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R(D) & R(D")

Motivation:
1. Direct tests for Lepton Flavor Universality in the
weak interaction;
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R(D) & R(D")

Motivation:

1. Direct tests for Lepton Flavor Universality in the
weak interaction;

2. Sensitive probes for new physics (e.g.
leptoquarks);

3. Can be measured with high precision (recon the

signal and norm modes with the same procedure, most
of systematic errors cancel, except lepton efficiency

etc.);

R(D) =

I=eoru
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Measured and SM predicted R(D) & R(D")

Current Current
Obs. World Av./Data SM Prediction Significance
R(D) 0.340 £ 0.030 0.299 +0.003 1.20 }3 ,
A0
R(D™) 0.295 £ 0.014 0.258 £ 0.005 2.50

Semileptonic tagging R(D)(*)

Result

Contribution

Uncertainty [%]

R(D¥)

0.35
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Heavy FLavor AVeraging group has calculated
world averages from all the available data

T T T T T T T T T T T T T T T T T T T

Ay*= 1.0 contours

R(D*)=0.295+0.010+0.010

R(D) = 0.299 +0.003
p=-038

R(D*) =0.254 +0.005
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More data or new method is needed

Sys. Stat.

B — D"l 0.8

PDF modeling 4.4

Other bkg. 2.0 Belle19
R(D)  esig/€norm 1.9

Total systematic 5.2

Total statistical 12.1

Total 13.1

B — D™l 1.4

PDF modeling 2.3

Other bkg. 14
R(D") e€sig/€norm 4.1

Total systematic 4.9

Total statistical 6.4

Total 8.1

— Belle Il experiment and inclusive tagging method



If one of the B mesons decays to a final state involving neutrinos, this B

Tagg i ng methOdS meson cannot be reconstructed completely.

" :;v Tag(I:w’/OE) @

Tag PR u
e K > ‘A<n’
— Y(4__‘_S)_~ " 5 -
- .
\: K-
Signal < v, mt
\A ‘7{
Tagging Types Advantage basf2 algorithm Reconstruction
efficiency
Exclusive Hadronic Precise kinematics Full Event Interpretation <1%
High purity (FEI)
Semileptonic ~1%

Inclusive - High reco efficiency  Rest Of Event (ROE) >10%
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Workflow

Event reconstruction
Reconstruct signal and
normalization modes
simultaneously.

# of counts per bin

Reduced x?

Total number of candidates

Additional bkg suppression
(MVA)
1. Continuum suppression
2. Fake D suppression
3. Other BBbar physics bkg

1 Not Continuum
[ Continuum

e T~

iﬂ

0.0 0.2 0.4 0.6 0.8
ContinuumProbability

1.0

2. [GeV?/c*]

Reconstruct Bsjg(Du) and Biag(ROE)

- 102

o
1 "-.1,..;-'.‘“

|
1 2 3 4 5
pp + p; [GeV/c]

Yields extraction from 2D fit
2dfit: M2 . vs.(Ip,| +Ip,))
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D decay modes

B ->D*r v Boyang DO has more D* and D** feed down

D* decay modes Branching fraction D+ has longer lifetime so that provides
better vertex separation/fitting

Df - Kna*a® (9.38+0.16) %
D+ c¢r=311.8um
DO cr=122.9um

rdecay modes  Branching fraction

T— evv (17.83+0.04) %

T— Uvv (17.41+0.04) %

10



Event reconstruction forB -> D' ..

Signal Side (Efficiency ~20%)

Reconstruct a vertex whose daughters
areD+1(...)

ROE side (Efficiency ~15% with BDTs)

Select good tracks + bremsstrahlung photons

Final state Pid cuts + lepton momentum cuts
D mass cut + vertex fit (D vertex and B vertex)

Track masks + ECL masks

Best Candidate Selection (~1.2 candidates per
event)

This will reconstruct all at once

Signal side vertex reduced chi2

(D* and D** decay to D with extra pi or photon)

R(D) signal:B— D"z v

R(D) Normalization: B — D* | v

R(D*)signal: B—D*" rv

R(D*) Normalization: B — D** | v

B — D** rv background

B — D** v background

Tag(ROE) -~

7
K4
/
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MMA2 calculation

To separate the signals and normalizations, calculated with ROE variables

Y
(1 2 N
=|—E"* |2 2 =
- 2 tot) + (EY) Emth ( PROEl + +2PR0E PY)
(1 *\2 - 2 %\ 2 5 * |2 * # % 7 *
:\EEIOI) |PR0E| + (EY) — Py EgyXEy = 2Ppop - Py
— ROE\ 2 2 _ * |y P D *
_(Mbc ) +MY EtotXEY 2PR0E PY

wherep , =p, + p,



Reconstruction

MC14rd generic (charged + mixed + gqgbar + taupair)
65/fb
Reconstructed only in7— € v v mode;

Bottom plot: MMA/2

1o X10¢ Generic MC14rd 65/fb before BDTs

D _tau_nu

counts = 925
— mean = 3.005

std = 1.890

D e nu

counts = 16003
mean = 0.013
ay std = 0.905

# of counts per bin
o o o
B .
[
! I’JJIJJ

Dst_tau_nu
counts = 584
mean = 3.336
std = 1.987

0.0 [ L e ; Dst e nu
Y. | —2 0 2 4 6 8 10 counts = 13959

2 2,4 mean = 0.417
Mz,.s [GeV?/c*] std = 0.985

Cut Flow

No cut

D_vtxReChi2<13
BO_vtxReChi2<14
5.03<B0_roeMbc_my_mask
-3.5<B0_roeDeltae_my_mask<0.5
4.65<B0_CMS1_weMbc
-2.2<B0_CMSO0_weDeltae<0.5
-3<B0_deltaE<-1
abs(B0_roeCharge_my_mask)<3

e CMS_p>0.2

BO_vetoelD 0.9
BO_vetomulD 0.9

all_Dstst tau_nu
counts = 181

e mean = 4.271
std = 1.517

all_Dstst e nu
counts = 6137

sigEff bkgEff
100.00% 100.00%

95.22%
93.09%
87.42%
83.98%
81.13%
79.21%
78.77%
77.13%

77.12%

53.65% 11.05%

bkg_sigOtherBDTaudecay
counts = 6381

mean = 3.670

std = 1.969

bkg_recoFakeTracksClusters
counts = 5591

mean = 1.844 mean = 2.341
std'=1.517 std = 2.182
bkg _fakeD bkg_continuum
counts = 193590 counts = 66403

- mean = 2.311 mean = 2.342
std = 2.167 std = 2.131
bkg_combinatorial bkg_others
counts = 15911 counts = 6647
mean = 2.864 mean = 1.583
std = 2.240 std = 1.453
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Hyperparameters:

e nlrees=1400

e Depth=2

e Learning rate=0.05

e nCutlevels=5

e Sub_sample_fraction=0.5

Fast BDTs:

1. Continuum suppression
2. Fake D $ 450§; 1 Not Continuum

© 3 [ Continuum

3. Other BBbar bkg 2 301

© b L m
é 505 e | L | ; ,;J

0.0 0.2 0.4 0.6 0.8 1.0
ContinuumProbability
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MMA2 after BDTs + roeMbc>5.26

MC14rd generic 65/fb
Reconstructed only in 7— evv mode;

1000

[=2]
o
o

# of counts per bin

800 -

400 -

200

Generic MC14rd 65/fb after BDTs

o, i ] L e .

Ld: =) 0 2 4

M2, [GeV?/c*]

10

D tau_nu
counts = 307
mean = 3.298
std = 1.691

D e nu
counts = 5122
mean = 0.006
std = 0.662

Dst_tau_nu

_ counts = 168

mean = 3.869
std = 1.871

Dst_e_nu
counts = 4024
mean = 0.600
std = 0.727

all_Dstst tau_nu
counts = 42
mean = 4.701
std = 1.296

all_Dstst e nu

_ counts = 954

mean = 2.093
std = 1.432

bkg_fakeD
counts = 5053
mean = 2.386
std = 2.312

bkg_combinatorial
counts = 998
mean = 3.773

std = 2.517

bkg _sigOtherBDTaudecay

counts = 913
mean = 3.881
std = 1.981

bkg_recoFakeTracksClusters

~ counts = 228
" mean = 1.912

std = 2.264

bkg_continuum

counts = 555
mean = 3.019
std = 2.340

bkg_others
counts = 1080
mean = 1.774
std = 1.398

16
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2D template fitting
with pyhf:

84/fb template
65/fb data(MC)

P’

f

differentiable
Yikelihoods

18



Templates

Generic MC14rd 65/fb after BDTs

10 DtV Dev bkg_fakeD bkg_others
- ". 6 x 10° 102
5 4 x10°F . i . F 10
3x10° o E 10
", 0 Taom -
of I |20t E e !
- - n
! ! 1 100 | | ! 100 100 ! | ! 100
D*Tev D*ev bkg_recoFakeTracksClusters
— 10 6 x 10° 5 6 x10°
<, F 10
N S ax100f © 100 | 4x10°
O S s | 3x10°F _ . & :C::- 3x10
= Yo, (200 B, ([ ""-‘ij' .
8 of - A —
oE - [ e
| D l | 10 | DI | 30" bk I i OthI BDT: Id 10° | bk I ti l 10
« * T . x
10 3% 10° ev lg_:g erBDTaudecay g_continuum -
i i B E
5F I"F.._ 2x10°} 100 | ® 'i A
s "am h . o . _ =
0F - Y - ot - .-I#._
| | 1 100 | | | 100 1 | | 100 1 1 100
1 2 3 1 2 3 ik 2 3 1 2 3

lpol + |pil [GeV] 19



Fitting Results

template

102

101

D_tau_nu counts: 500
D_tau_nu counts uncertainty: 278

D_I| nu counts: 5139
D_|_nu counts uncertainty: 151

Dst_tau_nu counts: 2e-09
Dst_tau_nu counts uncertainty:84

Dst | nu counts: 3096
Dst_|_nu counts uncertainty: 202

MC truth:
D _tau_nu:

D | nu:

Dst_tau_nu:

Dst_|_nu:

307

5122

168

4024

102

10!

10°

1071
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Projections of fitted templates

Fitted projection to M2,.__ in slices of |pp| + |pi|

700 lpo] + |pi] < 2.5 [GeV] lpo| + |pi| > 2.5 [GeV]
—3 | |
bkg fakeD 3500 L DI nu

600 * bkg_combinatorial A bkg_fakeD
- < 3000 |
= 500 mmm bkg others = _.l B Dst | nu
@ Dst | nu @ 2500 F i bkg others
2 400 =% ’ T e -
‘VE) 3 bkg_sigOtherBDTaudec@ 2000 ES B bkg_continuum
= >

300
§ D tau_nu § 1500 D tau_nu
o BN bkg continuum O bkg sigOtherBDTaudeca
% 200 - # 1000 i y

DIl nu bkg_combinatorial
100 D00 |
mmm bkg recoFakeTracksCluster bkg_recoFakeTracksClusters
0 0
55 00 25 50 75 100 Dst_tau_nu Dstst | nu

© 200 B Dstst | nu © Dst tau nu
3 ® —= 3 250 e
w0 mmm Dstst tau nu w 0 Dstst tau nu
g | ! L I - - & - -

-25 00 25 50 75 100
M2,.. [GeV?/c?]
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Projections of fitted templates

3500

3000

2500

2000

1500

# of counts per bin

1000

500

Residual
o

Fitted projection to |pp| + |pj| in slices of M2,

M2... < 2.4 [GeV?/c*]

D! nu 1200
bkg fakeD
< 1000
Dst | nu =
bkg_others 2 800
bkg combinatorial i
- c
: S 600
bkg_continuum S
D tau_nu ;‘E 400
bkg_sigOtherBDTaudecay _—
bkg_recoFakeTracksClusters
Dstst_| nu 0
Dst_tau nu © 200
o 0
Dstst_tau_nu w
& -200

lpol + |pil [GeV]

M2... > 2.4 [GeV?/c*]

bkg_fakeD
bkg_combinatorial
bkg_others
bkg_sigOtherBDTaudecay
D tau_nu

bkg_continuum

Dst_|_nu

D1 nu
bkg_recoFakeTracksClusters
Dst_tau_nu

Dstst_|_nu

Dstst_tau_nu

22
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Summary

B tagging  Experiment Algorithm B* B°

Belle 11 FEI 0.76% 0.46%

. . . : L Belle 11 FEI (FR channels) 0.53% 0.33%

This analysis tests the lepton universality Hadronic oy - Siosi 0 1

BABAR  SER 0.4% 0.2%

* . H Belle 11 FEI 1.80% 2.04%

Get R(D) and R(D ) with one reconstruction Semileptonic Belle FR 0.31% 0.34%

[optimized based on R(D)] BABAR SER 0.3% 0.6%
Many systematic uncertainties cancel due to the Tag (RO'/E,)/--/"/

double ratio

Use BDTs to maximize the separating power
between different components

Tagging efficiency is high, ~15%:

e Everythingis done with only 84/fb (BDT training,
fitting). Performance can be improved with bigger
sample 700/fb

24
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Dalitz plot used in BDT

MC14rd generic D_daughterinvM_1 2 vs. D_daughterinvM 0 1

12

ghterinvM

D dau

1.5
1.0f 10
0.5}
10°
D*Tov
1.5 ‘
r:' e - 101
10| "By Bl = .'-.
= . . |
05 A= -
- - 10°
D* *Tov
1.5 100
gl 6x 10°|
10 4x10°}
.- 3 X 100
- o}
o5k M -1 2x10°
pdl.
— 10°
0.5 1.0 1.5

102

101

1o

110

101

10°

102

10!

10"

bkg_fakeD

bkg_sigOtherBDTaudecay

0.

';;r )

D _daughterinvM 0 1

102

10°

102

10t

10°

102

10!

10°

bkg_recoWrongSideB

"-:_ 2
e

bkg_continuum

0.5 1.0 1.5

10?

101

10°
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Fitting Results sig

Fitted:

D_tau_nu counts: 500
D_tau_nu counts uncertainty: 278

D_|_nu counts: 5139
D_|_nu counts uncertainty: 151
Dst_tau_nu counts: 2e-09

Dst_tau_nu counts uncertainty: 84

Dst_|_nu counts: 3096
Dst_| nu counts uncertainty: 202

Dstst_tau_nu counts: 8e-13
Dstst_tau_nu counts uncertainty: 41

Dstst | nu counts: 4e-09
Dstst | nu counts uncertainty: 72

MC truth:
D _tau_nu:
D | nu:

Dst_tau_nu:

Dst | nu:

Dstst_tau nu:

Dstst_| nu:

307

5122

168

4024

42

952

28



Fitting Results bkg

Fitted:

bkg_fakeD counts: 7104
bkg_fakeD counts uncertainty: 522
bkg_combinatorial counts: 764
bkg_combinatorial counts uncertainty: 187
bkg_sigOtherBDTaudecay counts: 521

bkg_sigOtherBDTaudecay counts uncertainty: 236

bkg_recoFakeTracksClusters counts: 3e-07
bkg_recoFakeTracksClusters counts uncertainty: 212

bkg_continuum counts: 437
bkg_continuum counts uncertainty: 202
bkg_others counts: 1902
bkg_others counts uncertainty: 188

MC truth:

fake D:

combinatorial:

OBDTau:

FakeT/C:

Continuum:

Others:

5053

998

913

228

555

1080

29



Optimization of ROE mask

dz [cm]

# of candidates per bin

ROE tracks for pt<0.15 before cuts

C® 2
20
- .I - f. -
I- -
10 H -
-I l. -
- - = . .- -
0 4. . . .
..
-
-10 =
-
-
-20 " . _—
- -
0 10 20 30 40 50
dr [cm]

DMC14ri beamBackgro

4000

isSignal = =
3500 - - counts = 13767

3000 F isSignal = =
— counts = 9124

2500fF isSignal = =Nan
2000 F counts = 12607
1500 |
1000 ]

500 [
L,.ﬂ

0 S 0.0
000 025 050 075 1.00 0.00

10°

dz
counts = 45650 20
mean = 0.753
std = 8.372
10
dr —
counts = 45650 I
mean = 0.743 O 0
std = 3.886 -
N
T
-10
-20

kmdProbag'i_\‘liLtyMVA for 0.1<clusterE<0.2

0 10 20 30 40 50

ROE tracks for pt<0.15 after cuts

dr [cm]

BWD
£ o0 6000 -
isSignal = = isSignal= =1
12 ™ counts = 114687 5000 [ W= counts = 11694
] isSignal= =0 isSignal = =

L0 FE— counts = 35962 4000 | 7 counts = 6429
0.8 [ isSignal = =Nan ~ isSignal = =Nan

"I counts = 63600 3000 | " counts = 11128
0.6

0.4

i
0.2 ‘

0.25 0.50 0.75

beamBackgroundProbabilityMVA

2000

1000

0 !
1.00 0.00 0.25 0.50 0.75

104

103

102

10!

10°

1.00

dz

counts = 44486
mean = 0.271
std = 2.475

dr

counts = 44486
mean = 0.395
std = 0.927
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Optimization of ROE mask (tracks)

Tracks

nCDCHits>0 and thetalnCDCAcceptance and
pt>0.075 and

[pt<0.15 and (dr*2/64+dz*2/400)<1] or
[0.15<pt<0.25 and (dr*2/64+dz"2/225)<1] or
[0.25<pt<0.5 and (dr*2/36+dz*2/100)<1] or
[0.5<pt<1 and (dr*2/9+dz"*2/16)<1] or

[pt>1 and (dr*2/0.64+dz*2)<1]

ECL Clusters

goodGamma and
abs(clusterTiming)<clusterErrorTiming and

[E<0.1 and beamBkgMVA>0.2 and minC2TDist>25]

[0.1<E<0.2 and beamBkgMVA>0.4 and
minC2TDist>25 and clusterZernikeMVA>0.05] or

[0.2<E<0.5 and beamBkgMVA>0.4 and
minC2TDist>20 and clusterZernikeMVA>0.05] or

[E>0.5 and beamBkgMVA>0.5]
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Uncertainties

Systematic uncertainty [%)]

Total uncert. [%]

Result Experiment 7 decay Tag MC stats DIy D**lv  Other bkg. Other sources | Syst. Stat. | Total
BABAR *  f(vv Had. 5.7 2.5 5.8 3.9 0.9 9.6 13.1| 16.2

R(D) Belle” tvv Semil. 4.4 0.7 0.8 17 3.4 52 12.1| 13.1
Belle® (vv Had. 4.4 3.3 4.4 0.7 0.5 7.1 17.1| 18.5
BABAR *  fwv Had. 2.8 1.0 3.7 2.3 0.9 5.6 7.1 9.0

Belle” (vy Semil. 2.3 0.3 1.4 0.5 4.7 4.9 6.4 8.1

.. Belle® (vy Had. 3.6 1.3 3.4 0.7 0.5 52 13.0| 14.0
") Belle! Had 3.5 2.3 2.4 8.1 2.9 9.9 13.0| 16.3

elle TV, pv ad. o i § 5 . . . .
LHCb® arn(n?)y 4.9 4.0 2.7 5.4 4.8 10.2 6.5 12.0
LHCb' pvy _ 6.3 2.2 21 5.1 2.0 8.9 8.0/ 12.0
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S- n-ﬁ n 0.20 and 1.10 are observed in the semileptonic
Ig Incance paper for R(D) and R(D¥*) respectively
LA P T A 5 R, P SO Y L . WL
BN Belle 2015 4 Belle 2017
Current Current " BaBar 2012 - LHCb 2015
Obs. World Av./Data SM Prediction Significance L6 Belle 2020 4  LHCb 2018
[ = Average (pp--)
R(D) 0.340 £ 0.030  0.299 £0.003 1.20 }3 .
8 o g '2
R(D*) 0.295+0.014  0.258 £0.005 2.50 :QfH—
P,(D*) —0.384+0.51102% —0.501+0.011 0.20 3 h
s
Fr-(D*) 0.60+0.08+0.04 0.455+0.006 1.60 & 12F
R(JA) 0.7140.17 £ 0.18 0.2582 + 0.0038 1.80 o
Sk J
R(r) 1.05 + 0.51 0.641 +0.016 0.8¢ 1.0 I
R(D) 0.337 £0.030  0.299 £ 0.003 1.30 }3 .
Belos B
* P R | L P P | |
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Total uncertainty [%]

More data expected from Belle Il

R(D") (had FEI lep 7) | 18 R(D") (had FEL lep 7) |
R(D) (had FEI lep 1) | 16 R(D) (had FEI, lep ) |
R(D*) (SL FEI, lep 7) R(D*) (SL FEI, lep 7)

. R(D) (SL FEL lep 7) 147 - R(D) (SL FEI, lep 7)
R(D*) (had FEIL had 7) | 12 R(D*) (had FEL had 7)
R(X) (had FEI, lep 7) - R(X) (had FEI, lep 7)
R(7) (had FEI) R (=) (had FEI)

———
T ————
——_——t=

Total uncertainty [%]
.
=)

-~
- -

i Pessimistic

| Optimistic M TR .
. Belle II unofficial . Belle II unofficial e i 1
O'L : H i = : A i H L N i A i
A
FIFIFFPIFITFy FIIIFIFeLeSTeFeLeSese
L2V VI £ VR 2 V2 2 o VI o VI o VIR S VIR o VR o VRNV N o o o oy o o oy o oy o oy



R(D) & R(D")

My interest:

1. [Iwill study the modes:

B— D(*)rvand
B—D(*)Iv

2. |l will measure R(D) and R(D*)
(ratio, but not absolute

branching fractions)

B B(B = Dt~ i;)
o) = B(B — D{— )

R(D™) =

Signal Mode
/ g

-

-~

-~

Signal

\ Normalization Mode

B(B — D*1 ;)

~ B(B — D*(— )

BO
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