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Introduction



The Standard Model of particle physics

The Standard Model (SM) describes Standard Model of Elementary Particles
three generations of matter interactions / force carriers
(fermions) (bosons)
I 11 III
mass | =2.16 MeV/c? ~1.273 GeV/c? ~172.57 GeV/c? 0 ~125.2 Gev/c?
All known particles @ | @® O || @ |- ©
up charm top gluon l higgs

- 12 fermions form all visible matter

=4.7 MeV/c? =~93,5 MeV/c? =~4.183 GeV/c? 0
-V -% -% 0
« v (8 « D Ly
_
down strange bottom photon l

Three fundamental forces

- Mediated by gluons (strong), photon (EM) and - @ |'® |D || @
electron muon tau Z boson l
W/Z bosons (weak) . _ o
. - @ |- & W

electron muon tau
neutrino neutrino neutrino W boson l

Mass of elementary particles
- Given by Higgs boson through Higgs mechanism



The Standard Model of particle physics

’ : Standard Model of Elementary Particles
The SM couldn’t describe y
three generations of matter interactions / force carriers
(fermions) (bosons)
I 11 III
mass | =2.16 MeV/c? ~1.273 GeV/c? ~172.57 GeV/c? 0 ~125.2 Gev/c?
charge |3 £ EE] 0 0
Dark matter o | « (@ » @ |- H
up charm top gluon l higgs

- No viable particle candidate = <
Matter & anti-matter asymmetry - @ |19 |© || @

) . . ] o down strange bottom photon l
- Known CP violation mechanism is not sufficient

=0.511 MeV/c? =105.66 MeV/c? =1,77693 GeV/c? =91.188 GeV/c?
. -1 -1 -1 0
Mass of neutrino @ @ |* € '
. electron muon tau Z boson l
- Not accommodated in the SM N e ——

0 0 0 +1
¥ Ve % V|,1 % VT 1 W

electron muon tau
neutrino neutrino neutrino W boson l

Gravitational force
- Different scales (micro vs macro)

And more ...



Lepton Flavour Universality (LFU) Iin the SM

What is LFU ?
All three leptons have the same representation in SU(2);

v v v
= (2 (i) e )
€/L mj, /7L
with the same guantum number

— Equal electroweak coupling to all charged leptons < e /ut [
D




Validate LFU

How do people test LFU ?

LFU can be tested by measuring the ratio of decay rates with different leptonic final states,

B(H, — H:lv) Hp (¢ 1s a meson or baryon containing a b or ¢ quark
B(H p — Hl ,'V) " ¢ and ¢' denote leptons of different generations

e.g. measuring R(H,) =



Validate LFU

How do people test LFU ?
LFU can be tested by measuring the ratio of decay rates with different leptonic final states,

- B(Hp, — H.0v) H,...i -
eg measurlng R(HC) _ b C b(c) IS a meson or baryon containing a borc quark

B(H p — Hl ,'V) " ¢ and ¢' denote leptons of different generations

B(B — DWtv,)
) — e?
B(B — D™ ¢v)) K

R(D(*)) =

- Serves an excellent choice to test LFU (large statistics due to b — ¢ transition)
- Several results are published by BaBar, Belle, Belle Il and LHCDb



R(D™) measurements and predictions

0.40 68% CL contours
0.35} LHCbe
Belle?
e 0.30' Be"ea’ _ Belle Il
A LHCb
E a
0.5 LHCb
Belle lI¢
ion i i 0.20f
3.7 o tension in combined R(D) = 0.359  0.024
R(D) _ R(D*) Value R(D*6§70.28O = D11 o
i PR + #  HFLAV SM B,2) = 280
2.2 g tension NR(D") | % FLAG24 (Nf=2+1forR(D¥)) i i .
- 2.6 g tension in R(D) 020 025 030 035 040 045 050 055

R(D)



LFU Beyond the Standard Model

How can LFU be violated ?

Effective Field Theory (EFT): describes the low-energy effects of heavy New Physics (NP)
without specifying the full underlying theory

In EFT framework, the b — cfv transition can be described by
Heg = Hsu+ »_ Ci0;
i

- (; : Effective operator
- C;  Wilson coefficient encoding possible NP contributions



LFU Beyond the Standard Model

How can LFU be violated ?
NP contributions such as Leptoquarks or additional Higgs bosons can generate non-zero C’;

e+/’r+ e™t /'r"'
SM NP <
17 v b ,/H+ v
B
C c
D D*
PRD 85,094025 (2012) PRD 110,055023 (2024)

With unequal strength to different lepton flavors
— lepton flavor universality is violated

10


https://arxiv.org/pdf/1203.2654
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.055023

LHCDb experiment

- One of the experiments in Large Hadron Collider (LHC)
- Collect the pp collision data at a center-of-mass of 13.6 TeV

11



LHCDb experiment - dete

Single-arm spectrometer

Side View




LHCDb experiment - detectc

Single-arm spectrometer

covering most of the region

where o(pp — bbX) is maximal

SciFi
Tracker e




LHCDb experiment - tracking s

Side View

SciFi

te
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LHCDb experiment — integrated luminosity

Total recorded luminosity — pp — 37.0 fb™’

ﬁil;!gb

Recorded integrated luminosity [fb ']

40

35

30

25

20

15

10

5

Run 3 - 27.89 /b

2026(13.6 TeV): 5.33/fb
2025(13.6 TeV): 1181 /fb
2024 (13.6 TeV): 9.56/fb
2023 (13.6 TeV): 0.37/fb
2022 (13.6 TeV): 0.82/1b

Run 2 - 5,90/ fb

20018 {13 TeV): 2.19/fh
2007 (13 TeV)y: 1.71/7fh
2006(13 TeV): 167/
2005(13 TeV): 0.33/fh

Run1-3.23/fb
2002 (8 TeV)y: 2.08/fb

20007 TeV)y: 101/ 1b
200007 TeVy: 0.04/ b

/ LSI -

0 —

o 5 Al % B ] o 3 & S A Ay Al
O R R R S R 3

Run 1&2

Jf/

L52

Upgrade |

With five-fold increase in inst. luminosity

LHCb has collected 28 fb-! data
~ 3 times of datasizeinRun1 & 2

16



Test of lepton flavour universality
using B - D*"e*v, and
B? —» D*~ttv_ decays



R(D™*) - motivation

Currently, several R(D™)<,, measurements using hadronic and T decays In
LHCDb are published
hadronic LHCDb results Reference R(D*) value
Muonic Run 1 (2023)  PhysRevLett.131.111802 0.281 + 0.018 + 0.024
""" Hadronic Run 2 (2023)  PhysRevD.108.012018 0.260 + 0.015 + 0.016 + 0.012
FECEY ﬁ, """ " Muonic Run 2 (2024)  PhysRevLett.134.061801 0.402 + 0.081 + 0.085
" stat.  syst.  ext.
/n
AT
D *'0* ..................... »
Bv' _______ v
G T

18


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.111802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012018
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.061801

R(D™*) - motivation

We test LFU by measuring the electronic modes

BY - D*"e*y, BY - D* tty,

Both decays have the same visible final state
— Measuring the ratio cancels many sources of systematic uncertainties

. \ Vr
"I.‘ {.‘-l
UE .'I"

19



R(D™*) - motivation

We test LFU by measuring the electronic modes

x’.-—._____* v, ’.--..____* v,
) ’00" --------------- > DL aeesssassssane >
‘5:‘..7. .......... B‘..V. --------------
..... \l” _,;"'. ""'-,.‘T "--"_.-"
o e > o< o v
ppPv P p pv P D
'I. lf:l
BY - D*~e*, B° - D* tty, Ve

Both decays have the same visible final state
— Measuring the ratio cancels many sources of systematic uncertainties

In Run 3, we have better trigger efficiency for low-momentum hadronic decays
— It’s the first time T — e universality is being tested at LHCDb !

20



Methodology



R(D*):,,determination

. __ BR(B°—D* 7r1u;)
R(D )'r/e — BR(B—D* etue)

N(B—=D*~1Tu;) o €
N(BY—D*~etr,) €

Bﬂ—}D*_G_I_I}e)
BY—D*—71Fu;)

where 77 — e 1.1,

22



R(D*):,,determination

. __ BR(B°—D* 7r1u;)
R(D )T/e — BR(B'—D*—etu.)

-----------------

where 77 — e 1.1,

N(B°—D* 1tu;)
N(BY—=D*~etu,)

23



R(D*):,,determination

0 * —
R(D*)T/e = gﬁigg%g*;;; where 77 — e 1.1,
(7 o 0 e 4 R PN t
__IN(B"—=D*" )t 1e(B"=aD* et ) | .
'N(B“—>D*—e+ve) ,:X (BYSD* 10, ,: Extracted from simulated samples
__________________ N o o

Extracted from a fit

24


https://doi.org/10.1103/PhysRevLett.115.111803
https://arxiv.org/abs/2206.12346

R(D*):,,determination

0 * —
R(D*)T/e = gﬁigg%g*;;; where 77 — e 1.1,
(7 o 0 e 4 R PN t
__IN(B"—=D*" )t 1e(B"=aD* et ) | .
'N(B“—>D*—e+ve) ,:X (BYSD* 10, ,: Extracted from simulated samples
__________________ N o o

Extracted from a fit

Both rely on large simulation samples

25


https://doi.org/10.1103/PhysRevLett.115.111803
https://arxiv.org/abs/2206.12346

Samples

Simulation
Only tracking detector and ECAL are simulated to reduce the time consumption of detector

simulation and the size of file e

For track kinematic For electron calorimeter response

/ Side View ECAL
Magnet SciFi
)

~ Tracker




Samples

Simulation
Samples include signal modes

p PN D

BY - D*(2010) etw,

-
i". -
. an®
* ans®®

BY - D*(2010) " ttv, Ve'

27



Samples /L_ v /[_____ v

B__.v“.',: ....... B..-V s
- - et e e T T'"‘..--“' | ¢
SImUIatlon p —P.V‘ Je, \ D ‘l‘:’.\; D ""“\‘ U,
Samples include signal modes B - D*(2010)"e* v, B® - D*(2010)"t*v, v:'*a "

and backgrounds coming from other semi-leptonic modes - physics backgrounds

- Higher excited background : B » D**(—» D*nm)fv, (n = 1)
- D** is higher excited charmed state, such as D3(2300), D,(2420), D;(2460), etc.

£ denotese or t

Higher excited background 28



Samples /L_ v D /[_____ v

B .-V‘.:.:::.\MA P T >

. i e e e e T e >
Simulation R R RN
Samples include signal modes B - D*(2010)"e* v, B® - D*(2010)"t*v, v:'*a "

and backgrounds coming from other semi-leptonic modes - physics backgrounds

- Higher excited background : B » D**(—» D*nm)fv, (n = 1)
- D** is higher excited charmed state, such as D3(2300), D,(2420), D;(2460), etc.

- Double charmed background : B - D*H_.(— fvX)X , where H_ is a charmed meson

£ denotese or t

Higher excited background | Double charmed background 29



Samples

Simulation
100 M events for BY - D*"e*v, and 10 M B® - D*~t*v,_ are prepared
1~5 M events are generated for various physics background modes

30



Samples

Simulation
100 M events for BY - D*"e*v, and 10 M B® - D*~t*v,_ are prepared
1~5 M events are generated for various physics background modes

Data
Subset (16%) of good-quality Run 3 data are used in this thesis

Block indexes, polarities and luminosities of 2024 data

Block | Polarity | Luminosity (fb— )
1 Up | 1.215 (1.178 with UT)

2 Up 0.614 (0.604 with UT)
3 Up 0.900 (0.681 with UT)
4 Down 1.392 (1.147 with UT)
5 Up 1.160
6 Down 0.998
7 Down 0.737
8 Up 0.435

3.3 fb—1 data are used in this work 31



Data flow of B® - D*"e*v reconstruction

5 TB/s
30 MHz non-empty pp

-

FULL
DETECTOR
READOUT

~

J

5
TB/s

—

y

-

.

PA
RECONSTRUCTION

RTIAL DETECT Ol?

& SELECTIONS
(GPU HLT1)

J

-----------
.................
""""""
. .
L .
- “»
- -
. .
.

REAL-TIME
ALIGNMENT &

CALIBRATION

0.5-1.5 -

MHz

e o BUFFER I 2

70-200
GB/s

View of whole data flow in LHCDb

4

FULL DETECTOR
RECONSTRUCTION
& SELECTIONS
(CPU HLT2)

10
GB/s

All numbers related to the dataflow are
taken from the LHCb

-
.
.
.
.
.
.
.
e
.

OFFLINE
PROCESSING

FULL

8 EVENTS E

ANALYSIS
PRODUCTIONS &
USER ANALYSIS

32



Data flow of B® - D*"e*v reconstruction

All numbers related to the dataflow are
taken from the LHCb

57TB/s
30 MHz no

-

~
FULL
DETECTOR
READOUT
w

View of w

5
B

-empty pp

y

REAL-TIME

ALIGNMENT &
CALIBRATION

r

.

PA
RECONSTRUCTION

RTIAL DETECTOR

& SELECTIONS
(GPU HLT1)

J

0.5-1.5 -

MHz

e o BUFFER I 2

70-200
GB/s

FULL DETECTOR
RECONSTRUCTION
& SELECTIONS
(CPU HLT2)

10

GB/s

FULL

j EVENTS E

GB/s

nole data flow in LHCDb

We start from the online reconstruction

/ PROCESSING
5.9

OFFLINE

'

ANALYSIS
PRODUCTIONS &

USER ANALYSIS

33



HLT reconstruction

During online reconstruction

REAL-TIME ~ SESCEERRS
Y ALIGNMENT &
v CALIBRATION

4 4

0.5-1.5
PARTIAL DETECTOR] .~ o FULL DETECTOR
RECONSTRUCTION

—

RECONSTRUCTION I I
ZhERzs & SELECTIONS 10

& SELECTIONS
(GPU HLT1) 70-200 (CPU HLT2)

GB/s

In HLT 1, the events are triggered
- Based on the hadronic tracks from D° candidates
- Filtered data are stored in buffer

34



HLT reconstruction

During online reconstruction

REAL-TIVE ~ SECEEEE
Y ALIGNMENT &
o CALIBRATION
| 4 T

¥
0.5-1.5
PARTIAL DETECTOR] .~ o FULL DETECTOR
RECONSTRUCTION RECONSTRUCTION
& SELECTIONS > ﬁ P | o seLecTioNs >

(GPU HLT1) 70-200 (CPU HLT2) 10

GB/s s

In HLT 2, we store the following candidates on tape
- Ground-state particles De are reconstructed & selected
- All including 7= from D*~ (- D%z ™)

35



Offline processing

During offline processing

OFFLINE
PROCESSING
FULL
EVENTS GB/ s

Due to the limit on data rate, storing all IS not viable

— An ML-based Inclusive Multivariate Isolation (IMI) tool was developed to select the
track candidates

36



Inclusive Multivariate Isolation tool

An inclusive and multivariate tool has been developed using

37



Inclusive Multivariate Isolation tool

An inclusive and multivariate tool has been developed using
- Inclusive simulation containing various semi-leptonic decays (4 x 10* signal particles)

Base parti-

Non-isolated Decay chain

cles particles

DY ¢+ - B D* (tyy, D*~ = D7

DY ¢+ - B D* 1ty D*~ = DVx =t

DY r+ - B D* 1ty D* D7 vt srtr—at (20D,

D¢t ) BT —D*0 Ty, D** 4+ D* ", D*T 5D n "

DY g - 7t Bt 5 D0 sty D=0 5 Dt 0 D 5 DVt st
fi_Ung’-,—

DY ¢+ EN S BY s D*= ¢ty D=*= s D* atx—, D* = DVsx~

DV rt T, T B D™ ¢ty D™ 5D ata, D" =D'n, 7t
fi_Ung’-,—

DO+ for,m BYoDEIDE D) 5 DO r (), D) 505X

DY+ K=, 2x—, 2n™ BT >D{*‘**JDE:JJJ\'_H_._ D+ o DO (nt7), Dﬁ; >
(X

K+~ L BT KT/, Jjb— 0t

Kt KT, 7 BY D7 (fyy, Dy 5 K+ n K~

K+i— K+, 7~ B Dy 7%y, Dy Kt K=, 7t =0Ty,

Kt K*, 2n=, 7% BY=D! (tw, DI~ Dfntr, Df 5 Ktr K~

AF 6~ T A A0, AT At

pl~ K™ 1}3 y AT 0Dy, ATpK 7" 38




Inclusive Multivariate Isolation tool

An inclusive and multivariate tool has been developed using
- Inclusive simulation containing various semi-leptonic decays (4 x 10* signal particles)

- Multivariate features include
- Track Impact Parameters,
- Spatial & angular properties of extra tracks and base-particles
- Vertex dynamics and extra-track kinematics

39



Inclusive Multivariate Isolation tool

An inclusive and multivariate tool has been developed using
- Inclusive simulation containing various semi-leptonic decays (4 x 10* signal particles)

- Multivariate features include
- Track Impact Parameters,
- Spatial & angular properties of extra tracks and base-particles
- Vertex dynamics and extra-track kinematics

- Trained using XGBoost, and hyperparameters are tuned using Optuna

- With a loose cut on MVA score
— Reduce 45 % data size while keep ~ 99 % of signal tracks in offline processing

40



Inclusive Multivariate Isolation tool

An inclusive and multivariate tool has been developed using
- Inclusive simulation containing various semi-leptonic decays (4 x 10* signal particles)

- Multivariate features include
- Track Impact Parameters,
- Spatial & angular properties of extra tracks and base-particles
- Vertex dynamics and extra-track kinematics

- Traing
The study & result of this inclusive multivariate isolation tool has
_ with § been published on Eur. Phys. J. C 86 (2026) 241

— Reduce 45 % data size while keep ~ 99 % of signal tracks in offline processing

41


https://link.springer.com/article/10.1140/epjc/s10052-026-15398-5

Offline processing with IMI tool

During offline processing

OFFLINE
/ .

FULL GB/s

EVENTS

Extra tracks

- We pair ground-state particles and extra tracks (including 7w ™) to get the B® candidates
- Select and store the extra tracks based on IMI score to the disks

42



B’ —» D*~e*v reconstruction in tuple making

At the tuple making stage
ANALYSIS

PRODUCTIONS &
USER ANALYSIS

- At the final stage, we reconstruct the B° candidates with filtered D®e*and to
make tuples which includes various physics quantities

- The BY is the signal candidate if it is reconstructed with D°e™ and =, otherwise

background 43



Fitting variables

We use the following fitting variables to distinguish different decays
) Mrzniss — (pBO — Pp*— — pe+)2

- q° = (pgo — Pp*-)*
- E;: Electron energy in B° rest frame, which are derived from reconstructed pgo

LHCDb Simulation LHCDb Simulation LHCDb Simulation
LA AL L OSF~ 717 T 1 T AL LN B BN BRI
03¢ - oab B? > D%v 1.00 F
I i s BY—Drev ]
02F 03F E 0.7 |
02F ] 0.50
0.1F
[ 0.1 0.25
D | ——— 0.0L 1 0.00 &
~5 0 5 10 5 0 5 10 00 05 10 15 20
q* [GeV?/c*] m>. [GeV?/c*] EZ"" [GeV]

D*e and D*t sample are well separated !



B? kinematic reconstruction

Due to the presence of neutrino(s) ,

The reconstruct B® kinematics are not accurate and need to be corrected

45



B? kinematic reconstruction

We reconstruct B® kinematics in the following procedure :

- Correct reconstructed (pgo), With true mpgo

mEDG
(Ppo)z ~ miec X (ppo):*

RO

46



B? kinematic reconstruction

We reconstruct BY kinematics in the following procedure :
- Correct reconstructed (pgo), With true mygo

- Correct the B flight direction with the positions of PV and B vertex

Ve
: Y A . N +f
flight direction / ..~ T flight direction T o

. B D K* . K+
vertex : vertex :

Primary Vertex (PV) T Primary Vertex (PV) T

47



B? kinematic reconstruction

We reconstruct BY kinematics in the following procedure :
- Correct reconstructed (pgo), With true mygo

- Correct the B flight direction with the positions of PV and B vertex

- Derive |[pgo| using the flight direction and corrected (pgo),

|1_530| = (pgo),/ cos a , where « Is angle between flight direction and the z-axis

flight direction B®

Z-axis 48



Bremsstrahlung of electrons

B > D*etv, B°->D*ttu,tt->etv,7,

Magnet BLAL
, &
Upstream " Downstream
brem L= —~.  brem
a2 P i N Bremsstrahlung recovery
e _— - Extrapolate the electron track to the ECAL
" E, ‘ - Associate compatible ECAL photon clusters
. E, - Add the recovered photon energy to the electron
_ momentum

49



Bremsstrahlung of electrons

B > D*etv, B°->D*ttu,tt->etv,7,

Magnet BCAL
, &
Upstream " Downstream
brem P = | brem
o« B i g Bremsstrahlung recovery
e - Extrapolate the electron track to the ECAL
" E, ‘ - Associate compatible ECAL photon clusters
1 E, - Add the recovered photon energy to the electron
_ momentum

Bremsstrahlung is successfully recovered for ~60% of electrons
50



Bremsstrahlung recovery in fitting variables

We split the data samples into two categories: with and w/o bremsstrahlung recovery

These datasets are be fitted simultaneously

LHCD Simulation LLHCDb Simulation LHCD Simulation
ML B B S S B S = L B I L 1 UL L N | L B
0.25 F [ D*e with brems - LOp "
- L1 D*ew/o brems . i
020 |;! B: Te “iith b'rem:% 1 0.8 -
N 7. w/o brems I
0.15 ] 0.6 - i
0.10 . 04 7
0.05 _ 0.2 i T _
B - L i T L1 -1 : 0 O :rl I-r:-l P TS T T T T T T |I'—|"-—|—l 7=
0'00—5 0 5 10 0.0 0.5 1.0 1.5 2.0

¢* [GeV?] EB7est [GeV/c]



MC correction

PID
The simulation samples are simulated without RICH

— Generate data-driven PID response using PID resampling

52



MC correction

PID
The simulation samples are simulated without RICH

— Generate data-driven PID response using PID resampling

Kinematics & multiplicity
The simulation is not perfect, leading to discrepancies between data and MC

8f =T
6l 3 ¢ Data |
2m  ALHCmeﬁmmmy ]
2l
ol
5 (5, ______________________________________________________________ Control mode
- before re-weight

—5""4060000200000300000400000500000600000
P(B) [MeV/c]



MC correction

PID

The simulation samples are simulated without RICH
— Generate data-driven PID response using PID resampling

Kinematics & multiplicity
The simulation is not perfect, leading to discrepancies between data and MC
— Train a NN reweighter on the control sample and apply the resulting weights to simulation

Pull

le—6

i??g —— MC ]
§ Data ]

% LHCb Preliminary |

100000200000300000400000500000600000
P(B) [MeV/c]

Control mode
before re-weight

Pull
o

le—6'

— MC -4
{ Data

LHCb Preliminary |

1 A
T T

100000200000300000400000600000600000
P(B) [MeV/c]

Control mode
after re-weight

54



Background suppression



Combinatorial and mis-ID backgrounds

Combinatorial backgrounds: random track combinations

- Fake D*~ (- D°rr™) : fake D° or true D° + random 7~

- Combinatorial B - D*~ + random e*

e mis-1D background:

- hadron / muon / ghost track reconstructed as the electron track

Signal mode B® - D*"e'v,

Random 1t~

Fake D*~ - D%~ Comb. B - D* et v e misiD backgroundv >



Combinatorial and mis-ID backgrounds

Combinatorial backgrounds: random track combinations

- Fake D*~ (- D°rr™) : fake D° or true D° + random 7~

- Combinatorial B - D*~ + random e*

e mis-1D background:

- hadron / muon / ghost track reconstructed as the electron track

Signal mode B® - D*"e'v,

Suppress Construct templates from control data

Random 1~ mis-id t*

Fake D*~ - D%~ Comb. B - D* et v e misiD backgroundv >



Fake D*~(D° + random m~) suppression

Selection on AMp+- = |Mp+ — Mpo| rejects backgrounds from random pion

LHCb Preliminary
1 1 1 I 1 1 1 I

LHCDb Preliminary

140.0 1425 1450 147.5 150.0
A M- [MeV/c?]

140 160 180 200
A Mp- [MeV/c?]

Still combinatorial background remaining



Fake D*~and D° suppression

To project out the remaining backgrounds from
- D*~(D® + random 7 ™) combinations (True D° Fake D*)
- Fake D° candidates (Fake D°)

sWeight technique is used and the weight is computed by performing 2D Mo X AM p-
binned-fit on data.

10° 10° Block 8 data
o Sm _I I T T T T I T i T T T I T T T ] o S(H-) - T T T T I T T T T I T
= - LHCb Preliminary + Data ] - - LHCDb Preliminary « Data
ot - — Total fit - S - — Total fif ]
400 ----True D true D. — S 250 ---- True D true D.
g C ----True D fake D = o ----True D fake D
m u Fake D . S 200F Fake D
£ 300 -] I F
> - ] £ 150F ‘
DY k 5§ F l
20{) N i > [ i‘
N ] m 100 \
n - gl . NI tdyonsiaytiy ayindeyanes
1§ 4% 493 47 = . : .\"q-- . F . " --"/ : 1 \F" 1
1800 1850 ?40 145

1900 2-' 150 5
M. [MeV/c7] AM - [MeV/c“]



Fake D*~and D° suppression

To project out the remaining backgrounds from
- D*~(D® + random 7 ™) combinations (True D° Fake D*)
- Fake D° candidates (Fake D°)

sWeight technique is used and the weight is computed by performing 2D Mo X AM p-
binned-fit on data.

10° 10° Block 8 data
o~ Sm _I I T T T T I T i T T T I T T T I_ o S(H-) a T T T T I T T T T T
= -~ LHCb Preliminary + Data @ - LHCb Preliminary . Data
E C — Total fi ] 54 = —— Total fi
400 - True DIJ true D. — S 250F AN - True DIJ true D.
g C - True D{ fake D ] = o (I - True D fake D
o u Fake D‘ ] - 200 :— : s Fake D‘
£ 300F Z =
> N & — !
o F = DOE :
200 o - y
N m 100 \
100F 50 /
n - gl R Nlyairony sy agipanyen
0 S 14 98 45 49 & . : . e mm — d wit] C L x --"/ 1 | " \
1800 1850 1900 > ?40 145 5
M. [MeV/c7] AM - [Me Vice]

Apply the weight on data to suppress background



Mis-identification background

m, K, p, u and ghost tracks are mis-identified as signal electrons

A mis-1D-enriched data control sample is selected by reversing the electron-1D requirement

Templates are constructed from this control sample
and used to model the mis-1D background in the fit

17500 -
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12500 -

10000 -

Events

7500 A

5000 -

2500 -

0 4

—— Reco
¢ Data
-4- Mis-idm
4= Mis-id K
-4- Mis-id p
-4- Mis-id u
Mis-id g

-

2BZ%° N Soaaawms
—'-_-

= -
o e o - - - -

-1.00 -0.75 -0.50 -0.25 0.00 0.25 050 0.75 1.00

2
/ nmiss

[GeV2/c?]
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Physics background

Dominant background in the previous LHCb R(D*),/, analyses

Background treatment :

- Suppressed using vertex isolation
- In the fit, model with dedicated templates constructed from simulation

Signal mode B® - D*"e™v,

Noted : £ denotes e or

Higher excited background Double charmed background 62



Vertex i1solation

B° - D*~*vpsignal : only single high MVA « B° —» D**~(— D*nm){*vp bkg : multiple high MVA rt's

The IMI MVA s used to reject this background
We remove the events containing multiple extra pions with high IMI scores
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Vertex i1solation

B° - D*~*vpsignal : only single high MVA « B° —» D**~(— D*nm){*vp bkg : multiple high MVA rt's

After vertex-isolation,
- The retention rate is around (10-80) % across different background channels
- Retain more than 85 % signal candidates
64



R(D")-,, extraction



R(D*):,,determination

0 * +
R(D*);/e = gjé((go%g*;;)) ,where 77 — e,
(o 0 e 4 R PN |
__IN(B"—=D*" )t 1e(B"=aD* et ) | .
'N(B“—>D*—e+ve) ,:X =E(BO%D*_T+I}T)I: Evaluated in MC
__________________ |

Extracted from a 3D (g% x M2,;.. x E}) binned template fit
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Template preparation - binning scheme

The templates are constructed based on the following binning scheme

6 bins

% 0.251 [HCh Simulation 0.40 -
2
£ 0.201
S 0.30-
8 0.15-
£ _‘— 0.20-
5 0.101 —
¥
£ 0.051 , 0-101
£ .
=

0.00 ——1 1500

00 25 50 75 100 125
q° [GeV?/c?]

30 bins

LHCb Sim

)

h—

[GeV?/c?]

1.20 -

1.00-

0.80 1

0.60 1

0.40 A

0.20

0.00 ~
0.0

25 bins

LHCb Simulation —— B%°S Dfev

B% - D"tev

05 10 15 20 25
EE"est [GeV]
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Template preparation

Signal modes and physics backgrounds
- Templates are constructed using simulation samples
- 13 (decay modes) X 2 (brems category) X 4 (blocks) templates

Combinatorial B® —» D*~e* and mis-identified electron backgrounds
- Templates are constructed using control data
- 2 (comb.,mis ID) X 2 (brems category) X 4 (blocks) templates
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Bremsstrahlung fraction in fitter

The bremsstrahlung fractions serve as bridge to connect datasets with and w/o bremsstrahlung
recovery,

dat .
Nw?ﬂ?brem - Z Ny - ff

retemplate

data _
Nw/o brem Z Nf (1= ft) N, : yield of template ¢
tetemplate ft : bremsstrahlung fraction of template ¢

The fractions are extracted from MC samples, and treated differently due to the difference in the
electron kinematic across different decays 69



Bremsstrahlung fraction

Calibrated Bremsstrahlung correction fractions in simulation samples.

Decay Channel Block 5 Block 6 Block 7 Block 8

BY — D*~ety, 0.60+0.03 0.59+0.03 0.59+0.03 0.62+0.05
B — D* 1ty, 0.57+0.03 0.56+0.03 0.54+0.03 0.56+0.04
B —Dg et ve 0.59+0.03 0.58+0.03 0.56+0.03 0.59+0.05
B — D351t v, 0.57+0.03 0.57+0.03 0.52+0.03 0.59+0.05
B* — Dg et v, 0.58+0.03 0.58+0.03 0.56+0.03 0.59+0.05
B* — D§i% v, 0.57+0.03 0.55+0.03 0.53+0.03 0.56+0.04
B’ — (D737 /D™ (28) et v, 0.58+0.03 0.57+0.03 0.56+0.04 0.57+0.05
B* — (D73°/D™M(28)%e* v, 0.58+0.03 0.57+0.03 0.57+0.04 0.58+0.05
BJ — (D_;(2536)/D,(2573))e* v, 0.59+0.03 0.59+0.03 0.56+0.03 0.60+0.05
B - DX, —etv, X)X 0.55+0.03 0.53+0.03 0.50+0.03 0.53+0.05
B* - DY%X,—e*v, XX 0.54+0.03 0.53+0.03 0.51+0.04 0.52+0.05
B - DD — ttvp) X 0.59+0.03 0.56+0.03 0.54+0.04 0.56+0.05
B* - DD, - 1ttvy)X 0.58+0.03 0.57+0.03 0.54+0.04 0.57+0.05

* X, denotes an inclusive charm-hadron state.
*X and X’ denote a system of any additional final-state particles.
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Bremsstrahlung fraction

‘ Re-evaluate common f across all blocks based on the lumi to reduce the # of fitting variables

Decay Channel Block 5 Block 6 Block 7 Block 8

BY — D*~ety, 0.60+0.03 0.59+0.03 0.59+0.03 0.62+0.05
B — D* 1y, 0.57+0.03 0.56+0.03 0.54+0.03 0.56+0.04
B —Dg et ve 0.59+0.03 0.58+0.03 0.56+0.03 0.59+0.05
B — D351t v, 0.57+0.03 0.57+0.03 0.52+0.03 0.59+0.05
B* — Dg et v, 0.58+0.03 0.58+0.03 0.56+0.03 0.59+0.05
B* — D§i% v, 0.57+0.03 0.55+0.03 0.53+0.03 0.56+0.04
B’ — (D737 /D™ (28) et v, 0.58+0.03 0.57+0.03 0.56+0.04 0.57+0.05
B* — (D73°/D™M(28)%e* v, 0.58+0.03 0.57+0.03 0.57+0.04 0.58+0.05
BJ — (D_;(2536)/D,(2573))e* v, 0.59+0.03 0.59+0.03 0.56+0.03 0.60+0.05
B - DX, —etv, X)X 0.55+0.03 0.53+0.03 0.50+0.03 0.53+0.05
B* - DY%X,—e*v, XX 0.54+0.03 0.53+0.03 0.51+0.04 0.52+0.05
B - DD — ttvp) X 0.59+0.03 0.56+0.03 0.54+0.04 0.56+0.05
B* - DD, - 1ttvy)X 0.58+0.03 0.57+0.03 0.54+0.04 0.57+0.05

— fD*ev
— fD*TU

:]—fD**w

e fD**ev

_— stev

j— fDOXCe
j_fDODS_T

Some decays are grouped to share common f to reduce the # of fitting variables
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Bremsstrahlung fraction after grouping

Decay category Combined blocks
B - D*"e*v, 0.598 +0.016
B — D* 1%y, 0.561+0.016
D**ev 0.574 +0.009
D**tv 0.565+0.014
BY — (D7, (2536)/ D, (2573))e*v,  0.588+0.016
Double charm (e) 0.529+0.013
Double charm (7 — e) 0.566 +0.013

Serve as initial values in the fitter



Overview of the fitter

To extract R(D")+,,, the blocks 5-8 data are fitted simultaneously.
BRs, R(D™)z,, and f are common variables across blocks 5-8 data.
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Overview of the fitter

In block b and brems category c, R(D*); /e = ’Eﬁgiﬂiz jo))
Component Yields in bremsstrahlung category ¢
Signal
B? — D*~e*v, B(B? — D*~ev) x N? X Egﬁ—ri)*—ev X Ac(fRo_pr-ey)
B — D* 1tv, B(B®— D*"ev) x R(D*) x Nyt x el x@e(fgopeygy)

. Floated parameter

0u(f) = {f, when ¢ = with brem
/71— f, when ¢ = without brem



Overview of the fitter

BR(B —» D*tv)
BR(B = D**uv) LHCb R(D™) result

R(D™) =

In block b and brems category c,

D** & BY Backgrounds

0,+) _, p** o+t 0,+) _, p** L+ bt . b

B Dg,e"ve B(B Dg2€" Ve) x Ng* x €BON_DIY ey, ac(fprev)
0, 0, * bt ., bt T

B0 — D33, BB — D} e ve) x R x NpF ety el ffe,)
0,+) _, (** + 0,+) _, (** - bt ., bt

B (Dya/D@s)erve B(B (D12 DESNETVe) x Ng™ X € gy _ pes pasyety, aclfprev)
0 + t (RO - b bt T

Bg — Dygy 50" Ve B (B — Ds1,52€" Ve) X NBs X EB_?—>D31.32€+V9 X aC(fBg—‘D:€+V€)

. Floated parameter . Gaussian constrained parameter
0u(f) = {f, when ¢ = with brem
¢ 1 — f, when ¢ = without brem


https://journals.aps.org/prl/abstract/10.1103/rj9h-n4w1

Overview of the fitter

In block b and brems category c,

Double charm Backgrounds

BOH . DO(X,. — et v, X)X BMBOY = DX, — et v X X) x Ngi X

BOY - DO(D; —t*vp)X  BIBOY — DOD; — 1Fv,) X) x No¥

bt T
X O~
EB(U’“—-D“(XC—-BJWEX’)X Ac {fB[“»ﬂ—rD“Xfe)
bf ~f
X
EB(U'H—*DD(DS_—PTJfVT]X aC(fB{[}.—J_.D{JDST))

WS D*”e™ and mis-ID Backgrounds

WS D*"e™ P&sp*—e— X ag(fnffs Do)
< 1D b qab(rt Brems fractions obtained from
s Hmis-i | %Y mis-1D data-driven templates are fixed
. Floated parameter . Gaussian constrained parameter
0u(f) = {f, when ¢ = with brem
/71— f, when ¢ = without brem
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Overview of the fitter

In block b and brems category c,

Double charm Backgrounds

B({]'+} . DU(XC — €+VEX!]X B(B[{]‘,+) —_— DG(XC — E""VgX"}X) X Ngi X €

bt 4
B(U,+]_,DD(XC—>€+V3X")X % a’c{fB[[]‘{l_‘ J“}‘:L‘e]

BOY - DOD; —t*vp)X  BI(BOY — DDy — 1tv,)X) x NoF x e X @o(fg0._pop )

BOH -DYD; —»1¥v )X

WS D*”e™ and mis-ID Backgrounds

WS D*"e” Hiys p+-e- "I“?[fifs D*=¢-) I
| 4
mis-ID 1 19 free parameters
.zid 8 Gaussian constrained parameters
23 fixed parameters (including efficiencies, number of produced B
| mesons and brems ratio for mis-1D and comb. D*~e™ components)
ZORSHN

h

om
xed
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Blinded fit setup & procedure

Setup :

Simultaneous fit to blocks 5 - 8 in two bremsstrahlung categories with Beeston Barlow (BB)
lite method

BB lite method
Allows each bin scaling factor
to vary during minimization

Default template Template varied with BB lite
Bin index 1 2 3 4 5
Fitted scaled factor 0.7 1.6 1.1 0.8 1.5 78




Blinded fit setup & procedure

Setup :

Simultaneous fit to blocks 5 - 8 in two bremsstrahlung categories with Beeston Barlow (BB)
lite method

R(D*) and BY - D*~e* v, branching fraction are blinded by hidden scale factors
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Blinded fit setup & procedure

Setup :

Simultaneous fit to blocks 5 - 8 in two bremsstrahlung categories with Beeston Barlow (BB)

lite method

R(D*) and BY - D*~e* v, branching fraction are blinded by hidden scale factors

Procedure :

Initial fit - BB off

Determine the fit parameters
(BRs, brems fractions ...)

~\

J

Use best-fit values to
initialize the final fit

llllllllllll>

7

Nominal fit - BB on

Account for finite template statistics
kwith constrained nuisance parameters

~\
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Fit result - block 5 data

Events / ( 2.16667 )
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Preliminary blinded result : R(D*)-,, and B’ —» D*~e*v, branching fraction

Free parameters

B(BY — D*"e*v,) (1.776 +£0.003) x 1072
R(D*) 0.027 +0.002

Blinded results including template size uncertainty
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Preliminary blinded result : R(D*)-,, and B’ —» D*~e*v, branching fraction

Free parameters

BB? — D* etv,) (1.776 +£0.003) x 1072
R(D*) 0.027 +0.002

Blinded results including template size uncertainty

To evaluate the pure statistical uncertainty,

g Nominal fit - BB on

Account for finite template statistics
with constrained nuisance parameters

\. J

Fix template nuisance parameters
to their post-fit values

v
[ Stat-only fit - BB off ]

Determine the statistical uncertainty
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Preliminary blinded result : R(D*)-,, and B’ —» D*~e*v, branching fraction

Free parameters

BB? — D* etv,) (1.776 +£0.003) x 1072
R(D*) 0.027 +0.002

Blinded results including template size uncertainty _ _ o
Updated since thesis submission

To evaluate the pure statistical uncertainty, R(D*) 0.027 +0.001(stat) +0.002(temp. size)
~ _ _ ) P
Nominal fit - BB on .
Account for finite template statistics :' Measurement Relative stat. ¢ Luminosity
| With constrained nuisance parameters | Ky Run 1 muonic R(D*)z), 6.4 % (ref) 3 fh—1
[ | 4
. . o Run 2 hadronic R(D*)z, 5.8 % (ref) 2 fb~1
= Fix template nuisance parameters . "
a to their post-fit values o Run 2 muonic R(D")z, 20 % (ref) 2 b1
[ | L 4
v o This measurement 4.7 % 3.3fb1

L 4
Stat-only fit - BB off . . .
[ Determine the s>t/atistical uncertainty ] Comparable with the LHCb R(D )T/u measurements |
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https://arxiv.org/abs/2302.02886
https://arxiv.org/abs/2305.01463
https://arxiv.org/abs/2406.03387

Fitter validation

Perform fits on 1000 pseudo-experiments PUll = (Nrie — Nexpect)/Orit
LN N B AL B BLELEL AL BLELELELE BLELELEL BLLEL UL N B LA B BN BLELELEL B
250 LHCb simulation Unbinned Gaussian fit (MLE)] 300  LHCb simulation Unbinned Gaussian fit (MLE)]
- Toy validation (Unbinned MLE) 11=0.17140.050 ] r Toy validation (Unbinned MLE) 11=0.040 % 0.045 1
500 F o =1.106 % 0.035 250 F / o =0.991 4 0.032-
i ] 200 E
150 ’ : ]
[ ] 150 F -
100 - F :
- 100 - 7]
50 :_ 7] 50 :_ -
0: o i O-....l....l..J M PR B

-10.0 =75 =50 =25 0.0 25 5.0 7.5 10.0 -10.0 -7.5 =50 =25 0.0 2.5 5.0 7.5 10.0

Pull NBU v D*ev Pull R(D*i)

Bias on BR(B? — D*~e*w,) but R(D*) looks fine

85



Conclusions - R(D*)+;, analysis

Achievements
- Run 3 analysis framework established for the R(D™)-,, measurement
- First blinded R(D"). . fit performed using 3D binned-template fit on a subset of 2024 data

- Preliminary stat. precision is comparable to LHCDb R(D*)t/” measurements in Run 1 & 2

Next steps

Evaluation of systematic uncertainties

Fit-model validation and investigation of background-component behaviour

Fit of background enriched control sample for better modelling of physics backgrounds
Extension to the full Run 3 data
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Secondary Vertex
Reconstruction in LHCDb



High level triggers in Run 3 LHCD

Run 3 operates at ~5 times the Run 2 instantaneous luminosity
— The software-only high-level-trigger (HLT) heavily reduces the data rates

30 MHz
ﬂ
5TB/s

HLT1 - GPUs

Partial reconstruction

0.5-1.5 MHz
ﬁ

70-200 GB/s

Prompt trigger decision

HLT2 — CPUs

Full reconstruction

1.4-112 kHz
ﬁ

10 GB/s

Offline process
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Towards full reconstruction on GPUSs

After Upgrade I, Run 5 (2034 - 2036) will operate at 4 x higher inst. luminosity
— The number of interaction per bunch is increased from 5 to 20

Much more demanding real-time event reconstruction in LHCDb (arxiv.2511.03883)
— R&D Is underway to run the full HLT?2 reconstruction on GPUSs
— Motivates HLT1-HLT?2 reconstruction comparisons

This work : GPU CPU
Compares the secondary-vertex reconstruction in HLT1 and HLT?2
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https://arxiv.org/abs/2511.03883

Sample

BT - J/¥ K* MC sample, with J/¥ — u™u~ as the secondary vertex

Served as an ideal choice
- Only lepton-identification information is available in HLT1

- Compared with electrons,
- Muons are more robustly identified
- Do not require bremsstrahlung recovery
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Vertex reconstruction in HLT2

Vertex position finding

/_

Track 1 (u™)

i

X;o\

o track 1 position
uuuuu tainty

X  vertex position /

The initial vertex position (X) is determined by the midpoint
of POCA (point of closest approach) between the two tracks
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Vertex reconstruction in HLT2

1 Vertex position finding [~
y
z X

Track 1 (u™*)

The initial vertex position (X) is determined by the midpoint
of POCA (point of closest approach) between the two tracks

X;o\

- :ll:cc;tla?l?ts}irtion /_ Vertex position updating ;\
y 1
K X  vertex position /

g~ Track 1 (u™) ’ '
In each vertex-fit iteration : \

lfpdate the vertex position to X* based on POS;,, and oy, <= S ek T posion
uncertainty

Update the track slope & momentum

X* new vertex position

1 track before
Check vertex-fit convergence If not converge — \ refined //




Vertex reconstruction in HLT2

1 Vertex position finding [~
y
z X

Track 1 (u™)

The initial vertex position (X) is determined by the midpoint
of POCA (point of closest approach) between the two tracks

X;o\

o track 1 position

uuuuu tainty Vertex position updating
/ y
X  vertex position
/ o
g~ Track 1 (u™)

In each vertex-fit iteration : \

X" e

In this stage, both the vertex position and the corresponding uncertainty are determined

refined

Check vertex-fit convergence

—/ 93




Vertex reconstruction in HLT1

Unlike HLT2, HLT1 reconstructs vertex candidates in GPU threads in parallel to
achieve high-throughput GPU execution

Main differences :

The track position weight matrix is diagonal

— neglect the correlation between x and y

Vertex position Is updated using a single step from POCA

— ensure all threads perform the same sequence of operations

Simpler vertex-fit algorithm but optimized in real-time event processing
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Vertex posmon iIn HLT1 and HLT?2

«w F T T wl [ LA L AL L B L B
2 3 LHCb smlulatlon 2 | LHCb 31mulat10n
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=) B 1 =] 4
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10 - . L
! 02 .
51 ] [
0:.L4| AR B [P 00-...|,...|._4::F|]&_.|....l...
-0.2 0.1 0.0 0.1 0.2 ' -20 -10 0 10 20
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HLT2: mean = 0.0002, width = 0.0204 HLT2: mean = -0.0058, width = 0.2645
@ AL S S B T T 7
Fosh LHCb simulation HTT ]
—g P B J/yKT - reconstruction
< 20F HLT?2 . - .y . ]
g I econsmueion ] RESOlUtION Of vertex position is worse in HLT1 (blue) due to
= ]
E15F . - - - -
£ simpler reconstruction procedure, but the results in different
10 | -
: triggers are comparable
5F ]
0 I PRI TR B R PN I R
-0.2 0.1 0.0 0.1 0.2
HLTI: = 0.0037, width = 0.0311 e — mm
HLT2: mean = 0.0001, width = 00198 27°¢  Jme [mm] 95



Conclusions - SV reconstruction

Achievements

- Extended and validated a framework for evaluating HLT2 secondary-vertex reconstruction
performance

- Co-developed a conversion framework to represent HLT1 objects as HLT2-compatible particle
objects, enabling direct performance comparisons

- Performed a direct comparison of HLT1 and HLT2 secondary-vertex reconstruction

Next step
- Integrate the developed tools into the central LHCb software framework
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Prospects



Run 3 R(D*)r/e analysis LHCb Preliminary

(%4}
L

- The statistical precision could reach ~ 0.5 %
by the end of Run 5

This work : 4.7 %

-
1

w
I

- Controlling systematic uncertainty will be
Full Run 3 data : 1.89 %

\

8]

the biggest challenge

[
1

Runs 1-5:0.49 %

R(D")z/. statistical precision [%]

- With Upgrade Il, the NP searches will continue

o

—

50 100 150

o

through other observables (angular analysis) and
other decay modes (Bq, B,., 4;, etc. )

Secondary vertex reconstruction in HLT1 and HLT?2
- Developed tools fit into the broader effort of HLT1-HLT2 comparison studies

- Provides a step toward HLT2 reconstruction on GPUs for Upgrade II

200

250 300

Integrated luminosity [fb~]
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Backup



Hamitonian : b — clv

How can LFU be violated ?

Effective Field Theory (EFT): describes the low-energy effects of heavy new physics (NP)
without specifying the full underlying theory

In EFT framework, the b — clv transition can be described by

4G rV, _ —
Hep = ——(Osm + Y Ci00;), Osm = (ev"Ppb)(Ey* Prvy)

V2

- O; : Effective operator

- C; : Wilson coefficient encoding possible NP contributions
101
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PLB 795 (2019) 386
0.254 + 0.007

EPJC 84 (2024) 400
0.262 + 0.009

ICHEP 2026

0.1

0.4
R(D*)

BaBar, had. tag
0.440 £ 0.058 £ 0.042

Belle®, had. tag

0.375 + 0.064 + 0.026

Belle, sl. tag
0.307£0.037£0.016

LHCb"
0.441 £ 0.060 % 0.066

LHCb*
0.249 + 0.043 + 0.047 i

Belle I1*, had. tag
0.439 % 0.055 % 0.046

Belle I1°, ¢

sl. ta
0.418+0.074 %.05 I
Average
0.359 £ 0.024
SM Average
0.296 £ 0.004

PRD 94 (2016) 094008
0.299 + 0.003

EPJC 80 (2020) 2, 74
0.298 £ 0.003

PRD 105 (2022) 034503
0.296 = 0.008

PRD 106 (2022) 096015
0.288 + 0.004

JHEP 01 (2024) 022 :
0.304 + 0.003 '

FLAG, PRD 113 (2026) 1, 014508
0.294 + 0.005 -

l*

ICHEP 2026

0.4

R(D)
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Generator cuts used In simulation sample

TABLE 4.3. — Generator cuts used in the generation of simulation samples.

K" /x~ selections
6 >0.01
px/pz<0.34and py/p, <0.34
pPx/pz>-0.34and p,/p, > —0.34
pr>250MeV/c
4.5< p<300GeV/c
e  selections
g >0.01
px/pz<0.34and py/p; <0.34
px!/pz>—-0.34and py,/p; > —-0.34
2.05<n<4.25
p>2GeV/c
D selections
p>15GeV/c
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Sample

Simulation
100 M events for BY - D*"e*v, and 10 M B® - D*~t*v,_ are prepared
1~5 M events are generated for various physics background modes

Decay Number of generated events (M)
i B — (D*(2010)" — (D = K n 7 )w )e v, 100
Slgnal modes L BY — (D*(2010)” — (D° — K* 7)) (1 — e*vovy) vy 10
— BY — (D} (2400)~ /D, (2420)~ /D, (2430)~ / D} (2460) ") e* v, 3
B® — (D} (2300)~/ D, (2420)~/ D, (2430) ™/ D} (2460) )7 v, 1
_ _ B* — (D} (2400)°/ D, (2430)°/ D, (2420)°/ D} (2460)°)e* v, 3
Higher excited bkg B+ — (D7 (2300)°/ D, (2430)°/ Dy (2420)°/ D3 (2460)°)7* v, 1
B’ — (D*(2S)”/D(2S)”/D;(2420)" / D; (2460) )e* v, 3
B* — (D*(25)°/D(285)°/D1(2420)°/ D (2460)%) e* v, 3
_ BY — (D;1(2536)/Ds2(2573)) e ve 2
— B — DX, — e"v, X)X 5
B* - D"(X. — e*v, X)X 2
Double charmed bkg | o = 5e =50y ;
— B* = DY(D; - 1t"v)X 1

* X, denotes an inclusive charm-hadron state.
*X and X' denote a system of any additional final-state particles. 104



Expected yields in data

Produced beauty mesons within LHCb acceptance, from Ref

Experiment LHCb

Run 1 Run 2 |Runs 3-4 || Runb
Completion date 2012 2018 2032 2041
Center-of-mass energy 7/8 TeV 13 TeV 14 TeV 14 TeV
bb cross section [nb] (3.0/3.4)x10° 5.6 x 10° 6.0 x 10° || 6.0 x 10°
Integrated luminosity [fb™] 3 6 50 250
B mesons [107] 100 350 3,200 16,000
B* mesons [107] 100 350 3.200 16,000
BY mesons [107] 24 84 760 3.800
A} baryons [10] 51 180 1,600 8,100
B mesons [10”] 0.8 44 24 120

Upgrade I Upgrade 11

Block | Polarity | Luminosity (fb~') | Fraction (%)
1 Up | 1.215 (1.178 with UT) 163
2 Up | 0.614 (0.604 with UT) 8.2
3 Up | 0.900 (0.681 with UT) 12.1
4 Down | 1.392 (1.147 with UT) 18.7
5 Up 1.160 15.6
6 Down 0.998 13.4
7 Down 0.737 9.9
8 Up 0.435 5.8

We shall have 18.56 x 101° B%/* (6.7 x 10° BY)
mesons produced in block 8 data

With the formula

Nchannel = NB X Bchannel X Egen X Etrg X Eoff
We can derive the expected yields in data for each decay
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https://indico.cern.ch/event/1558249/contributions/6717659/

Reconstructed statistics vs expected yields

TABLE 3.1. — Statistics of current MC sample and the expected yields Block 8.

Decay EventType Expected entries MC statistics
B — D*"e*v, 11584035 436,539.35 293,833.54
B’ — D* " 1tv, 11584036 16,017.20 26,926.70
B’ — D§ietve 11584052 7,194.42 2,239.77
B — D§ 151 vy 11883002 59.91 387.60
B* — D1 et ve 12885001 40,245.82 4,775.59
B* — D§1,t vy 12883001 716.49 1,564.36
B’ — (D757 /D®(28) et v 11686001 12,236.33 3,309.15
B — (D;3°/1D®(28)% et v, 12685401 21,517.78 5,419.79
B? — (D_;(2536)/ D, (2573))e*v, 13884001 23.05 5,866.93
B’ — DX, — e"v XX 11884651 13,611.52 3,285.42
B* —» DY (X, — e"ve X)X 12685412 4,780.06 1,598.52
B’ — DY(D; - 1*v) X 11884272 1,199.30 2,411.84
B* - DDy —»1ttvy)X 12885032 388.52 864.93

* X denotes an inclusive charm-hadron state.
*X and X' denote a system of any additional final-state particles.
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Trigger efficiency Run 2 vs Run 3

LHCDb Simulatic (13 TeV)

oAbty 108 > 1.0 T
- B D*esig E 9
- D* 7 sig N 08‘20 5
[ ! {  Dresigeff {7°% = 0.5
0.3F | | Drinen | 3} LHCb 2024
| 100 = + 2024 B mp(,u oK
021 0 1.0 1 1 [ ] 1 1 | 1 1
0.1F —50.2

0.5

Illlll

“0 5 10 ' -

| 1
pty [GeV /(] s S e
10 %' A .
LHCb% 1 itio (13 TeV) 7777 1
[ ' J1.0% 0.5 774 7
041 i B D*esig ] = i ' - 1
= Dorse - Josa Z B* - DUK*a-)mt -
I D € sig eff ] ] L ] 1 L 1 1 1 1 1 ]
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Electron yields in Run 1-3

B* = K=J/v¢, J/Y — ete”

B Integrated luminosity: 37.0 fb~! LHCb PI’ChIIliIl‘cll’}f"
0001 | e Run 3: 4232.5 %103 events
e Run 2: 576.9 x10? events

Run 1: 143.6 x10% events

< 40001

eld [x

1 vi

" 3000

LS1 LS2

commissioning

2000 1
40

F30

Cumulative signa

Recorded integrated luminosity [fb™]

1000 1
20
/ F10
0 Q N q Oy B S 4 3 ) N N 3 ¥, > g G
Y Ny a3V A o P A0 ax a9 A g Q Y ¥ Q& P
N Q NN Q Q Q N N Q Y K K QR Y
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Trigger selections used in HLT?2

B selections

Mass (MeV/ (:2) 1500 <M < 10000

Xoorter /DAL, <9

XED > 20

DIRA > 0.9995

DOCA(mm) <0.3

zDG — zB*+ (mm) > -5
end vitx end vtx

K*, 1™ selections

D° selections

Mass (MeV/c¢?) 1784.84 < M < 1944.84

p (GeV/c) > 15
XzDOCA <5
X5D > 25
X\zferte}{/ ndf < 5

DIRA > (0.9998

p (GeV/c) >5
pr (MeV/c) > 300
PIDg for K () >4 (<2)
min. ;(fp > 45
GhostProb <0.35
e” selections
p (GeV/c) >3
pr (MeV/c) > 300
min. ﬁp > 15
PID, > 2.0
n 2.2<n<4.2
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Replicate the re-sprucing selections

The 2024 re-sprucing campaign uses HLT2 selections before re-tunning and
Sprucing line with tuned HLT?2 selections

K+ 7" selections

p (GeV/c) = 15
pr (MeV/c) = 600
PID K for K () =0 (< 2) Old cuts Acut at
min. x3p = 10 15 GeV
Km_P {Km_P<20800}
K=, 7 sclections - i — hlemp
p (GeV/e) =5 120001~ Mean 1549004
pr (MeV/c) ~ 300 New cuts I N
PID K for K (n) =4 (< 2) s
min. Xip > 45 =R
(Ghost Prob < 0.35
| 6000 [—
4000 —
Leads discontinuous variable distributions:
. oLl |..|...|...|...|.;m...|. |

| 1 1 11
. 4000 6000 8000 10000 12000 14000 m 16000 18000 20000
1 B BB E B EEE BB EEEEBEEEEEEEEE J Km_P
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Replicate the re-sprucing selections

With MC flag and dedicated selections,

((Km_P>15000 &% pip P>15000 && Km _PT>600 && pip PT>600) ||
((H1t2Topo2BodyDecision==1 || H1t2Topo3BodyDecision==1) && (Km_P<15000 || pip P<15000 || Km_PT<600 || pip PT<608)))"

Km_P {Km_P<20000} Km_P {Km_P<20000}
htemp htemp
220 — Entries 6594 o Entries 462060
- Mean 1625¢+04 12000 — TG~ Mean  1.5490+04
200 — Std Dev 3042 B Std Dev 3726
= C -
180 - ““ 10000 —
T MC R ing d
3 - Re-sprucing data
140 8000 —
120 — B
1005— 6000 —
80— N
= 4000 —
60— -
40— B
C 2000 —
20 B
0:‘\||||||||||\\\|||||||||\\\‘|||||| _I|||||||‘||"|||||||,‘\||‘\||||||
4000 6000 8000 10000 12000 14000 16000 18000 2002& p 04000 6000 8000 10000 12000 14000 16000 18000 20000
| Km_P

We reproduce discontinuous selection
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Eur. Phys. J. C 86 (2026) 241

Training sample

Base parti- Non-isolated Decay chain
cles particles
Inclusive simulation contains 4 x 10* ¢ BY—D* (tvy, D'~ —»D'n
signal particles and 50-100 x more bkg ”*' f D DDl .

. . . Tt T » T ., - T, TT=ata T (n0)P,
per channel across various semileptonic - B D™y D™ D 0. D DOt
decays In simulation. DO ¢+ n, wt Bt D0ty D05 Dl D 5 DOt ot

fril_i.z‘fij’-l—
DO ¢t R S BYD*»* ¢ty, D*~ sD* xtr—, D* =DV7x
Data Spllt DV ¢t Ol S B 5D sty D~ 5D atx, DY~ —=D"x, T
- . . . g
70 % training, 15 % validation Do ¢t IO Bf;_Dfm;.D () D) 5 DO (wt7), DI e+ X
15 9% evaluation Do ¢+ K=, 21—, 2nt Bt — D D{_&,;'—-,—.—._ DE*) — D05 (xt7), D)
¢
: ‘- K+~ a Bt = K+J/y, Jjp—+0-
Tram/v_alld : bkg down-sampled to . P B9 D £y, Dr K n K-
matCh Slgnal KT~ KT, m~ B D tHv,, D7 - Ktn K=, 7t —={typ,
Eval : full imbalance (>50:1) K6 K*, 2n~. 7% BY=Di (Tw, D" Df ntn~, Df 5K n K-
kept for realistic Run-3 conditions. il o AL T AT A
pl~ K-zt NS AF -, AF5pK =t

*Label ¢ represents either an electron (e) or a muon ()
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https://link.springer.com/article/10.1140/epjc/s10052-026-15398-5

Signal and Background definition

Eur. Phys. J. C 86 (2026) 241

” .*V“' Produced at the
S8 displaced secondary
-"]gfhzaf | and tertiary vertex of

the b-hadron decay

Referred to as non-isolated tracks
SIGNAL
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https://link.springer.com/article/10.1140/epjc/s10052-026-15398-5

Signal and Background definition

Eur. Phys. J. C 86 (2026) 241

B vy,

SIGNAL

(

-
—

wrong
extra t*
isolated)

-2
- ’BO ]_)"‘Jr extra " from
{:}" another B

(isolated)

BACKGROUND

Produced at or near the PV

Originating from the decay of
the other b-hadron in the event

Referred to as isolated tracks
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https://link.springer.com/article/10.1140/epjc/s10052-026-15398-5

Input Features
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Features involve

Track Impact Parameters

Spatial & angular properties of extra tracks

and base-particles

Eur. Phys. J. C 86 (2026) 241

Vertex dynamics and extra tracks kinematics
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https://link.springer.com/article/10.1140/epjc/s10052-026-15398-5

SHAP value

LHCh Simulation
T T T 1

Frequency (a.u.)

LHCD Simulation (13 TeV)
— 7

(13 TeV)

=
o

-

Frequency (a.u.)
-]
)

0.1 ‘

Signal ]
i Background !

1Og(X12p wrt SV )

Frequency (a.u.)

.

S

[S]

100

P
XIP wrt PV

LHCD Simulation

10{-’; (Xlzl’ wrt SV)

2
XIP wrt PV
Transformed AR

1.0 T
Transformed AR

ITranstormed DIRA

SV displacement
log(xHoca)
log(pr) -

Signed flight distance

Transformed cos

SHAP value (impact on IMI output)

The SHapley Additive exPlanations
quantifies the contribution of each
feature to the model.

High

Feature value

Low
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https://arxiv.org/abs/1705.07874

Training configuration and result

The Extreme Gradient Boosting algorithm is selected.

—

a. .

Hyperparameters are optimized using the Bayesian  —

optimization framework Optuna.

Frequency

The objective is to minimize the Kolmogorov-
Smirnov statistic between the classifier outputs on the
training and validation sets.

— Suppress overfitting

0.1k

10 £

’_L
T

24 Background, training

Signal, training

Eur. Phys. J. C 86 (2026) 241

I T

} Background, evaluation .
Signal, evaluation ]
/ -
) %
_ e E
(i ¢ s ¢
57 %
| %4959% _
0.0 0.2 0.4 0.6 0.8 1.0

SHAP value
No evidence of overtraining observed
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https://dl.acm.org/doi/10.1145/2939672.2939785
https://arxiv.org/abs/1907.10902
https://link.springer.com/article/10.1140/epjc/s10052-026-15398-5

/

o P
PVl 1Py 2 Background
extra track
Track Isolation (isolated)

How displaced are signal
candidates or signal tracks
with respect to the given
primary vertex (PV) ?

Classical isolation algorithms

; B _ AR = A + Ay?
K

T P
; R
AN ' 3
iy .
l o
7
Fs

Background
extra track
(isolated)

PV Cone Isolation

What are the properties of
particles within a given cone
radius (n — ¢ plane) relative
to the signal ?

PV B~ + isolated

Eur. Phys. J. C 86 (2026) 241
K- N\

’ L " -
Y o !
/ o
¢
,,.
B -~ Background
- -
- extra track
(isolated)

extra track vertex

Vertex Isolation /

How compatible is the signal
candidate/track with the given
secondary vertex (SV)?
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https://link.springer.com/article/10.1140/epjc/s10052-026-15398-5

Performance : signal efficiency vs bkg
reJ eCtI O I"Eur. Phys. J. C 86 (2026) 241

-4 Compared with the classical isolation algorithm,
IMI algorithm demonstrates a clear advantage.

=
o
I
I

With 99 9% signal efficiency, 90-95 %
background is rejected.

Inclusive Simulation

Background Track Rejection
-]
(@]
!
1 1 I 1

0.4 IMI ]
Cone
— Track
0.2 Vertex ]
—e— Nominal IMI cut
PN T S T Y T S R M PR T T T
0.00 0.25 0.50 0.75 1.00

Signal Candidate Efficiency
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https://link.springer.com/article/10.1140/epjc/s10052-026-15398-5

Finding charged = from D*~ (- D%n™)

We trained a model using XGBoost to identify tracks
that likely originate from the B hadron decay.

After the online trigger reconstruction

( )

Ex: DY%"

Signal child [ Extra pion ] [ Acquire the

Isolation MVVA

-~

Parent particle
Ex: BY

]

Physics quantities
of each parent particle

LHCD Preliminary
"""""""""""""
\ D*e data ]

—1.0 —0.5 0.0 0.5 1.0
MVA output
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https://indico.cern.ch/event/1396208/contributions/5917078/attachments/2845476/4975001/isolationToolsRun3.pdf

Training variables - e and u cocktails

LHCD Simulation (13 TeV) LHCD Simulation (13 TeV)
I L L L FTrrrrfrrrrprrrr T
: bckg, e cocktail. : 0.5 _ bekg, e cocktail.
0.06 - Yeke, o cocktail, | T bekg, o cocktail.
sig, e cocktail. r [ sig, e cocktail.
04 [ sig, p cocktail.

Variables of e / u samples look identical

0.02

pov v by Ve w v by v by wn  byay

0.00

—50 —25 0 25 50

PV distance [mm] 10g Xip wrt pv
LHCDb Simulation (13 TeV) 0.8 LHCD Simulation (13 TeV) LHCD Simulation (13 TeV)
I L L B AL B B B e e o
025 F . bekg, e cocktail. 3.0 2
C . - bekg, p cocktail. - r
0.20 £ b 0.6 [ sig, e cocktail. - 2.5 F
“r 1 i [ sig, p cocktail. 1 r
r bekg, e cocktail. 1 | 2.0 F
0.15F bekg, 1 cocktail. . 0.4 -_ _-
C 1| sig, e cocktail. 1 L i 1.5
0.10 :_ sig, p cocktail. _: : y ;
E ] 0.2 . T f
0.05 . - ] W
0.00 6 L] 0.0 C
—50 —25 0 25 50 —2 0 2 4 6 0.0 0.0 0.5 1.0 1.5
SV distance [mm] 108 Xip i sv AR
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Performance - e cocktail track isolation

Table 1: Number of remaining tracks and corresponding BDT cuts

Table 2: Signal efficiency and corresponding BDT cuts.

Decay BDT>0.05 BDT>0.08 BDT>0. BDT>02 BDT>0.5 Decay BDT>0.05 BDT>0.08 BDT>0.1 BDT>02 BDT>0.5
B" = D*~ et v, 11.8 9.9 9.0 6.5 3.6 B — D* et v, 0.999 0.999 0.998 0.997 0.987
B D thve, tm = et v, Vi 11.0 9.1 8.2 5.8 3.2 B = D T ve, TV = e Vo Vi 1.0 1.0 1.0 0.999 0.995
B" — D*" et v, 13.1 11.2 10.3 7.9 5.0 BY = D™ etv, 0.996 0.993 0.992 0.985 0.957
B D" thtve, ot s etvev: 112 9.2 8.4 6.0 33 B D" ttve, v et vV 0.995 0.992 0.991 0.984 0.962
B" — D"Vetv, 12.4 10.5 9.6 7.2 4.4 Bt - D"Vety, 0.997 0.995 0.994 0.988 0.971
B* 5 D™t v, tt s etveve 117 9.8 9.0 6.7 4.1 Bt = D"ty tt 5 et vV 0.996 0.994 0.992 0.985 0.966

With cut > 0.08 :

1

1

Around 10 tracks per event remain, preserving almost all of the events we are interested in !

In terms of file size, it reduces the number of tracks by approximately a factor of 10
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Performance - u cocktail track isolation

Table 1: Number of remaining tracks and corresponding BDT cuts Table 2: Signal efficiency and corresponding BDT cuts.
Decay BDT=>0.05 BDT=0.08 BDT=0.1 BDT=0.2 BDT=>0.5 Decay BDT=0.05 BDT=0.08 BDT=0.1 BDT=0.2 BDT=0.5
B" - D" utv, 10.3 8.6 7.8 5.6 3.2 B - D" utv, 1.0 1.0 0.999 0.998 0.991
B D thve, 78 » utwvi 9.7 8.0 7.3 5.2 2.8 B D thve, ot 5 v v 1.0 1.0 1.0 0.999 0.995
B — D™ ut Vu 10.2 8.6 7.8 5.7 3.3 BY = D™ [Tha Vi 0.999 0.998 0.998 0.995 0.988
B 5 D™ 1ty ot = ut Vu Ve 9.7 8.1 7.3 5.2 29 B’ » D* ttv, 1t -5 ut Vy Vi 0.993 0.99 0.989 0.981 0.96
Bt — D0yt Vi 10.8 9.1 84 6.3 4.0 Bt = D0yt Vi 0.997 0.995 0.995 0.991 0.976
BT - D1y, tt ut Vi Vi 10.5 8.9 8.1 6.0 3.7 BT - D0ty 1t 5 put Vu Ve 0.994 0.992 0.991 0.985 0.963

We evaluate e training model on u cocktail samples. The performance still good
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TABLE 5.12

. —Decay name and the corresponding sub decays

Decay name

Decay composite

BY — D*~e*v,
B — D*1t*v,
BY — Dg et ve
BY — Da‘j__zﬁvr
Bt — DE:;'?EEJ“VE
Bt — Da‘j',]zﬁvr

B’ — (D*(2010)” — (D’ - K*n )m )et v,

BY — (D*(2010) = (D°’ = K*a )a )ttt — et v, vy ) vy

B® — (D7 (2400)~/ D;(2420)~/ D, (2430)~/ D} (2460) )e* v,
B® — (D} (2300)~/ Dy (2420)~/ D, (2430) "/ D; (2460) )T+ v,
B* — (D} (2400)°/ D} (2430)°/ D (2420)°/ D} (2460)%) e* v,
B* — (D;(2300)°/ D} (2430)°/ D (2420)°/ D} (2460)°) T+ v,

B’ — (D757 /D™ (28) et v, B? — (D*(28)"/D(2S)”/D1(2420)/D; (2460) )e* v,
Bt — (D;_;“fo“[zs)“)ewE B* — (D*(29)°/D(28)%/D,(2420)°/ D; (2460)") e* v,
BY — (D4 (2536)/ Dy, (2573))e* v, | BY — (D4 (2536)/ D4, (2573))et v,

B - DX, — etv. XX B — DX, — e*v, X)X

BT - DX, — e"v. X)X B* — DX, — e*ve X)X

B - D%D; - 1ttv)X
Bt —D%D; —1ttvy) X

B’ — DD, - 1tv;)X
Bt — D°D; —1ttvy)X

* X, denotes an inclusive charm-hadron state.
*X and X' denote a system of any additional final-state particles.
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Bremsstrahlung emission in LHCDb

800— : -

Bl True brem. photons

B True brem. photons with p, > 75 MeV
700} B True, reconstructed brem. photons

600;

w
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o
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Bremsstrahlung recovery in kinematics

BY - D*"etv,

0 *— _+ + +.,, 5
B> D" t7v,Tt" - e v,v;

0.06

0.02

0.00

HHCQQWW¥WP.

0.04

B? - D*ev with brems
correction
TN B? - D"ev w/o brems

] -- correction .
LU i — B? - D*t.v with brems —

Lo correction

i ----+ B> D"ty w/o brems

-~~~ correction

o s0 100
prec [GeV/c]

0.1

0.01

=LH|C||:)ISirInuIalti<|)nl |

I—IOI - 0 ISO-
pEee — pire [GeV/c]
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Schematic representation of PID resampling
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Data
S
o
S S\
| PIDpara
<A
S 1

Simulation

Random
generator
in [0, 1)

Figure 2: Schematic representation of the PID resampling and variable transformation techniques.
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https://arxiv.org/pdf/1803.00824

MC corrections - PID resampling

i-th MC cand with (p%l, Tii; Nfevt)

4 )
MC sample simulated
without RICH
\_ y,
4 )
Multi-dimensional model
fdata (PID' P, ”’Nevt)
built from control data
\_ y,

PID distribution

~

> PIDN ~f dara(PID|DT, 7', NLyp)

fdata (PID|PY, 7', NLoy)

J

— fdata for e~

e faata TOr K, m™

- DY(— K~ 7") control data

Jly — e*te” control data
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HLT2 selections of B? - J/w K*° control

sample

B selections

Mass (MeV/c?) 4000 <M < 6500

K*0 selections

I%EI‘IEK!H'd‘f' < 9
XD > 1000
DIRA > (0.995
ﬁp <25
J/y selections
Mass (MeV/¢?) < 5500
Xoorrex/N.d.E. <10
I%D > 30

min. y7, of e* >9

DOCA (mm) < 30
Mass (MeV/c?) 592 <M <1192
pr (MeV/c) > 500

Y2 <25
p(MeV/c)of K, m > 2000

pr MeV/c) of K, > 250
min.ﬁp of K, >9

PIDg of K, 7 >2 (<1077
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Offline selections of B? - J/¥ K*° control

sample

BY selections

e* selections

DIRA >0.9995

J/y selections

Mass (MeV/c?) <3139.9

X%’BITBX/ ndf < 6

2
XDOCA < 30

K*9 selections

Mass (MeV/c?) 792 <M <992

Xﬁertex/ ndf < 9

2
XDOCA < 30

PID, > 2.0
p (GeV/c) 3<p<200
pr MeV/c) > 300
min. X12P > 15
n 2.2<n<4.2
K*, 1+ selections
p (GeV/c) 5<p<200
pr (MeV/c) > 300
2
min. Yp > 45

n 1.o<n<5

130



O > J/w K*° control sample bkg sub-
straction fit

2500

2000 —

1500

1000
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500

1 1 L 1 1 ol - 4 ', . - '8 I N - v 3
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MC corrections - kinematics & multiplicity

B — JWpK*, with Jhp — ete
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Comparison of different methods for
mcreweight

ROC Curve: Classifier distinguishing reweighted MC from Data

' LHCDb Preliminary / |
0.8} / - _
O ) e )
—
<
&% 0.6
O
2
=
8 0.4} 1
e Unweighted (AUC = 0.591)
g GB (AUC = 0.580)
— 02 —— ONNXGB (AUC = 0.575)
—— NN (AUC = 0.572)
—— Bins (AUC = 0.590)
oo————1————— 1=~ Random

0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate
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Mo X AMp- fit on block 7 data

Events / ( 5.334 )

300
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400
300
200
100
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E LHCD Preliminary

*III|IIII|IIII|IIII|IIII|IIII|IIII|IIII

AILIL A AW I | =
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Number of yields in data
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Right-sign data

Total fit .
True D true D .
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Mis-identification background

Mis-ID backgrounds are distinguished in the fit
— Need to quantify the true yields n,,.,, of each misidentified track category

17500 -

15000 A

12500 -

10000 A

Events

7500 -

5000 -

2500 -

0 +

-1.00 -0.75 -0.50 -0.25 0.00 025 050 0.75 1.00

m2.. [GeV?/c*] 135



Mis-identification background

Mis-ID backgrounds are distinguished in the fit

— Need to quantify the true yields n,,.,, of each misidentified track category

The true yields 1., €can be unfolded using
- Reconstructed yields 71,

— Determined using bkg-enriched control sample : data with reversed electron ID cut ( PIDe < 2)

- Mis-ID matrix
— Obtained from calibration group and MC study

€n—n
€n—K
€n—p
€n—y
€n—g

\ En—e

€EK—n
€EK—K

€u—n
€u—K
Cu—p
Cp—p
Cu—g
€u—e

Ee—»}r\
€e—K
€esp
€eps
€eg

Ee—reJ
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Vertex isolation procedure

Step 1 : rank the B® candidates in each event

BDT
By n{’ 0.998
By n2+ 0.969
By n; 0.903
Event 1
B n{’ 0.856
By nj{ 0.821
B n;r 0.411
By nf 0.995
By n; 0.992
B nf 0.956
Event 2
B n; 0.827
By 7T§f 0.733
By 3  0.591

Step 2 : Remove the event if the second candidate has BDT > 0.99

BDT
BT i  0.998
BT m;  0.969
BT 3  0.903

Event 1 Passed

B5 i 0.856
BT m; 0.821
B; mw§ 0411
BT i 0.995

B, my  0.956 Remove
Event 2
B; ny 0.827 event2

B mf 0733
By 3  0.591
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Vertex isolation procedure

Step 1 : rank the B® candidates in each event Step 2 : Remove the event if the second candidate has BDT > 0.99
BDT BDT

Why check the second and third one ? \
Ideally, in D*t or e decays, there is only one extra = originate from B

Vel meson, if other high mva extra i’s exists, that decay might involve a higher
excited D-meson
Why remove the whole event ?

| Ineach collision, multiple B decays occur, but consider the branching ratio |
of our signal channel (10-?) and the signal efficiency (selection and

e detection), it’s unlikely that D** and D*[ decays would be reconstructed in

we same event.
By m;  0.733 By w3 0.733
By 3  0.591 B; 3  0.591
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BY - D*ev
B° - D*tv
B° - D**ev
BY - D**tv
Bt - D*ev
Bt - D**tv
Bt - DX, » evX) X
Bt - D**(Ds - )X
BY - D**(D; » )X
B° -> DY(X, - evX') X
B° - Dy ,ev
B* - DgP,ev

BY - D*ev

2"d highest MVA AM -

Sum of top 3 MVA <

sideband < 0.995 2.995
82.8(78.1) 84.7(79.4)
85.7(80.9) 86.9(81.5)
21.5(12.4) 34.4(14.2)
68.3(58.6) 68.2(56.7)
57.7(53.8) 58.6(53.5)
66.6(61.7) 66.7(60.9)
44.9(28.7) 50.2(29.5)
66.4(61.3) 69.1(62.8)
82.0(76.7) 84.0(77.8)
45.5(31.3) 50.9(32.7)
64.5(56.8) 64.4(55.3)
62.2(57.8) 62.5(57.2)
81.6(60.4) 84.8(61.7)

Efficiency [%] Vertex isolation (offline selection)
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Background MC investigation

Vertex isolation and

Estimated BR Generator cuts [%]  Trigger selection [%] offline selection [%] Overall efficiency [%]
0

B® - D**(Ds - )X 1.3x107° 8.5 12.6 80.3 0.86
I e L L
# DECAY OF THE BO . . .
N Main source of this cocktail sample Decay MyD_s+
Decay anti-BOsig

| ©.617700000 MyD*+ MyD_s*- SVV_HELAMP ©.4904 0.0 0.7204 0.0 0.4904 0.0; | 1 Mytau+ nu_tau

0.008000088 MyDx+ MyD_s- SVS; Enddecay

9.0006 MyD'_1+ MyD_s- SVS; CDecay MyD_s-

9.0012 MyD'_1+ MyD_s*- SVV_HELAMP 8.48 8.0 0.734 0.0 0.48 0.0;

0.0012 MyD_1+ MyD_s- SVS;

0.0024 MyD_1+ MyD_s*- SVV_HELAMP 0.48 0.0 8.734 0.0 0.48 0.0; Decay MyD_s*+

6.0042  MyD_2x+ MyD_s- STS; 0.942000000 MyD_s+ gamma

9.0040  MyD_2x+ MyD_s*- PHSP; _

! / 0.058000000 MyD_s+  pi®

0.0015 MyD*+ MyD_sB%- SVS; Enddecay

#dubious HELAMP values [:[]EDE&",-’ M‘f[] Sk -

0.0093 MyDx+  MyD_si- SVV_HELAMP 8.4904 0.6 0.7204 0.0 0.4984 0.0;

#0.0005 MyDx+  MyD'_sl- SVV_HELAMP 0.4904 0.8 0.7204 0.6 0.4904 0.9; The only extra particle is y

140



Branching ratio estimation

Vertex isolation and

Estimated BR Generator cuts [%]  Trigger selection [%] offline selection [%] Overall efficiency [%]
B* - D*ev 1.3x 1073 8.8 28.4 82.4 2.06
B* - D*tv 6.9 x 107> 8.9 24.8 84.0 1.85
B° - D**ev 1.0x 107 8.6 51.4 15.3 0.68

Signal modes are determined with the PDG value, for cocktail background MC:

1. Search the PDG value of the sub-decays in dec file

Decay B@sig

.05 MyD*(25)- et nu e PHOTOS ISGW2;
@.45 MyD(25)- e+ nu e PHOTOS ISGW2;
.45 MyD(2750)- et nu e PHOTOS ISGW2; The sub-decays
@.05 MyD(3000)- e+ nu e PHOTOS ISGW2;
Enddecay BO -> MyD(2750)- e+ nu_e and BO -> MyD(3000)- e+ nu_e
CDecay anti-Besig are found in PDG
PDG value for B® --> D_27%(246@8)- e+ nu_e : ratio 8.45 and decays in decfile B® -> MyD(2758)- e+ nu_e
Found data : B@ --> D _2~%(2460)- lepton+ nu_lepton , D _2"*()- --> Dbar@ pi- with pdg values (1.41+-8.20)E-3
Found data : B@® --> D_27%¥(2468)- lepton+ nu_lepton , D_27%()- --»> Dbar"*()® pi- with pdg_values (6.6+-1.1)E-4

PDG value for B® --> D _1(2428)- e+ nu_e : ratio @.85 and decays in decfile B -> MyD(3808)- e+ nu_e
Found data : B@ --> D_1(2420)- lepton+ nu_lepton , D_1()- --> Dbar"*()@ pi- with pdg_values (2.85+-8.25)E-3
Found data : B@ --> D_1(2420)- lepton+ nu_lepton , D _1()- --»> D- pi+ pi- with pdg values (1.82+-8.16)E-3
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Branching ratio estimation

Vertex isolation and

Estimated BR Generator cuts [%]  Trigger selection [%] offline selection [%] Overall efficiency [%]
B* - D*ev 1.3x 1073 8.8 28.4 82.4 2.06
B* - D*tv 6.9 x 107> 8.9 24.8 84.0 1.85
B° - D**ev 1.0x 107 8.6 51.4 15.3 0.68

Signal modes are determined with the PDG value, for cocktail background MC:

2. Estimate the branching ratios of this dec file The summed BR of sub-decays

Decay Bésig BO -> MyD(2750)- e+ nu_e and BO -> MyD(3000)- e+ nu_e
.05 MyD*(25)- e+ nu_e PHOTOS ISGW2; -3 .. o . _
0.5 MmyD(25)- I HOTOS  TSGH2, are around 2 X 107> and the ratio in decfile is 0.45 + 0.05=0.5
@.45 MyD(2750)- e+ nu_e PHOTOS ~ ISGMW2; the estimated BR is (2 X 10_3)/(0'5/1_0) =4x 1073
E 3;165 MyD(3008)- e+ nu_e PHOTOS ISGW2; C0n5|der the BR fOF D*_(_) DOTL_—) and DO(_) Kn.)
nddecay _
CDecay anti-B@sig We get BR ~ 10 X 10 4
PDG value for B® --> D_27%(246@8)- e+ nu_e : ratio 8.45 and decays in decfile B® -> MyD(2758)- e+ nu_e
Found data : B@ --> D _2~%(2460)- lepton+ nu_lepton , D _2"*()- --> Dbar@ pi- with pdg values (1.41+-8.20)E-3
Found data : B@® --> D_27%¥(2468)- lepton+ nu_lepton , D_27%()- --»> Dbar"*()® pi- with pdg_values (6.6+-1.1)E-4

PDG value for B® --> D _1(2428)- e+ nu_e : ratio @.85 and decays in decfile B -> MyD(3808)- e+ nu_e
Found data : B@ --> D_1(2420)- lepton+ nu_lepton , D_1()- --> Dbar"*()@ pi- with pdg_values (2.85+-8.25)E-3
Found data : B@ --> D_1(2420)- lepton+ nu_lepton , D _1()- --»> D- pi+ pi- with pdg values (1.82+-8.16)E-3
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Efficiency determination

"bo .

Vertex isolation and

. 0 . . o . . 0
Estimated BR Generator cuts [%] = Trigger selection [%] offline selection [%] Overall efficiency [%]

Bt - D*ev 1.3 x 1073 8.8 28.4 82.4 2.06

B° - D**ev 1.0 x 107* 8.6 51.4 15.3 0.68

Step 1: Prepare MC tuples which only contain generator level information

tuple Bst MC = FuntupleMC(

name="Bstar_MCTuple",

tuple_name="DecayTree", USing FuntupIeMC and

fields=fields, decay descriptors Step 2:

variables=variables mc, . .
event_variables-mc_evt vars, Get the number of truth-matched candidates after trigger cuts

inputs=all_mc_particles, Divide this number by number of entries in the MC tuple
)
dstp e": {

"B": "[[B@]CC => (D*(201@)- => D~B pi-) e+ nu_e]CC",
"Dst": "[[BR]CC => ~(D*(201@)- => D~@ pi-) e+ nu_e]CC",

"b@_dststp_e": {
"B": "(([[BO]CC => D*(2640)- e+ nu_e]CC) ||

"De": "[[BO]CC => (D*(2@18)- => ~D~@ pi-) e+ nu_e]CC", ([[Be]CC => D(25)- e+ nu_e]CC) ||
"pi": "[[B@]CC => (D*(201@)- => D~@ “pi-) e+ nu_e]CC", ([[BO]CC =» D*_2(2468)- e+ nu_e]CC) ||
'‘lep": "[[B@]CC => (D*(2018)- => D~B pi-) “e+ nu_e]CC", ([[BB]CC =»> D_1(2428)- e+ nu_e]CC))"
"nu": "[[B@]CC => (D*(2818)- => D~@ pi-) e+ “nu_e]CC" 1,

Descriptor for signal mode Descriptor for cocktail sample 143


https://gitlab.cern.ch/lhcb-datapkg/AnalysisProductions/-/merge_requests/4043

Efficiency determination

Vertex isolation and

Estimated BR Generator cuts [%]  Trigger selection [%] offline selection [%] Overall efficiency [%]
B* - D*ev 1.3x 1073 8.8 28.4 82.4 2.06
B* - D*tv 6.9 x 107> 8.9 24.8 84.0 1.85
B% - D**ev 1.0 x 10~* 8.6 51.4 15.3 0.68

Defined as

Number of truth-matched candidates after trigger selections, vertex isolation and AM -+ cut

Number of truth-matched candidates after trigger selections
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Cumulative selection efficiencies in block 8

Generator Trigger . ] . Overall

Decay cuts [107] selecﬁﬂii [1072] Offtine selections [10~] efficiency [1074]
BY— D* e*v, 8.80 + 0.02 3.16 + 0.00 82.23 + 0.06 22.90 + 0.06
B — D* 1w, 8.90 + 0.02 2.30 + 0.01 85.38 + 0.17 17.47 + 0.10
B — — Dyt ve 8.60 + 0.02 4.03 + 0.03 18.28 + 0.30 6.33 + 0.12
B’ — D;*;;Twr 8.40 + 0.02 2.52 +0.04 11.67 + 0.46 247 +0.10
B* — D0 etv, 8.70 +0.02  2.36 +0.02 65.82 + 0.49 13.51 + 0.17
B D;;";‘L,r Vi 8.30 + 0.02 1.88 + 0.03 69.49 + 0.82 10.85 + 0.23

— (D75 ID™(28) )etv, 8.60 + 0.02 6.00 + 0.04 16.84 + 0.23 8.69+0.13
B [D““fD[*J(z SVetv, 8.50 + 0.02 2.98 + 0.03 60.53 + 0.45 15.31 + 0.18
BY — (Ds1(2536)/ Ds»(2573))e* v, 8.60 + 0.02 3.85 + 0.04 67.56 + 0.44 22.39 + 0.26
B“ DX, — et v, X)X 7.90 + 0.02 2.03 +0.02 34.12 + 0.39 5.48 + 0.08
Bt - DX, —e*v, X)X 7.90 + 0.02 2.37 + 0.03 35.65 + 0.58 6.67 + 0.13
B — DYD; —1ttv)X 8.50 + 0.02 1.04 + 0.02 80.90 + 0.60 7.17+0.12
B* - DY(D; —t*v;)X 8.40 + 0.02 1.28 + 0.03 68.17 + 1.11 7.31+0.21

*X_. denotes an inclusive charm-hadron state.

*X and X' denote a system of any additional final-state particles.

*Offline selections includes vertex isolation and AMp-+-, e pr cuts introduced in Sec. 4.2.3

Generator cuts :
Cuts used in event generation

Trigger selections :
Selections in trigger line

Offline selection :

AM p- selection & physics
background suppression
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Cumulative selection efficiencies In

bloc

K 5

Generator Trigger . . _- Overall
Decay cuts [1072] selectiuigs [1072] Offline selections [10~] efficiency [107%]
B" — D* e*v, 8.80 + 0.02 3.66 + 0.00 78.08 + 0.04 25.14 + 0.06
B'—D* 1ttv, 8.90 + 0.02 2.57 +0.01 76.42 + 0.13 17.47 + 0.07
B —Djietve 8.60 +0.02  4.55+0.02 17.67 + 0.17 6.91 + 0.07
B’ — Dy 1,1t v, 8.40 £0.02  2.75+0.02 11.04 + 0.26 2.55 + 0.06
B* — Dy %et ve 8.70 +£0.02  2.67 +0.02 60.01 + 0.28 13.92 + 0.11
B* — Dyt v, 8.30 + 0.02 2.05 + 0.02 61.73 + 0.56 10.52 + 0.15
B’ — (D} /D™ (28) et v, 8.60 + 0.02 6.84 + 0.02 15.65 + 0.13 9.20 + 0.09
B* — (D73 1D™M(28) % et v, 8.50+0.02  3.37+0.02 56.11 + 0.25 16.07 + 0.12
BY — (D51(2536)/ Ds»(2573))et v,  8.60 + 0.02 4.39 +0.02 63.32 + 0.27 23.90 £ 0.17
B' - DX, —e*v. XX 7.90 + 0.02 2.24 +0.01 28.33 +0.21 5.02 +0.05
B* - DX, —e*v XX 7.90 + 0.02 2.56 + 0.02 29.71 + 0.34 6.00 + 0.08
B - D"D; —1ttvpX 8.50 + 0.02 1.19 + 0.01 69.15 + 0.40 7.02 +0.07
B* - D(D; —1t*v;)X 8.40 + 0.02 1.49 + 0.02 58.62 + 0.64 7.36 £ 0.12

*DE

* *
12 and Dl

¥

2

* X denotes an inclusive charm-hadron state.
*X and X' denote a system of any additional final-state particles.

*Offline selections includes vertex isolation and AMp-+-, e pr cuts introduced in Sec. 4.2.3

/D™ (2S) denote D} (2300) / D/ (2430) / D;(2420) / D3 (2460) and
D*(2S) 1 D(2S) | D,(2420) / D;(2460) states, respectively.
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Cumulative selection efficiencies In
block 6

Generator Trigeer . . i Overall

Decay cuts [1072] selectiuiflgs [102] Offline selections [10~] efficiency [107%]
B'— D* etv, 8.80 + 0.02 3.64 +0.00 77.40 +0.04 24.78 + 0.06
B'— D* 1*v; 8.90 + 0.02 2.55 + 0.01 75.69 + 0.15 17.17 + 0.08
B — Dy et ve 8.60 + 0.02 4.54 +0.02 16.99 + 0.18 6.63 + 0.08
B’ — D\, v, 8.40 + 0.02 2.73 £ 0.02 10.06 + 0.26 2.31+0.06
B — Dg1etv, 8.70 + 0.02 2.63 +0.02 59.05 + 0.31 13.53 + 0.11
B* — Dg\%ttv, 8.30 + 0.02 2.08 +0.03 61.61 + 0.60 10.64 + 0.17
B — (D% /D™M(28))etv, 8.60 + 0.02 6.78 + 0.03 14.85 + 0.14 8.66 + 0.09
B* — (D}30/D™(28)%)e* v, 8.50+0.02  3.37+0.02 55.93 + 0.28 16.03 + 0.13
BY — (D51(2536)/ D»(2573))e* v,  8.60 + 0.02 4.29 +0.03 62.30 + 0.29 23.00+0.18
B'— DX, —e*v. XX 7.90 + 0.02 2.21 +£0.01 28.23 + 0.23 4.94 +0.05
B* - DX, —e*v, X" X 7.90 + 0.02 2.54 + 0.02 29.17 + 0.36 5.86 + 0.09
B" - DY(D; —1*v;)X 8.50 + 0.02 1.17 + 0.01 68.39 + 0.44 6.81 + 0.08
B*—D"D; - 1t*v;)X 8.40 + 0.02 1.47 + 0.02 57.09 + 0.57 7.05+0.11

* Dy, and D3/ D™ (28) denote Dy (2300) / D) (2430) / Dy(2420) / D} (2460) and

D*(28) I D(2S) / D1(2420) / D;(2460) states, respectively.

* X, denotes an inclusive charm-hadron state.

*X and X' denote a system of any additional final-state particles.

*Offline selections includes vertex isolation and AMp--, e pr cuts introduced in Sec. 4.2.3 147



Cumulative selection efficiencies In

block 7

Generator Trigger ) ) . Overall
D : : .. Offl lect 102 .
ceay cuts [107%] selections [1077] ine selections | ] efficiency [107%]
cy

B — D* e*v, 8.80 + 0.02 3.37 + 0.00 77.88 + 0.05 23.08 + 0.06
BY— D* 1tv, 8.90 + 0.02 2.42 +0.01 76.41 + 0.15 16.45 + 0.08
B — Dgisetve 8.60 + 0.02 4.17 +0.02 17.91 + 0.23 6.43 +0.09
B — Dy, thv, 8.40+0.02 263 +0.03 11.07 + 0.33 2.45+0.08
B* — Dy et ve 8.70+0.02  2.49+0.02 59.89 + 0.38 12.97 + 0.13
Bt — D0 rty, 8.30 + 0.02 1.96 + 0.02 61.37 + 0.62 9.99 + 0.16
B — (Dy3ID™M (28 )et v, 8.60 + 0.02 6.37 + 0.03 16.09 + 0.18 8.82+0.11
B* — (D132 /D™ (28)% et v, 8.50 + 0.02 3.15+0.02 57.20 + 0.34 15.33 + 0.14
BY — (D41 (2536)/ D»(2573))e* v, 8.60 + 0.02 4.00 + 0.03 63.23 + 0.36 21.76 + 0.21
B"— DX, —e*v. X)X 7.90 + 0.02 2.11 + 0.01 28.56 + 0.28 4.76 + 0.06
B* - DY X, —etv. X" X 7.90 + 0.02 2.40 + 0.02 29.08 + 0.42 5.52 +0.10
B"—=D"D; - 1ttvp)X 8.50 + 0.02 1.12 + 0.01 69.12 + 0.52 6.57 + 0.09
B* - DD, —1t*v)X 8.40 + 0.02 1.38 + 0.02 57.94 + 0.86 6.70 +£0.15

* Dy , and D} % /D™ (28) denote D; (2300) / D) (2430) / D (2420) / D} (2460) and
D*(2S) I D(2S) | D1(2420) / D, (2460) states, respectively.
* X, denotes an inclusive charm-hadron state.
*X and X' denote a system of any additional final-state particles.

*Offline selections includes vertex isolation and AMp--, e pr cuts introduced in Sec. 4.2.3
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What does Barlow-Beeston lite do ?

When turn on Barlow-Beeston lite, fitter vary the bin scaling factors y to include
the uncertainty of the template statistics.

And y is constrained by the Poisson function with T as the mean value

Poiss (nbhbvgﬂc (oz)) - Poiss (7 |vp7h)

N—————
—/_/ . . . .
data model constraint ,wWhere b is the index of bin

And the effective bin count - T is defined as

2
MC
- Vy (Odprefit)
b J—
JEAC (Odpreﬁt) ,where v and o are sum of weight and uncertainty,,,



Template preparation - simulation

Construct templates of signal channels and physics background using MC samples

Signal modes
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Template preparation - simulation

Construct templates of signal channels and physics background using MC samples
B° - D**e(t)v background
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Template preparation - simulation

Construct templates of signal channels and physics background using MC samples
B* - D**e(t)v and B? — D:*ev background
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Template preparation - simulation

Construct templates of signal channels and physics background using MC samples
Double charmed background
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Template preparation — data driven

Construct combinatorial and mis-identified electron background from
Wrong-signed D*~ e~ data and data with reverse PIDe requirement
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https://indico.cern.ch/event/1674829/#49-pid-and-misid-for-electrons

Calibration of Bremsstrahlung fraction

To calibrate the MC brems fractions in MC, a 2D data/MC ratio map in electron p;
and » , derived from the control channel is prepared.

BY — JWp K™Y, with JAi) — ete and K* — K'r«
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Calibration map of bremsstrahlung fraction - block5

n(L1)
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Calibration map of bremsstrahlung fraction - block6
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Calibration map of bremsstrahlung fraction - block?
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Electron kinematic - signal and B? decays

LHCb Simulation
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Electron kinematic - physics backgroun

LHCb Simulation LHCb Simulation LHCH Simulation LHCh Simulation
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Component Yields in bremsstrahlung category ¢

Signal
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Constraint on physics backgrounds

The ratio between B - D**tv and D**ev with the R(D**) measurement (37 %)

The BRs of B® - D**(Ds —» tv)X and B* - D**(D, — tv)X are constrained (25 % and 50 %)
based on the measured BR in PDG, for the decays not measured, assign 50 % uncertainty.
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https://journals.aps.org/prl/abstract/10.1103/rj9h-n4w1

Fit result - block 6
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Fit result - block 7
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Fit result - block 8
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Preliminary blinded result : physics backgrounds

Free parameters
B(B® — D§i5e*v,) (4.62+0.52) x 107>
B(B* — Dg}%e*ve) (5.01+0.34) x 1072
B(B® — (D}%"/D(2S) )e*v,) (5.87+0.48) x 107°
B(B* — (D73’ /D28)%)e*ve) (5.16+0.32) x 107>
B(B? - DX, — e*v, X" X) (5.03+0.59) x 107
B(B* - DX, —e*v,X"X) (10.47 +0.46) x 10~

Gaussian constrained parameters

Fit value Constrained value
R(D**) 0.315+0.014 0.13+0.037
B(B? — Dy s2e* ve) (2.013+0.040) x 10°*  (2.1+£0.5) x10™*
BB° - DD, — t*v;)X) (1.75+£0.23) x 10> (1.3+0.3)x107°
BB* — D%D; —1tv;)X) (13.70+0.63) x 10~° 4+2)x10°©

Validation of physics background yields

- Direct validation is limited: many exclusive branching fractions are poorly measured
- Some Gaussian-constrained parameters shift significantly from their prior values
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Preliminary blinded result : combinatorial and mis-1D backgrounds

Free parameters
Nws p+e- in block 5 (4.330 +0.023) x 10°
Npis-ip in block 5 (1.74+0.17) x 10*
Nws p*-e- in block 6 (3.370 +0.020) x 10°
Npis.ip in block 6 (0.98+0.12) x 104
Nws p+e- in block 7 (2.852 +0.019) x 10°
Npis.ip in block 7 (1.84 +0.14) x 104
Nws p*-e- in block 8 (2.382+0.018) x 10°
Npmis-ip in block 8 (5.00 +£0.15) x 10*

Background yields checks

- Combinatorial D*~ + random e* enhanced in block 8 data
- Mis-ID yields / fb fluctuate across data blocks

- Further investigation is ongoing
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Preliminary blinded result : Bremsstrahlung fractions

Free parameters
80— D ev 0.596 + 0.001 Calibrated values
IBo—p*-1v 0.805+0.034 Decay category Combined blocks
fo*ev 0.362+0.010 B" — D*~etv, 0.598 +0.016
B - D* ttv, 0.561+0.016
Gaussian constrained parameters D**ev 0.574 + 0.009
Fit value Constrained value D**tv 0.565+0.014
0 - -
forry 0.575+0.010 0.565+0.014 gs - I(Dslll(2536(l /)932(2573)J€+Ve gggg + 3'815
ouble charm (e . + 0.
- -
JBo—D5etv, 0-557£0.013 0.588+0.016 Double charm (7 — e) 0.566 +0.013
fBOM . pox.e 0.532+0.010 0.529+0.013
fBO_pop¢ 0.572+0.013 0.566 +0.013

Bremsstrahlung fraction checks
fp*er 1S CONsistent with the estimated value
fo» and fp+-,, Show deviations from the table of calibrated values

168



Toy validation - setup

Generate the psudo-experiment data histogram from the fitting template

- Expected yields estimated using efficiencies and number of estimated B mesons In
each blocks

- The statistics in each bin follows Poisson distribution

- To account for effect of BB method, we applied generated binning scaling factors
to include the shape variations
- Extract t of the template for each bin
- Generate new random t , defined as 7’ using gamma function

- Evaluate new scaling factor for each bin y, = t; /7, and apply it to change the sum of
weight for the bin b, which changes the template shape

- Generate toy data with the varied template MC 1\ 2
= (Vb (apreflt))

Effective bin count - 7 is defined as MC
Tp (aprefit)
,where v and ¢ are sum of weight and uncertainty 169



Preliminary blinded result for R(D*)-,, extraction

Free parameters

BB’ — D*"e*v,)
R(D™)

(1.776 +0.003) x 1074
0.027 +£0.002

B(BY — Dgiseve)

B(B* — D;i%etve)

B(B" — (D57 /D(2S) )etv,)
BB* — (D5’ /D29)"e* ve)
B(B° - DX, — e*v,X") X)
B(B* — DX, — e*v, X" X)
Nws p#-e- 1IN block 5

Nhis-ip in block 5

Nws p-e- 1IN block 6

Nhis-1p in block 6

Nws p+-e- in block 7

Nmis-1p in block 7

Nws p+-e- in block 8

Nhis-ip in block 8

fB“—-D*‘ev

JBo—D*1v

fD** ev

(4.62+0.52) x 107°
(5.01 +0.34) x 107>
(5.87 +£0.48) x 107>
(5.16+0.32) x 107°
(5.03+0.59) x 107°
(1.047 £0.046) x 10~*
(4.3297 +0.0235) x 10°
(1.7386+0.171) x 10*
(3.3689 + 0.0196) x 10°
(9.7584 +1.20) x 103
(2.8519+0.0185) x 10°
(1.8360+0.138) x 10*
(2.3820+0.0180) x 10°
(4.9951 +0.153) x 10*
0.596 + 0.001
0.805+0.034
0.362+0.010

= 2 _ 2 ~
0B = \/Uwith BB Ostat™ = 5.7%

The systematic uncertainty for template size is

Run 1 muonic R(D*)z;, :5.3 % ref with 3 fb~*
Run 2 hadronic R(D*)<,, : 1.8 % ref with 2 fb~1

Run 2 muonic R(D*)w - 7.5 % ref
Run 3 electronic R(D*)z/, : 5.7 %

with 2 fb~1
with 3.3 fb~1

Blinded parameters obtained with BB

The relative statistical uncertainty of R(D*)z/, Is 4.7 %
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https://arxiv.org/abs/2305.01463
https://arxiv.org/abs/2406.03387

Yields of

Experiment T reconstruction  Luminosity normalization (signal) el Of R(D*)
Run 1 LHCb T+ — v,y 3fb! 1,282,000 (46,000) [53] 6.4% [53]
Run 2 LHCb T — hadonic states 2fh! 2,6007 [54] 5.8% [54]
Run 2 LHCb =ty 2fh? 29,000" [55] 20% [55]
ﬁﬁf;iﬂ; tagging T = vy 426 fb™ 24,000(1,800) [48] 7.2% (48]
ﬁiﬁfuﬁ?g tagging T v T 3,800(500) [49] 13.0% [49]
ﬁ;ﬁfﬂﬁg} tagging T — hadonic states 711 fb! 7,200(300) [51] 13.0% [51]
f:i?lzgznic B tagging T =LV, 711fb™! Not shown in Ref. [52] 6.3% [52]
f:i?;::ﬁc B tagging T — VeV 365fh~! 4,300(270) [56] 11.4% [56]
ﬁﬁﬁfﬁiﬁf ;h tagging T vy 365607 5,500(230) [57] 7.9% [57]
ﬁﬁﬂiﬁ: E:D‘)m T = etvevy 3.3fb" 4,742,000(187,000)* 4.7%
Full Runs 3 R(D")ze ™ = etv, i, 20.4fb~!  29,314,000(1,156,000) 1.8%

projection
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Mis-ID templates syst. uncertainty

We have 3 binning scheme and unfolding methods for mis-I1D template construction
- coarse, default and fine for binning scheme
- scipy, pyunfold and minuit for methods

Name Binning scheme

Coarse 1: (2.2, 4.2
P |GeV/c|: |2.5, 10, 15, 40, 70, 200|
N1ongTracks- IO, 150) 225, 500]

Default 7: (2.2, 3.2, 4.2]
P |GeV/c|: [2.5, 10, 13, 16.5, 21, 40, 70, 200]
NLongTracks: |0, 150, 225, 500

Fine n: 2.2, 3.2, 4.2]
P |GeV/c|: |2.5, 7, 10, 12.5, 17, 22, 40, 70, 200
NLongTracks: |0, 100, 175, 275, 500
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Mis-ID templates syst. uncertainty

We have 3 binning scheme and unfolding methods for mis-I1D template construction
- coarse, default and fine for binning scheme
- scipy, pyunfold and minuit for methods

Procedure :

- Fit the data using each templates, e.g. coarse scipy, fine pyunfold, fine minuit ...

- Record the blinded R(D™) values using different templates

- For each template, get the difference in R(D*) compared with the default one (default pyunfold)
- Quote the largest difference as the syst. uncertainty
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Mis-ID templates syst. uncertainty

We have 3 binning scheme and unfolding methods for mis-I1D template construction

- coarse, default and fine for binning scheme

- SCIpy === misID scan summary (blinding retained when enabled) ===
Proce‘uahiant RDst error shift
] default pyunfold 8.008943829 0.0067012686 8
- FItt coarse minuit 0 .009846656 ©.0007642 ©.0004163661
- Rec coarse_ pyunfold 0.889933357 0.0006994474 0.0005030666
coarse_scipy 0.809844523 0.00078259529 0.0004142331
- For default_minuit B.889495415 0.0007853907 6.512446e-05
- Quo default scipy 0.809476654 0.0007841252 4.0836418e-65
fine minuit 0.6089757718 0.0007845598 0.000327428
fine pyunfold 0.809/782195 ©.0007835%5914 0.0003519845
fine scipy 0.889711913 ©.0007/046791 0.0002816227

Largest absolute shift from default pyunfold: ©.0005030666 (coarse_pyunfold)

Relative maximum shift: 5.335%

status covQual

W Wl W g g Ly L

)yunfold)
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Systematic uncertainty - Run 1 muonic R(D")+,

Internal fit uncertainties {TRLD«].{XIU_E] c:rmgnjixm‘j} Correlation
Statistical uncertainty 1.8 6.0 —0.49
Simulated sample size 1.5 4.5

B — D" DX template shape 0.8 3.2

B — DY/~ 5, form-factors 0.7 2.1

B— D** v, form-factors 0.8 1.2

B (B— D*D;(— 7 7,)X) 0.3 1.2

MisID template 0.1 0.8

B (B— D*777,) 0.5 0.5

Combinatorial < 0.1 0.1

Resolution < 0.1 0.1

Additional model uncertainty OR(D*)(x107?)  oR(poy(x107?)

B — D™ DX model uncertainty 0.6 0.7

BY— D** =7, model uncertainty 0.6 2.4

Baryvonic backgrounds 0.7 1.2

Coulomb correction to R(D**)/R(D*) 0.2 0.3
Data/simulation corrections 0.4 0.8

MisID template unfolding 0.7 1.2
Normalization uncertainties OR(p*)(x1072)  aRr(poy(x1072)
Data/simulation corrections 04xR(D*)  0.6xR(D")

7~ — p~ vV branching fraction 0.2xR(D*)  0.2xR(D)

Total systematic uncertainty 2.4 6.6 —0.39 PhysRevLett.131.111802

Total uncertainty 3.0 8.9 —0.43 175



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.111802

Systematic uncertainty - Run 2 hadronic R(D"),,

Table 5: Summary of relative systematic uncertainties on the ratio K(D*7).

Source Systematic uncertainty (%)
Signal decay template shape L8
Signal decay efficiency 0.9
Fractions of signal 7+ decays 0.3
Possible contributions from other v+ decays 1.0
Fixing the D" tFv, and D***t7tu, fractions iy
Normalization mode PDF choice 1.0
Knowledge of the D7 — 37X decay model 1.0
Specifically the D} — a, X fraction 1.5
B — D*~ DF(X) template shapes 0.3
B — D*~ D°(X) template shapes 1.2
B — D" D*(X) template shapes o
Fixing B — D*~ DI (X) bkg model parameters 1.1
Fixing B — D*~D"(X) bkg model parameters 1.5
B — D* 37X template shapes 1.2
Combinatorial background normalization Ay
PID efficiency 0.5
Kinematic reweighting 0.7
Vertex error correction 0.9
Normalization mode efficiency (modeling of m(37)) 1.0
Preselection efficiency 2.0
Signal efficiency (size of simulation sample) 1.1
Normalization efficiency (size of simulation sample) 1.1
Empty bins in templates 1.3
PDF shapes uncertainty (size of simulation sample) 2.0

Total systematic uncertainty s P hyS RevD.108.012018

Total statistical uncertainty 5.9 176



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012018

Systematic uncertainty - Run 2 muonic R(D")+,,

Source R(DT) R(D*")
Form factors 0.023 0.035
B — D*[D* X|u/7v fractions  0.024  0.025
B — D*X_X fraction 0.020  0.034
Misidentification 0.019 0.012
Simulation size 0.009 0.030
Combinatorial background 0.005 0.020
Data/simulation agreement 0.016 0.011
Muon identification 0.008 0.027
Multiple candidates 0.007 0.017
Total systematic uncertainty 0.047 0.085
Statistical uncertainty 0.043 0.081

PhysRevLett.134.061801
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LHCDb future schedule

Run3 | L Long Shutdown 3 (LS3)
2030 2031 2032 2033 2034 2035 203 2037 2038
J|FIMIAM|J|J|A[S|ON|D{J|FIMAM| ]| J|AIS|ION|D| J|FMAM|J|J|A|S|OND| ]| FIMIAM| ][] |A|S|ON|D{J | FIMIAM| ]| J|A[S|ON|D{ ]| FMAM) ]| J|A|S|O[N|D) J| FIMIAM| ]| J|AIS|O|N|D{ ] [FIMIAM| | J|A|S|OIN|D{ J | F[M|AM| ]| J|A|S|ON| D]
Run4 | LS4 Run5
2039 2040 2041

Shutdown/Technical stop
Protons physics

EYETS Ions
Commissioning with beam
Hardware commissioning
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Position uncertainty in HLT1 and HLT?2

@ ) B L AL w F T T T T 1 |
£ [ LHCb simulation _— 56F LHCb simulation HLTI
S 1258 pt + 5 [ pt + ]
% 12 BT — JIYK — reconstruction % 5F B* = J/YK o reconstruction
=) HLT?2 < [ HLT2 ]
E 100 _ reconstruction 1 E 4t ] reconstruction -
< L s L
= s : N ;
2 2 ]
0F ; 2F :
25 F . 1 _ ]
0 - 1 M BT T i i ] 0 : l L M M I ]
0.00 0.02 0.04 0.06 0.08 0.10 0.0 0.2 0.4 0.6 0.8 1.0
X position uncertainty [mm] Z. position uncertainty [mm]
% 150 T T 1 ] — T T T T ]
%t LHCb simulation HLTI
= L + +
% 1255 BT = J/yK L] reconstruction
100 F — H12
= C reconstruction - - —_— -
< -
= | Uncertainties of vertex position are also worse in HLT1 (blue)
2
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Pull of J/W - u™u~ vertex position - HLT1

Tpull =

S

Candidates

:

g

1000

I'rec — T'truth

ILHCb simlul.atlioﬁ .
BT — JYpK*

]

Candidates

7
o

Gaussian fit
=0.011+0.0121
=1.262 £ 0.0102

S0
X position pull

Candidates

; ILHCb simlul.atlioﬁ .
L BT — J/yKt

— — (] [ o]
S 8 8 8

Iléiii

=
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5

T

:

B* — J/pK+
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Gaussian fit?]
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1

H ]
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Pull of J/W - u*u~ vertex position - HLT?2

1
Gaussian fit’]

£10000 - LHCb simulation | (I}z;usl,silar;. fllt'. £10000 - 'LHCb simulation
= =
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