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Introduction



Introduction

Lepton Flavor Universality

R(D'™)) measurements — charged flavor

The weak interaction in the Standard Model treats W Z AW b= @l

identically the three charged leptons: e, u, and 7

= V5
except for their different masses. w Y
3
¥ 7, F’fﬂ E 7. BO{ ¢
= = ﬁ\ }D*,
\/\gv\_/\/\e \/\‘/N\_/\/\P \/\\{v\-/\\T 5
Previous measurements of R(D*):
This property is referred as Lepton Flavor = BaBar (2012)
Universality (LFU). . BE°=»D "ty
To test the LFU hypothesis we measure

B(BY—D* tv,,) with £=p, e
= Belle (2015 and 2017)

= Hadronic and leptonic 7

= One-prong hadronic 7 — wv, and 7 — prr
0 *—
5(5° — o~ [l = LHCb (2015 and 2018)

= Muonic 77 — pT Dy
= 3-prong hadronic 7 (Run 1)

BBD D= + L
R(D*) = (B8~ D"” )




R(D*) hadronic analysis (Run 2)



R(D™*) hadronic analysis (Run 2)

Signal & Normalisation mode

B° = D* v, and 7t — 3xF(7%) 7,

y v

T

Signal mode

= Same final states in signal and normalisation modes

= Signal mode partially reconstructed (missing neutrino )

B® — D*~3n+

a K*

N2

B~ D mmrTtt

Normalisation mode

Normalisation mode fully reconstructed

Helps to cancel out systematic uncertainties



R(D™*) hadronic analysis (Run 2)

Signal & Normalisation mode

B° = D* v, and 7t — 3xF(7%) 7,

14
)

B® — D*~3n+

T

Signal mode Normalisation mode

= Same final states in signal and normalisation modes = Normalisation mode fully reconstructed

= Signal mode partially reconstructed (missing neutrino ) = Helps to cancel out systematic uncertainties

Most relevant backgrounds are: Prompt decay: B® — D*3n™, double-charm decay: B® — D*DX
where D — 37F, combinatorial backgrounds.



R(D™*) hadronic analysis (Run 2)

R(D*) measurement

B(B® = D" tTv,)

R(D*) = —_



R(D™*) hadronic analysis (Run 2)

R(D*) measurement

B(B® = D" tTv,) B(B® = D" tTv,) B(B° — D* ntn ")
= X

R(D") = B e —

External branching fractions

K(D%)



R(D™*) hadronic analysis (Run 2)

R(D*) measurement

B(B® = D" tTv,) B(B® = D" tTv,) B(B° — D* ntn ")
= X

R(D") = B e —

External branching fractions

K(D*)
We measure:

B(B° = D 7'v,) o N

Enorm 1

A = =
M = @b ar®) e B B = 3757,) 7 B( = 37 (m0)7,)



R(D™*) hadronic analysis (Run 2)

R(D*) measurement

B(B® = D" tTv,) B(B® = D" tTv,) B(B° — D* ntn ")
= X

R(D") = B e —

External branching fractions

K(D*)
We measure:

B(B° = D 7'v,) Nsig
D* = =
M = @b ar®) e B B = 3757,) 7 B( = 37 (m0)7,)

Enorm 1

= | Nsjg from a 3D binned template fit:
= g% = (pg — pp+)?> momemtum transfered to the leptonic system (8 bins),
= 7T lifetime t; (8 bins),
= Anti-DJ BDT (6 bins).



R(D™*) hadronic analysis (Run 2)

R(D*) measurement

B(B® = D" tTv,) B(B® = D" tTv,) B(B° — D* ntn ")
= X

R(D") = B e —

External branching fractions

K(D*)
We measure:
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D* = =
M = @b ar®) e B B = 3757,) 7 B( = 37 (m0)7,)

Enorm 1

= | Nsjg from a 3D binned template fit:

= g% = (pg — pp+)?> momemtum transfered to the leptonic system (8 bins),
= 7T lifetime t; (8 bins),
= Anti-DJ BDT (6 bins).

= Nuorm from an unbinned fit to m(D*3x%)



R(D™*) hadronic analysis (Run 2)

R(D*) measurement

B(B® = D" tTv,) B(B® = D" tTv,) B(B° — D* ntn ")
s % X

External branching fractions

R(D*) =

K(D*)
We measure:

B(BO — D*_T+UT) . - 1
K(D") = =
(P B(B" - D*"3r%) Noorn  [ESEN B(mH — 37%0.) + B(r+ — 37t (n0)7;)

= | Nsjg from a 3D binned template fit:

= g% = (pg — pp+)?> momemtum transfered to the leptonic system (8 bins),
= 7T lifetime t; (8 bins),
= Anti-DJ BDT (6 bins).

= Nuorm from an unbinned fit to m(D*3x%)

= Efficiences [€sig | and  €norm extracted from MC samples



R(D™*) hadronic analysis (Run 2)

= Initial cuts (preselection and common cuts)

= Apply four BDTs (next slides):
= 37T vertex detachment BDT
= Anti-combinatorial background BDT
= Charged isolation BDT
= Anti-B® -=D*~DF X BDT
= Remaining cuts:

= Signal and normalisation modes



R(D™*) hadronic analysis (Run 2)

37* vertex detachment BDT

= Remove ‘prompt’ background

s
g LHEb Smulaion
. PR 5
Ed - o
T B =D,
\&
70
. v,
B -
2% Az>40,. i
Ed

Az/uncertainty distribution of the simulated signal (red), double charm
background (black) and prompt background (grey), after the initial

cuts. A cut at 20 is shown.



R(D™*) hadronic analysis (Run 2)

37* vertex detachment BDT

= Remove ‘prompt’ background
= Training samples:

= signal: MC B® — D*~7tu,
= background: bb —D*~ 37T MC where 37% don’t come from the 7+ nor any D-meson

TMVA overtraining check for classifier: BDTG

A Signal (test salple) |
sample)
35

« sighal (tralning sample) |

9
=0.508 (0.747)

(1/N) dN/ dx

x, K- .
I T B°=Dt,
Ve
5

D -
0 T
B —_— "
PV Az>40,, i

P » P B ,
' 08 06 04 02 0 02 04 06 08
BDTG response

S

= Signal efficiency: 70%; background rejection: 90% at BDT > 0.2



R(D™*) hadronic analysis (Run 2)

nti-combinatorial ba nd BD

= Remove D*~ and 37F from different hadrons
= Training samples:

= signal: B — D*~rtu, MC

= background: wrong-sign data

x, K- .
l T B =Dy,
\3

D°

D' Ve

0 T
B — N
PV Az>40,. T

—@— g

TMVA overtraining check for classifier: BDTD

% [0 Signal test Sample) | | |+ Sighal (irainind sample) 3
S 3557 sample)| | (traini o]
5 5 E|
z E

T

0.2 0.4

BDTD response

Signal efficiency: 85% & background rejection: 70% at BDT > 0




R(D™*) hadronic analysis (Run 2)

harged isolation B

= Remove events with extra charged tracks associated with signal ones
= Training samples: bb —D*~ 3zt MC

= signal: without extra tracks

= background: with extra tracks

TMVA overtraining check for classifier: BDT

FIEET Sighal (test Sample) | 1 Signal (training 'sample)
) sample) | | « ini

(1/N) dN/ dx
@

|

x K" 7 [eopokey
I DO~ Kmreir(X)
y K
o

e

— .

W Az>40,, 7
a

T T T T

AT
0.2 03
BDT response

Signal efficiency: 80% and background rejection 77% at BDT > 0



R(D™*) hadronic analysis (Run 2)

B® D"~ D} X BD [T BT s st ol |

= Distinguish 75 — 37~ from signal vs. D} — 37% X from B® -D*~ D} X
= Training samples:

= signal: MC B®— D*—rtu,
= background: MC-truth-matched B® — D*~ DF X

1

TMVA overtraining check for classifier: BDT

[ signal {iest sampid) '+ Signal (tfaining sample)
)

sample)

. g sample)
=0031(0821)

(1/N) dN/ dx

© Uio-flow (5.8): (00, 00)% (00, 00%

BDT response

Signal efficiency: 99.7%; background rejection: 31% at BDT > —0.2



R(D™*) hadronic analysis (Run 2)

D decay model

A simultaneous maximum likelihood binned fit to: min m(x+7 =), max m(zt7 =), m(z*7t) and m(37+)

Events / ( 40 MeVic? )
Events / ( 40 MeVic? )

- Non-D; background

., l:l Other D, modes
_ s : T _ s T T : o - o
S o =
H H .
s | | 5 | | h WMo - ot
500 1000 400 600 800 1000
m(reT) (MeVic?) min m(reT) (MeVic?) - D, - n'm'(r)

© 1000 ]

3 3

= = 400

§ 5

S . &

N H

< w0 s

2 w200

H

2 &

-
o o
_ : : _ : :
H H
s | | . | ,
500 1000 500 1000 1500
max m(reTr) (MeVic?) m(3re) (MeVic?)
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R(D™*) hadronic analysis (Run 2)

B — DD (X) control mode

= Fit to m(D*37%)

N L w0 3
L oo 2 r ]
2 L s [ 1
= L < F ] _—_—
g F g W B | ERCE
= 20— < L | :
% L £ 100f | ~ D¥ D*(2317)"
@ L o E ] -
w00 £ 1 0
[ G E
[ E ] [ - o pueasor
0 ok J W
= : _ e : : s -ooix
s s
500 1000 1500 0 5 10
MO 37) - MK ), - m(37) (MeV/c?) ¢ (GeV) - Combinatorial
2 ] -
g8 S 300 <
S S
2 £
g i
100
0
_ _ T T T
] 5
& &
sh | | |
a2 0 02 04
t; (ps) BDT

= We extract fractions that are used as constraints in the signal yield fit
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Results

Signal fit - PDF

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

= The total probability density function is:

Piotal(q%, tr, BDT) = 1/Niota X { Nsig [ Fromsmtn-n+5, Prismtr-ntp, + (1= fromsmtr-ntw, ) Pricsntn-ntnop,
+ fpwry Ppoperty, |+ Npi® [ Peap-pox sv + fpo 2 Ppsp=-pox pv |
+ Np+ [k x [ Pgo,pe p:+ + fpr Ppospe-pr + foJr Ppo_,p« Dt
+ f[)f] Pproyp- o T Ipp.x Pp,pe-prx + fp,ppix PB_[HD‘ ptx ]

+ Nps fo+ Pespe-p+x + Npsp-srtx Ppope-srtx

+ NpB,—B, Peombinatoric B + Npake 0 Peombinatoric 0° + Niake D* Peombinatoric D*~ }
= 16 templates: 13 templates from MC , 3 templates from data

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

12



Results

Signal fit - PDF

The signal yield is determined from a 3-dimensional maximum likelihood binned fit to g* (8 bins),
decay time of the 7*-candidate (8 bins), t., and the anti-Df BDT (6 bins).

= The total probability density function is:

Protal(@”; tr, BDT) = 1/ Niggar X { Niig [ frtnmta-ntv, Prissta-ntp, + (1= frinmtr-ntp, ) Prismta=ntaop,
+ fprv Ppsperrty, |+ Npo™® [Peap=—pox sv + fho 2 Ppsp=—pox pv |
+ Nl)fr [k x [’PB‘L»I)*’I);Jr + for ,PB‘L»I)"I): + fnjjf PB‘L)I)‘*I):;
+ fnj] PB‘MD**I}jq + fpp.x Ps—mwfl):fx + f&an*nff.\' PB?ﬁI}*’I)fX]

+ Np+ fp+ Ppape-pDtx + Npspe-3rtx PBsD-3rtx

+ Np,-B, | Peombinatoric B. + Npake p° |Peombinatoric 0|+ Nrake D* |Peombinatoric D*~ |}
= 16 templates: 13 templates from MC , 3 templates from data

= 4 free parameters , 6 gaussian constrained parameters and 6 fixed parameters
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Results

Signal fit - PDF

The signal yield is determined from a 3-dimensional maximum likelihood binned fit to g* (8 bins),
decay time of the 7*-candidate (8 bins), t., and the anti-Df BDT (6 bins).

= The total probability density function is:

Priotat(¢®, tr, BDT) = 1/Neotar X { Nsig _ Prisnta—atz, +(1— _) Prtosnta—ntnop,

+ fprsru Ppspreerto, ]+-[ Peup-—pox sv + fpo 2 Ppsp-—pox pv |

+ ND: [k X [’PB‘L»I)*’I);* Jr- PB‘MD-#)? Jr- Psﬂa/)**nj({

+ - Psﬂan‘*njq + - Ppipe-pix T - PHf}ﬁIJ*’ D¥x ]

+ Np+ fp+ Pesp--ptx +_ Prspe—artx

+ - Peombinatoric B + - Peombinatoric p° T - Peombinatoric D*~

= 16 templates: 13 templates from MC , 3 templates from data
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Results

Signal fit results

The signal yield is determined from a 3-dimensional maximum likelihood binned fit to g* (8 bins),
decay time of the 7*-candidate (8 bins), t., and the anti-Df BDT (6 bins).

< n T T - T T
Ng 7 8 r s Prominary 1 % 10000 e petmnay —
o ] 0 r 1 8
© ] & t i El
("'\2 — 310000 = — S
S 1 = F ] 2
= 1 2 [ 1 3
8 ] o L ] 3 5000 -
& q 5000 (— _

0 1 0 C L 1 0 L L T
_ s T T _ s T T 3 _ s T T T
) % | - — ) P R ) — — _

- L I - 1 | 5 - | I I

0 5 10 0 1 2 0.2 0 0.2 0.4
o (GeV?) t(ps) BDT

Signal fit projection on q2 (left), 7 lifetime (middle) and the Anti-Ds BDT (right)
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Results

Run 1 and Run 2

g : 208 2012 -1 . > g ]
‘E; /_://‘ 2017 Year ‘ L (fb ‘ E (TeV) ‘ Trigger efficiency 3 [ } oo
£ //2016 2011 111 R ool i .
E 2011 2012 208 olop o
: - 2012 : , ‘
3 2015 0.33 6.5 increased [
g 2016 1.67 6.5 by a soor
Tt e [ e 3
Monthof year 2017 171 6.5 factor of _..,,.-a’““
2018 2.19 6.5 15% [ 5250 5300 5350
LHCb cumulative integrated m{D'37] [MeV/c]

luminosity from 2010 till 2018

Mass distribution of By for different datasets
after applying normalisation cuts

= Runl (2011+42012): R(D*) =0.283+ 0.019 + 0.029 (PRL.120.171802)
N—— ———

6.7% stat.  10.3% syst.

= Run2pl (2015+2016): Blinded R(D*) (Resmi P.K et al. LHCb internal review)
= Run2p2 (2017+42018): Statistics increased by a factor > 2 w.r.t. 2016 (stat. uncertainty ~ 3%)

14



Results

LFU Anomalies: R(D) vs R(D*) plot

B(B® — D=z vr) B(B® — D*~ [z vr)

= and R(D*) =
5(8° — D-[ilv,.) 5(8° — D=~ [il.)

experiments, 6 measurements, different analysis techniques
[Heavy Flavor Averaging Group, HFLAV]

R(D)

w

BaBar 2012, ha, tag
0332 + 0.024 £ 0018

Bale2015, had. tag
0293 +0.038 + 0015

Ax? = 1.0 contours

BaBarl2

Belle 2017, (hadronic tau)
0270 +0.035 + 0027

LHCt
0283
Bdle
028340018
LHCb 2022
0281 0016 0024

Average
028 20013 — 03
S Prediction

0254 £ 0005

PRD 95 (2017) 115008
0257 £0003

0.35

LHCb18

JHEP 1712 (2017) 060
JEF AR 025

S I

PLB 795 (2019) 386
0754 £0007
PRL 123 (2019) 9,091801
053 +.0005 -

Bellel7
R(D) = 0358+ 0.025 + 0.012

EPUC 80 (2020) 2, 74
(20200 R(D*) =0.285 £ 0010 0008

0.247+04 0.2 4HFLAV SM Prediction

R(D) = 0.298 + 0,004
R(D") = 0254 £0.005

p=-029

' HFLAV P(X?) =32%

1

P IS SIS S I T— 02
0.2 03

1
05

2
)

R(D*)

A

the measurements lie above the SM expectation

The current world-average measured R(D) and R(D*) are away from the SM
15
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Results

Other R ratios

B(B® = D[zt |v,) B(Bf — J/Wigtlv,)

R(J/W) =
5(8° — D~ [iy.) e B(8: — J/vili..)

B(AY — AL JElv-)
BN — /\C+.l/-,—)

R(D) = R(NY) =

B 2012 .
0,440 + 0,056 £ 0,042 —
Bale 2015, e tag
fESE ] —_—
Bale2015, 5.t
oo e
2
P B - ; LHCb R(A?)
05550 —— s —— ————s—+———l | HCb-PAPER-2021-044
S recion L 0.242% 0,026+ 0,040 £ 0,059
iz 0o SM predictions SM prediction
PRD 95 (2017) 115008 PLB 452 (1999) 129 2 S
02920003 ariy:hep-ph/0211021 ERD 22010 950008
HEP 1712 (2017) 060 PRI 75 £2006) 054024 with input from
00 (2020) 2,74 PR 74 (2006) 074008 PRD 92 (2015) 034503
0297003 Range 0.25 - 0.28 | | 0.324 £ 0.004
e o o2y 034503 P Resfmetiy R W
008, - L NI [T BT | 02 03 04 05
05 0 05 1 g - e
HFLAV RU/P) <
L I
0.2 04 RD) [arxiv:1711.05623] [arxiv:2201.03497]

[Heavy Flavor Averaging Group, HFLAV]
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Results

New Physics behind LFU?

wh/rt wh/rt Wt
b W v b e H< v b . v
B B B LQ
c c c
D* D* D*

Contributions for B to D* semileptonic decay: Left: SM, Middle: Charged Higgs, Right: Leptoquark.

There are three typical candidates to account for the and R(D) anomalies:

u Leptoquarks PRL 116, 081801 and PRD 94, 115021
= Two-Higgs-doublet models pre 116, 081801

= Heavy vector bosons, e.g. W' juep o7 (2015) 142 1506.01705
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Conclusions

Summary and Prospects

Summary

= R(D") is an important analysis that may shed light on the intriguing Lepton Flavor Anomaly

= Complicated analysis because of many backgrounds due to p-p collisions and partially
reconstructed signal
= Analysis of R(D*) hadronic for Run 2 part 1 (2015-2016) in final step of internal review

Prospects

= Complete Run 2 part 2 (2017-2018) analysis
= Use the full dataset Runl + Run2 (2011-2018) to determine R(D™)

= Expected statistical uncertainty of the order of 3%
(while: 6.7% for runl only and for 5% runl+run2pl )

= R(D) and simultaneous measurements R(D) and R(D*)
= Angular analysis study of By — D*7v, decay

= Study other B-mesons

18
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Backups

R(D*) hadronic (T — 37TI/T) Systematics (runl) [PRL 120, 171802 2018]

R(D*) = 0.280 = 0.018(stat) =+ 0.026(syst) = 0.013(ext)

Breakdown of relative uncertainties:

Source %[%]
Simulated sample size 4.7
Empty bins in templates 1.8
Signal decay model 1.8
D** 7 v and DI* 7 v feed-downs 2.7
D: — 37X decay model 2.8
B — D*~DFX, D*~ DX, D*~ DX backgrounds 3.9
Combinatorial background 0.7
B — D*~ 37X background 2.8
Efficiency ratio 3.9
Normalization channel efficiency 2.0
(modeling of BY — D*~3rr)

Total systematic uncertainty 9.1
Statistical uncertainty 6.5
Total uncertainty ‘ 11.9

Will be improved in the next iteration of the analysis

20


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

Backups

R(D*) hadronic (‘T — 371'1/-,—) Systematics [PRL 120, 171802 2018]

R(D*) = 0.280 = 0.018(stat) & 0.026(syst) 4 0.013(ext)

Breakdown of relative uncertainties:

Source % [%] Future

Simulated sample size 4.7 Produce more MC !
Empty bins in templates 1.8

Signal decay model 1.8

D** 7 v and DI* 7 v feed-downs 2.7 Measure R(Dy(2420)°)
DS — 3mX decay model 2.5 BESIII

B — D*~DfX, D*~ DX, D*~D°X bkes 3.9 Improves with stat
Combinatorial background 0.7

B — D*7 371X background 2.8 Kill with |zT — zD| > 50
Efficiency ratio 3.9 Improves with stat
Normalization channel efficiency 2.0

(modeling of B® — D*~3r)

Total systematic uncertainty 9.1

Statistical uncertainty 6.5

Total uncertainty 11.9

21


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

Backups

R(D*) hadronic (T = 37TI/T) [PRD 97,072013 2018]

List of the individual systematic uncertainties for R(D*):

Contribution Value in %
B(rT = 375,)/B(rT — 3n(x0)v,) 0.7
Form factors (template shapes)

Form factors (efficiency)

T polarization effects

Other 7 decays

B — D**rtu_

Bg — D;‘""rJruT feed-down

Dj — 37X decay model

DF, D0 and D template shape

B — D*~ D;f(x) and B — D* ~ DO(X) decay model
D* ™ 37X from B decays

Combinatorial background (shape + normalization)

Bias due to empty bins in templates

Size of simulation samples

Trigger acceptance

Trigger efficiency

Online selection

Offline selection

Charged-isolation algorithm

Particle identification

Normalization channel

Signal efficiencies (size of simulation samples)

Normalization channel efficiency (size of simulation samples)

Normalization channel efficiency (modeling of BY — D*— 37)

ON H R R REONDEESROoON NN MR NDR OO
o o Nowoooo Nk WN® L Wowo»oN

Total uncertainty

22


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013

Backups

Generated MC samples

Decay descr. EventType Generated evts [M]  Filtered evts [M]
B°— D* 71" (— 37tw, v, 11160001  93.0 0.4
B’ D* 7" (= 3x x’p,)v, 11563020  90.0 0.3
B°— D*~3r* 11266018  363.0 1.0
B’ D** 1t (= 3n%0, v, 11566431 7.0 0.09
BY— D*~ DX 13996612  50.0 0.4
BT — D*°Df X 12997613  354.0 4.0
B°— D*~Di X 11896612  692.0 8.0
B°— D**~Df X 11996413  42.0 0.4
bb— D*~37%X 27163970  8202.0 16.0
bb— D*~DI®*} X 27163971  427.0 2.0
Total - 10320.0 32.0

23



Backups

R(D*) hadronic kinematics

Two-fold ambiguities in determining 7 momentum:

(e + m2)|Bon| 080737 & Esg\/(m2 — 3, )2 — 4m2 By |2 sin? 0.5
171 = 2EL, — PP <05 0r ) |

where 0: 3, is the angle between the 37 system three-momentum and the 7 line of flight.

Approximation: take the maximum allowed angle
2 2
. (m;—m
073 ~ O7% = arcsin [ ~———>" ),
2m-| B3|

The B® momentum is obtained similarly:

(m¥ + méo)lﬁv\ cosfpo y £ EY\/(’"2BO —my)? — 4'"250‘5Y|2 sin® oy

Bl = 2(EY — |Pv[?cos? Opo v )
with
56 . = arcsin <7m230 = m%)
gLy 2mgo|Py| )’

where Y represents the D*~ 7" system.
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Backups

Properties of charged leptons

Particle Mass (MeV/c?) Lifetime | Main decay modes
e~ | 0.5109989461(31) | >6.6x10% years None
©- | 105.6583745(24) | 2.1969811(22) us e Do,

7 71lv, (25.5%)

e vev, (17.8%)

. 1776.86(12) 290.3(5)fs | p Buvs (17.39%)
7~ v, (10.8%)

7o rtr v (9.3%)

7 lepton Branching Ratios [PDG 2018]

Mode BR (%)
e 25.49 4+ 0.09
T — e Delr 17.82 +0.04
T — W Uulr 17.39 £ 0.04
T — T Us 10.82 £+ 0.05
T s ot v, 9.31 +£0.05
T~ > atr v, 4.62 + 0.05
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Backups

D* branching ratios

Mode BR
[)*(2007)0 — D% | (64.74+0.9)%
D*(2007)° — D% (35.3+£0.9)%
D*(2010)" — Dzt | (67.7 £0.5)%
D*(2010)" — D*x° | (30.7 £0.5)%
D*(2010)" — D™y | (1.6 +0.4)%

Particle | Mass (MeV/c?) Lifetime

D* | 1869.65 + 0.05 (1.040 4 0.007) ps
D° | 1864.83+0.05 | (0.4101 4 0.0015) ps
Df | 1968.34+0.07 (0.504 £ 0.004) ps
Af | 2286.46 +0.14 (0.200 + 0.006) ps
D*(2007)° | 2006.85 + 0.05 -
D*(2010)~ 2010.26 + 26 -

26



Backups

Relevant branching ratios

Mode BR
B® — D*(2010)~ DF (8.04+1.1) x 1073
B® — D*(2010)~ D;* (1.77 £ 0.14) x 1072
B® — D*(2010)" D°K* (2.47+0.10+0.18) x 1073
B° — D*(2010)~ D*(2007)K " (10.6 +0.33 £ 0.86) x 103
B® — D*(2010) 7t a7~ 7° (1.67 £0.27)%
B® — D*(2010) 3nx w27~ (4.7+£0.9)%
B® — D*(2010)~ Ds(2317)*" (1.5+0.6)%
B° — D*(2010)~ Ds,(2457)" (9.3+£22)x 1073
(2010)~ )

D.1(2536)", D, — D*°K* + D*"K® | (5.0+1.4) x 103
sl
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Generated events 2017 and 2018

Decay descr. EventType Generated evts [M] Filtered evts [M]
B o D* 7T (> 3n T, v, 11160001 65.0 0.3
B9 D* 7T (= 3n T a0p, ), 11563020 60.0 0.2
B0 — D*3x T 11266018 269.0 1.0
B D**r T (> 3n LT, )y 11566431 6.0 0.1
BY - D*— DI x 13996612 35.0 0.3
BT — D**0pFx 12997613 242.0 3.0
B9 — D*— DI X 11896612 472.0 6.0
87— D**— DI Xx 11996413 290.0 0.3
bb— D* ~ 3w L X 27163970 5688.0 13.0
bb— D*— D10+ x 27163071 302.0 1.0
Total - 7170.0 26.0
Decay descr. EventType Generated evts [M] Filtered evts [M]
B D* 7T (> 3n T, v, 11160001 93.0 0.4
B9 D* 7T (= 3n T 00, ), 11563020 90.0 0.3
B0 p*— 35+ 11266018 363.0 1.0
B D**r T (= 37T T, )y 11566431 7.0 0.09
B0 — p*— DI x 13996612 50.0 0.4
s+t = p**OpFx 12997613 354.0 4.0
B) - D*— DI x 11896612 692.0 8.0
B8Y - D**—pFx 11996413 42.0 0.4
bb— D*~3xT X 27163970 8202.0 16.0
bb— D*— p{0:+}x 27163971 427.0 2.0
Total B 10320.0 32.0
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Selection efficiencies

Cut Absolute efficiencies Cumulative efficiencies

37T, 3707, 37T, 37207,

Initial selection

Lo 89.51 86.60  89.08 89.51 86.60  89.08
Hlt1 89.76 87.32  90.92 87.14 83.88  88.02
H1t2 79.90 77.31  90.33 73.25 60.02  85.10
PV(DY) = PV(rT) 69.76 65.73  79.94 69.76 65.73  79.94
totCandidates = 1 60.89 5222 71.97 58.06 49.87  67.75
[vixz(7+) — vixz(PV)] /error > 10 71.66 66.50  78.60 57.01 48.29  62.64
nSPDHits < 450 7224 67.78  83.97 56.37 47.56  61.99

Signal selection

m(D*~) — m(K~ x ") € [143, 148] MeV/c2 94.63 93.98 - 94.63 93.98 -
m(k— =) € [1840, 1800] MeV/c2 97.36 97.39 = 92.28 91.70 =
m(3w) < 1825 MeV/c2 98.24 98.77 = 90.73 90.68 =
m(8%) < 5100 MeV/c? 99.29 99.03 - 90.46 90.27 S
2 € [0,12) GevZ/ct 97.52 97.22 = 88.74 88.53 =
combinatorial BDTD > 0 80.37 76.71 - 74.72 71.89 -
[vixz(71) — vixz(B2)] /error > 2 99.81 99.78 = 74.72 71.89 =
isolation BDT > 0 87.85 83.86 - 67.42 62.41 -
anti D BDT > —0.2 98.30 86.10 - 67.12 54.87 =
PID 76.23 78.86 - - = =

Normalisation selection

[vixz (D) — vixz ()] /error > 4 - - 94.30 - - 94.30
m(D*3xt) € [5150, 5400] MeV s - orer 5 - 9332
m(D*~) — m(D°) € [143, 148] MeV - - 94.97 - = 89.04
combinatorial BDTD > 0 - - 81.37 - - 74.19
isolation BDT > 0 o - 8833 = - 66.94
PID s - 73.9% 5 5 5
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Signal fit templates

The signal yield is determined from a 3-dimensional maximum likelihood binned fit to g* (8 bins),
decay time of the 7"-candidate (8 bins), t,, and the anti-DF BDT (6 bins).
There are 16 templates, 13 of them come from MC and three from data. The latter ones are
combinatorial B, D° and D* events. The templates are grouped into the 12 following categories, due
to similar shapes:

= B’ D*"7%u, — the signal; includes 7+ — 3777, and 77 — 31T 70D,

= B D777y, — excited D*” states

« B°— D*~ D" —includes B°— D*~ D}, B~ D*~D;*, B®— D*~ Dz

and B~ D*~ D}

= B— D™ DfX

= BY— D*~ D X

= B— D" DX

= B— D" 3n%X
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Signal fit templates

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

There are 16 templates, 13 of them come from MC and three from data. The latter ones are
combinatorial B, D° and D* events. The templates are grouped into the 12 following categories, due

to similar shapes:

B— D*~D°X SV, 'Same Vertex' where all 3 pions come from D°

B— D*~D°X DV, 'Different Vertices’ where at least 1 of the 3 pions comes from the D° vertex
and the other(s) from a different vertex, e.g. the slow pion from D*~ is reconstructed as coming
from the D°

combinatorial B® whose template is made from the collision data with the D** of the same sign

as the 37T system (i.e. wrong sign data w.r.t. the signal)
combinatorial D°

combinatorial D*~ but genuine D°
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NTuples production

= 2016 (real data + MC) dataset (reproduced as a cross-check)
= 2017-2018 (real data + MC) dataset (new production)

Year | 2016 | 2017 | 2018
# MC event types 14 13 13
# MC events [M] | 21.8 | 39.8 | 49.4
# data events [M] 7 7.2 9.1

In total, we generate O(100M) events.
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Normalisation fit result

s | :
3 a0 *
= [ |
e |
g 2000 |— —
'g | -
3 | |
2 FrT :_"-""‘ T | r‘ T ' |
0 Oorti Lttt H"‘ Pty
Si5 a0 520 5300 530 5400
m(D*3m) [MeV/c?]
Fit results Sweight fit result at the D*37® mass peak using 2018 dataset
year [\ — Nporm expected Nokg Npkg expected ‘ Nnorm / Nokg
2016 | 26 434 4+ 190 - 1 446 + 107 - 18.28
2017 | 31 200 =+ 207 27 067 2 002 + 117 1481 15.58
2018 | 37 137 £225 34 664 2170 £ 126 1 896 17.11
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B® and 7 vertex error reweig

= Main background Prompt decay where 37% system comes directly from the B® vertex.
= To suppress this background we require a separation between the B® and 7 vertex

Az = vtxz(7'+) = vtxz(BO) oa, = \/vtxe,, 2(71)2 + vixernr -(B°)?

= Difference between ‘run2pl’ and ‘run2p2’ MC: B° vertex error in the beam direction
= Due to reconstruction algorithms (applied for data but not for MC)
= Need to apply simultaneous gradient-boosted weight for the B® and 7 vertex error

‘ B DD
DO~ R ()

(a) No reweighting (b) Reweighted MC

Signal mode

BO vertex, error from sweighted data and D*37% MC 2018 sample 9
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