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B Belle Experiment

« KEKB:e™e™ collider at /s = 10.58 GeV, at KEK in Japan
— Produce B mesons via Y(4S) — BB

« World record luminosity; Data contains 7.72 X 108 BB
Identification for u* y detection
and neutral hadrons -

Electromagnetic
Calorimeter

KLM Detector

Superconducting
Solenoid (1.5 T)

~ ’/,// o — TOF Counter
g Gev‘g N | \ , Aerogel Cherenkov Counter
_; ‘ ‘\\ — Charged hadron ID (K%, %, p)
] j:g;:r: Vertex Detector I'| Central Drift Chamber ;[aifefirc;f;]ffl“(;;?%

 ~40 um for impact parameter o at 3 GeV/c
resolution Charged track finding,
momentum_measurement etc.
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B Analysis Method

Tag side

Signal side

I\ ’ -\\'\17 ) .
Y ;\_l,z 2-3 neutrinos
- Impossible to fully
reconstruct B;g

* Tag a counterpart B meson (By,g) using hadronic or
semileptonic decays

= Obtain information of Bg;, indirectly

e For B - D™1~¥_, we measure

(p® = BF(B = DY w)
(D) = BF(B —» DM[-7))

(T=e",u")

Mini-workshop on D(*) Tau Nu and Related Topics

3/23



B (Semi—)Tauonic Studies at Belle

« B> DWWy,
s— First Observation of
Inclusive 7 v, "%y, 535M PRL 99, 191807 (2007) l—;"s_) D*S?rl’a 1on o
i TV,
Inclusive 7 v, %y, 657 M PRD 82, 072005 (2010)
Hadronic "%,  772M PRD 92, 072014 (2015)
Semileptonic "%, 772 M PRD 94, 072007 (2016)
Hadronic T Vup v, 772M  arXiv:1612.00529 'St measurement of

T polariztaion
Inclusive reconstruction for hadronic By,g decays

* B” > 1]
Tag method

Hadronic T Ve, p Vg 449 M PRL 97, 251802 (2006)  First evidence

-t v, IV,
Semileptonic ~ T v, "%y,  657M PRD 82, 071101(R) (2010)
7]  Hadronic  mvLpTv, v 772M  PRL110, 131801 (2013)
Semileptonic T Ve p V., Iy, 772M PRD 92, 051102(R) (2016)

: Important contribution of Nagoya group
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Belle Collaboration, Phys. Rev. D 92, 072014 (2015)

B R(D') with Hadronic Tagging

e MZ?...tomeasure B » DMy

2
— (pe"'e_ - thag — Pp — pl) 20 GeVZ/C4

e (Transformed) neural network output (Oyg') to measure
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B —» DMty

— Powerful variable is Egcy,: sum of ECL energy not

Events

used for signal reconstructlon
BY - D**t7 v,
sample

BB Dy
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Belle Collaboration, Phys. Rev. D 92, 072014 (2015)

R(D*)

Strong correlation due to cross-feed between B —» Dt~ v, and B —» D*T v,
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B R(D') Result

R(D)

= SM

- B BaBar

— This result ® Belle

- BaBar (2012)
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R(D) = 0.375 + 0.064(stat.) + 0.026(syst.)
R(D*) = 0.293 + 0.038(stat.) + 0.015(syst. )

- Compatibility with the SM is 1.8c
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Belle Collaboration, Phys. Rev. D 94, 072007 (2016)
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* n n n n
B R(D*) with Semileptonic Tagging
* Independent analysis of the previous R(D(*)) measurement
* More background due to a vin By,e = DI,
—>Focus on BY - D** 17,
* Signal/normalization separation based on smaller cos6,_,-,
N S * * 2 2
2*\‘4—1/“\\1% _ EpeamEp+1 —Mp — Mp+
- — COSQB—D*I - le* ”p*
Signal event Ps beam "D
~— 0.15 | } -
= . 4 )
5 - N 37
> tNormalization mode
_____ > _
<> 3 E o.10r # ’
V" % <L &
Normalization event : , :
0.05 - . ]
- Signal mode '
++u+”+* 5,
0-0(_}20 o '1 ._.. o ...........-........A...'-..' cl)'-_m,_ N 5
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Belle Collaboration, Phys. Rev. D 94, 072007 (2016) 8 /23

B Signal Extraction

* Two-dimensional fit to neural network output (Oyg) and Egcy,
——Z _—

sig

* cosO, > Summed energy, not used for
M2 the event reconstruction

e Total energy of Btag + Bsig

B° - D*t [y, BY - D*+\T_17

- 10°} 2
N~ O
S 3
S 0%} S
~ : =
2 | -
C 10§ —1T 'E ,,,,,,,
) i e O L e
o | g
L
1H 0
-1.0 —0.5 0.0 0.5 1.0 00 02 04 06 08 1.0 1.2

One Ec, [GeV]
R(D*) = 0.302 + 0.030 (stat.) + 0.011(syst.)

First measurement of B — D*t ¥, using the semileptonic tagging

_Compatibilit¥ with the SM is 1.60
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Belle Collaboration, arXiv:1612.00529 (submitted to Phys. Rev. Lett. 9 /23

B R(D*) and P,(D*) with Hadronic T Decays

Theoretical calculation based on M. Tanaka and
R. Watanabe, Phys. Rev. D 87, 034028 (2013)

5 05
P.(D%) t T~ % _ Scalar
i CTH+T- i Tensor \
'+ for right-(left-)handed t oL |
P.(D*)gy = —0.497 + 0.013 i
M. Tanaka and R. Watanabe,
Phys. Rev._ D 87, 034028 (2013) .
-0.5

SM

‘b | | | |

01 02 03 04 05
R(D*)

e T polarization is a variable

sensitive to NP

Target of this analysis

* First measurement of P,(D*) using T~ » ™ v, p vV,

* New measurement of R(D*)

— Independent study of previous measurements using T~ = [~ Vv,
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Belle Collaboration, arXiv:1612.00529 (submitted to Phys. Rev. Lett. 10 /23

B P. (D) Measurement Method

1 dr
[' dcosBye

_ { 1  fort” > m v,
~ ~0.45 fort™ - pTv;

1
=5 (1 + aP.(D*)cosbye))

T rest frame W rest frame

T 2E;Eq—m%-m3
Pa p — C0SO,4 =
0 Td 2|p<llpal
hel ~ -
w- ——W" V)
12

‘I,Vr \ |ﬁgllcosehel — _,%yEd + ):lﬁdlcoserd

m’% - mczl |ﬁr| Er

m2 m; m;

Solving the equation, cosBO}, is obtained!
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Belle Collaboration, arXiv:1612.00529 (submitted to Phys. Rev. Lett. 11 /23
B Fit to Normalization Mode
o 700E [ p- ; 5D,
%’) 600 + HB- D’f*l‘ﬁl +
0] e Hadronic B
N 500 b M Fake D* etc.
S 400 3 § @ Data
- e
£ 300 t 5
@ 200 & g
g 'i'-i-.,,i, +‘-§-
100 5 ~ .y L. -i-#.
"'l'lln"'"""'h'" _77’_—7%—"'%’ (BRI rarari s S I
0 —04—03—02—01 0 0102 0.3 04 —04—03—02—01 0 0102 0.3 04
< (GeV?c? ME... (GeV?/c?)
2 2

 BF measurement (as a cross-check)

B~ > D*%e v, + B~

B° - D**e~v, + BY

b D*0y—v
> D umv, :
This measurement
_ ¥+ — = *
> DT vy, World average |
9 95 105 12 12.5
BF (%)

Obtained BFs are con5|stent with the WA
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Belle Collaboration, arXiv:1612.00529 (submitted to Phys. Rev. Lett.

Event/ (0.05 GeV)

B Fit to Signal Mode

Sum of all samples
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%02 04 06 08 1 12 14 0
E... (GeV)

* Signal significance of about 70

M B - D*

+ had. B
M Fake D*
@® Data

M B- D'tV

| E - D**l_Vl

=7,

etc.

1
cosh, ,

— First observation of the B — D*1~ 1, signal using only hadronic T decays

R(D*) = 0.270 + 0.035(stat.) 13928 (syst.)
P,(D*) = —0.38 &+ 0.51(stat.) T92L(syst.)

Compatibility with the SM within 0.4c0
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Belle Collaboration, arXiv:1612.00529 (submitted to Phys. Rev. Lett.
13/23
B Result (2)
World average
(without the new result)\ S
- T ﬁ ! N
S SM-> ||
al . 51 1k * BABAR
~C  This result uch N i
~ (68%C.L.) |
o T ' )
B | >
i | . =i /D
_05_ E E BELLE
: Ths result .
. A T . AP | HIPRI | U S R
d2 0.25 03 035 0.2 0.25 03 0.35 0.4
R(D*) R(D*)

e Resultis consistent with the SM within 0.4o
e Excludes P.(D*) > +0.5 at 90% C.L.=>First result of P.(D*)
* First R(D*) measurement only with hadronic T decays

— Comparable precision to the previous measurements is achieved
- ~40 discrepancy from the SM by combination of R(D(*))
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Belle Collaboration, arXiv:1612.00529 (submitted to Phys. Rev. Lett. 1 4 /23

B Extrapolation to Belle Il (P,(D*))

—~ 1
O - Private estimation
o -
0.5
5 Bellell  Belle
- (50 ab}) ‘/ Tensor
0_— . \
-0.5

SM Vector

Scalar

T T T T
02 0.25 0.3 0.35 0.4
Theoretical calculation based on M. Tanaka and R(D*)
R. Watanabe, Phys. Rev. D 87, 034028 (2013)
e Extrapolated precision at Belle Il (x50 stat. + improved tag eff.)
— &6P.(D*):0.55 (Belle) = 0.11 (Belle 1)
—> There is parameter space accessible by P.(D*)

— High multiplicity hadronic B background will cause main systematics

 More Belle Il prospects including R(D(*)) in Phill’s talk
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Overview for Purely Leptonic Decays 15/23
BB -1 v

* Purely leptonic decay

— Contains a T lepton
— Rare decay at 0(10%)

* Branching fraction

} Good probe for NP couplingto t

Correction by NP
rnp = 1 for the SM

2
L GZmpgm? m2 \—
BF(B™ » 17V)sm = S | 1=—=) fEIVupl?tp X np
mpg

 Two measurements with the full data sample of Belle

Phys. Rev. Lett. 110, 131801 (2013) (Hadronic tagging)
Phys. Rev. D 92, 051102(R) (2015) (Semileptonic tagging)
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Overview for Purely Leptonic Decays 16 /23

B B~ — 7 v, Measurements at Belle

Both analyses use 7~ —

T Vg, P Vg, TV,

Signature: only one charged
particle (+ m° for p~v, mode)
in the signal side

2-D fit for signal extraction
Phys. Rev. Lett. 110, 131801 (2013) (Hadronic tagging)

N
3 -
? & f
O > 20F
m =
=] C
o ~ 15¢
~ wE ~ :
£ 40 [~ Background ..2 10 F
g 20 f + B- DM~ v, with K? in D degay o n
w ¢ Charmless B decays w OF
0 [, P i "f=t=qeg-dugemmscdozescecl om0 »
0 02 04 06 08 1 12 0
E, GeV 2 2,.4
ect (GeV) M ... (GeV“ic™)

In the SL tagging analysis, p; is used instead
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Overview for Purely Leptonic Decays 17 /23
B B~ — 77 v; Results from Belle

WA (PDG 2016)

° (Hadranic tagging)
Phys. Rev. [} 88, 031102(R) (2013)
BABAR . .(Semileptonic tagging)
SM prediction b;“ Phys. Rev. [} 81, 051101(R) (2010)
CKM fitter \’
(As of summer 2016)
" ——e (Hadronic tagging)
Phys. Rev. Lett. 110, 131801 (2013)
BELLE (Semileptonic tagging)

Phys. Rev. D 92, 051102(R) (2015

I
1

Belle average

0 1 2 3
BF(B —»tV,) % 10*
* Average of Belle’s measurements shows 4.00 signiticance

e Consistent with the SM
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Overview for Purely Leptonic Decays

B How about B - u v

* Purely leptonic decay with a muon
— SM predicts BF = (3.78 10:18) x 107 (CKM fitter as of summer 2016)
— Ratio with 77 v, is a good probe for NP having ryp (T V) # "np(U V)

18/23

* Two body decay = p,, is monochromatic in the B-rest frame

Phys. Lett. B 647, 88 (2007) (Inclusive tag)

3} =
% 140 — B — uv253fb™
(0] E D * On resonance
Q120 275M BB [ ]Off resonance
= 53555 B
.§1°°;;?'1 | EaX, v
5 80%_T_ i iSignalx 10
60%—+—
Z Signal region
0 ////n.// {'.""\'7;.::; ---- st LN,
2.3 2.4 2.5 2.6 2.7 2.8
pf’ [GeV/c]

Advantage: better efficiency (~3%)

2.9

Events / (0.025 GeV/c)
O a o W B0 o NN oo

Phys. Rev. D 91 052016 (2015) (Hadronic tag)

e L R L RELELELE BLELELELE B B
= 772M BB Signal region 3
3 (full data) E
%‘q _z

N ]

N L 2 _ -
T
E....I...I.-.‘J.h.-.l-.__.__.-'f_. _L|g
2 21 22 23 24 26 27 28

PP (GeVic), B' - v,
Advantage: better resolution



Overview for Purely tonic Decas _ 19 /23
B B~ — u v, Results from Belle

SM prediction by CKM fitter
/ (As of summer 2016)

Current best limit by BaBar Upper limit at 90% C.L.
Phys. Rev. D 79, 091101 (2009) I
(Inclusive tag, 468M BB)

Phys. Lett. B, 647, 67 (2007)
- i (Inclusive tag, 275M BB)

- 36% of full data

@ < i Phys. Rev. D, 91, 052016 (2015)
(Hadronic tag, 772M BB)

BELLE

0 5 10 15 20 25 30
BF(B'—uv,)x10’

* Upper limit on BF is reaching the SM prediction
* Inclusive tag analysis with the full data sample is ongoing
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Studies for type-ll 2HDM using (semi-)tauonic decays 20 /23

B Comparison with Type-Il 2HDM (1)

* Charged Higgs appears in the Two Higgs Doublet Model

— Large coupling to the 7 lepton
e Contribution from Type Il 2HDM Ratlo of VEV in two Higgs doublets

i =cforB - DWr v,
i =uforB™ - 17V,

tanz,[)’
Legt = —2V2GgVy, | Osm — mpMy —5— OS]{

M. Tanaka and R. Watanabe, Phys. Rev. D 87, 034028 (2013)
W.-S. Hou, Phys. Rev. D 48, 2342 (1993)
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Studies for type-ll 2HDM using (semi-)tauonic decays 21 /23

B Comparison with Type-Il 2HDM (2)

0.5 1
— O = — T ;
o r : -
S o4E B - Dt v, <Theoretical % osb B> DTV
E rediction D
0.3 P =
02f 05
o.1f— e 31:— """""""""
— 04H{B - D*T7V. - -
5 L B-Dr v = 2:B t Yy ry = BF /BFgy
< b ooIiiiiniIiiiiiiiiiipiiiiiiiiiiiiiii Ay -
0.3F I S
T ———— ] L
0.2 " /

02 03 04 05 06 07 08 09 1
tanf /my+ (GeV/c?)?

01 02 03 04 05 06 07 08 09 1
tanf /my+ (GeV/c?)?
+ B - D™t~¥, with had. tagand 7~ — ["¥;v,
— B — D*t™ v, with semilep. tag Favored regions seem inconsistent
— B - D*t™ v, with had. tagand 7~ > h™v,
— B~ — 17 v, with had. tag + semilep. tag

o

* All the results are consistent with, but always larger than the SM
— Compatibility with the SM is about 80% C.L. Private estimation

* Large value of tanfs/m,+ seems disfavored
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Studies for type-ll 2HDM using (semi-)tauonic decays 2 2 /23

B Type-Il 2HDM Test using g*

2
¢ g% = (szig — pD(*)) is sensitive to NP effects

— Many theoretical studies e.g. Y. Sakaki et al., Phys. Rev. D 91, 114028 (2015)

* No significant favor is observed in the Belle’s study

— In the SL tag analysis, similar study has been performed using p; and
Dp* —> Phys. Rev. D 94, 072007 (2016)

e More importa nt at Belle Il Phys. Rev. D 92, 072014 (2015)
g? distributions for B » DT~ ¥, J’.Dl\j‘ltc"" (bke. subtd)

——

50

40

30

20

Events (arbitrary units)
Mo
[=]

10

l
)
Events (arbitrary units)

ol ol
3 R T/ R [ R 1 i 6 7 8 9 10 11 12
@? (GeV7/c?) q (GeV¥/c?)
SM tanf /my+ = 0.5(GeV/c?)?
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B Summary

B - D®t~9_and B~ — Tt~ v, are interesting modes in terms
of indirect NP search
— Sensitivity to NP coupling to T lepton

Using full data, Belle performed three measurements for B —
D™=V, two measurements for B~ — 77V,

The results for (semi-)tauonic decays at Belle are close to the
SM: C.L. for compatibility with the SM is about 80%

— On the other hand, world-average R(D(*)) including results from
BaBar and LHCb shows ~4c deviation from the SM

Important to investigate with improved precision at Belle |l

— Not only R(D(*)) but also kinematics such as polarizations and g?
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