Lepton Flavor Universality test
using B — D*Tv decays at LHCb

Thesis defense

Gaya BENANE
Directed by: Olivier LEROY

Aix Marseille Univ, CNRS/IN2P3, CPPM, Marseille, France

29th October, 2024

rLHCD

Aix Marseille Université



1. Introduction

2. R(D*) Measurement using hadronic 7 decays
3. Selection

4. Results

5. Conclusions




Introduction



1. Introduction
Standard Model
Lepton Flavor Universality
LHCb Experiment

R(D*) Measurement using hadronic 7 decays
Selection
Results

Conclusions



Standard Model - Overview

Standard Model of Particle Physics (SM)
Theory that describes three of the four known
fundamental interactions among elementary
particles.

mass
charge
spin

o Successful Predictions: The existence of
the Wand Zbosons, Higgs boson, and the
top quark before their observational
confirmation.

QUARKS

e Precision Tests: Confirmed through
numerous experiments and precision
measurements, making it one of the most
tested theories in physics.
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Open Questions

Hierarchy Problem: Disparity between
electroweak and Planck scales.

Strong CP Problem: Lack of CP violation
in strong interactions.

Fermion Mass Hierarchy: Unclear pattern
variation in quark and lepton masses.
Baryon Asymmetry: Matter-antimatter
asymmetry.

Dark Matter & Energy: Unaccounted 95%
of the universe’s energy density.

Gravity: Need for a theory of quantum
gravity.

Neutrino Physics: Neutrino masses and os-
cillations.

Two strategies to look for new physics
e Direct searches
» Look for new particles or interactions
at high-energy colliders.
o Indirect searches

+ Look for deviations from the SM in
precision measurements.

« Measurements of branching fractions
(Br) and lifetimes.
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Lepton Flavor Universality

Lepton Flavor Universality (LFU) All leptons should interact through the electroweak interaction
with equal strength, independent of their flavor (i.e., electron, muon, tau). J

LFU can be tested via various processes, such as:
e B-Meson Decays
« R(D) and R(D*): Ratios of Br B — D™*)7v versus B — D)(v (£ = e, ).
« R(K) and R(K*): Ratios of Br B — K(*) i ;1= versus B — K(*)ete™.
e Tau Lepton Decays
« Decay Rates Comparison: 7 — puvv versus 7 — evv.
e Zand W-Boson Decays
+

« Equal Branching Fractions: Z— ete™, utpu=, 7777; W— ev, pv, Tv.



LFU - Charged Currents

To test the LFU, we measure the ratio of branching
fractions Br in semileptonic decays:

BO
e Reduces theoretical uncertainties f] ~ e
e New physics may be more sensitive to the third generation d

Charged current b — clvy:

Br(X, — X. 7" v;)

Br(X, — XJ€" vy)

where: X, = B®, B B, Ay, ... Xe= D), Jip Dy, A, ... and £ = p, e

(o)
Main contribution: Tree-level digaram

R(X,) =



R(D)-R(D*) Results
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Possible Explanations for LFU Violation

SM Charged Higgs Leptoquark

pt/rt pt/rt ey

Three typical candidates to account for the R(D) and R(D*) anomalies:
e Heavy vector bosons, e.g8. W (e o7 (ors) 142 150501705
e Two-Higgs-doublet models H (st 116 om0

e Leptoquarks (LQ) (pri 11601501, pro 01, 11502
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e LHCb is one of the experiments based at
the Large Hadron Collider (LHC) at CERN,
Geneva.

o Initially designed to perform precision
measurements in the beauty quark sector

e |t physics program has been extended:

The LHCb Experiment at the LHC

Charm physics

Hadron spectroscopy

Top quark physics

Heavy ions

Electro-weak and Higgs physics

10



The LHCb Detector

A single-arm forward spectrometer.

Pseudorapidity range 2 < 1 < 5.
Side View HCAL
SPOIFS T s M

Magnet RICH2 M1 M2

Excellent vertex resolution

« xy-plane: 10 — 40 pm
« z-axis: 50 — 300 um
« Vertex reconstruction of B and

T+

Particle identification efficiencies:
o ~97% for u, e
i « ~ 3% m misidentification
« Good separation between 7, K, p

11



Run 2 of LHCb

Number of bb
Period (fb D) (TeV) events x 10!
Run 1: 2011-2012 | 3.2 | 7—38 | 2.5
Run 2: 2015-2016 2.0 13 2.9
Run 2: 2017-2018 3.9 13 5.7

W.r.t Run 1, Run 2 has:

o Higher luminosity £ and energy at the
center of mass /5.

« Higher bb cross-section.

e 15% higher trigger efficiency.

Integrated Recorded Luminosity (fo™)

20 —
E —2024(13.6 TeV): 9.56 fb™"
18 [~ —2023(13.6 TeV): 0.37 fo”!
= 2022 (13.6 TeV): 0.82 fb™
16 - —2018(13TeV):2.191b”'
£ —2017 (13 TeV): 1.71 fo”!
14 —2016 (13 TeV): 1.67 fo”!
= 2015 (13 TeV): 0.33 fo™'
1o~ —2012(8TeV):2.08 b’
£ —2011(7 TeV): 1.1 fb™!
10 2010 (7 TeV): 0.04 fb™' LS2 -
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Hadronic 77 decay

e 71 decay position
(suppress dominant backgrounds)

7t = /le/,LDT

e Direct measurement of R(D")

High purity sample

High statistics Specific dynamics of 77 — 3750,

Backgrounds from D' must be controlled well

R(D") requires external inputs

Sensitive to D™ u " v, isti
\ H Yy Lower statistics




Overview of semileptonic LFU tests in LHCb

o - 7~ decays: 7t — ptu,u,

. R(D*> (Run 1) [PRL 115, 111803 (2015)]
R(j/w) (Run 1) PRL 120, 121801 (2018)]
(D ) (DO) (Run 1) PRL 131, 111802 (2023)]
(D+) (D*Jr) (partial Run 2) [arxiv:2406.03387]
e Hadronic 7" decays: 7 — a7t (7%,
. R(D*> (Run 1 and partial Run 2) [ PRL 115, 111803 (2015), PRD 108, 012018 (2023)]
. R(AC) (Run 1) [PRL 128, 191803 (2022)]
. R(D**) (Run 1 and Run 2) [LHCb-PAPER-2024-037]

This thesis: R(D*) with hadronic 7" decays using the full Run 2 datasets |

Aim: Enhance the precision of the R(D*) measurement using a larger dataset.
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R(D*) Measurement using
hadronic 7 decays
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) - from a 3D binned Maximum Likelihood (ML) template fit.

« No narrow peaks in the signal region to fit to.
« ¢ = (ps — pp-)?, 77 lifetime, and the output of a BDT classifier




External branching fractions
’C(D*) g

€norm 1

€sig B(rt — 3r%0,) + B(rt — 3n+n00,)

oy - B

) - from a 3D binned Maximum Likelihood (ML) template fit.

« No narrow peaks in the signal region to fit to.
« ¢ = (ps — pp-)?, 77 lifetime, and the output of a BDT classifier

. - from an unbinned ML fit to m(D*37%).




Methodology

(%) B(B® = D* " 7Tv,) B(B® = D* 7T v,) B(B® — D* ntr—aT)
R(D*) = = X
B(B° - D* utw,) B(B® —» D*~ntr—at) B(B° — D" putw,)
’C(D*) External branching fractions
K(D*) = NSig €norm 1

X X
Niorm Esig B(rt — SWiﬁT) +B(rt — 37T:t71'017,,-)

sig from a 3D binned Maximum Likelihood (ML) template fit.

« No narrow peaks in the signal region to fit to.
« ¢* = (pg — pp+)?, 77 lifetime, and the output of a BDT classifier

horm from an unbinned ML fit to m(D*37%).

Efficiences €gig and Eporm extracted from simulation samples.
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Signal & Normalization mode

Signal mode
B® — D*~7tu, where 77 — 37t (790,

il
y Vr
Dl]

Partially reconstructed decay

+ Due to missing neutrinos

Normalization mode
BY — D*~3n*

e Fully reconstructed decay

Identical visible final states in both modes = systematic uncertainties cancel out

16



Signal Decay Kinematics

o In the signal mode, there are 2 (missing) neutrinos in the final state.
— Approximations are needed for 7 and B reconstruction.

Signal reconstruction is based on:
e The well-measured B and 77 vertices allow for the reconstruction of flight directions.

e Momentum and Energy conservation

K
™
™
D v,
, v

5 D* ,

Uno p o
| & .
PV B ™
b

4 T -

P P

= Estimate of B® and 77 momentum.
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Backgrounds

The background sources for the signal mode are:

e Prompt background
« B— D" 31X
« The largest background contribution

e Double charm decays
« B— D""DX
« The second largest contribution

e Other backgrounds:

« Feed-down from excited D* states B— D**tv
« Combinatorial backgrounds

18



Prompt background B — D"~ 37t X
« 37* directly from B meson

+ ~ 100x signal decays

Strategy: Apply cut on the 77 flight distance




Backgrounds

e Double-charm decays B — D*~ DX

« D=Df,D,D°

« Signal like topology with a detached

vertex due to non-negligible lifetime
« B— D*~ D} X ~ 10x signal decays
« B— D*~ D" X ~ 1x signal decays
« B— D*~D°X ~ 0.2x signal decays

e Strategy: Use BDT output (trained to

distinguish signal from double charm

background) as a:

« Cut variable.

« Variable in the signal extraction fit.

x K 7 "B_.D*D(X) ‘

DO
-
X, DD .
PV T

o d
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Collision Data & Simulation Samples

5.8fb~! of LHCb Run 2 (2015-2018) pp
collisions
Center of mass energy /s = 13 TeV.

Two signal modes : 77 — 37%7, and
o 3rtq07,
Normalization B° — D*~3x*

Various exclusive/inclusive background samples:

- Inclusive MC sample bb— D*~ 37t X
(dominant background)
- Cocktail MC sample B® — D*~ DYt X

Deca Generated
Y Events [M]
B — D*~rtu, 455.0
B® — D*~3r* 651.0
B — D**7tu, 298.0
BY— D*~Df X 251.0
BT — D*~Df X 302.0
B’ — D*~Df X 972.0
bb— D*~ 37X 18132.0
bb— D*~ D%t} x 822.0
Total 21884.0

21



Collision Data & Simulation Samples

e Simulation samples play an important role:
« Selection optimization (MVA trainings)
« Efficiency calculation
« Templates building for the signal extraction fit
e The limited size of the simulation sample was the
dominant systematic uncertainty in Run 1
analysis.

— To address this, over 21 billion events were
generated (using the fast simulation (ReDecay)
technique).

Deca Generated
Y Events [M]
B— D 1Fuy, 455.0
B — D*~3x* 651.0
B°— D**rtu. 298.0
BY— D*~Df X 251.0
BT — D*~Df X 302.0
B’ — D*~Df X 972.0
bb— D*~ 37t X 18132.0

bb— D*~ D0+}x 822.0

Total 21884.0

21



Corrections to Simulation

To ensure that the simulation accurately represents the

properties of the real data, corrections are applied on: \

2018 B->D*3pi Sim0%
T

0.035
0.03

~+ Data
-+wmc
— Fit func

Form-Factors of the simulated B — D*~ 7% v,

decays. E e
0.025F
The kinematic properties of B candidates. 002}
number of Tracks and SPD detector hit counts 0.015F
The D* and D longitudinal polarizations. o.01E
The uncertainty on the z-component of the 37+ 0005
vertex position. % 100 200 300 400

nSPDHits

e Other corrections are applied to the background simulation samples (discussed later)
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Selection

e Online selection

o Offline selection

« MultiVariate Analysis (MVA) training using Boosted Decision Trees (BDTs):

- Anti-combinatorial background BDT
- Charged isolation BDT

- 37F vertex detachment BDT

- Anti-D} BDT (used in signal fit)

« Remaining cuts:

- Mode specific : Control sample, signal and normalization modes

23
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Preselection

e The signal candidates are built based on the 6

final-state charged tracks:
o 37t from 7+

« Kt and 7= from D° and slow 7~ from D*~.

e Common selection criteria:

« Track and vertex quality
« PID requirements
» Mass constraints

« 37 vertex detachment / uncertainty (Az)

]
® -

L K* T 0 +
B"— D" t'v,
V‘[
D°
D" _
Yo VT
B T
¥
detached JT
s
P +

Az(1T, B%) = [vtx,(7T) — vtx,(B%)]/error
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Preselection

o The signal candidates are built based on the 6
final-state charged tracks:

« 37% from 7t

« Kt and 7~ from D° and slow 7~ from D*~

e Common selection criteria:

« Track and vertex quality

+ PID requirements

« Mass constraints

« 3m vertex detachment / uncertainty (Az)

‘D Signal . Double charm . Prompt

LHCb
Simulation

5

i
QU

Candidates/ (0.28 6)
&

10?
10
1
0 1
Az

Az(1T, B%) = [vix,(7T) — vitx,(B%)]/error
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Anti-Combinatorial Background BDT

Remove D*~ and 37T from different
hadrons

« Signal: B — D*~7Tv,. MC
. Background: wrong-sign Data (D*~ and 37 F)

« D*~ and 77 kinematic variables (pr and 7)

« Direction angle of BY, D*~ and 7+ momentum
w.r.t their origin-end vertex line (Opira)

« Radial distance between the 7 decay vertex and
the PV

end

[ Beckground (Train)

Background (Test)

[] siondl (Train)

Signdl (Test)

LHCb Simulation

unl

BDT response

25



Charged Isolation BDT

e Objective: remove partially reconstructed decays
with additional charged tracks.
e Training samples: bb —D*~ 31% MC
« Signal: without extra tracks
« Background: with extra tracks
e Input variables:
« Track-based: one per each final states charged
track
+ Vertex-based: number of charged tracks
forming ‘good’ vertex with the 7+ and B°

x K (B .DDKK)
- DO~ KT IT(X)

—
+
PV ].Z
7
P . P a
D Background (Train) D Signal (Train)
Background (Test) Signal (Test)
45
4 ) LHCb Simulation
35 ﬁr L‘T
3
25
2
15 H ,_J_J
1 el
05 ! T .
o ——
o I N A RN B B
-0.3 -0.2 -0.1 0 0.1 0.2 03
BDT response
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31+ Vertex Detachment BDT

e Objective: remove the ‘prompt’ background

e Training samples:

. Signal: B — D*~7tv,. MC sample

« Background: bb— D*~37* MC (37T don’t

come from the 7+ or any D-meson)

e Input variables:

- Distance between vertices:
_ 7—+, BO
_ DO, T+

« Direction angle Opra of 77

« Origin- and end-vertex quality of the 7

———. Vr
BT
E— .
PV detached ]_[
‘3
P . P T

D Background (Train) D Signal (Train)

Background (Test) Signal (Test)

LHCb Simulation
2k

e J

i
OSé 171 IJ
°F ,r"'#'_“”}g S
Elon L P DN Wit arsewrs st
08

- P I A
0508 06 04 02 0 02 04 08
BDT response
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Anti-B"— D~ D} X BDT

e Objective: reduce double-charm background K K BLDD
g T B = D'y T T (X)
B — D*~ D} X where D — 37X i/ [: l/

e Training samples:

. Signal: B — D*~7tv,. MC
« Background: B’ — D*~Df X MC = M'\ X, D/D/D'\f

e Input variables:
D Background (Train) D Signal (Train)

« Partial reconstruction variables

(signal/double-charm background hypothesis) = e ==
« Neutral and charged isolation in 37+ 37 LHCb Simulation
« Pion dynamics: min[m(7 7 7)], max[m(7 7)), asf- T

m(rtat) oL JJJf 1
« PV-BO radial distance LsE ]T

N

" This BDT is one of three variables used in the signal fit

| b 1

- ol
0 0.2 0.4

BDT response
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Remaining Cuts

e Apply similar cuts wherever possible (reduce systematics related to tracking)
« Tighter mass constraints: m(D°) and Am = m(D*~) — m(D°)
« PID on the pions

« Combinatorial and isolation BDTs

e Signal mode specific cuts:

« 71 and BY mass constraint
2 2

« g = (pso — pp--)

« Azcut between 71 and B°

« Detachment and anti-D;” BDTs

29



Remaining Cuts

e Apply similar cuts wherever possible (reduce systematics related to tracking)
« Tighter mass constraints: m(D°) and Am = m(D*~) — m(D°)
« PID on the pions

« Combinatorial and isolation BDTs

e | Normalization mode specific cuts:

- Select m(D*~37%) peak around the B mass

« Detachment BDT not applied (prompt decay required)

Anti-D BDT skipped (no intermediate resonances in 37%)

¢° skipped (no leptons)

Az cut between 71 and D (ensures the 37T system originates directly from B°).

29
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Efficiency Calculation

The first input to obtain K(D*~):

K(D*) = Nsig y €norm y _ 1 ]
Nnorm €Sig B(T+ — 37TiV7-) + B(T+ — 37Ti7TOV7—)

e Efficiencies are estimated using simulated samples.
e They are calculated at every stage of the selection process.

e Two signal modes (77 — 377, and 77 — 3777, ) efficiencies are combined using their Br.

Efficiencies for the signal and normalization modes:

Efficiency Value

€norm 3.466 + 0.019 x 10~*
Esig 1.190 £ 0.005 x 104
Enorm/Esig 2.952 4+ 0.020

30
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The Need for Control Samples

The signal yield N is extracted using templates primarily derived from simulation

— Important to apply data-driven corrections to the simulation

e D! Decay Model:

« Some of the D} — 37 X branching fractions are not well known and/or correctly
simulated.

e B »D*~ D} XSpectrum:
« Relative contributions of B —D*~ D} X components are obtained from a fit to the
relevant control sample.

e B =D* Dt Xand B® —D*~D° X Control Samples

31



D} Decay Model - Strategy

e Data sample selected with anti-D}” BDT < —0.2.
e Simultaneous fit to: max[m(7+7~)], min[m(7*77)], m(z+t7) and m(37%)

e PDF constructed as a sum of PDFs for different D7 — 37 decays

« At least one pion originates directly from an intermediate resonant state :

- 7 from n: Df — nrt(70)

- 7w fromn': DY — /7t (70)

- 7 from w or ¢: DY — wr ™ (7%) or D} — ¢ (70).
« All pions originate directly from the initial state :

- 93w, nay, 0’37, ' a1, w3, way,P3w, par, K3w, Kay
« D} — 7v and non-resonant 3w

32



D Decay Model - Fit Results

e Use cocktail MC to build templates

+ Data —— Total
[ Other Dymodes [ Ds- XIv

[ D;-nre(rf) [ Ds—n'1e(r0)

2wl B LHCb 2
; Unofficial § o

il 1 %

g { £
3 ] Fm
] ]
_ T T s
P o —————— 3 -
L, L, .

400 600 800
min meTr) (MeV/c?)

Nﬁ [ LHCb %
5 woof Unofficid § 1000

i i

g g
3w 5w
0 0
B T T s
2] 2

500 1000
mreTe) (Mev/c?)

I Non-D background
3 Ds—{w @} (i)

LHCb
Unofficial

T

500 1000
max m(reTe) (Mev/c?)

[ LHCb
- Unofficial

m(3re) (Mev/c?)

. Template Fraction Correction Factor
Index i
Ti fi wi
1 n3nt 0.007 £0.0 0.82 4 0.059
2 7' 3r* 0.007 £ 0.0 0.82 4 0.059
3 w3n® 0.011 £ 0.001 0.82 4 0.059
4 ¢3n* 0.024 £ 0.002 0.82 4 0.059
5 KO3m® 0.006 £ 0.0 0.82 £ 0.059
6 D} — rtv;  0.01340.001 0.82 4 0.059
7 NR 37% 0.101 £0.014 2.24 £0.315
8 aimn 0.026 £ 0.002 0.82 4+ 0.059
9 arn’ 0.004 £ 0.0 0.82 4 0.059
10 ajw 0.008 £ 0.001 0.82 4 0.059
1 ay¢ 0.017 £0.001 0.82 4 0.059
12 a K° 0.003 £0.0 0.82 £0.059
13 S 0.026 £ 0.002 0.82 4 0.059
14 wpTorgp™  0.239 £0.015 0.99 + 0.061
15 wrtor¢rt  0.022£0.01 0.65 4 0.305
16 npt 0.145 £ 0.008 0.67 4 0.036
17 nrt 0.026 £ 0.007 1.28 £0.355
18 n'pt 0.232 £ 0.009 1.49 4 0.059
19 n'rt 0.084 £ 0.006 0.82 £0.059

Some correction factors are the same because

their relative fractions are fixed.
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D Decay Model - Fit Projections

Projections of fitting variables for the signal fit:

¢ Data —— Totad I Non-Dg background
(] Other Dymodes [ D5~ XIv 3 Ds—{wp}re (1)
@ D (1) @3 Ds-n'mr (1)
<« T T g 300 T T T & T T
3 LHCb 3 LHb g § LHCD
§ 1000 Unofficial e Preliminary g Unofficial
7 § i A - ]
: 5 1 . - 3
§ = ] ool - oo | ]
0 0 " .
E é . Il Il Il E N Il Il
“5 05 T 15 o 0z o1 0

o2 (Gev?)
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B — D*~ D! X Control - Strategy

e B — D*~ D} Xbranching fractions not all well known and/or correctly simulated
e Constrain fractions using fit to B — D*~ D} X data with D/ fully reconstructed
« m(37%) € m(D}) + 20 MeV

e Fit to m(D*~37%) — m(D°) — m(37%)

« PDF constructed as a sum of PDFs for different B — D*~ Df X decays:
- B — D*~ D}
- B —» D*~ D
- B — DDt
- BOH) - p=(O0H)ptx
- B — D~ DYt
- B — D* D} X

« Combinatorial background
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Candidates/ (5 MeV/c?)

Pull

B — D*~ D! X Control - Fit Results

Dgﬂta S Tgtal Em E°-D D,
B'-D Dy(2317) [@EB°-D, D) [ B°-D D(2460)"
B-D'DIX B B2-D DX [ Combinatorid Parameter Value
il ' ] Np, 8674 + 96
I LHCD i Nokg 76 + 26
400 [~ Unofficial —
SfB.—D*D.X 0.067 +0.017
forp.x 0.188 +0.034
Soi+ 0.438 +-0.033
s1
I, 0.556 + 0.016
fD*OJr 0.050 £ 0.021

ST - - - - - —
Lllll lnlll PIRPR P T )

O e mprfitr et e Ay Ut F" il
I i i il .

500 1000 1500
m(D*" 37%) — m(K"7r)_, ~ m(37) (MeV/c)

Fractions of each component determined
and used as | constraints in the signal
extraction fit

36



Candidates/ (0.14 GeV?)

Pull

B — D*~ D! X Control - Fit Projections

¢ Daa |
@ B°-.D D(2317)"
@ B-D DX

— Total
@m B°-D,_D;
[ B-D DX

@EmE’-D D,
[ B°- D "D(2460)"
[ Combinatorial

2 F . . 9 . .
LHCb s [ LHCh g LHCh
Unofficial s Unofficial 7 10 Unofficial
g a0 [ 3
§ o
200 N
.k
_ 5F T T T _
o] — — 2
“o 055 ‘1 1{5

@ (Gev?)

Good agreement between model and data for the signal fit variables
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e Data control samples for B — D*~ (D", D°) X decays compared with simulation

e ¢ distribution in simulation is corrected for the observed differences

¢ Data []Sim. (non-weighted) Sim. (weighted) ¢ Data []Sim. (non-weighted) Sim. (weighted)

[} )

006 — 006 [~
-§ = LHCb _§ L LHCb
E Unofficial S Unofficial
s s
2 om 2
< ¥ X oot

0.02 0.02

& o wo

5 10 - 5 10
B— D*~Dtx ¢l B— D*~DOX 1o
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Signal Fit - PDF

The signal yield is determined from a 3D maximum likelihood binned fit to ¢° (8
bins), decay time of the 7"-candidate ¢, (8 bins), and the anti-D} BDT (6 bins).

The total probability density function is:

Piotal(¢®, tr, BDT) = 1/Nigrat X { Neig [ frémmtn-rnio, Prisarr—rmiz, + (1= frimmin—ntz, ) Pricntn-ntnom,
+ fpers Ppapwrtv, |+ Npo™ [ Ppap—pox sv + fho > Ppap--pox v |
+ Nps /kx[Pgo,p-—p:+ + fpr Ppop--pr + fpty Prope-pry
+ fDJ‘ Ppo,p- D + fop.x Ppp- pix t fB\AD‘DQ_\' PBiF»D' DJX]
+ Np+ fp+ Ppsp--ptx + Npspe-srtx Ppope-srtx

+ Np,-B, Peombinatoric B+ Npage 00 Peombinatoric 0° T Niake D* Peombinatoric p*= }

e 16 templates: 13 templates from MC , 3 templates from data

e 4 free parameters , 6 gaussian constrained parameters and 6 fixed parameters

39



Signal Fit - PDF

The signal yield is determined from a 3D maximum likelihood binned fit to ¢* (8
bins), decay time of the 7"-candidate ¢, (8 bins), and the anti-D} BDT (6 bins).

The total probability density function is:
Protat (¢% tr, BDT) = 1/Nyoral X { Nsig | frimsmtnntm, Priomta—rtz, + (1= fricatrntw, ) Prisrtrntrom,

. Asame v
D PBupeerty, |+ Npo™ [ Pesp-—pox sv + fpo ™ Peap-—pox pv |

Nps [k X [Pgo,pe-pi+ + fpr Ppospept + fpi¢ Pposp—pry

+
+
+ fp#, Ppospe-pt, + fo*D.x Pppe-pix + fp.opprx Prosp-pix |
+ Np+ fp+ Ppsp-p+x + Npsp--3rtx Ppop-—3atx

+

Np,-B, | Peombinatoric B| + Neaxe p° | Peombinatoric 00 + Niake D* | Peombinatoric b*~ |}

e 16 templates: 13 templates from MC , 3 | templates from data

e 4 free parameters , 6 gaussian constrained parameters and 6 fixed parameters
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The signal yield is determined from a 3D maximum likelihood binned fit to ¢° (8
bins), decay time of the 7"-candidate ¢, (8 bins), and the anti-D} BDT (6 bins).

The total probability density function is:
Protal(¢? tr, BDT) = 1/ Neorar % {[Noig) | AR P+ r -5, + (1 — | ) Prosnn-ntn05,
+ - Posprsrtv, |+ -[ Ppsp--pox sv + - Ppp-Dox DV |
+ -/k X [ Pposype-pre + - Ppoype-pr + - Pyospr b
+ - PBMD**D;, + - ’PB—>D*'*DIX + - ‘PB‘S)HD'*D:’X ]
+ _ Ppop-pix + _ Ppospe-artx
+ - Peombinatoric B + - Peompinatoric 00+ INBRIBH Peombinatoric 0~

e 16 templates: 13 templates from MC , 3 templates from data




The signal yield is determined from a 3D maximum likelihood binned fit to ¢° (8
bins), decay time of the 7"-candidate ¢, (8 bins), and the anti-D} BDT (6 bins).

The total probability density function is:
Protal(a?str, BDT) = 1/ Neotar x {[NEE) [ P +—rn-ri7e + (1~ [ Prortn-rtro7,
+ B Popeereo, 1+ -[ Ppspe-pox sv + - Pep-pox pv |
+ -/k X [Pgope-pr+ + - Pposp--pt + - Ppospepr
+ - PBMD**D}, + - Ppip--pix + - ‘PBgaD-fD:X ]
+ _ Ppop-pix + _ Pppe-3rtx
L

e 16 templates: 13 templates from MC , 3 _




e DY decay model fit weights are applied

e Reweight ¢? distribution according to D(*:*) control sample corrections




Before the Signal Fit

e DY decay model fit weights are applied

e Reweight ¢? distribution according to D(%*) control sample corrections

e Constrained parameters :

« The no—Charm yield Np_,p*—3,*x is estimated using a data-driven method
« The fractions f; are derived from the B — D*D;} X control mode
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Before the Signal Fit

e DY decay model fit weights are applied

e Reweight ¢? distribution according to D(%*) control sample corrections

o Fixed parameters :

« Fraction of 71 decays with/without 7 — efficiencies

« Fake D* and D° yields — a 2D fit to m(D°) and Am = m(D*) — m(D").

» Feed-down fraction fp-~ — simulation corrected according to theoretical predictions.

40



Before the Signal Fit

DY decay model fit weights are applied

Reweight ¢? distribution according to D(>1) control sample corrections

Fixed parameters :

« Fraction of 71 decays with/without 7 — efficiencies

« Fake D* and D° yields — a 2D fit to m(D°) and Am = m(D*) — m(D").

» Feed-down fraction fp-~ — simulation corrected according to theoretical predictions.

Blinding strategy:

« The signal yield in data is blinded: ./\/sig — A/;ig X X
« The relative uncertainty on the signal yield remains unchanged by the blinding.
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Signal Fit — Inclusive MC (New Results)

e Split the inclusive MC sample in two: one for template building, the other for fitting.

e Use fixed/constrained parameters from inclusive MC instead of data.

T T
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Candidates/ (1375 Gev?)
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g ]
§
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D%_—____%
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3 B-~D"DYX)
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[ee]
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Candidates/ (0.117)

Pull

g

g

<

w
°
%

—— Total
[JB-D"r'v,
I B - DD (X)
[ B- D' D;(X)
I Comb. D

LHCb

Simulation

Parameter Values True Value a
Free Parameters

Niig 54689 + 616 53439 2.0

Np, 272838 + 1395 274799 —14

Jfor 0.340 £ 0.005 0.333 1.7

oy 1.39 4 0.06 1.48 —0.5

Constrained Parameters

Np_sp—3zx 15927 £ 646 16735 -1.3

Jfo, 0.491 £ 0.006 0.494 -0.5

fDT 0.092 £ 0.009 0.082 1.2

So+ 0.422 + 0.009 0.464 —4.8

i

Sforn.x 0.300 £ 0.016 0.267

5.0 DX 0.257 £0.011 0.292 -3.3
Fixed Parameters

I\f’D\[, 1912 1912 0

Sorery 0.115 0.115 0

fr3aw, 0.738 0.738 0

(No combinatorial background in MC)



Candidates/ (0.25 ps)

Pull

30000

20000

10000

Signal Fit — Data (Blinded)

< F u ™
§ ool LHCb
£ r Unofficial
3 E ]
= 15000 [~ -
g E ]
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g 10000 E
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o+ 0.11+£0.01
S 2.43 4 0.20
Constrained Parameters
Constrained Value Fit Value
Np_sp-—3rtx 6133 + 400 6940 + 347
Jo. 0.546 £ 0.015 0.55 £0.01
fD‘,,* 0.052 + 0.022 0.04 £0.02
o+ 0.489 £ 0.037 0.43 £0.02
1
Sforpox 0.220 + 0.040 0.35+0.03
SfB,—D" DX 0.068 £ 0.017 0.08 £0.01
Fixed Parameters
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N 3233 £57
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NeakeD* 1862 £ 49
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e 0.768 + 0.002
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Events/ ( 0.221203)

Signal Fit - Pseudo-Experiments

Generate 1000 toy samples using the fit results from | the signal fit to data .

100

80

60

————r—
pullMean = -0.0395 + 0.032.]
pullSigma=1.002 + 0.022 7

N — Ny
pull(Nyy) = —2& ¢ °8
UNsxg

Ghe pull distributions for Ne and other\

free parameters are centered at 0 with a

Q)vidth of 1. Y
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Normalization Mode - Fit Strategy

The normalization yield NV, ,orm is extracted from an unbinned ML fit to the D*37 mass.

o Total B° Yield (N¢ot):
« Fit to B® mass

e Fake D*~ combinatorial background can lead to B mass peak

« Obtain the fake D*~ yield from Sidebands.
« Estimate fake D*~ yield (Nfake p*).

e Total D Yield (Ny:):

« Fit 3% mass around the DY mass.

« Use same fake D*~ fraction to estimate true D] yield.
e Normalization Yield (Nyorm):

« Subtract true D yield: Nporm = Ntot — Nrake p+ — Np
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Candidates / (2.5 MeV/ ¢?)

Normalisation Fit — Result

LHCb

Preliminary Parameter Value

0000 —

] Neot 103590 &+ 353
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5000 - . Ng 94533 + 473
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At this stage, all the necessary components are in place to measure R(D*) :

Nsig

X X
Nnorm Esig B(T+ - 37-‘-:|:g7_) + B(7'+ — 37T:|:7T0177.)

€norm 1

K(D*) =




At this stage, all the necessary components are in place to measure R(D*) :

Nsi
Kty = e [l 1

X X
Noorm ~ Esig  B(rT = 37%0:) + B(rt — 3n+700;)




1
% B(tt — 3ntv,) + B(rt — 3r+700,)

[‘\t this stage, all the necessary components are in place to measure R(D*) :




At this stage, all the necessary components are in place to measure R(D*) :

o

1
B(tt — 3ntv,) + B(rt — 3r+700,)

-

R




K(D*~) is found to be:

oy Mo

The R(D*) ratio is calculated as:

- L = 1.829 £ 0.067 .

X - X B(rt — 3ntv,) 4+ B(rt — 3nt700,)

R(D") =

_>< _
- ~

External branching fractions
’C(D*) g

The blinded R(D*) for the Run 2 dataset is obtained as:

| R(D")[run > = 0.265+ 0.010 (stat .) + X(syst .) £0.012 (ext .) .|
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Systematic Uncertainties

o The strategy will follow closely the previous analysis (partial Run 2).

Major sources are:

Signal and background modelling.

e Selection criteria on signal B — D*~ 7", and normalisation B’ — D*~ 37 decay modes.

Limited size of the simulation samples:

« The largest contribution in Run 1: 4%.
« Contributes to 2% in the partial Run 2 analysis.

Empty bins in the templates.
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Systematic Uncertainties - 2015-2016 Data

E

z

c

8

Y

9

o

£

Source ]
PDF shapes uncertainty (size of simulation sample) | 2.0
Fixing B — D*~ D} (X) bkg model parameters 1.1
Fixing B — D*~ D°(X) bkg model parameters 1.5
Fractions of signal 77 decays 0.3
Fixing the D" 7w, and Dt 7T, fractions s
Knowledge of the D" — 37X decay model 1.0
Specifically the DI — a; X fraction 1.5
Empty bins in templates 1.3
Signal decay template shape 1.8
Signal decay efficiency 0.9
Possible contributions from other 7+ decays 1.0

Source

B — D*~ D™ (X) template shapes

B — D*~ DY(X) template shapes

B — D*~ DY (X) template shapes

B — D*~ 3w X template shapes

Combinatorial background normalisation
Preselection efficiency

Kinematic reweighting

Vertex error correction

PID efficiency

Signal efficiency (size of simulation sample)
Normalisation mode efficiency (modelling of m(3))
Normalisation efficiency (size of simulation sample)

Normalisation mode PDF choice

|+ I+
O oS O Hok .
T oahio 4 bowiv| Uncertainty (%)

0.9

o
I3

=
O = O =

Total systematic uncertainty fg:g%

Total statistical uncertainty 5.9%
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Conclusions

e Analysis improvements w.r.t. the previous analysis:

« Efficiency calculations.
« Control samples, signal and normalization fits refinements.

e This study extends the dataset to include the full LHCb Run 2 data.
e The blinded value of R(D*), using LHCb Run 2 data, is estimated to be:

R(D*)|run 2 = 0.265+0.010 (stat .)£X(syst.)£0.012 (ext. )J

The R(D*) ratio was measured with a relative statistical uncertainty of:
+ 6.7% with the Run 1 dataset.
+ 5.8% using the 2015-2016 data samples only.
« With the Run 2 dataset, the precision further improves to 3.8% .
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Future Prospects

To-do list before publication:

e Improvements in the control samples and signal fits.

« Improve D— 37% X model using BESIII results on inclusive Br(D(%?)’H — 37EX).

« Fits using inclusive and cocktail MC samples: control and signal
e Systematic uncertainties estimation.

e Perform a fit to the combined Run 1 and Run 2 datasets.

its.
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Future Prospects

To-do list before publication:

e Improvements in the control samples and signal fits.

« Improve D— 37% X model using BESIII results on inclusive Br(D(?)’H — 37EX).
« Fits using inclusive and cocktail MC samples: control and signal %its.

e Systematic uncertainties estimation.

e Perform a fit to the combined Run 1 and Run 2 datasets.

Exciting times ahead: Future investigations will explore LFU across:

e Decay channels: various leptons in the final states, ratios of other mesons and baryons.
e Observable types: angular observables, in ¢° bins, 7+ and D* polarizations.

e Larger datasets: currently Run 3 (~ 25fb™") and future data collection periods.
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The LHCb experiment at the Large Hadron Collider

The Large Hadron Collider (LHC) is a proton-proton
accelerator

LHCDb is one of experiments based at the LHC at CERN,
Geneva

Forward spectrometer initially designed to search for New
Physics in the beauty quark sector

Now very broad programme: charm and top quark, heavy ions,
electro-weak physics, Higgs physics, ...

Excellent vertex resolution (PV resolution: 10 — 40 um in
xy-plane and 50 — 300 pm in z-axis)

Impact parameter (IP) resolution around 12 pm for
high-momentum particles

Momentum relative resolution of 0.5% below 20 GeV/c and
0.8% around 100 GeV/¢

Typical PID efficiencies: 80% — 95% correct kaon ID and
3% — 10% misidentification of pion as kaon



R(D)-R(D*) with muonic 7 decays

[arXiv:2302.02886]

Simultaneous measurement of R(D) and R(D*) with Run 1

z K 5 ( L
data ‘1 B' 5Dt vr‘
° -channel (R TR VI 7 v,

2

No narrow peak to fit (3 neutrinos in final state) Dig .
Backgrounds : partially reconstructed B decays B/ 7 .\ v
e B— D*uv, B— D** v, B— D*DXwith D— pX, ... P “

Select D~ and D* T~ candidates where
o D’ = K o, D" — DOnt
e Reconstructed D** — D%z is vetoed in DOy ™
sample

Trigger on D° - preserve acceptance for soft muons
Custom muon ID classifier, flatter in kinematic acceptance w

e Reduces misID background ®



https://arxiv.org/abs/2302.02886

R(D)-R(D*) with muonic 7 decays

[arXiv:2302.02886)

e Simultaneous measurement of R(D) and R(D*) with Run 1 data using

[

F 2| E. 2| 2 —
. of X107 935, 126 GevIIc: L o 107 GPL1[9.35, 12.6] GeVAIS LS —+ Daa (317
3D template fit to £20F 20F Es.D v
- St
2 = 2 = 10F  1of B-Drv
e ¢ =(ps—po) g1 S 10 B &-Dn
o E ~ B-D"D X
° m2. :(PB_PD*_P )2 Sy 2 2 G UF 2 2 o
miss — (z 7 X107 §°11[9.35, 12.6] Gev7ict B‘HCbg «10° ?0[9.35, 12.6] GeV/ct E"—'Cb Bs-D w
E 8 5 " g
e Ej energy of i g, M% ) g Comb. + misiD
s b
O 0
8 4 1 i B-Duv
0 ok Bl B-D %y

208(;) ™ev) [l B-Duv

R(D) = 0.441 £ 0.060(stat) £ 0.066(syst) . o
Agreement with SM within 1.90

R(D*) = 0.281 % 0.018(stat) = 0.023(syst)


https://arxiv.org/abs/2302.02886

R(A.) with hadronic 7 decays

First LFU test in a baryonic b — ¢, decay with Run 1 data using hadronic
7t — 37% (1Y)

Normalisation channel A — A} 37®

3D template fit to extract signal yield

2
=1000

Candidates / (

)= B(A)— Afrv;)
~ B(AY— AF3m)

Candidates / (0.33 ps)

10
¢* [GeV?/c*]

5 E 3
8 88

£E£288

RAD) = K0 { 5

Candidates / (0.17)

B(A)— AF3m) }
(Ag - Aj_/j‘_v/i) ext. input

LHCb - Data

— Total model

| BV
A ADX)

| B

W AT

Combinatorial

0 0.2 0.4 0.6 0.8 1
BDT output

[PRL 128, 191803 (2022)]


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.191803

R(A.) with hadronic 7 decays

o First LFU test in a baryonic b — cfv; decay with Run 1 data using hadronic
7t — 37% (1Y)
e Normalisation channel A — AF37*

B(A)— AfT77,) 0 +
KA = o + R(AT) = K(A)) { B(A, = A7 37) }
B(Ab—> Ac 37‘(’) c c B(Ag — Aj—ﬂ_gu) ext. input
e 3D template fit to extract signal yield
LHCb R(AD)
—q LHCb-PAPER-2021-044

0.242+0.026 + 0.040 + 0.059

SM prediction
PRD 99 (2019) 055008
with input from
PRD 92 (2015) 034503

I R | 10'3\24110'0“ ML= e
0.2 0.3 0.4 0.5
R(AY)

K(AF) =2.46 + 0.27(stat) # 0.40(syst) o
Agreement within 1.00 to SM

R(AT) =0.242 % 0.026(stat) = 0.040(syst) = 0.059(ext)

[PRL 128, 191803 (2022)]


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.191803
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Summary of Contributions - 1

e Performed thorough cross-check on the analysis using 2015-2016 datasets
e Contributed to systematic studies, including effects from selection criteria such as BDT
cuts, efficiency calculations, and PID efficiency.
e Extended dataset to full Run 2 (2017 and 2018 data) with several improvements:
e Explored effects of changes in stripping and trigger configurations.
e Developed a vertex correction scheme to reconcile differences between new data
algorithms and existing MC simulations.
e Improved efficiency calculations by eliminating multiple event candidates.



Summary of Contributions - 2

e Contributions to
e New method for calculating the normalization yield and estimating bias via
bootstrapping.
e Parameterized FF using BGL parameterization.
e Contributed to the production of D" MC samples, and their integration into the
analysis: BDT training, control sample and signal fits.

e Enhanced analysis code
e Code reproducibility, optimization, and parallelization
e Separate results per dataset for cross-checks
e Documentation
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Simulated Samples

. Events [M]
Decay Descriptor EventType Generated  Filtered
0 — (with 71 — 37¢7,) 11160001 257.0 30.0
Bi=D7rmvr ith 7+ — 37tn07,) 11563020 198.0 49.0
B’ — D*~3r* 11266018 651.0 12.0
11566430 53.0 4.0
0 ot i + +5
B Dty (with 7 = 37=77) 11566431 245.0 16.0
(with Dff — 37%X) 13996621 125.0 1.0
0 W (with D} — K7 X) 13996622 69.0 0.09
Bi= DTDTX (ith DY > fvp) 13996623 30.0 0.3
(with Df — a;(1260)* X 13996624 27.0 0.2
and a;(1260)* — 7+27°)
(with Df — 37%X) 12997623 148.0 2.0
" e (with D} — K X) 12997624 78.0 0.2
BT DDIX Gith DY 5 (1X) 12997625 45.0 0.5
(with D} — a;(1260)" X 12997626 31.0 0.3
and a;(1260) T — 7727°)
(with D} — 37%X) 11896623 436.0 6.0
0 e (with Df — K X) 11896624 302.0 0.5
B> D DiX (with Df — fvgX) 11896625 142.0 1.0
(with D} — af X 11896626 92.0 0.8
and a;(1260) T — 727°)
bb— D*~ 37X 27163970 18132.0 74.0
bb— D*~ DO+ x 27163971 822.0 6.0
Total - 21884.0 205.0
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1 Generate 1 complete event: signal +
underlying event

any
underlying
tracks !!!




Fast simulation with ReDecay

1 Generate 1 complete event: signal +
underlying event

2 Re-generate the B decay 100 times and
merge each with the underlying event

any
underlying
tracks !!!
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Fast simulation with ReDecay

Ty .
1 Generate 1 complete event: signal +
underlying event

2 Re-generate the B decay 100 times and
merge each with the underlying event

3 Repeat 1 and 2 N times
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Fast simulation with ReDecay

Ty .
1 Generate 1 complete event: signal +
underlying event

2 Re-generate the B decay 100 times and
merge each with the underlying event

3 Repeat 1 and 2 N times

any

e ing — Factor O(10) faster simulation

tracks !!!

=
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Vertex Error Parametrizatioon

Issue: Radiation damage in the detector led to the degradation of data quality in 2015-2016,
which is not reflected in the simulation.

Improvement: An improvement of the vertex reconstruction algorithm was applied to data
from 2017 onwards, but not to simulation , leading to disagreement between data and
simulation samples.

Goal:
e Achieve the same resolution in data and MC.
e Width of the Az/oa, distribution: Ensured to equal 1.

Solution: Parametrization of vertex position (Az/oa) using control samples of
B — J/WKTrt 7~ decays, providing two independent measurements of the B vertex position.
then reweighting the distribution of modified uncertainties of vertex position.

13



Vertex correction strategy

e As is well known, for each data taking period we have:
e Various Az resolution
e Various deviations of the pulls of the Az resolution
e Various effective luminosities

Az = zvix(1T) — zvtx(B®) on, = \/zvtx_err(TF)2 + zvix_err(B°)?

e The strategy is to pile up the data after the 3 following steps:
e For each period, rescale the tau_ENDVERTEX_ZERR and BO_ENDVERTEX_ZERR
so that the pulls have a unit gaussian width, both in data and MC samples
e This is done using a // W Krm sample for data and MC where Azis centered on 0.
e For the MC, reweight the corrected tau_ENDVERTEX_ZERR and
BO_ENDVERTEX_ZERR to the corrected tau_ENDVERTEX_ZERR and
BO_ENDVERTEX ZERR data distributions

e This is done using the sample used for the final fit.
e Pile up the MC stats for the proper ratio of effective luminosity for each period
e i.e. proportional to the number of D*37 events, corrected by the g /€norm ratio.

14



Vertex Error Parametrizatioon

Using data and mc samples of Bt — J/UKTn+ 7~ decays as control samples:

wanaigates

Fit the Az distribution in continuous max(1/p7) bins with two Gaussian functions. Use the
narrower Gaussian width (o) as a proxy for Az.

Model o as a function of max(1/pr) with a polynomial of degree 2. Scale the error variable
in each event by a factor derived from this polynomial.

Reweight the modified error variable distribution in mc samples using GBReweighter to
match the corresponding distribution in data.

Sigma Distribution (3.000000-100.000000) Parametrization for Zerr

F + owwoorpap pessaw & 4 osF
20000 8 F Y = 1.07 4 -0.01°X + -0.00°X>

£ — Sigmal0.97 +- 0.0) = E
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14000 i F
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BO_ENDVERTEX_ZERR (normalised) BO_ENDVERTEX_ZERR_mod (normalised)
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BDTs - Data and MC Comparison

-
01 — r = A
+ [ ]

[ + J 015 — +]

- [ ]

L o | [ ]

- = ]

r B 01— -
005 — = — L =
L - ] [ ]

-+ - r B u

L r ] 005 - -

L e’ ]

g

combinatorial_BDTD isolation_BDT

= T 5 T
015~ * b 006 L b a

- + +

[ ] 3 B ]
L o 4
01~ N 004 N .
L n 4 r - 7
[ oae - ] [ ]
005~ N N 002 — P
ol - - =L =] ol sl L S ]

s T T T _ 5 T T

o E 0

- | | | B | |

-1 -05 0 05 -1 -05 0
detachment_BDTG DstDs BDT

17



Double-charm backgrounds

e B— D*~ (DT, D)X decays are sub-leading contributors
e DY — K- w7t (7°) contributes to the B — D*~ D" X backgrounds

e Significant when 7~ is misidentified as K~
e Tight particle identification requirements

K 7

e D — K37 contributes to the y
B — D*~D°X backgrounds D’

e When there is an extra charged track

e A BDT classifier is used to reject such B Do
events

(DK
Do~ KT (X)
K+

K-
——>
> T
Az N
“
4
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Double-charm Backgrounds

e Double-charm decays being the largest fraction in the final sample, need to be modelled well in the
final signal extraction fit
e Templates used in the signal fit are derived from simulation and
wherever necessary
e Specific control samples derived using the peculiarities of these decays for further studies

Sample selection

Decay

B— D*~DFX reversing the anti-D;” BDT selection

B — D*~ DY (— 37%)X m(37%) around D} mass

B— D*~D*X kaon mass hypothesis given to 7~ among the 37 candidates
B — D*~D°X additional charged track (kaon) selected in an event

19



Signal Mode Selection

e Remaining cuts for the signal mode

Requirement

Targeted Background

Az(B°, )

> 2
€ [1840, 1890] MeV/ 2
€ [143,148] MeV/ 2
< 1600 MeV/ ¢

prompt
combinatorial D°
combinatorial D*~
double-charm

m(B°%) < 5100 MeV/c? combinatorial
¢ €[0,11]Gev¥y ¢t combinatorial
mva cuts
DstDs_BDT > —0.2 D*~DF X
Isolation_BDT > 0.1 double-charm
Combinatorial BDTD > 0.0 combinatorial
Detachment BDTG > 0.2 prompt
pid cuts
ProbNN,(7~) > 0.1 (7~ from D*7)
ProbNN, (7t) > 0.6 (7* from 77) misidentification

ProbNN(77)

< 0.1 (7~ from77T)
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Normalization Mode Selection

e Remaining cuts for the \normalization mode

Requirement

Targeted Background

m(B%) € [5150, 5400] MeV combinatorial
m(D*~) — m(D°) € [143, 148] MeV/ ¢ combinatorial D*~
m(K~7mT) € [1840, 1890] MeV/ ¢ combinatorial D°
Az(tT,D%) >4 non-prompt
mva cuts
Isolation BDT >0.1 double-charm
Combinatorial BDTD > 0.0 combinatorial
pid cuts
ProbNN (7~) > 0.1 (7~ from D*7)
ProbNN, (7%) > 0.6 (7* from 71) misidentification

ProbNNg (7 ™)

< 0.1 (r~ from 77F)
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Efficiency Calculation Overview

Efficiencies for signal e5i¢ and normalization modes €0 are calculated using simulated
samples.

Separate calculations are done for each dataset and polarity configuration (p, d).

Online efficiency is the product of geometrical acceptance and preselection cuts efficiency:

€online = Egeometry * Epreselection

Offline efficiency is the product of efficiencies obtained from different selection steps:

Eoffline = H g = H Ni

. . lel
1€ steps 1€ steps

where N; is the number of events passing the step i, and i the offline selection step: common,
mode-specific and PID cuts.
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Efficiency Steps

Online and offline efficiency averages at different stages of the selection:

Efficiency (%)

Selection Step sig 1 sig?2 norm
=310, 1= 31’7y, -
g Geometry 16.44+1.98 1576 £1.81 15.67+1.70
= | Filtering & Stripping  45.55 £0.09  45.52+0.08  45.95+0.12
C DAVINcI 54.056 047 54.04£0.54 53.63+0.51
g | Common & Trigger  63.26 +1.62  59.94 + 1.57  41.40 + 1.58
g Mode-Specific 39.67+1.83 3091+1.73 61.43+1.97
o PID 79.10+£1.37 81.59+1.27 77.01+£1.40
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Fraction Calculation for 7+ — 377, Decays

The fraction of 7+ — 37 decays is calculated according to the formulas:

<5sig 1> -Br(sigl)

37w, = - -
Jrios (esig1) - Br(sigl) + (esig2) - Br(sig2)
Decay Branching Fraction (%)
| PDG
sigl | 7 — 3mv 9.02 +0.05
sig?2 | 7 — 371y 4.49 £ 0.05

using the branching fractions, the fraction is calculated as:
frt—srm, = 0.768 £ 0.002

This fraction is used as a fixed parameter in the signal extraction fit.
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D/ decay model

New logic for Ds fit:
e Applying scaling factors for four types of MC (37X, SL, Krrh, a;7°) to align them since they
were generated independently and events number didn’t align with branching fraction.

e Extracting templates from these MC samples.

e Fixing a1 X/(a1 X + 37 X) fractions from anti-D; BDT efficiencies and branching fractions.
X=mn.1, ¢ w, K)

e Fit with templates.

Correction factor
Sample Decay descr. EvtType | 2015/16 | 2017 2018
old MC B9 — D*—Df X 11896612 1 1 1
B0 — D*~ D X(with Dy — 37£X) 11896623 1 1 1
new BY — D*~ DY X (with D} — Krrh) 11896624 | 0948 | 0.976 | 0.943
MC B® — D*~ Dy X (with D — fupX) 11896625 | 0.419 | 0531 | 0.345
BY — D*~ DF X (with DI — a Xand af — 7t 7070) | 11896626 | 0396 | 0365 | 0.373

D, decay model studies
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D/ decay model

New logic for Ds fit:

e Applying scaling factors for four types of MC (37X, SL, Krrh, a;7°) to align them since they
were generated independently and events number didn’t align with branching fraction.

e Extracting templates from these MC samples.

e Fixing a1 X/(a1 X + 37 X) fractions from anti-D; BDT efficiencies and branching fractions.

X=mn17,¢ w, K)

e Fit with templates.

Correction factor
Sample Decay descr. EvtType | 2015/16 | 2017 | 2018
old MC B® — D*~ D X 11896612 1 1 1
BY — D*~ D X (with Dy — 37£X) 11896623 1 1 1
new B9 — D*~ DY X (with D} — Krh) 11896624 | 0.948 | 0976 | 0.943
MC B9 — D*~ Dy X (with D} — £v;X) 11896625 | 0.419 | 0531 | 0.345
B® — D*~ Df X (with DY — af Xand af — 77079 | 11896626 | 0.396 | 0.365 | 0.373

D, decay model studies
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Experiment

Highlights of My Contributions
Methodology

Dataset

10. Fit Results
Signal Fit
Normalization Fit

Systematic uncertainties



Signal Fit Components

Number of B — D*~7F v events : Nyjg

Fraction of 77 — 377, decays relative to the sum of 7+t 5 377,
and 77 = 37707, decays: fr+ 377,

Fraction of B— D™ "7 v, decays relative to Nyjg decays: fp«= 1,

Number of B— D*~ DY X events where all pions in the 37+
system originate from the D° vertex: N

Ratio of B— D*~ D" X decays where at least one pion originates
from the D° vertex and the other pions from a different vertex,

normalized to Ne35": f/i™ "
Ratio of B— D*~ D X decays relative to those containing a Dy :

Sot+

Yield of events involving a Dj': ND+

Yield of the inclusive prompt B— D*~ 37X events where the three
pions come from the B vertex: Np— 37 x

Combinatorial bkg events yield where the D*~ and the 37 system
come from different B decays: N, s,

Yield of combinatorial bkg events with a fake D°: Ng.po

Yield of combinatorial bkg events with a fake D* ™ : Ngyep=*

Component

Normalization

B’ — D* 7ty (r1 = 377,)
B’ — D*~1tv, (t1 — 3n7'7,)
B— D" rtu,

-/\/sig X fT t 5377,
Niig % (1 = fros375,)
Niig X forrv

B— D"~ 3% X Np-sp*=3r X
B— D*~D°X(SV) Negme

B— D*~D°X(DV) N X fro "2
B— D*~D*X Ny X for
B~ D*~ D} Nps X for [k
B’ — D*~ DIt Nps x 1/k
B°— D*~ D}y Npp X for [k
B°— D*~ D} Nps X foi [k
B— D**~Df X Np+ % forpx/k

BY— D*~Df X

Npyi X fBrAD‘DfX/k

Combinatorial B
Combinatorial D*
Combinatorial D°

Ns, 8,
Neake p*
Neake 00
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Constrained Parameters

. Efficiency Corrected
Parameter Fit result . .
correction fraction

fo. 0.556 £ 0.016 0.981 0.546 £ 0.015
fD*OJr 0.050 £0.021 1.039 0.052 £ 0.022

I+ 0.438 +0.033 1.116 0.489 + 0.037
N 0.1884+0.034  1.170 0.220 + 0.04
fs.p*px  0.067 £0.017 1.010 0.068 £ 0.017
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Estimation of no—-Charm Yield in Data

Methodology involves selecting yield from peak and prompt regions.
e Peak region: m(D*~37F) € [5200, 5350] MeV/ ¢?
e Prompt region: m(D*~37%) < 5100 MeV/ ¢

Correction factor accounts for MC and data discrepancies:

data N(B— D* 37 X)MC

N(B— D*37X)%? = N(B— D*3 :
( a0 ) ( ﬂ—) N(B—) D*37T)MC Corr.

The correction factor is determined from the ratio of the yields in MC and data.

The correction factor fcorr, accounting for discrepancies between MC modeling and real
data, is derived from a purely prompt sample:

N(B— D*3mX)data / N(B— D*3aX)NS .,

prompt
N(B— D*3r)data N(B— D*37 ) NSt

prompt

Corr. =

29



Prompt yield

ata _ ata Ng‘—C)D*STFX
B+D"3mx = NBD*3m * \MC X Reorr.
BSD*3m
To select prompt we require: m(B%) < 5100 MeV
In MC we have events with: m(B°) > 4500 MeV
If we require 4500 < m(B°) < 5100 MeV
2015 2016 2017 2018 2015 2016 2015 2016
Prompt data | 460 73 439 565 545 573 149 133
Peak data 71 68 368 505 71 68 79 80
Prompt mc 779 872 886 1444 900 6912 103 693
Peak mc 183 1698 1611 2706 183 1698 87 771
Rcorr 1.52  2.09 217 2.1 1.56  2.07 1.59 1.85
Yield 123 1678 1720 1867 147 1662 233 1822
If we require m(B%) > 4500 MeV wo m(B%) > 4.5 GeV Resmi

Correction ratio compatible between with and without m(B°) > 4500 MeV requirement



Fake D* Template Construction

Definition: Fake D* & true D°
Components in data:
1 D* sideband & D° mass window: fake D* & (fake D° + true D°)
e True D’ dominated
2 D* sideband & D° sideband: fake D* & (fake D%+ true D°)
e Fake DY dominated
(Still some true D° events because the D° sideband is just 25 MeV far away from the
peak)
(quasi) Data-driven method to obtain fake D* & true D° template:
3 fake D* & fake D" template: use bb_Dst3piX inclusive sample to subtract the fake D* & true
DY in item 2

4 fake D* & true D° template: 1-3
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Fake D" and D° Events

1910 T T T T T T T L

1900

M(Kn) (MeV/c?)

1880

1870

1860

1850

1840

1830

1820 P RN SRR HPURUS SR U Ll
135 140 145 150 155 160
M(D*)-M(Kx) (MeV/c?)

e We select events in the region M(Kr) € (1840, 1890) MeV/c? and
M(D*) — M(Kr) € (143,148) MeV/c?
e The sideband region is used to get the templates for fake D* and D° events



Fake D" and D° - Two dimensional fit in MC

. 14 g b
: Hit B Ey it g L
jgﬂﬂgﬁﬁﬂm HEEY “immf};iﬁn AT i ;H{}imm{m;}{};{m} i

) i t }
,;%{hmﬂmmﬂ g O ot bl

Signal, fake D°, fake D* but true D" and

Signal shape parameters except mean and
sigma are fixed

Unmatched tracks PDF parameters except
sigma are fixed, same mean as signal

The bkg 1 PDF for M(Kr) is exponential and for
M(D*) — M(Kr), it is RooDstD0Bkg PDF. They
are fixed from 1D fits

Bkg 2 is modeled by signal PDF in M(Kr) and
bkg 1 PDF in M(D*) — M(Kr).
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Fake D' and D° - Two dimensional fit in data
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Bkg shape parameters are floated.

The fake D° is negligible in MC

So the MC sideband is subtracted from data
sideband to get rid of signal leakage while
making fake D° template

The fake DY events are subtracted from AM
sideband to get fake D* but true D° template
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Fixed Yields in Combinatorial Events

Combinatorial events’ yields, denoted Npj g2, are fixed based on expected sample values.

Analysed using Wrong-Sign and Right-Sign data samples.
Do not apply isolation and combinatorial suppression requirements.
Characteristics of combinatorial B events:

e Non-isolated
e Flat distribution in cos(DIRA(BO, PV))
e Large values in m(D*-37+)

Yield of combinatorial B events assessed using the Right-Sign sample.
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Combinatorial B Events

e These events are characterised by the following properties: non-isolated, flat in
acos(DIRA (B, PV)), large values of m(D*~37%).

h3 3
E F Entries 297
8o RS r\EAr:;IES iggi 2= RS Mean  0.02462
= C _ Std Dev  0.01237
E S std Devhl 670.3 r ws =
e Entries 2207 10— Entries 318
E Mean 4001 Mean  0.02363
60~ Std Dev 671.9 L Std Dev 0.01332
E e\ sl
50 L
40— S
ao0f- S
20— r
E S
10 L
E T BRI BRI BRI R Py N I I NS NN | N TS T
oo 3000 3500 4000 4500 5000 5500 0005 001 0015 002 0025 003 0035 004 0045 0.05
BO_M acos(BO_DIRA_OWNPV)

m(D*~37%) (left) and acos(DIRA(B?, PV)) (right) distributions for combinatoric B events in the RS and WS
data samples.
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Fixing the Fraction of B — D"*7v Events

The fraction of B — D**Tv events is overestimated in the simulated sample.

To correct for this, a weight adjustment formula is used:

R(D**) x Br(B — D**puv)

W =
Br(B° — D**7V)|sim. X Br(D** — D*)|sim.

These weights are calculated according to theoretical predictions.

The feed-down fraction is obtained by summing over the D** decay modes, indexed by j:

8
fD**TV = ZWJ X /Vj/Ntot =2.4%

=1
Where Ny is the total D* yield and W; x N, is the weighted D** yield.

37



Fixing the Fraction of B — D"*7v Events

B — D**Tv events in bb — D*37m X inclusive mc sample and the corresponding weighted yields
for different D** states (B € {B", BT, BY}).

Index j State W, N Wi x N,
1 D;(2420)°  0.3497 1618 566
2 D3(2460)°  0.1667 736 123
3 D;(2430)°  0.1023 2366 242
4 D;(2420)T  0.3263 2321 757
5 D5(2460)T  0.1225 1164 143
6 Dy (H)* 0.1174 3438 404
7 Dy (2536)"  0.1700 2525 429
8 D%, (2573)™ 0.5 227 113

Total 2777




BESIIlI measurements

Recent BESIII results [PRD 107, 032002 (2023), arXiv:2212.13072)
B(DF — 37EX) = (32.81 £ 0.35 + 0.63)%

B(D" — 375 X) = (15.25 £ 0.09 £ 0.18)%
B(D° = 37%X) = (17.60 + 0.11 + 0.22)%
In our MC B(D} — 37t X) = 28.653% with various modes:

B(D} — Krh) =18.894%  B(D} — (v) = 3.82%

And separately, we produced:
B(D} — ay7¥) = 2.27%

From free to constrained parameter

B(D — 37t X)

N+ = N(B® — D*DH (DI — 37t X)) =
Df ( s( s a )) B(Dj——>37ri)

x N(B® — D*Df (D} — 31%)) X s
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.032002
https://arxiv.org/abs/2212.13072

Blinding strategy

e Multiply signal yield by random factor drawn from Gaussian distribution 4 =1, 0 = 0.3
e Multiplicative blinding preserves relative uncertainties — more useful for calculating
correct relative systematic uncertainties and comparing with Run 1
e Multiply background yields by correction factor such that sum of yields = number of
datapoints
e When plotting, plot correct PDF and no components

e Check fit quality
e No ‘visual unblinding’
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Signal Fit - Pseudo-experiments
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The signal fit projections on the D" control variables to the Run 2 data sample,

Candidates/ (40 MeV/c?)

Pull

Projections on the D Variables
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Projections on the D Variables

Comparison between the 3% mass (blinded) projections from the signal fit.

Previous analysis (2015-2016) Current analysis (2017-2018)
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Signal Fit Results — Different Datasets

Datasets
Run2 2018 2017 2015-2016
0N/ Nsig 41% 6.1% 6.9% 7.8%
X2/374 146 108 143 1.05
Integrated Luminosity (fb™') 5.8 2.9 1.7 1.9

Datasets
Parameters Run 2 2018 2017 2015-2016
Free Parameters
Nig 7815 + 323 3177 £ 193 2557 £ 176 2201 +171
Np, 53148 £ 752 18622 + 393 15790 £ 334 17902 £ 373
Jo+ 0.11£0.01 0.1£0.01 0.09 £ 0.01 0.16 +0.01
I 2.4340.2 3.09£0.29 3.224£0.31 1.5+0.31
Constrained Parameters
Constrained Value
Np_ype—3xtx 6133 + 400 2020 + 191 1800 £ 192 2329 + 303
fo, 0.546 +£0.015  0.53240.025 0.554 £0.028  0.564 +0.028
fD'“* 0.052+0.022  0.064 4 0.032  0.063 +0.034 0.127 4 0.037
S+ 0.489+0.037  0.48140.049 0.416 £0.053  0.440 & 0.055
i
for-px 0.220 £ 0.040  0.200 £0.052  0.242 £0.051  0.281 £ 0.059
S0 Dux 0.068 +£0.017  0.078£0.023  0.065 £ 0.024  0.080 & 0.025
Fit Value
Npsp—sntx 6940 & 347 2467 £ 174 2184 £171 1616 + 217
fo, 0.55 4 0.01 0.52 4 0.02 0.55 4 0.02 0.59 4 0.02
fm\ 0.04 £ 0.02 0.07 £ 0.03 0.07 £ 0.03 0.09 £0.03
So+ 0.43 £ 0.02 0.44 £ 0.03 0.42 4 0.03 0.38 4 0.03
2
Jforepox 0.35 £ 0.03 0.28 4 0.04 0.3140.04 0.38 4 0.04
S50 DX 0.08 4 0.01 0.09 4 0.02 0.05 = 0.02 0.09 = 0.02
Fixed Parameters
Na,s, 178413 80+9 64+8 3446
N 3233 £ 57 1231+ 35 1016 = 32 985 £ 31
NeakeD? 802+ 25 384+13 30112 304 £ 12
Neaken* 1862 + 49 762 £ 27 674 4+ 25 627 4+ 25
D7 0.024 £ 0.00 0.024 £ 0.00 0.023 £ 0.00 0.025 £ 0.00
Srto3ntp, 0.768 +£0.002  0.770 4 0.003  0.768 £ 0.002  0.767 & 0.004
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Signal Fit Results - Fixing D’ and D} Fractions

Parameter Value

Free Parameters

Nsig 7909 =+ 280
N, 50446 + 530
fo+ 0.12+0.01

Constrained Parameters

Np_spe—3rtx 6778 340

SfB,—D*DX 0.07 £0.01
Sforpx 0.35 £ 0.02
S+ 0.44 + 0.02
s1
i 0.05 + 0.02

Fixed Parameters

Ng, -8, 178 13
NS 3233 4+ 57
Neakepo 802 £ 25
NiakeD* 1862 + 49
Sorrru 0.024 +0.00
St S3ntw, 0.768 £ 0.002
o 2.4340.20
fo, 0.55 4 0.01
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Normalization Fit — Strategy

The normalization fit is performed using an unbinned maximum likelihood fit to the D*37 mass.

e Total B° Yield (N¢ot):
« Fit to B® mass
B° Yield in Am Sidebands:

« Fit BY yield in 2 MeV bins from 138 to 160 MeV.
« Yield in each sideband region.

Extrapolation to the signal region:
« Estimate fake D*~ yield (Neake)-
Total Dy Yield (N ):
« Fit 37 mass
« Use same fake D*~ fraction to estimate true D] yield.

e Normalization Yield (Nyorm):
« Subtract true D} yield: ‘Mnorm = Ntot — Neake — Np+
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Candidates/ (2.5 MeV/c?)

=

Normalisation Fit - B Yield

Q
8
2

&
SN

7 Fit to BY mass:
e Signal: Crystal Ball + 2 Gaussians
e Background: Exponential

Total B° yield: Nyot = 103590 + 353

Yo
B

5200 5250 5300 5350 5400
m(D*3m) [MeV/cF]

Background
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Normalization Fit - Fake D~

Extrapolation method to estimate fake D*~
yield from data in Am sidebands.

o Determine fake D*~ vyields in Am side-
bands:
« [138,140], [140, 142] MeV
. [150,152],...,[158,160] MeV
. Fit to B” mass

T T

& KO ]

3 1 3

= =

o o

o o 1

8 5 8

g 8 i

B B8

& &

© L L © el L >
50150 5200 5250 5300 5350 5400 5150 5200 5250 5300 5350 5400

m(D*3n) [MeV/c] m(D*3n) [MeV/c]

Candidates/ (25MeVIC) o igates (2.5 Mevic)

Candidates/ (255 MeV/c?)

Candidates/ (255 MeV/c?)

Candidates/ (2.5 MeV/c?)

m(D*3m) [MeV/c]

5150 5200 5250 5300 5350 5400

Background
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Normalization Fit - Fake D~

Extrapolation method to estimate fake D*~
yield from data in Am sidebands.

o Determine fake D*~ vyields in Am side-
bands:
. [138,140], [140, 142] MeV
. [150,152],...,[158,160] MeV

« Fit to B® mass

e Extrapolate to the signal region
(Am € [144,148| MeV) to estimate the
fake D*~ yield

Entries 7
Mean 153.3
StdDev  5.188

Signals / (2 MeV)

|
160
V]

ol L - R R n
140 145 150 155
Dst_M-DO_M [Me)

Fake D*~ yield: Neake = 9057 + 315
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Candidates/ (1.5 MeV/c?)

Normalisation Fit - B — D*~ D/ Subtraction

800
i Fit to m(37) to obtain the B> — D*~ D} yield
600 e Signal: Crystal Ball + 2 Gaussians
200k e Background: Exponential
i e Use same fake D*~ fraction to estimate
200f ¢ Daa true DY yield.
0: A ‘\\._L L ] — Total
1900 1950 2000 2050 |- signal Np+ = 1360 £ 60
m(371) [MeV/CZ] Background
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Normalization Yield Extraction (Old Way)

The previous strategy to extract the normalization yield was as follows:

1. Perform a 2D fit on mpo and Am = Am
— sWeights for true D*~ and true D° contributions.

2. Perform a B mass fit using the sWeights
— determine the normalization yield.

Fake D*~ can also contribute to the B® peak due to the narrow Am range.

e This occurs in B— D*37 decays where D**/~ — D°7%~, and the 7%~ is replaced by
a slow pion during reconstruction.
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Issues on the (Old) Normalization Fit

e sWeights are obtained in a wide mpo and Am range:
o mpo: (1825, 1905) MeV
e Am: (138, 160) MeV

e In B mass fit, tighter cuts on mp and Am are applied:
o mpo: (1840, 1890) MeV
o Am: (143, 148) MeV

This results in some events with negative sWeights being excluded = improper
background subtraction.
As a consequence, the normalization yield is overestimated:
o N; = 30990 £ 184 (fit with sWeight applied)
o No = 30282 £ 183 (fit without sWeight applied, including fake D*~ contribution)
e Nj should be smaller than Ny
(B — D*~D{ not subtracted in the above results)

52



Issues on the (Old) Normalization Fit

Correlation between discriminating variable (Am) and fit variable (B® mass):

012 B T T T T T T T T T T T T T T ]
C — 135-142 + .
0.1F i b, -
008 :_ 150-160 + . —:
0.06 J{]\ H\M 1 .
C e ARy RAY ]
0.04- I |{ e -
- frcas ima T&l | ]

- 41! L - T ]
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Issues on the (Old) Normalization Fit

Minor Issue:

e Fake D*~ in MC samples from replacement of slow pion by another pion in the
B® — D*~37*, D*~ — D7~ decay are not accounted for in efficiency computation.

e Overestimation of efficiency.

e Expected effect on R(D*): no more than 1% (estimated from MC).
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R(D*) hadronic (7 — 37v;) Systematics

Breakdown of relative uncertainties:

Source R(D)/R(D*) % (%] Future

Simulated sample size 4.7 Produce more MC'!
Empty bins in templates 1.3

Signal decay model 1.8

D** 7 v and D™ 7 v feed-downs 2.7 Measure R(D; (2420)°)
D} — 3mX decay model 2.5 BESIII

B — D*~ D} X, D*~ D' X, D*~ D°Xbkgs 3.9 Improves with stat
Combinatorial background 0.7

B — D*~ 37X background 2.8 Kill with |z — zD| > 50
Efficiency ratio 3.9 Improves with stat
Normalization channel efficiency 2.0

(modeling of B® — D*~ 37)

Total systematic uncertainty 9.1

Statistical uncertainty 6.5

[PRL 120, 171802 2018]


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802

e The systematic uncertainty due to the MC statistics is estimated by from 1000 template

bootstraps

Systematic uncertainties

e The contribution is 1.99%

u.
BoE NN @ W s A
5 o S a & a & &

QT T[T T[T T[T [T TTIT 77T

@

Signal yield

Entries
Mean
Std Dev
X2 I ndf
Constant
Mean
Sigma

1000
2048
42.8
71.78 /57
36.59
2047
40.65

==

L
2000 2050 2100 2150 2200 2250

N_sig
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Systematic uncertainties

e Effects of different fixed parameters in the signal fit are estimated by +10 variation

e Systematic deviation due to D** feed-down is estimated by varying the fixed value by +50%; the
contribution is T159%

e The fraction of a; component in the D] decay model fit is varied by 30% and the relative difference

. 41.46
IS i—1451%

70

mean = -0.00005+0.00073

6 sigma = 0.009+0.001

S

e The variation due to D] weights is estimated
from fits using alternate templates for Dy
modes in the final signal fit, with Gaussian 4
variation of the D" weights of each
sub-component

5

=}

S

3

S

2

=]

e The resultant variation is 1%.
1

15}

PN A T P IR
%.1*0.03*0.06%04*0.02 0 0.02 0.04 0.06 0.08 0.1
(NN

sig 59 ) sig
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Empty Bins in Templates
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¢° projection of the nominal (blue) and KDE (red)
templates for D" background in low BDT and t,
regions.

§ 8 E 8 § & §

Fit projections from signal fit using of the nominal
(blue) and KDE (red) templates.
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Systematic uncertainties — Template Shape Variation

The template shape of different background components contribute significantly to the
systematic uncertainties

The template shapes of D+ and D” backgrounds are varied by weights estimated in relation
to the kinematic variables m(D*37), m(37%), m(7H 7™ )min and m(7H 77 ) max

Template shapes of D, backgrounds are varied with weights related to m(D*3)

Two limiting templates for the variation are obtained and a set of 1000 alternate templates
are made with a linear interpolation between the two limits, for each of the background
categories

The interpolation parameter is drawn from a Gaussian random distribution
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Systematic uncertainties
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Systematic uncertainties

e Similarly, alternate templates are built for D° and D; backgrounds
e For D, backgrounds, only the variation w.r.t m(D*37) is considered; the effect of others included in D weight variation study

e The relative difference between the nominal signal yield and each of the alternate fits is 1.3% and 1.9% for D° (2 templates) and D,
(6 templates) backgrounds, respectively
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Systematic uncertainties

e The systematic contribution from combinatorial background is estimated by changing the
fixed normalisation by +10 and noting the relative change in the signal yield

e The resultant deviation is *923%

e The templates are built from data

e The prompt template variation
w.r.t the kinematic variables
m(D*37), m(37%), m(m 7 ) min
and m(7 7™ )max is studied in a
similar manner as in the case of
double-charm bkgs; the
systematic deviation is 1.3%

hi

Entries

Mean
Std Dev
X2/ ndt
Prob
Constant
Mean
Sigma

1000
6.075e-05

0.01328

31.01/40

0.8451

50.82 + 2.41
0.000305 + 0.000423
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Systematic Uncertainties

e Template shapes are varied with weights

Wm(D*3m) = 1+ 2am(D*37r) <
Wm(3r) = 1+ 2am(37r) (
Whin[m(r+t7r—)] = 1+ 2O‘min[m(7’r+7’r*)] (

Wmax[m(r+t7—)] = 1+ 2O‘max[m(ﬂ*ﬂ*)] (

m(D*3m) — 2700 1)

5100 — 2700 2

min[m(7

+

m(3m) —3m; 1
1600 — 3m, 2)7

880 — 2m,;

max{m(m

+

144

0—2m,

) —2m; 1

) —2m; 1
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Systematic Uncertainties - D template variation
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Total PDF variations (in cyan) along with the nominal one (in black) and data (blue) for m(3). The
variations are applied on D templates.
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Systematic Uncertainties - D template variation
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Total PDF variations (in cyan) along with the nominal one (black) and data (blue) for the fit variables ¢?,
BDT and t,. The variations are applied on D} templates.



e Distribution of x? of the 1000 fits; nominal x? is marked in red line
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e Distribution of x? of the 1000 fits; nominal x? is marked in red line
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