background, depleted in signal. Background events are: tt events with non-prompt
muons from heavy flavor decays, associated top production (ttX) where Xe{Z, W, H} with prompt leptons, diboson

(WW, ZZ, WZ) events with prompt leptons, and events with jets mis-id’ed as hadronically decaying t’s.

= Define H = scalar sum of (lepton + jet) pr
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Strategy, continued.:

= Generate Monte Carlo samples for single top production and top decay for each EFT coupling contributing to the
signal; use these samples to determine limits on each EFT operator separately.

= Generate inclusive MC samples with all couplings activated simultaneously; use these to determine an upper limit on
the inclusive branching ratio B(t = utq).

= Generate MC samples dedicated to various leptoquark models, refit data to these models to obtain limits on
leptoquark hypotheses.

= Apply a binned profile likelihood fit to the distribution of’ H in the data and simulation, with systematic
uncertainties modeled as nuisance parameters.

= Include Signal Region and Control Region ttu in the fit to simultaneously get normalization of the non-prompt muon
background.
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The dataset:

= ]-muon and 1-electron triggers
= One good primary vertex (PV), > 2 associated tracks with p; > 500 MeV

The simulation:

= Monte Carlo methods* are used to model signal and background.
= Leptoquark masses simulated in the range 0.5 — 2.5 TeV.

Reconstruction:

= | prompt lepton (e or u) and 1 b-tagged jet

= Hadronically decaying T — producing 1 or 3 tracks with total charge =1. Neural net suppresses quark/gluon jets.
= Remove overlapping tracks.

= Data-driven efficiency corrections for e, u, T selection, identification, reconstruction, rejection.

Systematics dominated by modeling of the tt + X and diboson processes.

*Hard-scatter signal with Pythia 8.186, NNPDF2.3LO PDF’s, A3 tune. Detector response with GEANT4 or ATLFast. B and charm decays modeled with EvtGen or SHERPA decay tables.
Signal containing EFT operators created with Feynrules 2.0 using the DIM6TOP model. Events generated at LO with MadGraph2.9.5; showering/hadronization with Pythia 8.306. All
quark masses except t are set to zero. Dynamic scales reflect each interaction. New physics scale Lambda = 1.

Alternative signals for scalar leptoquark production generated at LO in QCD with MadGraph2.9.5, Pythia 8.306, NNPDF3.0NLO PDF. Scales set to leptoquark mass.

Background ttbar and single top modeled with Powheg Box v2 @ NLO with NNPDF3.0NLO, hg,, set to m,, x 1.5. Shower/hadronization by Pythia8.230, A14 tune, NNPDF2.3LO.
Background ttZ uses MadGraph5 aMC@NLO2.8.1. Other backgrounds use SHERPA2.2.1. 50




Result: Observed signal and control (background) event yields agree with SM within 1.6 sigma.
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s Upper limits on Wilson coefficients
corresponding to 2Q2L EFT operators
that could induce a cLFV top decay in
the uz channel. These improve upon a
previous result based on a
reinterpretation™ of an ATLAS FCNC
tZq analysis ** by factors of 7 — 41.

"  These limits translate to a 95% CL upper
limit on B(t - utq) < 8.7 x 1077
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*M. Chala et al., JHEP 04 (2019) 014, arXiv: 1809.09624 [hep-ph].
*ATLAS Collaboration, JHEP 10 (2023) 001, arXiv: 2305.15962 [hep-ex].
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Summary- ATLAS presents recent results on:

: : : + + : :
Differential cross section measurement of D~ and D, meson production — some ATLAS firsts, and comparisons to theory
in a new kinematical regime.

Precision measurement of the BY meson lifetime using BY — | J}WK*° decays — most precise measurement of this lifetime
thus far.

Observation of structures in the J/y and w(2S) mass spectrum. Evidence for a tetraquark state is observed in a new decay
channel.

Measurement of high mass tt€* €~ production and lepton flavor universality-inspired effective field theory interpretations
- unique sensitivity to four-fermion effective field theory operators. These new limits set on EFT weak couplings
improve upon previous constraints.

lest of lepton flavor universality in W-boson decays into electrons and t leptons — Measurement is consistent with the SM
assumption of lepton flavor universality; reduces the uncertainty on the world-average result for R,..

Precise test of lepton flavor universality in W-boson decays into muons and electrons — Confirms lepton flavor univerality
to precision 0.5%.

Search for charged lepton flavor violating utqt interactions in top quark production and decay — Upper limits set on
Wilson Coefficients corresponding to 2Q2L EFT operators improve on a previous result. -
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