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Semi-tauonic B decay: B—D{)tv

B Sensitive to new physics
Ratio of t to p,e could be reduced/enhanced

B(B — DY ry)
B(B — D™)fv) L=eu
SM R(D) =0.2991+0.003, R(D*)=0.258 = 0.005 [HFLAV2019]

R(D(*)) =

Polarizations of T and D* can probe the NP model

(*) F+ — F_ FD* _ F(DZ)
I+ 4T ) +I'(Dr)

NP type (vector, scalar, tensor) dependence | [y, Tanaka and R. Watanabe PRD 87, 034028 (2013)]
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R(D) and R(D*) Experiments

<o
Belle I
EM Calorimeter: \\\ A
Csl(TI), waveform sat \i\\‘\\\\\'
Pure Csl + waveform \\\\x\\\\\\\&

Resistive Plate Counter (barrel)
“Scintillator + WLSF + MPPC (end-caps)

e-of-Propagation counter (barrel)
ox. focusing Aerogel RICH (fwd)

v
I

electron .

(7GeV)
Beryllium beam pipe y” -~
2cm diameter / ]
Vertex Detector
2 layers DEPFET +

icle Identification J

positron
(4GeV)

KL and muon detector: }
o

. allaa]
B factory experiments Bolen | ceiLe Mg

o Produce BFpoirs via ete>Y(4s)
o Only one B?pair in an event
o 4 detector surrounding the IP
Belle + BaBar have accumulated >~1ab-!

Belle Il started physics data taking in 2019
and will accumulate 50 ab-!

,_
T
(@)
o

Experiment dedicated to B physics at LHC
Many b hadrons produced in pp collisions

Single arm detector covering the forward
region

o Large boost & good separation of vertices:
primary vertex, B, D, T
Collected Run 1 + Run 2 ~ 9fb

o Now in long shutdown for upgrade

o O O

These experiments are complementary
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B->D®1v Analysis at B factories

Utilize the B factory specific feature :

only one B-meson pair is produced

Signal Side

Final state has two or
v/ Imore neutrinos

B*—>D1'v,

Tag B pair event by reconstructing one B meson .

in hadronic or semileptonic B Decay
- Provide pure single B event

Require no particle remains after removing tagging B
and signal B candidates

- Remaining energy in the calorimeter (Eg¢;)
*  Multiple missing neutrinos 2 (Missing mass)? > 0
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Tagging Methods

» Hadronic Tag

« Semileptonic Tag

Exclusive tag

o Fully reconstruct in B>DX decays
~1100 exclusive decay channels (Belle) [NIM A 654, 432 (2011)]

o Tagging efficiency ~0.2 %
o Less background
Inclusive tag

o Reconstruct B=>DClv
« Partial reconstruction with

o EB = Ebeom
o Undetected neutrino mass ~ 0

o Tagging efficiency ~ 0.5%
o More background

o Reconstruct tag-side B with all particles except
signal-side
o Higher efficiency than exclusive tag :
) ) ) Belle B->1v analysis [PRD 82, 071101(R) (2010)]
o Need clean signal-side final state N :
A . ! 600 [
Used for first observation of B>D*1v by Belle $ "B sional #Jr
C -
[PRL99, 191807(2007)] & 500 f ~tos °'8 1
o 400 | \+
> 3wBeam energy ; #
=, constrained mass 300 | Foy
I  E— - #
% 200i— m,, = Ebzeam - pé 200 ' +H
E i . 100 | H ."":‘-‘-L.'-':,-t{'ﬂ*
1wo- By, signal : i Rt
t I 4t N
C 8 0 Wwwt’t*w:t{f\1|%ﬂ'ﬂm| R
100 10 8 6 4 2 0 2 4 6 8 10
o Cosg.p(y
50} ----------- 9 Jjems  frems 2 A[Z
- L COS QB,D(*M = Deann égsl)li_];ifs_ Do
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Events/(0.25 GeV?)

Results with Hadronic Tag
by BaBar

[PRL109, 101802 (2012)]

[PRD88, 072012 (2013)]

. 471 M BB sample

* Leptonic tau decays are used
R (D) = 0.440 * 0.058 + 0.042
R(D*) = 0.332 = 0.024 = 0.018
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Results with Hadronic Tag B
by Belle (leptonic T decays) "=

[PRD92,072014(2015)]
« /72 M BB sample
« Leptonic tau decays are usec

R(D) = 0.375 4 0.064 £ 0.026
R(D*)=0.293 £ 0.038 £ 0.015

BBBBBB

I|IIII|IIII|IIII-LI_I‘II|IIII|IIII|II
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Belle R(D")) Measurement with Semileptonic Tag

* Previous Analysis [PRD94,072007(2016)]
Measure R(D*) with B® > D*~1*v (and charge conjugate) decays
o Good signal purity by using clean D*~ - DO m~ decays
« Recent Update [PRL124,161803 (2020)]

o Full Event Interpretation (FEI) tool developed in Bellell software framework
[Comput. Softw. Big. Sci. (2019) 3:6]

o Multivariate analysis with Boosted-Decision Tree classifier

- Better efficiency and enable to use more signal decay modes
o Both R(D) and R(D*) with both B° and B*=>D*1v

o 2D extended maximume-likelihood fit on “classifier” and Eg,

Classifier: Boosted decision tree output of ‘ y ( signal vs normalization classifier)
c:OSGB,D(*)I ’ MmissQ ’ Evis
Phys. Rev. D 94 (2016) 072007

“*I'MC cosBg ps; 1§
L ’ ++

B->D*lv,

¢

background
events

0.10

“classifier”

Arbitrary units

B > D& Ly

¢

| BOD*tv i,

o
¥
o™

000 Lommmi e i X (energy left in the calorimeter)
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Belle R(D*) Semileptonic Tag Result

D*l mode

L L L ;-2005' L L T L = o
> 5- full region i > C class”>0.9 . ] Slgnal
g . B—-D"tv 2 - Dtv enhanced region - . B-DI
= = 150 - v
:w: E ] . B%DTV
§ é 100 -
Ll Ll ]
50 -
0
: : : : : 0 02 04 06 038 1 1.2
D*1 mode EecL (GeV) EgcL (GeV)
o ><’!0|3 T | | | | o e &
E 4 full region E “class”>0.9 ]
~ ~ 150 Dtv enhanced region
s s | )
E 2 100 :
) )
> > 4
w i ]
50 —
0
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EeoL (GeV) Ege (GeV)
D B— D'rv 3T6+36
B — Dty 9794 £ 109
B — D™ v 314465 "
Fake D* 754 + 39 (Fixed) - ,
Other 387 % 13 (Fised R(D*) =0.283 £ 0.018 £ 0.014
D0 B — D*rv 275 £ 29
B — D*(v 7148 + 100
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Fake D* 1993 + 122 (Fixed) Anomalies 2020 2
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- moielﬁelle R(D) Semileptonic Tag Result

x10°
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D>

Belle R(D(*)) Results  e=me

[S. Sandilya, talk at FPCP2020]

;-"\ _l LI L l L I L I UL I | L I | I L I 1 l
9,0'42;_ Belle Had B, t —>IvV =
o = Belle Had By, T — h v E
0'4: —BeIIeSLBTag,t—HvV .
O 38 - —— Belle Combination =
: B + SM prediction .
0.36] =
0.34F -
0'32;_ _; Belle combined result
0.3 4 | atabout 1.6 o from SM
0.28F =
0.261 =
0.24;— —
0.22 :_I 1 1 I | | | L1 11 I L1 11 | l6l8?615 Ig\ll:_)cl,/ol (I3|I_ Iccl)r;]tloﬁjrlsl 11 I 1 1_:
0.2025 0.30.3504 0.45 0.5 0.55

R(D)
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R(D*) with t>uvv by LHCb 8%

[PRL 115, 111803 (2015)]

I Misidentified p

%, 20000 0402 q° < 285 Gevaret Lnce=3 % J040 < q° £ 285 GeVelc?
N E Data 1 =
0 e G- Dw i _
O Rl « 3.0 fbo! Data
= = EEE Dk 3 & .
5 — 2 =
E Combinatorial 5 Z
- R BO>D* >
- el ° TV, T=7UVV
T
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Candidates / {025 ps )

Candidates/ ( 1.375 GeV ¥ ¢!

Candidates /(.1

R(D*) W1th rce?mv by LHCb &8

—————  [PRD97, 072013 (2018)]
3:::;: ; 1 . 3.0fb’' Data
o = | -+ ObtainRatio

- 2 K(D*) = Br(B>D*1v)/Br(BO>D*3m)

« Reconstruct Pt Direction

DO
D", 2
B’ T
— +
55 Az>40,, T
JT
p . P ﬂ*

« 3D fit to T decay time, g2, BDT output
KC(D*™) = 1.97 + 0.13(stat) 4 0.18(syst)

Multiply
Br(B->D*3m)/Br(B->D*1v)

R(D*) = 0.280 =+ 0.018(stat) £ 0.029(syst)
(Update of Br(B->D*lv) by HFLAV2019)
Anomalies 2020 13
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Latest R(D) and R(D¥) Situation

BaBar (2012), had. tag
0.440 £0.058 £0.042

Belle (2015), had. tag
0.375+0.064 £0.026

Belle (2019), sl. tag
0.307 £0.037 £0.016

Average
0.340£0.027 £0.013

SM pred. average
0.299 £0.003

PRD 94 (2016) 094008
0.299 £0.003

PRD 95 (2017) 115008
0.299 £0.003

JHEP 1712 (2017) 060
0.299+£0.004

FNAL/MILC (2015)
0.299 £0.011

HPQCD (2015)
0.300 £0.008

HFLAV

l | 1

—_—

0 —:h

4

1.40 above SM

0.2

0.4

R(D)

BaBar (2012), had. tag | i
0.332+0.024 +0.018 : ; =

Belle (2015), had. tag : :
0.293 +0.038 +0.015 ; ﬂ

Belle (2017), (had. tau)
0.270 +0.035 + 0.027

Belle (2019), sl.tag : :
0.283+0.018+0.014 : - :

LHCb (2015), (muonic tat) :
0.336 £0.027 £0.030 ke

LHCb (2018), (had. tau) |
0.280£0.018 £0.029 * i

Average . .
0.295 +0.011 £0.008 —

SM pred. average 0 i

025820005 e . 2.50 above SM
PRD 95 (2017) 115008 ’

0.257 +0.003

JHEP 1711 (2017) 061
0.260 £0.008

JHEP 1712 (2017) 060
0.257 £0.005

HFLAV

0.2 0.3 0.4
R(D¥*)
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R(D*)

vs SM

Latest R(D)-R(D*)

B I I 1 I I I | | | | | | | |
_ [ HFLAV average Ax*=1.0 contours ]
04— _]
[ LHCb15 ]
B BaBarl2 ]
0.35 — —
B LHCb18 ]
0.3 = _
0.25 |— ¥ Bellel9 ~ Bellel5 i
B Bellel7 7

0.2 — + Average of SM predictions HFLAV
B R(D) = 0.299 +0.003 | _Spring 2019 |
B R(D*) = 0.258 +0.005 PO2)=27%

1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1
0.2 0.3 0.4 0.5

R(D)

Deviation from SM is 3.1 o
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More measurements
in Addition to R(D(*))

 Polarizations
e Otfther b->c hadrons

Anomalies 2020
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T Polarization Measurement at Belle

[PRL118, 211801 (2017) PRD97, 012004 (2018)]

 Hadronic tag

D
Lo

BELLE

- Two body tau decays : t=>nv, pv 1_dar %(1 +a- P, cos b))

o Helicity angle sensitive to the tau polarization

« P (D*)q,=-0.497£0.013

[Tanaka,Watanabe, PRD 87, 034028 (2013)]

M signal B>D*v; [ Fake D* and q7
7 cross feed M gﬁaDd:;AE’: ?3"‘1 -4 Data

1000

02 04 06 08 1 12 14
Ecc (GeV)

T'd cos Bhel
3 { 1 fort—-mn"v
“=10.45 for 7 - PV

R(D*) world average
HFLAV winter 2016
= 1.5 4 8,
a = L%J
O -
05 3
0
0.5 2
-1 :_
15 1
-2 :—
— 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 0
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

R(D*)
R(D*) = 0.270 + 0.035(stat) +5-928 (syst),

P-(D*) = —0.38 £ 0.51(stat) 025 (syst).
(R(D*) included in the HFLAYV avg)
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D* Polarization Measurement at Belle
Reconstruct BO>D*1v Ly >
« Utilized inclusive tag method o
« Extract signal yield in three D*-> D1t helicity angle regions
« Fit the helicity angle distribution

I 1] 1 dr _ 3 D* 2 D* .2
sol” ol % chos Orel = Z[ZFL CoS ghel ‘I'FT Sin Bhel]
40 ] 40 . I II III
201 b "'--?4, 20 8 E
AT A — o 160
.2 5.25 3 . g 140:
0 -
o “or = 120
30 E C
20 > 1OOZ
10 Lu 80:_
T 60}
12: N 40;_ —— Fitwith F,”=0.6
" 20 = sm
5 \ 05670807 0605040502070
g - ) - s cosO,
Mg [GeV] Mg [GeV]
B FP = 0.60 + 0.08(stat) & 0.04(syst)
preliminary cf. in SM
[arXiv:1903.03102] |- FLD* = 0.46 + 0.03 [PRDY5, 115038(2017)] within 2 o of SM
— FP = 0.441 4 0.006 [arXiv: 1808: 03565] 18




R( /Ll)) Measurement at LHCD &4

[PRL120, 121801(2018)]
3.0 fbo! Data

Measure
Br(Bf - TV
RU/W) = BTEBi 5 ZI'; )
c pv)
« Same method as muonic R(D*)
to estimate Py,
« 3D fit to (missing mass)?, B
decay fime, category index Z
for (g2, E,+ )bins

2
TTT

Candidates / { 0.6 Ge'V- f )

B(Bf — Jlytrv,)
B(B: — Jlyu'v,)
b — = 0.71 £0.17(stat) = 0.18(syst).
Mis-ID bkg. I /5y +i comb. bkg.

B 4y comb. bkg. [ T 20 from SM expectation 0.25-0.28

B, — x(IP)’v, M B. — w250, .
R/ S weny Anomalies 2020 19
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LHCb Future Prospect

Beatriz Garcia Plana, talk at ICHEP2020]

Future prospects

% New results are expected from:

0.12

\_\ = P o Run 2 updates with a total uncertainty reduction
;! — i o Ongoing analyses:
g0 ol b « R(D%):B* - Dv
éll.lli AK == RS > R(D+) BO o D+TV
Fo + R(DO): B, » D
0 « R(D*™):B*- D*(2420)%v
- . R(AC(*)): A, - AWty

2015 2020 2025 2030 2035

ear ° . =
‘ RU/Y): Be = J/$ v
ks current LHCb —— Upgrade |———» Upgrade l—» ° R(p) Ab Shes pTV
I N * Combined measurement of R(D) and R(D*)
N i o Form factor measurements
- Em— - o Emg ® Ab _)AC lv
O 5 10— - - =l %
o |7 . = Ay Al
2 ot 3 e By— DIV [aiv200308453]
2 o I - | % o Angular analyses
8 R * In the Upgrade I, LHCb will collect ~50fb-! (luminosity X5)
Beatriz Garcia Plana (IGFAE-USC) ICHEP 2020 11
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Belle IT Accumulating Physics Datafif=

Belle Il / SuperKEKB started physics data taking with full
detectors in 2019

Peak luminosity 2.4 x 1034 /cm?/s (WR) exceeded KEKB
o About half beam currents of KEKB, with §,* squeezed to 1.0 mm
(6,*=0.3mm is the final target)
o good achievement as a start up More details in Gagan’s talk

By (mm) 3.0 2.0 1.0 0.8 Belle Il Online luminosity Exp: 7-8-10-12 - All runs
= 1.6 T e T S I I L 80
= 2.4 x 103 /cm?/s (WR) | Integrated luminosity
= at ~half beam current of KEKB 14 mm Recorded Daily
£ , — 14+ - 70
1T, . —— [Lrecordeqdt =74.10[fb7"] —
= =) D
% K \ ) 2l B I ? T T PR PR 60 g
s T T v >
= HER crab waist =] &
S I' '” E 1.0 4 50 2
— M M ; 2 E
= ; > 5
200— T 0.8 e e =

= * iR "M ’x B § Jg- 3 403
= - b ©
£% LER crab waist R | 30
= U | ; | g <
i : " .“_f M{ [ Y i R ———— | R 1 ] 1 ] . 20 g
= e ! —
(= PR 5 U9 IES 8 5. Akt bt B O g i | -
= i ik Beam background was kept below the-limit. = T 0.2 i L g, “THIREREE - 10

= 7 i i 4 “_- s !

1;— ‘ A 1 ‘_‘ ’ / / 0.0 T -0

B2 g 13 % $ s oAl G T T T B I < I s T T T TR VR R =
N Al , K 0 R 1 Q;v“’ 0,,;& Qb_:» Q‘v’«' Qb,% @’Q 0%9 00,9 &?: «,°:L «}:» «’,V’v wab Q'v” @:s % 065 Qb,ﬁ o

03/01 05/01 07/01 08/31 10/31 12/31 07/01 08/31 ICHC AP SR N G N R G A A R S & S S
2019 2020 R i i i i i i S S i s S S, S Sl S
Date 0/07/31 11:36 |
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Hadronic Tag in Early Bellell Data

« Belle Il analysis software works very well.

« Hadronic tag (Full Event Interpretation)

performance calibrated with data
[BELLE2-CONF-PH-2020-005, arXiv: 2008.06096]

(b)

[
Ln

5]
=

[
F)

[
(=]

»10*

Belle Il preliminary

Events / (0.0010 GeV/c?)

=
L

Lt

I Continuum & mis-reconstrucled

Correctly reconsbructed ,[I.' dt=34.6fh!

Data
Ng: =B84907 £ 734
Prop=0.1

Reconstructed variables:
Mbc = \/(Ebeamz_sz)

P\, classifier of purity

D

O

Belle IT

Purity dependent efficiency is calibrated

DSI:.J'.!ED 5255 5260 5265 5270 5275 5.2B0 5285

1.75

%)

C

=
in
=]

Events / (0.0010 GeV/
(=]

=
L
=

=
[
L

145

1.00

»10*

My (GeVic?)

Belle Il preliminary

1

Correctly reconstrucled Jedt=34.6m~"

Bl Continuum & mis reconstrucled

Data
Ngz =65855 £ 500
Prag=0.1

0.Q0
g.!SD 5255 5260 5265 5270 5275 5280 5.285

My (GeVic?)

(b) P..>0.001  Belle Il preliminary
N ;
035 1 g+
i Py¢>0.01 .
0.30| } B
|
;\E 025' ' Ptag>0 1
e : |
T 0.20}
W [
UXD\ 0.15 . '
=5 [
W [
010}
0.05¢ [cdt=34.6f071
0.00 =——5—""30 a0 50 60

Purity (%)
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R(D(*)) Belle II Prospect

[Th0e5Belle IT Physics Book, PTEP 2019, 123C01]

~05
a r Belle Il Projection S L fetle Il Projection
o N — Belle Combination 5 qb-1 * B :gggirComblnatlon 5 ab'l > 50 ab'l
— —— Babar - ~
0.45 - LHCDb 048 B — I\:VHOLrIIE Combination
L = World Combination N . SM prediction: PRD92 054410 (2015), PRD85 094025 (2012)
R . SM prediction: PRD92 054410 (2015), PRD85 094025 (2012) B ‘ :
L 04— . .
0.4 — | 5 Verify current deviation from the SM - | correlations of variables> NP model
0.35 :_ 0.35—
o - O
0.25 :— = 0-25 — =
L Note: latest Belle semileptonic tag B ; .
” 1 ocontours is not included in the projection. - o
— 1 1 1 | 1 Il 1 1 | 1 1 1 1 | Il 1 1 1 | 1 Il 1 1 | 1 1 1 1 | Il 1 1 1 | 1 Il 1 1
0.2||||||||||||||||||||\||||||||||||||||| 0.2 025 03 035 04 045 05 055 06
0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 R(D)
R(D)
Belle II/SuperKEKB Luminosity Prospect
1 : : 0
—Lpeak Before IR upgrade | ——Int. Luminosity
Expected Precision at Belle II — g ||—"L... After IR upgrade 60
' . . - yeak
for R(D(¥)), T polarization ~£ 1s0 =
o ~
X partia 5
Rp (£6.0 +3.9)% (£2.0£2.5)% z, IR (QCS*) 30 .
— 2 g <
Rp-  (£3.0£25)% (£1.0£2.0)% g .
= 20 =
P.(D*)  +£0.18+£0.08  +0.06 +0.04 5, =
E 10
a
. (Tuning)
Anomalies 2 0 . 0
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Summary

B>D(*)1v decays are good probes for New Physics

Belle, BaBar, LHCb have measured R(D(*)) with various
methods and sub-decay modes
o In addition to R(D(*)), other variables have been also measured
« 17, D* Polarizations
« R(J/Y)
‘Anomaly’ exists between measurements and SM
o Little bit reduced but still there is 3.1 o difference

LHCb and Belle Il will provide more interesting results in
future

o Verify or reject the current ‘anomaly’

o Determine the new physics model, if exists

Anomalies 2020 24
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Belle Systematic Errors

Belle (Had, /™)

Belle (Had, /™)

Belle (SL, ¢7)

Belle (Had, h™)

Source Rp Rp- Rp- R«

MC statistics 4.4% 3.6% 2.5% Too%
B — D*(y, 4.4% 3.4% 9% 2.3%
Hadronic B 0.1% 0.1% 1.1% %
Other sources 3.4% 1.6% 0% 5.0%
Total 71% 5.2% 3% T10.0g;
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T Hadronic decay: R(D*), t Polarization

Systematic Errors

TABLE II. The systematic uncertainties in R(D*) and P,(D*), where the values for R(D*) are relative errors. The
group “common sources’ identifies the common systematic uncertainty sources in the signal and the normalization
modes, which cancel to a good extent in the ratio of these samples. The reason for the incomplete cancellation is
described in the text.

Source R(D") P.(D*)
Hadronic B composition i s
o : 4.0% 0.146
MC statistics for PDF shape Py 1008
Fake D* 3.4% 0.018
B — D™t i, 2.4% 0.048
B — D$$T_Ljr 1.1% 0.001
B — D¢y, 2.3% 0.007
7 daughter and ¢~ efficiency 1.9% 0.019
MC statistics for efficiency estimation 1.0% 0.019
B(t~ = n v pug) 0.3% 0.002
P.(D*) correction function 0.0% 0.010
Common sources
Tagging efficiency correction 1.6% 0.018
D* reconstruction 1.4% 0.006
Branching fractions of the D meson 0.8% 0.007
Number of BB and B(Y(4S) — B*B~ or B'B") 0.5% 0.006
. o 10.4% 0.21
Total systematic uncertainty Wy ST
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D* Polarization Systematic Errors

TABLE I. Summary of systematic uncertainties

*

Source AF7
Monte Carlo AR shape and peaking background +0.032
statistics CB shape +0.010
Background scale factors +0.001
Background B — D**lv +0.003
modeling B — D**rv +0.011
B — hadrons +0.005
B — D*M +0.004
Signal modeling Form factors +0.002
cos By resolution +0.003
Acceptance non-uniformity J_rgjg%]g
Total o037
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