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Leptonic decays in the Standard Model

@ Leptonic decay of BT meson

<+ via annihilation of meson’s constituent quarks to a W™ boson
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Leptonic decays in the Standard Model

@ Leptonic decay of BT meson
<+ via annihilation of meson’s constituent quarks to a W™ boson

b v,
B w
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I'(B+ — €+Vg) G2 1772 2 my 2
B B+ N + _ _ _F f‘2 V4 2.3 o ’4
( ) r(Bt — all) gr ° 6| Vi["m m?, mpg

STANDARD MODEL PREDICTIONS
Mode B(BT — (Tuy)
TU; (1.03+£0.2) x 107*  Accessible with current data sets
1y, ~ 0.47 x 107 Need Belle Il statistics
ele ~11 x1071 Beyond the reach of experiments
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New Physics in leptonic decays

Purely leptonic B-meson decays can be by new physics effects, e.g.:

/2
-+ b ¢
Bt e B" L
H* Vs
u v,
@ Interference from charged Higgs @ Test of Lepton Flavour Universality
can suppress or enhance SM decay
rate: p_ BB~ =17
5 2 T B(B- — Mfﬂ#)
sm 5 tan“f3
B=B"x|1—m m? (1 — m2/m2)?
" M = e L el
m (1 - mp/mB)
=TIy

~ 22237 1 + i *
Effect independent of lepton flavor!

A. Zupanc (JSI and UL) Leptonic b and c decays Workshop on B Physics 4 /31



Experimental techniques

e Decay modes with neutrino(s) in the final state

e offer no or very little kinematic constraints to separate signal from
background

@ e.g. invariant mass of decaying particle P ¢

e can be studied, if

@ initial state is known B-factory V
B
N
e (4.0GeV) %*(— e™ (7.0GeV) collider
hY
B
@ detector encloses interaction region hermetically B-factory V
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Tools of the trade — Recoil B-meson reconstruction

Example Belle B — 7v candidate

\ \cta‘ndids‘\'e
D ? NN

© Reconstruct one of the B mesons (Biag) in the event
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Tools of the trade — Recoil B-meson reconstruction

Example Belle B — 7v candidate

\ candidate |
D&~ NN

© Reconstruct one of the B mesons (Biag) in the event

@ All remaining particle(s) in the detector originate from the decay of other B
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Tools of the trade — Recoil B-meson reconstruction

Example Belle B — 7v candidate

\ \cta‘ndids‘\'e
D ? NN

© Reconstruct one of the B mesons (Biag) in the event
@ All remaining particle(s) in the detector originate from the decay of other B

e What is the number of remaining charged tracks?
e Is it kaon, pion, electron, or ....7
o What is its charge?
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Tools of the trade — Recoil B-meson reconstruction

§ Signal

Arbitrary units
o
N

T
e e .
0 .5

© Reconstruct one of the B mesons (Biag) in the event
@ All remaining particle(s) in the detector originate from the decay of other B

o What is the number of remaining charged tracks?
e Is it kaon, pion, electron, or ....7
o What is its charge?

o Is there any additional activity in the calorimeter?
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Reconstruction of B,

@ need to reconstruct tagging B mesons in as many modes as possible
in order to increase overall number of reconstructed events

N(BiagBsig) = Ngg ZB(Btag — f)er | B(Biig)esie
f
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Reconstruction of B,

@ need to reconstruct tagging B mesons in as many modes as possible
in order to increase overall number of reconstructed events

N(BiagBsig) = Npp ZB(Btag — f)er | B(Bsig)esig
f

@ Most probable B meson decay chains involve b — ¢ — s transitions

W 2
5 e B b —~—
BT IVl D° CD*
U ——— T~—
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Reconstruction of B,

@ need to reconstruct tagging B mesons in as many modes as possible
in order to increase overall number of reconstructed events

N(BiagBsig) = Ngg ZB(Btag — f)er | B(Biig)esie
f

@ Most probable B meson decay chains involve b — ¢ — s transitions

b g
BT IVl D°
U ——— \D

@ Hadronic B, recon.: B — D¥nr, B — pIp™, B — J/vKnm B~ 10%
@ Semileptonic B, recon.: B — D™y, (0 = e, p) B~ 15%
— D — Knm B~1/3
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Reconstruction of B;,, — Belle's solution

@ hierarchical reconstruction procedure and probabilistic calculus instead of
classical selection cuts

Input variables:

@ topological
@ decay dynamics ) o signal
net =L owix; /) 0= g(net :m_l'"'" .y
e signal probabilities of children S probability
particles
°
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Reconstruction of B;,, — Belle's solution

@ hierarchical reconstruction

classical selection cuts
Input variables:
@ topological
@ decay dynamics

@ signal probabilities of children
particles

Comparison of neural-net-based selection vs. cut-based

x10°

procedure and probabilistic calculus instead of

signal

Events per 0.5 MeV / ¢

£ — cutbased
s B s

F tag Background !
300 M_D:L !

net=Slowx \J ) o= pnet) = k-1

9 (I T T

5.25 526 5. ‘27
mpc[GeV /¢?

B*: same purity = £(NN) =~ 2 x (cut)

A. Zupanc (JSI and UL)

I
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Leptonic b and c decays

selection:
x10°
140 ) = cut-based
120 - Ptag Background
‘o £ ata
> 100 [
y )
-( =
% 80
" o N
g 60
S e
2 E A
s - ¥ N
2 ch i L)
w # N
20 ¥ X
C o
Pt g T
524 525 5.26 5227 5.28
Mpc[GeV /¢
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Reconstruction of B;,, — Belle's solution

@ hierarchical reconstruction procedure and probabilistic calculus instead of
classical selection cuts

Input variables:

@ topological

@ decay dynamics ) o signal
e A= probability

@ signal probabilities of children
particles

Comparison of neural-net-based selection vs. cut-based selection:

+ e NG without continuum suppression 0" NG wEhout contiraum S
Biig % N8 with simple continuum suppression Bieg 2 N wth smple continuu soppression
o — & MBwith ppresion with SEWM o 4 NB with continuum suppresion with SFWM
=y - cut-based selection B cut-based selection
o £SN - ; B 0.
- SN -
2 A 2
20 SR oy >0
H R H
8o. Pl So
£ s haS S;. £
o 0.
0. o,
o 0.
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 G 80 90
purity (9] Purity (9]

Around 2.1 million B;;, and 1.4 million B%(B°);as reconstructed in. 706: fb~*4
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Biag reconstruction at Belle Il

@ Similar reconstruction approach as in case of the Belle
@ Includes more B, D meson decay modes

@ Results in around factor of two improvement in the reconstruction efficiency

Maximum reconstruction efficiency

Tag | FR@Belle FEI@ Belle FEI@ Belle |l
Hadronic B" 0.28 % 0.49 % 0.61%
Semileptonic BT |  0.67 % 1.42% 1.45%
Hadronic B° 0.18 % 0.33% 0.34 %
Semileptonic B° |  0.63 % 1.33% 1.25%
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B* — 77, at Belle (with hadronic Byg)

Results using Belle's full data sample and improved B, reconstruction:
o 7t = etv,, ptuv v, U, 7T, 70% of all 7 decays

K.Hara et al. [Belle Collaboration] PRL 110, 131801 (2013)

3 120° 3 2
100" o
o 2 20
g Q, 15 ° data
= = total fit
‘2 o 10 T gl el | mm——— fit (signal)
g g 5 =+ = fit (background)
i1} >
w X - -
Y=tedmvesmund " Lo TR R Lo L=
04 06 08 1 12 % 5 1? 15 ) 22 25 30
E.., (GeV) M2, (GeVZ/c?)
Sub-mode Neig € (107%) B (107%)
TT S e Devs 16fi,1 3.0 0.68t§;§ L =711 fb !

— N +15 ++0.6: —
7o urr 2604 31 L0605 [ B(BT — ryy) = (0722435 £0.11) x 107
T =1y, 8TL 1.8 0577050
=ty 14510 34 052800 Significance: 3o

Combined 62733 11.2  0.72703%
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B* — 77, at Belle (with semileptonic B,

Full Belle data sample:

o 7t = etv v, ptuv, v, U, 70,

70% of all T decays

~800 — 90
3700 % 80
10600 & ;[0,
5500 =
Z4a00 <59
I’ > 40
2
£300 £ 39
[
2200 S0

 — 05

Decay mode Nsig  B(107%) _ 1

T = pto;y, 13421 0.3440.55 L=711fb —
Tt €+’77Ve 474925 0.904+0.47 B= (125 + O.28(stat.) + O.27(syst.)) x 10
T —ato, 57421 1.8240.68 o

S pte, 119433 2.1640.60 Significance: 3.80

Combined 229450 1.254+0.28 4.60 when combined with had-tag result

@ Major systematic uncertainties are the continuum background description (14%)
and efficiency calibration (13%) — data driven and scale with luminosity.
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Bt — 77v,. (World average)

T.Keck
[Viglexe [Vabline
i Belle (hadronic tag):
by (0.7279%T +0.11) - 10°*
- = Belle (semileptonic tag)
(1.25 £ +0.28 £ 0.27) - 10~
BaBar (hadronic tag)
= (1.8379% £0.24) - 10*
: = BaBar (semileptonic tag)
(174 +0.8+0.2) - 1074
—— PDG 201
(1.06 £0.2) - 10~
0 1 2 4 5

3
B(B — v)/10~

@ The average is consistent with the SM prediction

@ Important input in future to resolve the Vi, puzzle
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Bt — 77v, at Belle Il

after BDT cut L-tab!

Wsignal
|_EENE:4

Ml continuum

Events

B Belle IT
P (this study)
3180
11 2.5

Expected Belle Il sensitivity @ 1 ab-1: ~30%

Efficiency (%o) 0.72

l)0 0.1 02 03 04 05 06 07 08 09 1

Ll B(BT — 7tv,;) = (0.83+0.22) x 1074

[NB: No KL veto applied in the study; 1D fit only;
Only hadronic reconstruction of the companion B;]

Guess-estimate of systematics v
* Alot of sources of systematic

Integrated Luminosity (ab™") 1 5 50 scale with luminosity (sig./bkg.
statistical uncertainty (%)  29.2 13.0 4.1 PDF), tagging efficiency;
systematic uncertainty (%) 12.6 6.8 4.6 « Peaking backgrounds will have

total uncertainty (%) 31.6 14.7 6.2

to be measured more precisely

M.Merola (Napoli)
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B — pv at Belle and BaBar

@ Measurement of B — uwv can provide an independent consistency check of
B — Tv measurement

@ Interesting also in the context of recent hints of Lepton Flavour Universality

Violation
Tagged method Untagged method

@ Biag+p @ Single high momentum muon
@ better knowledge of signal kinematics and @ almost mono-energetic (pg ~ 380 MeV)

better continuum background rejection @ infer p(Bsig) from all other detected p.
B. Aubert et al. [Babar collab.] PRD77, 091104 (2008) N. Satoyama et al. [Belle collab.] PLB 647, 67 (2007)

o T T T T T M T T 2140 B — v 253fb"

> 351 \ BABAR | 8 « Onresonance

30 i B ] 8120 [JOff resonance

H — v g‘ Bes
23 P wv groog i
ro H - < "~ i X

QZO 5 80 ] {iSignalx 10

o150 7 60

»1or , A P:

8 o5k P ] E ‘

E DT v AT SOOI 20; |

5 2 212223242526272829 3 e e e T B

Lepton momentum (GeV/c) o Py [GeVic]
_ o, - 1 0 =c=22%

@ :=0.12% [£=3421b ]

+ + —6 o
0 B(B" — uu,) < 5.6 x 107° 000% cL. @ B(BT — pr,) < 1.7 x107° @ 90% C.L.
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B — pv at Belle I

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)
(Inclusive tag, 468M BB)

Phys. Lett. B, 647, 67 {2007)
(Inclusive tag, 275M BB) > 36% of full data

Phys, Rev. D, 91, 052016 (2015)
(Hadronic tag, 772M BB)
BELLE
1 1 L L
5 10 15 20 25 %D
BF(B -y 'v, 10

@ Upper limits approaching SM expectation
@ Inclusive tag analysis with the full Belle data sample is ongoing

@ Belle Il expectations are

e observation at SM level with 5 ab™1
o 0(B)/B ~ 7% at 50 ab™!

@ theory free LFU violation test R = B(B — 7v)/B(B — uv)
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Charm tagging at B-factories

Reconstruction of charm hadron recoiling against Etangrag in events of type:

+ *
recoil

ete” 5 cc— EtangragD( )

(Xtrag additional particles produced in fragmentation of c¢)

Provides
()

recoi

@ knowledge of D/ ., momentum

— Ppx) = Pete- — Pp,

recoil tag

— PXtrag

()

recoil

@ knowledge of decay products of D

< all remaining tracks/energy deposits not associated to Dyg OF Xirag
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Charm tagging at B-factory vs. charm factory

B-factory Charm factory

+ea— D (*) efe” — Dtag Dyecoil @ /s = 3.77 GeV
ete™ = Diag Xivag Dooool . e e
eTe” — D@D Q@ /s = 4.17 GeV

@ high tagging efficiency (O(10%))
@ low tagging efficiency (O(0.1 — 1%)) .
due to Xirog @ cleaner events (no additional

particles)

@ need to take data at different

@ access to all charm hadrons energies
Dr(zc)oil = DO, D)t AL
. ° [Ldt=10-20 fb—1 @ BESIII
@ large sample of continuum events o(ete— — $(3770)) = 6 nb
J Ldt =1 — 50 ab~! @ Belle Il o(ete™ = D¥D,) =1 nb @ 4.17 GeV

o(ete” — ¢€) =130 nb
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\Y d and Motivation

2 step reconstruction:
@ Recoil reconstruction of charm hadrons (for normalization)
@ Within the recoil sample search for D — f decays

enables measurements of absolute branching fractions and studies of decays with
missing energy:
chcl

D—f

B(D — f) = i
( ) NBecoll . g(D — lerecoil)

@ B of normalization modes

@ Ds - KKm . ..
o D — Krm @ Searches for rare decays with missing energy:
® Ac — pKm e D° — invisible(vy)
° ... o D — Xyui
@ CKM matrix elements e .
(] D(s) — v
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Leptonic Ds decays in the Standard Model

D} of
s o
w
+ + G > 2 2 m; i
B(DS 4 I/g) = ngS|Vcs| TDSMDsme — ME)S

@ Unlike B — fv the Dy — (v decays are not CKM suppressed
o B(B—1v)~1x10"*vs. B(Ds — 7v) ~ 5 x 1072

@ Extract D, decay constant, fp,, by measuring B(Ds — (v)
o to test lattice QCD calculations (needed in extraction of the SM
parameters from measurements in B(5) meson system)
o Measurements of D and D/ decay constants provide the SU(3) flavor
breaking ratio fp,/fp
e To good approximation fg /fg = fp,/fp
[see Grinstein '93 and JHEP,1112,(2011)088 and references therein]

@ Could receive contributions from New Physics...
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B—BS’V’X(l

B — tv

5 tan®3
—my—L
m

|

/

A. Zupanc (JSI and UL)

Effect of charged Higgs (2HDM)

Akeroyd and Chen, PRD75, 075004 (2007)

2
) B—BSMX(lm

__ tanB

my+

Leptonic b and c decays

D(S) — v

Mg(s)

me + my

o)

0.3

04
R

Large effect possible on B(B — ¢v) but only small perturbation to the B(Ds — ¢v) and no
effect on B(D — {fv).

Workshop on B Physics
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Recoil D reconstruction

e+e_ — cCc — EtagxfragKD:+ ( — ’Y)

@ Dy =D° D=, AZp, D*~, D*°

DO B [%] Dt B [%] AF B [%]
K- 7t 3.9 K- nmtnt 9.4 pK— 7t 5.0
K~ ntn0 13.9 K= ntnta 6.1 pK77r+7rO 3.4
K- ntntn 8.1 Kdmt 15 pK2 11
K atata— a0 4.2 Kg7'r+7r0 6.9 Ar™T 1.1
Kdrtm— 2.9 Krtntm 3.1 Azt 70 36
K§7r+71'77r0 5.4 KTK— =t 1.0 Artate™ 2.6
Sum 38.4 Sum 28.0 Sum 16.8

D*t — D07r+, D+7r0; D*0 DDTr_, Do’y;
@ Strangeness balancing kaon: K = K*, K2

@ Fragmentation system:

Xirag = nothing, 71'j:7 7r0, 7ri7ri7 ﬂ'iﬂ'o, 7Ti71'i71'i, T

@ Kinematic fit to improve resolution of pp,_..;
*
s recoil

@ Recoil Ds recoil candidates identified in missing (recoil) mass

Mmiss(EtagKXfrag’y) = \/|pe+e* — Pp

e mass constrained vertex fit to D

— — _ 2
vag  PK T PXirag Pw\
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Recoil D; yield

° e"e” — € — DiagXirag KD " ( — 7)

Belle, JHEP09(2013)139

6~ (@) Xﬁag = nothing

Pull Events /(0.002 GeV/c?)

&h o ug
: |

185 19 To5 7 205
2
Mmiss(Dtaqurangragy) (GEV/C )

NOTE: only part of the sample shown

[ Yield per luminosity

B-factory (Belle) 100-103% per ab™ !
Charm-factory (CLEO-c) /s = 4.17 GeV 73-103 per fb—!
Charm-factory (BESIII) Vs = 4.01 GeV 22.10% per fb~!

NOTE: o(DsD;) @ 4.01 GeV ~ 1o(DsD}) @ 4.17 GeV
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@ 1 charged track pointing to the IP passing muon PID requirements

@ Fit to the M?

miss

(DtagKXfrag’yui) = \/|p3+e* - thag — Pk — prrag — Py — pﬂlz

Events / (0.01 GeV?/c*)

Pull

60—

40—

20—

o

5

0 [pheggeenghoy

5 1 i

-0.2 0 , 0.2 0.4 ) B.G
Mmlss(DtagKiragXYragy“) (GeV Ic )
NE:,,, = 492 + 26

Belle @ 913 fb~!

| B(D; — jrtv,) = (0.531 + 0.028(stat.) +0.020(syst.)) % |

A. Zupanc (JSI and UL)
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Nexcl

Ds—7(m)v,

=496 £+ 35

Fit to EgcL:
% [
@ Signal © 200
— 7 cross-feed between modes, e.g. %mo
7(p) — 7(7), is part of signal PDF P
and fixed g 100
w

@ True Ds background is fixed
< ¢ modes: dominantly Ds — X/v
— 7 mode: Ds — K°K, nm, pK

a
=]

(c) pion mode

Pull
& o vo
T

mm!‘}m
[

TIPS P PR M T I PN T ¥ P
O ksl

[ 4 tog g e
= L L
@ Combinatorial background 0 1 2
Eee, (GeV)
excl _ excl _
NDs%T(u)VT =758+ 48 NDSHT(e)VT =052+ 59
2 300 S
3% (b) muon mode T T (a) electron mode
0 o 300
S S
2 200 °
= = 200
j2] n
g 5
&' & 100}
0 0
_5F _SF
3 o Lt EY PPN 0 0 P NP WA PP € 1S~ N PO PO | TR Y. |
P I A e Fat it TR D0 p mmwr bbb el bbbl i
sk s
1 p T P
Eco (GeV) Eec (GeV)
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Extraction of V. and Comparison

HFAG-charm HFAG-charm
CLEO August 2016 2508 408 4 45
LEO-c [~ 50. . 4. -
[D, > ¢ i . X 1005 |
BaBar |, i 2589 £77+82 s e H 1.006 2 0.018 £ 0.005
Belle [ ot 2431+64+49 |
BESII|-  F—e— 23994174452
e e 246.1+109+54 | FD — Keve  —io— 0.967 =+ 0.005 + 0.025 |
CLEO-c [-r(mvr —e—12714+168+52 -|
F(e)vr —e—i 250.4 + 123+ 57 | N
b rewr [ ——" 2407+ 123+ 16.1 | | Average i
BaBar | (), 4—e—tH 236.4 £ 11.1 £ 13.1 | Dy tvg + D — Kevy HPH 0.997 £ 0.017
b r(evr H—e—H 247.4+7.6'57
Belle [-7(1)vr ———H 258.5 + 8.2 7 -
b-r(m)vr H—e—H  2624+03707 | — —5
BESIII 4 Govr 10445411 Woes 1 00018
v et 2482+ 44 £33 |
Average [-7vr o 250.9+4.0+41 | indirect . 0.973304+0:000074 |
T (2] 2503+314+33 —0.000096
Il Il Il Il
200 250 300 350 085 09 095 1 1.05 11 1.15
fp,|Ves| [MeV] [Vl

@ Lepton Flavour Universality test
RP = B(D, — 1v)/B(Ds — uv) = 9.95+0.57  vs. R°M =0.76 + 0.03.

e significant improvement at Belle Il possible since most of the
systematics cancels in the ratio (o(R®*P)/R™P ~ 1%)
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Recoil D7 yield

o e*e’ — cC — btangragD*Jr ( slow)

MC Simulation [5.5 ab™']

x10°
% 100~ Recoil D*
= Background
[Te]
. L
g
o 50
T
[
> L
w P
A
1.84 1.85

o) [GEV]

D

mlss( tagxfrag slow:

\ Yield per luminosity

B-factory (Belle) 71.10° per ab™!
Charm-factory (BESIII) | 550-10° per fb~!
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+ — /LJFVN and fD|Vcd|

@ 1 charged track pointing to the IP passing muon PID requirements

MC Simulation [5.5 ab™']

©
=)

-
D —m:vu

D'—K 1V, background
D*—K 1" background

Remaining background

o
(=]

40

Events per 0.01 GeV?

. . .6
M i55(Dyy XragTaioutt) [GEV*2]

[ Yield per luminosity

B-factory (Belle) 25 per ab™ !
Charm-factory (BESIII) | 140 per fb™!

Assuming similar systematics as in D — p"v,, measurement:
@ B: o(stat.)/B ~ 4.5 (3)% at 20 (50) ab™' and o(syst.)/B ~ 3%
@ BESIII (PRD89,051104) @ 2.9 fb™': o/B ~ 5.1(stat.) & 1.6(syst.)%
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Dt — 77v, and | V|

@ 1 charged track pointing to the IP passing muon (7(u)rv mode) or pion (7(7)r mode)
PID requirements

MC Simulation [5.5 ab™']

MC Simulation [5.5 ab”']

30007~ D>t (W,
D*—K'ii*v, background

Remaining background

Events per 0.050 GeV

i o
oo~ 3

3 D*SK"n* background
© 10001 Remaining background
wn
]
2 L
S
3
500
2
H
g Ly,
I o I
o
== 0

L D'ty

Egc, [GeV]

R o ]
RN ad R i S
2

Egc, [GeV]

Signal and Peaking background yield per ab™*

Mode | Signal Yield | Peaking backgrou

nd

ey | 15 3200 K°(— K7)ev
T(w)v | 10 4200 K°(— K?)pv
T(m)v | 10 1500 K°(— K)n

Dominated by the SL D — K¢ v, decays, however no K| rejection attempted, yet.
To use these modes further K reconstruction/rejection to be studied.
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Extraction of V.4 and Comparison

HFAG-charm
August 2014 August 2016
=D — fvg [a o} 0.2164 + 0.0050 + 0.0015
CLEO-c - —o——1 457+1240.4 |
=D — 7wlu, Het 0.2141 + 0.0029 + 0.0093
A
BESIII | —e—i 46.4+1.940.6 | Footon gl 0.216 +0.005 |
FvN —e—i 0.230+0.011
Average |- —e—i 459+1.0+044 |
I Indirect . 0.2252915:90041 |
Il Il Il Il Il Il Il Il Il Il
40 42 44 46 48 50 52 54 0.15 0.2 0.25 0.3
fp|Vea| [MeV] [Veal

@ Expected precision of fp|V 4| with full Belle II sample is around 2-3%

A. Zupanc (JSI and UL)

Leptonic b and c decays

Workshop on B Physics 30 /31



Conclusions

@ A lot of effort at Belle Il invested into improvement of tag
reconstruction algorithm and understanding the beam background
induced background on measurements with missing energy

@ Leptonic decays of B and D meson decays will enter precision era
with Belle Il sample

o provide important input to global CKM fits (| V)
@ sensitive to new physics

@ Measurements will become systematically limited and the key will be

to have excellent calibration of the tag reconstruction efficiency
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