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Outline of this talk

Semileptonic B decays

« B— D{v exclusive New prelim. results
« B— X v exclusive PRD 88, 032005 (2013)

Semileptonic B, decays

« B, — X{v inclusive PRD 87, 072008 (2013)
« B,— DOXUtv semi-exclusive  New prelim. results

Semileptonic B decays to baryons
* B — pplv PRD 89, 011101 (2013)



Motivation: Semileptonic B/B; decays at Belle

Precision tests of weak interaction
= |Vcb| ’ |Vub|

Study of strong interaction
= “structure of B meson”

« Semileptonic B decays are ideally suited to

- determine |V | and |V |
- test theoretical tools to describe hadronic effects in B decays

« Semileptonic B, decays provide

- possibility for independent cross-check of |V |, |Vl
- important input to determine B, production at B factories and LHC

- ibility to test SU(3) fl metry: [(Bs = Xtv)
POsSSIDIlity 10 1es (3) flavor sym ry (B X&) ~ 0.99 [JHEP1109,012(2011)]
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Belle Y(4S) and Y(5S) datasets
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Experimental tool: Hadronic B tagging
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« B-tagging algorithm based on NeuroBayes Neural Network package
* Byyq fully reconstructed in more than 1100 hadronic decay modes
* Increase of ~ factor 2 in tagging efficiency at ~ same purity

 Calibrated with semileptonic decays (uncertainty 4-5%)



q2 = (pe + Pu)2 = (ps — PD)2

2 2 2
2mBmD

W = vpVp =

» Decay rate:

dl GE— 3 2(...2 3/2 22
3 D( B D cb
d w 487T / Parametrization by Caprini et al.

[Nucl.Phys.B380,376]
G(w) = G(1)(1-8p°z+(51p°—10)z°—(252p°—84)2>)

e
_\/W+1+\/§

« Measure: |V_|G(1) and p?

3 previous B-factory measurements:
Belle untagged (10 fb'), BaBar untagged (207 fb-'), BaBar hadronic-tag (417 fb'")



Status of |V | determinations

Gambino, Schwanda

(154210 86) x 10° —e— | [Phys.Rev.D89,014022 (2014)]
l?p—?l)]‘»‘ . _ . [ & - G(1) = 1074 i 0024
(30.42+ 1. 42H0.88)= 107 [arXIVhep-/aU0409116 (2005)]
B— D P -

(39.47+0.50+0.74) = 107 F(1) 0.902 £ 0.017

[LATTICE2010, 311 (2010)]

Exclusive combined ——
(39.46+0.79) = 107

Average —e—
(40.82+0.58) = 10

32 34 36 38 40 42 44
IVCbI(1(T3)

 Current disagreement between |V | from incl. and excl. decays: 2.50

« New B — D* LQCD value F(1) = 0.906 + 0.013 [Phys.Rev.D89, 114504 (2014)]
increases disagreement
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B — D{v : New preliminary results

« Hadronic-tag measurement (711 fb-")

* Four signal samples:
B?— D*{-v and B-— D% v for { =e,u

« DO D* recon. in many hadronic decay
modes, then paired with a lepton (e,u)

« Signal extracted with fit to M?
in 10 bins of w

miss

Mrzniss — (pbeam _ thag — PD — pf)2

* Free fit parameters: signal,
D* and wrong-tag background

Signal yield
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B — DUv: |V_|G(1) and p?

* Determine |V |G(1) and p? from y? fit of predicted to measured yields:

e

500— — measured yield Belle
B —— fitted yield ..
C preliminary P . .
o — Branching fraction results:
ook B(B® = DY i) = [2.49 £ 0.17)%
: F: B(B~ — D% ) = [2.70 + 0.19]%
L Sum of measured yields 2469
200 B + Sum :f fittea: ;ieldz :465()
ook —— e ooty onos Dominant syst. error: By, calibration
B Correlation = 0.9577
. 2= 6.58
0#‘;\ 1 | 1 1 | 1 | | 1 | 1 |X | 1 | 1 | I 1 | I | | | | I
1 11 12 13 14 15 16
w
Sample new3(1)|Vep| [1073] p? correlation
BY — DVe i, 40.01 £ 1.89(stat) 4 1.66(syst)  1.010 & 0.106(stat) & 0.029(syst)  0.692
B — DT p~,  40.66 & 2.07(stat) 4 1.70(syst)  1.075 4 0.115(stat) 4 0.031(syst)  0.713
B~ — D% 43.70 + 1.86(stat) = 1.67(syst)  0.909 + 0.099(stat) + 0.014(syst)  0.711
B~ — Du~wp  46.73 + 1.87(stat) & 1.79(syst)  1.075 & 0.091(stat) & 0.014(syst)  0.680
Average 42.63 + 0.96(stat) + 1.39(syst)  1.001 + 0.051(stat) 4+ 0.018(syst)  0.494




B — D{v : Comparison with previous results

HFAG

o 2=t Belle preliminary =
: - 50~
8 50_ > ©
Z ~
X X
= O 40+
(>D< 45+ B+e
z €72 AVERAGE
fend
30
40}~
xdof =109/ 6 20 ¥dct-05/8
1 1 1 | 1 1 1 | 1 1 1 | | | 1 | 1
38.6 0.8 1 1.2 1.4

p2

nEw G(1)|Vep| [1077]

2

42.63 = 0.96 £ 1.39

Belle had-tag prelim.

1.001 £0.051 +0.018

42.45 £1.88 £1.05
42.64 £0.72 £1.35

BaBar had-tag
HFAG average

1.180 £ 0.089 £ 0.051
1.186 +0.036 + 0.041

* Most precise single measurement of B — D{v (preliminary)

 p? value 2.40 smaller than HFAG average
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Determination of |V |

Inclusive )
(4.4150.15 +0.15-0.17)y = 107

B—1mlv (BCL t‘gt}
(3.28+0.29)= 10~

Average )
(4.00£0.18) 107

1 2

3 4 5
' (103

3 X,=T,p,® NN

 Current disagreement between |V ;|
from inclusive and exclusive (B — ntv)
decays: 3.00

* Interesting to determine |V | from
other exclusive B — X {v decay modes

= clean hadronic-tag measurement
particularly promising
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Exclusive hadronic-tag B — X £v  pross 032005 2013

Hadronic-tag measurement (711 fb-') = low background, high purity
Five B — X (v decay modes studied: X, =1, %, p*, p° w
Hadronic tag allows for precise reconstruction of neutrino kinematics
Signal yields extracted from fit to M? ... in bins of g2

miss

pt (— wtn) o (— 7 nd)

# Dt

D B —sul3mlh
WE-x
W
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Iélll

[

Entries/(0.10 GeV¥ -4
Enties/(0.15 GeV )

o
(=]
IIIII

PR P Sy |

7 } .
R GV M, (GoVAc)

Nsig B x 104
463 =28 1.49 £ 0.09 £ 0.07
232 +23 0.80 £0.08 +=0.04
343 =28 3.22 £0.27 +=0.24
622 +35 1.83 +£0.104+0.10
106 £15 1.07 &= 0.15 £ 0.07

>
£ L X
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V| from B — wlv

dl Gr
——(B° = 7l v) = —=p; [Vis|* |:(q°))°
dqz( ) 247T3p7r | Ubl ’ +(q )’
Simultaneous fit of f, parametrization to B — nlv data and LQCD points
= f, shape from data + LQCD, normalization from LQCD

— ><‘II 0I.6I T | T T T T I T T T T | T T T T | T
o4 B T T T T ]
'%; N - ::::r:;;gged 1 f, parametrization: Bourrely et al. (BCL)
g 12 :_ ® BaBaruntagged (6 bins)_: [PhySRGVD79,013008]
“o 1oL N Dewreaed(2b0) LQCD: Fermilab/MILC (2009)
< B A FNAUMILC usedinfit ] [Phys.Rev.D79,054507]
% B = BCL fit (3+1 par.) i
8 ] Belle hadronic-tag
- -— mMmeasurement
6k —
4r =
2 1| Vel = (3.28 £0.29) x 1073
0 B 11 | | | | | | | I | | | | | | | | | | | | 11 :
0 5 10 15 20 25
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|V | from other exclusive decays ro ss 052005 (2013

Xy  Theory
Khodjamirian et al. -
0 Ball /Zwicky bt m
T HPQCD ——a—
FNAL/MILC P m
Khodjamirian et al. et m— i
Ball /Zwicky —
_l_ !
n HPQCD F—t—a—H
FNAL/MILC T —
Ball /Zwicky Pt
0 ‘
P 0
ISGW?2 H-m-H
Ball /Zwicky R
+ ‘
P ‘
ISGW?2 R
. Ball/Zwicky —H————
i ISGW?2 H--- -~

* |V,,| values from B — plv and B — olv combined with UKQCD or sum rules

3 35 4 45
|Vut:-|><103

Khodjamirian et al.
PRD 83, 094031 (2011)

Ball /Zwicky
PRD 71, 014015 (2005)
PRD 71, 014029 (2005)

HPQCL
PRD 73, 074502 (2006)

FNAL/MILC
PRD 79, 054507 (2009)

PLB 416, 392 (1998)

ISGW?2
PRD 52, 2783 (1995)

Theory error is not available.

lie in the range (3.1 — 3.7) x 103, consistent with B — ntlv

* Results rely on B — p,o FF’'s from sum rules/quenched LQCD/quark models

= would be nice to have unquenched LQCD calculations
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B —> Xu(—ﬂITC)EV [PRD 88, 032005 (2013)]

Non-resonant decays with X =nn are background to B — p(— nm)lv

= more detailed study by performlng fit to M2 in bins of M__
So o3 Sot 4
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¥ Data
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Entries/(0.04 GeV/.2)
s
I|III|III|III|III|I]I|III

B 8

‘ ITIISS
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* B — ninlv: No sign of non-resonant decays: Ng =46 £ 46, Npyryag2 = 335

* B-— £,(1270)¢v : Fitted yield 2-3 times higher than ISGW2 model prediction:
Ng =154 £ 22, Niggpo = 98



Inclusive B, — X{v

[PRD 87, 072008 (2013)]

- Tag BB,
 Select same-sign D_"" pairs (= different B)

 Measure ratio
N(DHet)

R =

event by reconstructing D,"— ¢n*

N(BY = ¢)

s = B(BY = Xtv)

N(Dy)

» Selected sample contains background

N(By)

from B, decays:

N(Dge")
N(Dy)

measured

No(DFet) + Ny a(DF )

N,(DH) + N,.a(D)

external parameters
(B and B prod. fraction,
BF’s, mixing probabilities, ..

)

T

(55 )

) w‘ *
(bb) X

20%

BE*)B-S(*)

B BM)(x)

1

BD

93¢25’7

55)

& (19.9 + 3.0)%

B 0

B

0
BS

mixing

\?

Xt
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Inclusive B, — X{v  rroe7 072008 2013y

B9 D7 x B

Events / 0.0026 GeV

L» KT K
A0 ' e 25)-(1'0?""""""" L —
16 o Belle 1 3 | + Belle 1 3 B ]
148 € , 3 o | ) 1] elle ]
— — cC . 4
0.8 3 o o ® Data —
FRNIRT SR G A R =]
0.4k , usestoogeseey C - 1 oS BN sec.e' ]
1.8E ' ' 3 C Lo Lﬁ C—J MC error 1
F e Data E 10 * S bl —
e Ut S :
1.2 Bkg. E [ - -
1 - ST B
0.8 —i . -
05{,...,....,. E o, | 1 [ i hd ]
0.4F . . Bt % o0z 04 06 08 1 1 15 2 25 3
1.95 2 x(D") - -
m(KKr) [GeV] s p(e’) [GeV]
KK7 mass fits (D) Fit to p(f) spectrum
. . +\ _ S
Performed in bins of  #(Ds) = -, o) <0 - prompt {
pmax S

X(D,) and p(¢) - secondary + fake {
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Inclusive B, — X{v

: Branching fraction result

B(BY - X ¢*y;) = [10.6 £+ 0.5(stat) + 0.4(syst) £ 0.6(ext)]%

B(Eg—}x+f_ﬂ£) X TB{SJ/TBS HH

Relle (121 fb1) T Syst. BF uncertainties [%]
Detector effects 1.2
Fitting procedure 2.4
-1 g

BQBN? (3 o) I I i H Background modelling 1.8
Signal modelling 1.4

B(B~ —}XGE_I-_*’ ¥ T T External parameters C6.0)
( u f) 32/ By HH Total systematic 7.0
Statistical 4.2

Dominant: B, production at Y(5S)

8 10

1 112 1

B(ES—}XW‘:?E), %

Test of SU(3) flavor symmetry:

Ts(B%) = (1.04 + 0.09) - T's,(B°)

= with ~9% precision no evidence for SU(3) flavor symmetry breaking
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Events / 2.6 MeV

Semi-exclusive B, — D§(*)XEV

« Untagged analysis (121 fb-1)

« Reconstruct D_"/{ pairs with opposite charges (= same B,)

1(55)
« X can include hadrons or photons from feed-down
D, —» D,and D, "— D, /D, ‘
: . .
« Determine number of D, (— KKx) and D,"(— D.y) By By
from fits to m(KKn) and Am = m(KKny) - m(KKmn) / untagged
4 > T DWHXY D
1284215 +/- 82) Belle - 2 350F (662 +/- 46) Belle 5
preliminary E N 300 preliminary E
1 . 0 ]
C ] @ 250 3 l
. E L‘%’ 200 —
06 : 50 ] OETE)T(y)
0.4 5 E
100 '.{."E"E_
0.2 Z - 50 r
o . e o .
1.95 2 0.1 0.15 0.2
m(KKn) [GeV] A m [GeV]
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Semi-exclusive B, — DSL(*)XEV

» Determine signal yields from three regions in X .. and p*({):

Xmis _ (EE o E\tis) o p:‘/is

sk
Pp
Secondary/fake Sianal
Wrong-side bkg lepton bkg 'gha
enhanced enhanced enhanced
I ]
I 1
o X1p3' I T — T ¢ 5193' T T LA B
@ > |
o O]
@ 0 [ off res. data
= S BB >D.KIv
3 E [ WS prompt
c 177 WS other
i [1cS other

BlB. -~D,Iv
1By =DMl v Signal
EZ]Bs - D1 v

1 1.5 2
p*(e) [GeV]

« Event counting in regions A,B,C = independent of detailed modeling

of X.,is shape (relative Dy, D.*,D** composition, B* mass, ...) 20



B, — D X{v: Branching fraction results

Belle preliminary (121 fb’):

B(Bs — DsXev) = (824+03+07+1.5)%
B(Bs — DsXuv) = (8.3+03+08+1.5)%
B(Bs — DiXev) = (5.24+ 0.6+ 0.5+ 0.9)%
B(Bs — DiXuv) = (5.8+ 0.6+ 0.6 +1.0)%

Combined:

B(Bs —+ DsX¢ev) =(8.2+£0.24+0.8+1.5)%
B(Bs —+ D;Xev) =(5.4+£044+05+1.00%
stat syst Ng

S

Faustov,Galkin
2M2

Chen et al.
2012

Zhang, Wang
2M0

Lietal
2009

Azizi Bayar
2008

Zhao et al.
2007

Blasi et al.
1004

Faustov, Galkin
2012

Chen et al.
2012
Zhang,Wang
2010

Lietal

2010
Azizi,Bayar
2008

Zhao et al.
2007

Blasi et al.
1994

H S
H Theory
= calculations
— (exclusive,
H not incl. “X”)
H
2 4 6 o a8 10
B(B) > D, 1v)
T "_'ll M | N '*
DS
—
—
F—
H
H

L] 0'3 . 10
B(B? - D," )

* First step towards understanding composition of semileptonic B, rate at Belle

* Next step: More detailed investigation of exclusive components
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B decay into baryons: B — pplv pross or1101 2013

Events/0.20GeV¥ ¢

First measurement of semileptonic B decay into pp : Ve
CLEO set upper limit: b < )

u P
B(B~ — ppl v) < 5.2 x 107> [PRD 68, 012004 (2003)] B /’/_,_'_ d
Recent theory prediction surprisingly large: ) o P

n

B(B~ — ppl v) = (1.04 £ 0.83) x 10™* [PLB 704, 495 (2011)]

A N I : - Belle hadronic-tag analysis (711 fb™")
(a)B—-ppe v . . .
+++:Datn « Signal extracted from unbinned fit to M? ...

20 ——: Fit result
——: Sign
------: Background

15| Mode B (10=6) U.L. (1079)

ol B~ — ppe e 82137406 138

— g +3.1 2

.l B™ — ppu~ vy, 3.1 75, £0.7 8.5

Electrons Combined sample 5.8 J_rgﬁl +0.9 9.6
D | IRPRNNRPRNPRN [NPUNTU USSR N R W1

L PR R N R s |
-1 035 0 0.5 1 15 2 235 3

Ticci . 724 ) ) o
Missing mass squared, GeV"/c Signal significance: 3.20
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Summary

« After end of data-taking in 2010, Belle has continued to produce very
interesting physics results

* Persisting difference between inclusive and exclusive |V | and |V |:

- New analysis of B — D{v
= Most precise single measurement
- Hadronic-tag exclusive analysis of B — X (v
= BF and |V | from B — nfv and higher-mass charmless states

» Most precise measurement of inclusive semileptonic B, decays and
first analysis of semi-exclusive semileptonic B, decays at Belle

» Observed first evidence of semileptonic B decay into baryons: B — pplv

Stay tuned for more interesting results from Belle
(and Belle Il in the future)!
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Backup slides
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KEKB and Belle

Superconductive Belle detector

cavities (HER)

KEKB B-factory

ARES copper
_ cavities (HER)

i \ Aerogel Cherenkov cnt.

% n=1.015~1.030

SC solenoid _'
1.5T

CsI(Tl) 16X, “I.ﬂ \ |
\M F

3.5GeV e*

TOF counter

ARES copper | b
bl 8GeV e~

cavities (LER)

"' target
u/ K, detection

Sivie det. 14/15 lyr. RPC+Fe

3 lyr. DSSD
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Datasets of Belle, BaBar and CLEO

700 W seile

Integrated luminosity [fb™]

offilscan Y{(n3) Y(43) Y(55)
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B — DUv: |V_|G(1) and p?

* Determine |V |G(1) and p? from y? fit of predicted to measured yields:

500— —— measured yield Be”e
B fitted yield re limina
[rtaw dh(new CW) Val.p®) g, » P i
N — Jwi dw N 400~ +
L wi+Aw dlyc MC,i -
fwi dw dw 3001 :J
differential decay width N
using MC parameters C ‘ Sum of measured vields 2469
200 C + Sum :f fittea: yi:wz 24eso
- Veb G1 1 = 0.0400 +0.0019
i i . L 2 =1.0097 +0.1057
* Branching fraction results: e P = 1.0007 2 01057
— - 2 =6.58

B(BD_>D+€_EE)=[2-49:t0-17]% 01_:#;'; L |1|2| L |1z| L |1|4| [ |1|5| L |16
B(B~ — D% ;) = [2.70 +£ 0.19]%

Sample newG(1)|Vep| [1073] p? correlation
BY — DVe i, 40.01 £ 1.89(stat) 4 1.66(syst)  1.010 & 0.106(stat) & 0.029(syst)  0.692

B — D =i, 40.66 £ 2.07(stat) & 1.70(syst)  1.075 & 0.115(stat) & 0.031(syst)  0.713

B~ — D% 1,  43.70 £ 1.86(stat) & 1.67(syst)  0.909 & 0.099(stat) & 0.014(syst)  0.711

B~ — Du~wp  46.73 + 1.87(stat) & 1.79(syst)  1.075 & 0.091(stat) & 0.014(syst)  0.680
Average 42.63 + 0.96(stat) + 1.39(syst)  1.001 + 0.051(stat) 4+ 0.018(syst)  0.494
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Semileptonic B, decays: Estimation of D, and D { yields

0(*)

No(D7)/Ngg =2 fs - B(B] = D{ X)

N(D/")/Ng=2-fs-B(BY = X ¢'v)- (1 —x,)-B(B? - DEX)

[ Noa(DF)/Nyg =2 f4-B(B® = DEX) +2- fu - B(B* — DEX)
Nud(DJ€")/Nyg =

2 N _I'% :FBB + F[i‘-f{ﬂ + %':‘j.r{ff. - FE_:' N ':FE_?B“- + Fb B | + I:f?rrf - RE* ' ':l - F;)] "
O BBY DX+ (1-20) - BIB® = D7 X} B(B” = X~ w)

BO(=} BU=) pairs, ¢ even
+.3|{d‘ FBB+ |fm-f Fll F;]’B ]
{ VB B DIX)+ (1 — \1;“’) B(B" - D7X ;:n} CBIBY = X iFuy)

: |
RO o pairs, C odd

2 _f%‘ [r) + '| fuu' Fj] ' Fl;; + Ifuclr - FQ l ‘ ll - F::; })] ’ BI:B+ —? D:‘-\F‘l . B(B+ — "XP!-FE';E}

+
o

BTl Bg-1*] pairs

- 2 (fua— Fp) - Fi] -
{u B(B® = DFX)+ (1-x§") - B(B® = DI X)} - B(B* — XtFve)+
\ W B(BY - DFX) + (1 - \f,") BBt - D;X):-B(B" = J-\"f‘w':') .

BHi=2goi=l and B—{=1 B pairs
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Semi-exclusive B, — DSL(*)XEV

Events / 0.60

Wrong-side bkg
enhanced

——

A0°

Secondary/fake
lepton bkg
enhanced

Signal
enhanced
A

L S A e
1.2j | Belle preliminary _

Events / 0.15 GeV

[ ] off res. data
@B —D.Klv

- WS prompt Wrong side (lepton and Ds'*

2] WS other from different Bs)
I:I CS other } Secondary and fake leptons
BB >D.Iv |

1By =Dl v Signal
EZB, D1 v J
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