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Motivation for a |V.,| measurement in ATLAS
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e In this analysis, |V, | is extracted through the W — ¢b branching fraction”: v T —a
_ _ R IVl [107]
V.2 = BF(W™ — cb) _ BF(tt = bcb,b D) Physical Review D 113, 012008 (2026)
" T BF(W* = c¢g) BF(tf = bcg, b D) c
‘Vcb’/v/ _
* First measurement of |V,,| in on-shell W-boson decays < b
Vil W
* No B-hadron form factor uncertainty t > > b
t < < b
* Measurement complementary to previous |V, | determinations, but difficult Vil -
. . 1 > -
due to the small expected W — ¢b branching fraction: BE(W — ¢b) ~ 300 \\

Ny

2 T W~ — ¢b decays are also included



Overview of the analysis strategy

* The analysis targets W — ¢b decays in single lepton ¢f events

. ’Vcb‘ _

Event selection: < b
e Full Run 2 ATLAS dataset Vio| & W7

e Trigger on single electron or muon above 27 GeV' and with In| < 2.5 ! > > b

* Exactly 4 jets above 25 GeV and with || < 2.5 i < < b
* At least 1 b-tagged and 2 b- or c-tagged jets Vo] W -

* A neural network (NN) classifier 1s used to reduce backgrounds

N

e Cannot use central ATLAS c-jet calibration since it uses a fixed |V, |

—> c-Jet efficiency and mis-tag rates calibrated in-situ V|2 = BE(W — cb) _ BF(t — beb, bew)

BF(W — cqg) - BF(tt - bcqg,b¢v)

e |V, | extracted from the W — c¢b signal normalisation in a binned profile
likelihood fit

T for 2015 simulation and data a 25 GeV cut 1s used



Flavour tagging working point definitions

* Need to find jets that originate from b- or c-quarks

Jets tagged by DL1r algorithm: S [ ATLAS Smuaion :
s 0121 /5-13Tev —

* b-tagged jets: pass the 60% b-efficiency working point o 1ol ft events with 21 b-tagged jets -

c - B untagged i c-tagged : b-tagged o

* c-tagged jets: jets between the 60% — 85% b-efficiency = 2 osl ' ! — lightjets -
working points, good proxy for c-tagging 8 Tl i chts

.C_é 0.06 N E : ————— D,=0.665 _|
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* Analysis tagging categories defined by the number of b- 0'04: ; | -
and c-tagged jets: 0020 1'1'11_ i -
1b1lc, 2b0c, - i : -

1b2c, 2blc, 3b0c 0.00 L st gl

1b3c, 2b2c, 3blc D,

DL1r discriminant distribution for selected jets

* Tagging category 3blc is most sensitive to the signal (each jet class normalised)
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Simulated MC samples

ATLAS Simulation

Signal: V5 =13 TeV, Pre-fit
* If\yepi=1>, ON€ Whoson decays as W — ¢b while the other decays leptonically B v fej-ove [l Sngle top. [ Others
— thy,, - o+b thy,,-o+light [JI| W+jets
1b2c Low 1b2c Medium 1b2c High
Backgrounds:
o tyyepi=0o ONLY Vs Vs Voyr Vg and V,, are non-zero for this sample

e /1t events split by HF content: ¢ + light/c/b 200c Low 2b0c Medium 2b0c High

 Minor backgrounds: single top, V+jets, diboson and #f + H/V events, multi-jet @ @ @

2b2c Low 2b2c Medium 2b2c High
* 3blc dominated by tf events, especially ¢ + b @ @ @
3b1c Low 3b1c Medium 3b1c High

» Normalisations of #7, 1t + b, 1t + ¢ and tt ., — events are free-floating in the fit

| ¢C ¢



Neural network classiftier

Goals: o 0% — T T =
. . . — - — . ]
* Find events with all 4 jets from #f system, truth matchedto & | ATLAS ¢ pam EiSingle top -
LL] I Vs =13 TeV, 140 fb -l‘l‘|vcb|=1 -W+jets |
partons (Complete) > Pre-fit, 3b1c ty,|-0+b Others
* Reject backgrounds (typically not complete) "B 4 NN score boundaries fivi-o+c 7/ Uncertainty -
r . thy, =0+ light =77 ty, -1 -
. w1 T e e :
Binary task neural network: (02 2 _
* F'inds complete events c :
o Effectively separates complete ¢f events from #+HF and i N e W
other backgrounds G =
e Events split into Low/Medium/High NN score (used for fit) : ' _____ T ]
* Inputs used: F l l
st 'O 1 50: : +: : | : : .
1 djét pr AR(L,1:7) @ 1_25:_ | b oL
2% jet pr AR(thad lep) - % 7,
4th Jet DT AR(tﬁad ﬁad CDU 0_75 L()W Me(i ngh é
Neural network inputs: Lepton pr AR(W!ae., had 00 08 10
Lepton E AR(t, f) NN output
MET t'°P mass . : : : : :
AR(L,v) whad oo Pre-fit NN distribution in the region

thad mags with 3 b-tagged and 1 c-tagged jet

tt mass



Post-fit yields - all fit regions
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Results

Measured |V, | value: |Vl = <5

O+11
—14

) X 1073 = <50J_rg (stat.) —+90 (syst.)) X 1073

E B ATL Aé  Observed 1 Uncertainty Up/Down [1077]
: ' J [ ovs- S - . -
e Uncertainty in |V, | balanced — o sf Yo% Fpected - Modelling of 7 8/9
between stat and svst i < PS and hadronisation 5/6
. : . yStU. . oo o 4 <> Others 5/6
uncertainty, most impacttul e S A %1 Jet flavour tagging calibration 2.9/3.1
syst. uncertainty 1s #f modelling N | < Light-jet 2.5/2.8
— T < bejet 1.2/1.3
. - 1 Simulation statistical uncertainty 2.6/2.7
* Measurement agrees well with 21— —|  Jet calibration 2.4
results from B-hadron decays - 1  Modelling of non-tf processes 1.6
T R RUURRRPRT AU USRS S S | 3 = Others 0.8
- \ |
\
: : i 7]  Systematic uncertainty 9/10
. Background normahsatmps and o M. . 3 Statitical uncertainty 7/9
Charm taggmg rates consistent Valr10 _Total incerainty 1114
with previous ATLAS b
measurements Negative log likelihood scan of |V, |,

Uncertainty breakdown in |V, |
both expected and observed
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Summary and outlook

* First first measurement of |V_,| in #f events:

V| = (sojjl) « 1073 = (50j7 (stat.) ** (syst.)) % 1073,

compatible with the current world average of | V. =(41.1+1.2)x 1073

blworld avg.

* The systematic and statistical uncertainty are of similar size, with #f modelling being the main
contribution to the systematic uncertainty

* This i1s the first measurement involving on-shell W bosons and 1s probing the weak scale, but the
|V, | uncertainty is not yet competitive with B-factory results

* Several things to look forward to: Run 3 data, improved flavour tagging (dedicated charm tagging),
1improved ¢f reconstruction and modelling, etc.



Backup slides
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Ranking of the largest systematic uncertainties

Al
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ATLAS B 0\} 0 Oy,
Vs =13TeV,140fb™" [ ol pod,

|Veb| uncertainty ranking oy Nuis. Param. Pull

PS & hadronisation (dilepton tfjy,, -0 +b) [—

PS & hadronisation (single lepton ti‘“/c

=0+C) [ : —]

PS & hadronisation (single lepton tfy, -0 +b) [— : —

Light-jet mistag efficiency (EVO) — : o —

MC statistical uncertainty (3b1c, High) (— | —

 Ranking of the impact in the |V | uncertainty for the ME-PS mating (dlepion o) | -
systematic uncertainties, using the covariance SR (diepton o) |- .
methOd FSR (single lepton fty,,|-0, NN) — = -

Colour reconnection (single lepton tjy,, -0, TC) [— —

PS & hadronisation
(single lepton tfyy,,| - o+light, NN, Low)
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Jet energy resolution (EV6) — — —
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(6 64)/ 76
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NN architecture

] Batch Normalisation
[ ] Convolutional Layer
[ ] Fully Connected Layer @
| | Flatten and Concatenate

(OutputN

(1)
l .
! Input \ rOutputN
(12, 9) (12)

. J . J

(InputN

(9)
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Closure

Closure

Charm-tagging closure plots (all within statistical uncertainty)
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Closure

Closure
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Pie charts over pre-fit yield 1in all analysis regions

ATLAS Simulation B i, - thv,-o+c [ Single top Others
v's =13 TeV, Pre-fit ty,,|-o0+b ty,,|-o+light - W-+jets
1b1c Low 1b1c Medium 1b1c High 1b2c Low 1b2c Medium 1b2c High
1b3c Low 1b3c Medium 1b3c High 2b0c Low 2b0c Medium 2b0c High
2b1c Low 2b1c Medium 2b1c High 2b2c Low 2b2c Medium 2b2c High

3b0c Low 3b0c Medium 3b0c High 3bic Low 3b1c Medium 3b1c High

ISR A 4 §
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In-situ charm jet calibration

 Charm jet efficiency €. and ¢ — b mis-tag rate f., calibrated in two steps (e. = f.)
X 7 JXX
 First, in MC, best fit tagging parameters found by minimising y*:

Uses central calibration
8 [ N.— N -p(T) ’ e Jie Jw ‘7
2= (- ! T=1\f, Calibrated in-situ

— € Jeb | T
. AN-
J=1 / fbl fbc /

Ep

Rows sum to 1 = 6 free parameters

N;: Number of events 1n tagging category j, AN, 1s the uncertainty

N: Total number of events

p{(T): Probability of an event ending up in region j given 7 and the true jet tlavours of the event

* Kinematic efficiency dependence = efficiency fit separately in the Low, Medium and High NN regions

* Best fit parameters fixed, except for €. and f_,, which are free floating in the fit to data
15



Results and uncertainty breakdown

o The best-fit value 1s |V, | = (5()+11

—14

) x 107 = (507 (stat.) * (syst.))

* Uncertainty in |V, | balanced between stat. and syst. uncertainty, most
1impactful syst. uncertainty 1s ¢#f modelling

° 1t

HF normalisations larger than predicted in MC, but

agree with previous ATLAS measurements
(Phys. Lett. B 860 (2025) 139177)

Uncertainty Up/Down [1073]
Modelling of t¢ 8/9
< PS and hadronisation 5/6
<> Others 5/6
Jet flavour tagging calibration 2.9/3.1
— Light-jet 2.5/2.8
<> b-jet 1.2/1.3
Simulation statistics 2.6/2.7
Jet calibration 2.4
Modelling of non-#f processes 1.6
Others 0.8
Systematic uncertainty 9/10
Statistical uncertainty 7/9
Total uncertainty 11/14

Uncertainty breakdown in |V, |

Parameter Value Parameter Value
K1y, 1.19%931 Low Med High
* Charm tagging rates consistent between NN bins, agree i 0.99 +0.03 €c 0.35+0.02 0.34+0.02 0.33*7
. . . _ 0.64 -3
with central ATLAS calibrations Hiisc 1.6079-64 | £, (1073)  25+6 26 + 3 26 + 2
Uti+b 1.45%9-34

(Eur. Phys. J. C 82 (2022) 95)

16 Post-fit values of all free parameters of the fit



Negative log likelihood scan
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Charm jet efficiency and mistag rate scale factors
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