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Introduction

B-h®vy B DS

BY — invisible(y) - ¥
Bt - ¢y,
B - (X)fvheavy

« Rare B-decays with neutrinos.

» Theoretically clean.

« Small Standard Model branching fraction.

» Provides a good place to test the Standard Model .

» All results are from blind analysis.
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Hadronic Tagging Method

Complete tagging of aB in Y(4S) - BB
- B.F.(Y(4S) - BB)~96%

— Constrain the charge, flavor, & (E, p) of Bgig

= Results in very high-purity (but with low efficiency)

= Good continuum (e*e” 2 u,d,s,c) suppression

—> Reconstructs rare processes with neutrinos

<Varibles on B, obtained by Hadronic Tagging >

reconstructed by 5 5 _
: hadronic modes o Vr My, = /Ebeam — pg5: Beam constrained mass
tag side signal side ;:' e AE = Epeqm — Eg: Energy difference in By, and Epeqm

t

? T(45) T Ve (center of mass frame)

B... ° B (mgs: BABAR’s equivalent to My, at Belle)
t3 tag sig .
ty

N Today. .
's missing mass of the j/ B — h(*)VV ﬂ;

recoil-B analyzable 0
B° - invisible(y) & -
Bt - ¢ty

4/6 analyses use hadromc tagging method.
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h® =K K* m, p, ¢ at Belle. Submitted to PRD(RC). arXiv:1303.3719[hep-ex].
h®) = K,K*; J/¥ - vy, W(2S) - vV at BABAR. [N o ¢ el Ry ey s
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B —» h®yi: Motivation
h® =K K*m, p, ¢ at Belle.
h® =K, K*, /¥ — vi, W(2S) = vV at BABAR.

t, C

< b > > S
W W

Vv » V

v - v
B.Fs(BY - K**vv) = (6.8 4+ 2.0) x 10°°
B. FSM (B+ N K+v17) — (4_4 + 1_5) x 106 < Feynmann diagrams for b — svv transition in Standard Model >

. . W. Altmannshofer, A. J. Buras, D. M. Straub, and M. Wick,

*  FCNC in the SM: EW Penguin/Box. JHEP 0904, 022 (2009).

—  Branching fraction for b — dvv further suppressed by a factor of |Vyg /Vis|?
—  B°% > ¢vv: Decays via a not yet to observed penguin = much lower branching fraction.
* An interesting place to test physics beyond SM

— Branching fraction deviation= Predictions of massive particles w/ additional loop contribution?
—  Modification of g distribution (¢ = Energy-momentum transfer from b to vV).>LDM ?

L. N. Chang, O. Lebedev, and J. N. Ng, Phys. Lett. B 441, 419 (1998).

% (i * B — K + charmonium process provides an

! window to search for charmonium — vv.

¢ * Possible branching fraction enhancement expected
z 7 - according to various New Physics Scenarios.

< SUSY decays of cc to a pair of goldstinos via c-squark and Z%> BOth Bel Ie and BABAR use had ron iC taqq | nag.
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B - h™vyv: Method

h) = K,K*,mt,p, ¢

Reconstruct h(*) w/ right charge to Byqg

0 = 0 *0 x4+ 0.+ 0+
Hadronic Ky »n"n™, n° »yy, K" > Kn, K" > Kn™/ n”K™,

772M BB-pairs _

tagging from e - ) pO - 7T+7T_;,0+ - 7tr0
1104 exclusive _~ =~ h No additional charged tracks or 1t°
b->c channels Btag B ig "> 5 Reduce BG with a particle missing along the beam pipe:

€0s50,,iss = polar angle of missing momentum in CM frame

_ ,AE, Oyn: B uality control (-0.86~0.95)
- Ak — . 1.6 GeV/c < p*(h momentum in Bg; g4 rest frame) < 2.5 GeV/c

Ong = A Neural Network output interpret as

. B Lower-bound rejects BG from b — ¢ charm decays,
Bayesian probability on Bygg-

Upper-bound rejects BG from 2-body B decays(e.g. B — K™y).

Backup: Details on O

Backup: Precise Description
Backup: Validation

EECL — ETOTAL - EBtag - Esignal—particles. arXiv:1303.3719hep-ex].
- Remaining energy in n 1 1 205F — =

emaining energy the ECL not assoc.ated w th £05} S K vy Py B Ko vy
Btqg4 or particles used to reconstruct the signal side. £ 04 CN

- Well reconstructed signal events peak near 0. 0_33 222:
A powerful variable often used with analyses with v,'s. 02F gfg: -

* 0.1 —L 0-102
. . . ‘ L 0.05F o
Signal Extraction by an extended binned og I Dog e ﬁo
maximum likelihood fit in Eg¢; (0-1.2 GeV). | Y B lGev | T B [GeV]

<Signal MC distribution in E g window>
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B —» h®vv: Signal Extraction

Signal Extraction by an extended binned
maximum likelihood fit to Eg¢; (0-1.2 GeV). arXiv:1303.371 9[hep—ex]

~ 10 % e % 25;
<] F [ ¥ ; .
O o BoK w | O B'oK vy | O, A — thal fit resu.lt .
S o F ~ 12.00excess| $ 1T 12.6dexcess| Signal contribution
E : = {5: BG component
@4 E{' —}  Experimental Data

; o: P

:5 No significant
_ : == + signal observation.
0.0 0.2 0.4 0.6 0.8 1.0 1.2 Eo_g_z__ 4 0.6 08 1.0 1.2 IE-_DE.EJ}’E)G 08 10 12

Eqc_ [GeV] E.. [GeV] Ecc, [GeV]
Systematic uncertainty dominated by the statistical uncertainty of BG model due to stringent signal selection.

BF = Ngiq/(Npg - €5ig) | B - hvv  Significance B.F Upper Limit(X 10_5) oo bub. table
xjgz S;g(f)lglgglsairs i 2.00 55 Backup: systematics
€: signal selection efficiency Kg 0.70 9.7 Backup: plots for all modes
K** 4.0
K*° 5.5
rt 2.60 9.8
[ 1.90 6.9
pt 1.70 21.3
p° 0.40 20.8
® 0.50 12.7

the most stringent up to date.  Submitted to PRD(RC). arXiv:1303.3719[hep-ex].
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B —» K®vy: Method

+B —» K*(cC): J/¥ - vv,¥(2S) » vV

Reconstruct K w/ right charge to B4
B - K*vv,B - Kovv

Hadronic 471M BE-pairs . B = (K** - K*1°/KOn*)vi

tagging from P ' 0 4. = 170 0\a)o
exclusiveb>c . _____ — h(*) B~ (K™ = K™~ /K )vy
channels with B B Tl No additional tracks.
high purity tag sig TA v . . . . . .
5 DX~ where X~ Continuum suppression with Likelihood Ratio cut
- wnere o .
be tag o with event-shape variables. Backup: Description
refers to a combination of

m/K up to 5. Require low E,yq Optimized for respective channel.

Sp = q?/mé: weighted mass of the VV system.

For non-charmonium modes: 0 < sg < 0.3 (Corresponds to pg(*) > 1.8(1.7)GeV/c)
For charmonium modes: identified in Sg equivalent to the mass of J/W or W(25).

%357 . Data N obs peak comb
230f % Comb. BG predicted by M( T Ni = (N@ + Nz ) )
oel ) ) “Sighal | B = Sig (i = each channel)
2> Sideband Region <« Pregio €; NBE
=220p .
T e { peak
1ol o N N; : peaking BG from correct Bgq
B e cont,
5 arXivi1303.7465[hep-ex]. HE N; : combinatotial BG (extrapolated from My, sideband data)
Q5 537 525 525 824 525 526 527 528 529 Ma]or fraction of peaking BG from D™ #v process with a lepton missing.
<My, distribution> meg [GeV/c?]
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B —» K®vy: Signal Extraction
+B - K*(cC): J/¥ - vi,¥Y(2S) » vV

Signal K®vyv region arXiv:1303.7465[hep-ex]. Backup: systematics
Backup: descriptive table

—_— :I TTT | TTTT | TTTT IIII|IIII|IIII‘IIIIlIIIIlIIIIlIIII:
. 15
% K*+ K*O K+
% 10
£ 5 <11.6 <93 0.4-3.7 <81
L

X <79 0.2-3.2

<U.L. of Branching Fraction for B -» K®vv x 10°>

For the J /W — vv, W (2S) - vv.
B.F.(J/¥ > v¥) < 3.9x 1073
B.F.($(2S) » vv) < 15.5x 1073

Backup: fit plots for charmonium

Backup: result table in publication @ 900/0 C.L'

g O

15
10

15
10

Y A

oo oo L L

0 0102030405060.70809 1 Submitted to PRD(RC). arXiv:1303.7465[hep-ex].

2 2 N
Sp = q°/mg

:
n
1 n
. :

T L

]

B i I_+_ 77 7
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B —» h™vi: Summary

Belle 2013 result supercedes Belle 2007.

Belle 2013, 772M BB, Had.
Belle 2007, 535M BB, Had.

Babar 2013, 471M BB, Had.
Babar, 08’ 10°, ~460M BB, SL.
Babar, Combined.

Had. : Hadronic Tagging Method
SL. :Semi-leptonic Tagging Method

Belle 2007 : PRL 99, 221802 (2007).
Babar 08’ : PRD 78, 072007 (2008).
Babar 10’ : PRD 82, 112002 (2010).

K* K
2013 Had. 7.9 0.2-3.2
Prev. SL+2013 Had. 1.7

<Babar’s Had. + SL. Combined Result>

2 4 8 16 32 64

J—

Branching Fraction Upper Limit (107°)

(in log scale of base 2) Backup: NOT in Log scale

May 24,2013 10/27
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* —
B - h®vv: Summary
W. Altmannshofer, A. J. Buras, D. M. Straub,
and M. Wick, JHEP 0904, 022 (2009) .

Y
] H ¢ = —ﬁthVts(CﬂL'O'L' + CROR)

E 2
; e’ _
J» l E O = Tom2 (~‘>')’uPL(11')b)(V)’”(1 —¥Ys)V)

Sjiz// 2
p— s Sta
; 0 /

arXiv:1303.7465[hep-ex].

(b}B R

]

F T T T T —
F(a) B"=K"vv ]
155 3

e

102—:._0_-—0—-—0—-_|_I ) —

-y

o

Branching Fraction (x10°%)
Branching Fraction (x10°%)

£™ (0%

DMLO)&DJ:-I'{.‘IDM-PAO)OJ
I
Q
w

e™ (x10%)

o P
D_
2%
O_
.
oL
[=>]
D_
=]

7

@ . L

= T
(=]
Sk
D_
I
(=]
of
(=]
or

I

7

. Ll

n
! |
O o
N s

. € = =
Choml ICT 12+ |CRI?

3 <90% C.L. constraints on €/ >

Branching Fraction (x10°%
A o o N b o @
|

Branching Fraction (x10°%)

| ’
IHLH % E VICEI? + ICRI? = —Re(C7CRY)

Limits of this analysis
08’, 10’ semileptonic tag analyses
R B - Kvv
550508054 B - K*vw

£59 (109

1‘_:';lg (X‘|0“.}
=

L e s
T
Lol élinl

o
o
&)
o
.
o
o]
o
o
-
o
o
[o%]
o
'S
o
o
o
@
-
O
6

Sg Sg
<Branching fraction according to sg>

2, 9 Parameters of Wilson coefficients in
Sp = q°/mp consistency with the Standard Model.
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!

B° - invisible (+y)

Belle: PRD 86, 032002 (2012).

BABAR: PRD 86, 051105(R) (2012).
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B? - invisible: Motivation

W~ -~ w.-~
I W= W I
b e D v b o v
~ W~
~ ZD
~
Fﬂ u, C':t y € Fﬁ ‘[L,C,t v
s
W+ -
- Ve
d__ . 1 _ _ S 7 7 d ¢ L W 7
A. Dedes, H. Dreiner, and P. Richardson, PRD 65, 015001 (2002).

G. Buchalla, and A.J. Buras, Nuclear Physics B 400(1-3), 225 — 239 (1993))
G? ?
F e F2 2 97 9 * 2+-2
_ Bom mBn\/l—é_Lm Mo | Vip Vid| Y “(z:
T A 51112 @W v . v/ B | | ( )
<The SM Feynmann diagrams and branching fraction of B — invisible>

B(B® = vv) =1go

B decays with no remaining product in the detector (v or hyphothetical).
*  Low m,, + Helicity suppression (SM) = Neatrly invisible signature within the SM.

*  Measurements of B® - invisible? = A clear signature of New Physics!
— NP scenario branching fraction enhancement, existence of hypothetical particles.
(eg B 0 17)5? from R-parity violating SUSY with 1077 < B.F.<107°). } gi:lr:ss, h T;'re(rm::,e;/ngoll’l.a:iz:'h:zl-szz: PRD 65, 015001 (2002).
* Previous Result: BF(B® — invisible) < 22 X 107°>,BF(B® - (+y)) < 4.7 x 107> @ 90% C.L.
w/ 89M BB-pairs, Semileptonic tag (BABAR, PRL 93, 091802 (2004).)
d qod , : Xd , ) Z
7 ] N
B e DU B° dr § B° br
5 % b ) L %% ) i
T. Adams et al. (NuTeV Collab.), PRL 87, 041801 (2001). <The R-parity violating Feynmann diagrams of B — invisible>

A. Dedes, H. Dreiner, and P. Richardson, PRD 65, 015001 (2002).
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D

B? - invisible: Method </

657M BB-pairs

Taggin .7 < s
My, AE, froé;i bic _____ o IflVlSIbl.e Reject tracks, w0, K;
cosfr, cosfg o po. signalside p (Strongest)
events tag B sig ~a ECL g
(B® - DW—m*, D~ p*, D(*)‘aI, D(*)_Dg*)-l-) (no additional particle aside from Byqg)

Main backgrounds from continuum events:
Suppressed w/ cosOr, O = £(beam, thrust of B ,)
|cosOg| < 0.9,05 = £(beam, B, direction)

SIGNAL MC
(B—>invisible

L P PR PR P L
- 45 0 05 1
costhr

Backup: Analysis Detail

<Continuum suppression w/ cosOr>

::k MC samples Expected events from MC study g f: Validation of Epc,

of Egci (GeV) | b cecays 673 1 distribution with double
[ W/ cosr cosbg, Mbc, AE, Veto cuts| | ¢ 4 jecave 37403 tagged B® > DM ¢y,
GE— Non-B (Continuum+Tau-Pair) 64+16 1:: CIRID S, L0 (12,

4

: Signal (assumed BF = 10) 0.1 zu_

0 0.2 0.4 0.6 0.8 1 1.2
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B° - invisible: Signal Extraction

e 2-D PDF Construction in...

—  Egcp: Discrete histogram function (Energy threshold within 0 — 0.05 GeV)

— ¢0S0p: Legendre Polynomials g :jZélbaﬁ (}fie'lijB)
sig: signal y
* Combined PDF: P(Egc;, cosOg) = P(Egcy) X P(cos8p) Npg: # of BB pairs

€: signal selection efficiency

-y

3 other B bkg Non- § Sources Yield
% :o 5 Signal 9+6
& b->cBG 132132
Non-B BG —23%22
Rare-B BG ~4
BTz T0d 06 08 é ' G‘}z 08 06 -04 -02 0 02 04 06 o:%
PRD 86, 032002 (20122, ccL(GeV) cosfy
Result of

unbinned extended likelihood fit to the experimental data>
A new result with hadronic tagging method.

Ngig = 8.9782 (stat)2S(syst) : No significant signal can be seen.

B.F.(B° - invisible) < 1.3 x 10~* @ 90% C.L.

C. -L. Hsu, P. Chang, et al. (Belle collab.), PRD 86, 032002 (2012).
* Syst. uncertainty of signal efficiency dominated by Byq4 uncertainty efficiency.

* Syst. uncertainty on signal yield are due to MC statistic.

Y. Yook (Yonsei Univ.), B decays with sigrificarit missing energy, FPCP 2013
) g g 2)
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B® - invisible (+y): Method

_ 471M BB-pairs

.7 Invisible
Higher reconstruction efficiency. M ¥T 2438780 0) £ il o signal side
No full kinematics on B. ngol —>gD(*)1,”V L“"“B?ag Eg;,g\\(:y’ Ey, >1.2GeV) (_I_gy)

(no additional particle aside from Bygg)

D™
Compared to hadronic tagging: Seml'leptonlc ol

-

-tag side- 2 2
_ 2EBEp(yp—MmB—Mp(,)p

Only one v not detected in Bgg. COSOB pH_p = W (-5.5~1.5 in CM frame)
¢ BlIPD(»)¢

-signal side-

No charged tracks from Byg;,,.

Reduce BG with a particle missing along the beam pipe:
€050,,iss = polar angle of missing momentum in CM frame (-0.9~0.9)
An artificial Neural Network output with event shape and By, /Signal side kinematic variables.

(e.g cosOp py—e» psM, cosine of angle between thrust axis of an event to ﬁgl(vi)_;rame direction ... backup)

Backup:NN-details

L PRD |12). '~ Background Optimization of NN output based on expected
—*  —SignalMC BF upper limit with MC & Off. Res. data.

LR L
Il lIIIlIII

After these BG suppression procedures.

Arbitrary Units
S

— - - TTII]

11 llIIlll

Signal extraction in 0 < Egy4rq < 1.2 GeV with PDF obtained from...

- Signal PDF: detailed MC
- Background PDF: mp, m(D* — D) sideband experimental data

NN output
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B? - invisible (+y): Signal Extraction

AEDRaRRRAR A RBRARGET U RerspEERRERRR AR RE Source BY — invisible  B® — invisible + ¥
— Total BABAR 4  [— Total BABAR | —— ‘
] s 1 ormalization errors
------ Background = _ - Background ] 7 - 0.6% 0.6%
e Signal B — invisible: - 15._ ------ Signal B — invisiblel -conlmg 27 27
:a>.) i % | — Data (+y) Efficiency errors
Si 3 2 L Tagging efficiency 3.5% 3.5%
S = 10_‘ 1  mp (Am) selection 1% 1.3%
\TE/ S/ I ] Preselection 3% 2.4%
E ‘E i Neural network 6.1% 8.2%
Q g 5 [ 1l Single photon .- 1.8%
M | Ul Total 7.7% 9.5%
E ] I:I-l l Yield errors (events)
0 fi== I ] Background parameter 15.8 6.5
-10 :I 11 I 11 1 ] 111 I 111 I 11 1 I 11 |: -l 11 I 111 I 111 I 111 I 111 I 11 I- S%gnal pa.'rameter 2'0 1'2
0 02 04 06 038 1 1.2 0 02 04 06 08 -1 |.2 Fit technique T 1.0
Eexpa(GeV)  PRD 86,051105@R) (2012).  E_(GeV Eexira shape 0.1 1.3
R L exira (GEV) Total 15.9 6.9
Mode Niig Npig * Dominant systematic uncertainty from
B — invisible —22 +9 334 + 21 data/MC discrepancy in NN variables &
B — invisible + ¥ —3.1+52 113 + 12 parameterization of BG Egyrq PDE

Backup: Systematics

semi-leptonic tagging(471M BB), the best limit so far.
B.F(B® - invisible) < 2.4 x 107>
B.F(B® - invisible + y) < 1.7 x 107> & >12Gev
@90% C.L.

J.P. Lees et al. (The BABAR collab.), PRD 86, 051105(R) (2012).
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> ¢£*v,: Motivation

(Loose Tagging) Up-to-date results: B — £v
B.F.(Bt* - etv,) <9.8x 1077 253fb~1
0 Belle Collab., PLB 647, 67 (2007).
B ev)su ~ 1070 1B (B > putv,) < 1.0 X 1076 426fb?
B — pv)sy ~ 3.5 ff 10 BABAR Collab., PRD 79, 091101 (2009).
B = Tv)sn ~ 107 (Hadronic Tagging)
2\ 2 B.F.(B* »etv,) <52x107°
(1 - mﬁ ) f2lVu 75 | B.F.(B* - pu*v,) < 5.6 x 1076 342fh~1

‘B BABAR Collab., PRD 77, 091104 (2008). @ 90% C.L
<The Feynmann diagram, SM branching fraction, order of B.F(B - ¢*v,) > —

<Currently most stringent limit for B - ¢v at Belle and BABAR>
* A clean process for the measurement of f3, |V,;|?, within the SM.

Dr. Andrej Bozek’s
“B - D®1v and B - Tv”
* Evidence of B* - v, from Belle and BABAR experiments. ™ talk on Monday!

* Helicity suppression in the SM = B.F. m?

* Deviation from the SM may reveal New Physics | (e.g. 2HDM(type2), lepto-quark)

2HDM (type2) 2\ 2
m
B(B+ — E+V5)2HD1\,[ = B(B+ — E+Ve)SM X (1 — tanQ,B—f)
m
H
W. Hou, Phys. Rev. D. 48, 2342 (1993).

Result presented today is. ..
An update using full Y(4S) data (711fb~1/772M) / Hadronic tagging
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D

- £*v,: Method <O
y

=e,u
772M Bl_?-pairs <MC distribution of cos8y,: and Eg¢, for B - uv search>

Hadronic ‘/7 v LA R R B R BN LR RS nRRRRRAREN RN RARRE LARAS LAARE LARRY RAREE RARRN RRRRS _Slgnﬂl(u)tlllles 300

. Pr sob ] 3sf 4 ====b—=c(B)
taggingfrom . e ; Ercr (GGV)E _f Continuum events. b — ¢ (BY)
615 charged \ E “t g oo qg Eq=c11 |

—_ 25 ' ===t — =udas

b->c channels- B tag B sig £+ . 4 —b —>ul\? (Bﬂ)

—— b —ulv (B%)

]
HIL
:

S b sd(B)
2t 3 == bosd®)
£ Cosethrust | Bomly

2 1 ] InE
. 1 ! JI ._":I. ,. l
My, AE, Oy : Biqg quality control et 1 i BT v

+ +
— BTy ] v Y
02 04 06 08 1 12 14 16 18 0.1 0 03 04 05 06 07 08| 09 + + 0
Epo (GeV) |cos6, =B =K

thrust

Require only one track which is identified to be a lepton on the By, side.

Continuum suppression using c0S0¢pryst-

O ¢thrust: angle between the thrust axis of Bygg4 particle and the lepton’s momentum in CM frame.

Egcy, cuts: Expecting no extra deposit in ECL aside from B4 and the lepton.

S1g,lna1 (f30) MC. p? = the momentum of lepton at Bgig4 rest frame.
i A 0\} Sharp-peaking near 2.64 GeV/c due to 2-body decay.
K Very clean signal with low BG (<<1).

Analysis Strategy Bac up: Va||dat|on
Backup: BG Models

Fit the sideband of p% ( 2 — 2.5 GeV/c) to extrapolate the

background into the signal region ( ~2.6 — 2.7 GeV/c).

Dedicated MC modeling for peaking BG at signal region.

(V]

<Signal Enhanced plot of pZ for B - uv search>

Y. Yook (Yonsei Univ.), B decays with significant missing energy at Belle, FPCP 2013 2013-05-24 20/27



- ¢*v,: Signal Extraction

' g_ p;(GeV/c),Bt - ety Belle _g
6 Preliminary =
EE_ | ] _E
‘- +p,2 sideband | : :-_““ =
B | o ne? =
A =
i | 5\‘3}\ ' Jje
2%\ | i i e-mode —=
1 : | : °
BT i H;.HIHJIIIE
2 2.7 22 0 23 2 285 26 0 27 0 28 3
P?, Data, e
(GeV/c),B* - utv Belle _5
Preliminary | —3
o E
+  pPsideband | t ! =
3 | - \\Le%\o _f
4 R .
L | ! . u-mode 3
L T T ] IIII.I.I.I.II.HE
2 - 21 227 TZ3 T 24 : . I
P¥, Data, i
B - {v esignal kag Nobs
+0.08
e 0.091  0.117098 0
7 0.115  0.33%319 0

?=e,u

Nyps — N
B F = obs bkg

Ngpg * €sig
Counting data yield in unblinded signal region.

No signal events observed in signal p; window.

Branching fraction Upper Limit calculated

according to Feldman-Cousins method.
G.J. Feldman and R.D. Cousins, PRD57, 3873 (1998).

* Uncertainties on Ny, from

1. Data statistical error in p; sideband

2. Branching Fraction uncertainties of BG

3. Fit Parameters

* Dominant uncertainty of €g;, is due to ps shape

uncertainty. Backup: Systematic

A new update with hadronic tagging method.

B.F.(B* - e*v,) <3.5x107°
— B.F.(B* - u*v,) <2.5x107°
@90% C.L.

Publication preparation underway.

<Summary of Nyg4, €54, Observed data yield in signal region, B.F. upper limit>
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BELLE

B — (X)fvh

Vp: Heavy Neutrinos

Belle: PRD 87, 071102(R) (2013).
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B - (X)¢v,: Motivation

vy = Heavy Neutrinos

*  m, > 0 from experimental data while the SM assumes 0 mass.

* Heavy neutrinos (v,) in many models beyond the SM

. .. T. Asaka, S. Blanchet and M. Shaposhnikov, Phys. Lett. B 631, 151 (2005).
VMSM: addition of 3 RH neutral leptons. .17y . ana . Shaposhnikov, Phys. Lett. B 620, 17 (2005).

* Neutrino Oscillation, Dark Matter, Baryogenesis(“w/ larger mass sterile particles”) explainable

— Also expected from SUSY, GUT, models with exotic Higgs representations.

Properties of v, > Sterile How it interacts?
Lepton: no strong interaction.

- Only by mixing with a left-handed neutrino by a
Right-handedness: no weak unitarity transformation.

interaction. Vo = Z;U,iV; (a=flavor eigenstates, i=mass eigenstates)
Neutral: no EM interaction. We define... Uy = Uy,

Search for B - (X)¢3 v, where N —X
v, = £inT (Dirac or Majorana) [3]

0.5 GeV/c* <M,, <5 GeV/c?
D®) etc.

<Heavy neutral lepton production and decay diagram>

2013-05-24 23/27
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B - (X){Vheqvy: Method

Br/uU,?
. . Separate treatment for large / small M (vy)
O D fvh 2 )
“small”: M (vy,) < 2.0GeV /c*, x = D® dominant
F 2
10 -3: D® identified by “Missing Mass” : M2 = (ECM - Eglgzn) - P¢”21i’z7t - P3
“large”: M(Vh) > Z.OGBV/CZ, X = D™, light meson, nothing
I 3000 -
10 ¢ F1.5 GeV/c?
‘ 2000
- 1000- v e e« DR
10 ¢ r i
05075 T 12515175 2 23525275 3
-5 ‘ y ; M(X) GeV/c
10 Sy e S <My distribution for small M(vy,) search>
Mv,) Gel"
<B.F(B - X¢vy) at |U,|*> = 1> T

Background Suppression —

¢
? *, 2
— QED background: N(track) > 4 ' v,;\“___&).-»
— Decays with similar topology. + LS N
s Ks-»ntn ,A->pn~,y > ete”, etc... e grYes e

* Handled with tight particle ID, vertex quality, and distant £ — T vertex
(ct > 20m for M,, = 1GeV/c?, Us < 107%)
— Combinatorial background.

* Daughter track originating from IP = Distance between the closest associated hit in
SVD/CDC to vertex of vy can distinguish the background from signal.

Y. Yook (Yonsei Univ.), B decays with significant missing energy, FPCP 2013 May 24,2013 24/27



1 eet een
0.75 eett
05
025 Hf
[y J I S 4 S s b M o b o b Loy i |
1 I LT I Hum
0.75 UUTT 075
. eor PRD 87, 071102(R) (2013).
0.25 025
0|||||||||||||||||||||||||||||||||I|||| Ou||||||||||||||I||||I||||||||||||||||||
2 b . eumHyen 1+ epmHien mode MC expected Data
15 fi MC: LM'C - 3Ldata 075 Data eet 1.7 +0.7 6+24
g 05[] JLpLTe 2.3+0.9 2+ 1.4
T S B ¥ S B ¥ R T I S R R ¥ R B ¥ ST S
M(v,) GeV M(v,) GeV  <Obtained Yield and expectation from MC>
ml ~1 with low I
n(vy) = 2Ngp B(B — vy) Blyp, — ) — /E(z:)cﬁ T ol
P dP(:c):?exp(— , ) d
217712 m . : :
— |Ua| |Uﬁ| 2Npp fi1 (‘m) fQ(m) E /E(ﬂT)dI} Probability of a particle with

. decay width I' with momentum
9 D. Gorbunov and M. Shaposhnikov, JHEP 0710, 015 li . d
[Ual?fi(m) = B(B — vn)  (2007) [arXiv:0705.1729 [hep-phl]. p traveling in segment dX.
\Us|?fa(m) = T(vy, — £x) = By, — {x)T

x: distance to heavy neutrino decay vertex from IP.
€: reconstruction efficiency.

Upper limit calculated in
Feldman-Cousins method.

Backup: Details
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B = (X)®Vpeavy: 1Ug|* upper limits

Backup: the ILl,,I2 plots in the publication.

]E HL | 3 ]g I
g : | E I "‘“-l;\
10'E ! E 0 | s =
F Belle E R Belle
20 : ] a2k I ..:"\
107 | 1078 H_‘L -_\\TM -
3l I : EE N
10°F | E 07\ ~_ | ~
R - F . | R . E =N, B T
= e S 4f e S~._ |\ CHARMI
= 10"F e 3 T 10F SRR E
- E "“-.‘--‘- L —
_5__ I _5_ . s T e ]
10 E : DELPHI 10" & DELPHI
sF~_ caRM : B o BEBC . B
IG = H"""-—.‘ .l' 3 ].0 5-"‘-4_ - 2
ji: ~_ U | UL@ 90% C.L. AL [Uu]” UL @ 90% C.L.
10 3 | R S 1 1 | L1 |_§ 10 3 | T B R el ! ! ! | [ |_E
0.5 1 5 10 0.5 1 5 10
M, (GeV/c?) M, (GeV/c?)

* Upper limits on vy, — vp mixing (|Up|) in the mass range
0.5<M,, <5 GCV/ Cc“ obtained. (Maximum sensitivity near 2 GeV/c?)

U.L. calculated according to a method described in G.J. Feldman and R.D. Cousins, PRID57, 3873 (1998).

. Correspondmg branching fraction U.L.
— BF(B - (X)?v) X BF(vy, » fmt) < 7.2 x1077

D.Liventsev, et al. (Belle collaboration), PRD 87, 071102(R) (2013).
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Conclusion

B » h®yp
B® - invisible(y)
B+ - £+Vg
B - (X)fvheavy

Rare decay searches as a probe for New Physics Scenario was
carried out in Belle and Babar collaboration.

— Many updates on U.L. of branching fraction using hadronic tagging method.
— U.L. on mixing of vy — Vp was set in the mass range of 0.5 — 5.0 GeV/c?.

— The an update with an order more stringent B.F. upper limit in
B® - invisible(y) from semi-leptonic tagging from BABAR.

No evidence of signal, consistent with the Standard Model.

Anticipating for the high sensitivity of Belle-11I |

Y. Yook (Yonsei Univ.), B decays with significant missing energy, FPCP 2013 May 24, 2013
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Hadronic Tagging Method

Back to p.6

* Moditied hadronic tagging with Neurobayes algorithm?

60000 10F
i . B data
50000 [ — Signal 0sk —+
N “F | —Fit
» 40000[ Background o
= Ho = 0.6
o = L 5 -
o 30000F % T
SR 02y
20000f 3 I
i - 0.2
10000 - o B
-i T SR R N N N |-\- ----- | PR Il ket e OO L v ey ey
1.0 -0.5 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0
Network Output Network Output

<r? candidate classification example.>

Network output linearly related to the Bayesian probability
of articulate reconstruction of a candidate.

M. Feindt, F. Keller, M. Kreps, T. Kuhr, S. Neubauer, D. Zander, A, Zupanc, Nucl.Instrum.Meth.A654:432-440,2011
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Hadronic Tagging Method

Back to p.6

* Moditied hadronic tagging with Neurobayes algorithm?

B+ Purity-Efficiency

0.40
0
E( /0) 0.35 € = 0-34% e newfullre(on\
) .- ) o ¢ old fullrecon
0.30 . |
0.25 .
s .
$0.20
m 9
0.15 ® ¢
€c=0.16%
0.10 | .
Purity (%)
0.035 30 30 T 50 80 70 80 90
Purity [%)

<r? candidate classification example.>

Higher efficiency with addition of B/D reconstruction modes.
Purity/Efficiency control with Neural-network output (N By¢).

Y. Yook (Yonsei Univ.), B decays with significant missing energy at Belle, FPCP 2013
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B —» h®viy: BACKUP

h*) =K K* m p,¢ at Belle.
h) =K K* J/¥ - vi, W(2S) - vV at BABAR.

Y. Yook (Yonsei Univ.), B decays with significant missing energy at Belle, FPCP 2013 2013-05-24



B - hvv : Strateg

150
100F
501

B—-K vv

MC

;!

:||||I||||\||||I||||
5%4 5256 526 527 528 529

My [GeV / 7]

) =K+ KO K** KO nt,

e
(o]
o
o
TTT]

-
(5
(=]
T

1000

50

Data

q + r.[.T—L‘L“ ++'+ +

N

MC/data calibration of B, efficiency

:||||I|||wI||||I||||
£24 525 526 527 528 520

M, [GeV / ]

* B-tag calibraton by Mbc fit.

yqu
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Hnunu: event selection

Back to p.6

Cut (short name)

Description

BTagChargeCombination

BT.g candidate with the corresponding charge
combination (neutral-neutral, positive-negative,
negative-positive)

Mpe > 5.27 GeV

lower cut on My, of the Bp,, candidate

—0.08 GeV <AE | cut on AE of the Bp,, candidate

< 0.06 GeV

BTagNBout > 0.02 lower cut on the NByyt of the B, candidate

NRemainingPi0 = 0 no additional Pi® candidate should be left, standard
70 cuts applied

NRemainingTracksAll = | no additional track should be left, no quality cuts on

0

the veto tracks applied

—0.86 < cosf,,,;c < 0.95

the missing-momentum should not point into the
beam-pipe

EccL < 1.5GeV

upper cut on the extra energy in the calorimeter

p* > 1.6 GeV

lower cut on the momentum in Bgj, rest frame to
reduce background from charm decays

p* < 2.5GeV

upper cut on the momentum in Bgj, rest frame to
reduce background from two-body B-decays

Y. Yook (Yonsei Univ.), B decays with significant missing energy at Belle, FPCP 2013




B —» h™vyv . Validation

h(*) = K+1KS(‘)' K*+, K*O,7T+, 77:0; ,0+; ,00; ¢

g
o

n

| ++Jf+++++ JH

o

:%_'+T'+|

Lo vt it b v il ey P S I I D
0&24 925 926 527 528 529 0§24 525 9526 527 528 529

;f. 16 B:"% K'vv ‘Boﬁ ngv BaCk to D6

S 14k

] ﬁ_@p Ec, Comparison of data/MC
j Jr in the M, sideband of M, . < 5.27 GeV/c?
i
8o 05 T

§2-5;‘ B'— gm B> Kivv

M. Comparison of data/MC
in the E¢; sideband of E;;, > 0.45 GeV

Events / 0.1 GeV

Ia o
=] (=]
=] o
[=] o

3ooof

2000F

L,

Events / 0.1 GeV

—

1000f ~_ LLLHI'\ -LLLL'"-\\
[ I T -

Charged track / ° rejection efficiency
consistency check with data/MC using
B — D™y control sample.
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B —» h®®vv : Signal Extraction B

BELLE

Back to p.7

> 14k > 10 > 25 = 10
314: + + 8 9 0 0., — 8 [ + P 8 9 0 0o
O B =K vy © 4 B—Ksvv © o0 B >nvy © s B'—mlvv
S 4ok S 7 s | S 7
£ £ £ 15 £
o o 5 o 4 o 5
> > > L >
m w4 W 1of w g
3 * 3
; > 10
1 >« )
; . © . B'—=ovv
800204 06 08 1.0 1.2 80702 0.4 06 0.8 1.0 1.2 80 0204 06 0.8 1.0 1.2 0002 0406081012 S 7
E.c. [GeV] Ecc, [GeV] E.c, [GeV] E [GEV] £ g
g 5
>
TR
< 10 < 10 > 25 > 10
8 8 0 0. — @ or + T — 29 0 _
- 8 bl & B' > K v¥ . B'—=p vV © . B'—plvv
S s | s | S 7 - :
£ 9 £6 2.4 £ s 8002 04 06 08 1.0 1.2
o o o [ o 5 E_., [GeV]
> >
a4 w o @ 4 EeL
10L
2 :
0 = 5—:;’
0.0 0.2 04 0.6 08 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 02
E.., [GeV] E... [GeV]

* Fit to E_ECL for all h(*) modes

Submitted to PRD(RC). arXiv:1303.3719[hep-ex].




D

B —» h®vv : Systematics Do

Back to p.7

Channel K*vi Kb K**vi K% otve 1w ptup v dub
Signal yield fevents|

Background model 2.1 0.9 1.5 0.5 0.9 0.4 4.0 0.4 0.5
Fit bias - — 0.2 0.6 — 0.4 - 0.1 0.6
Signal normalization [%f

Track and #° rejection 4.4 4.4 4.4 4.4 4.4 4.4 4.4 4.4 4.4
Bz correction 4.2 4.5 4.2 4.5 4.2 4.5 4.2 4.5 4.5
Signal MC statistics 1.2 35 3.7 2.8 1.5 21 2.3 3.3 2.6
Track, 7° and K2 reconstruction efficiency 0.3 2.3 4.1 0.4 0.4 4.0 4.2 0.7 1.4
Particle identification 2.0 4.0 2.0 4.0 2.0 - 2.0 4.0 4.0
Ngga 14 1.4 14 1.4 1.4 1.4 14 14 14
Form factors 2.0 5.4 3.8 6.4 1.9 1.6 29 4.5 7.5

Submitted to PRD(RC). arXiv:1303.3719[hep-ex].
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B » h®vy : Result

Back to p.7

Mode Nia Naiz Significance e, 104 Upper limit

BY - Ktvi 43 13.3+74(stat) + 2.3(syst) 2.00 5.68 < 5.5%107°
B - Klvw 4 1.8%33(stat) £ 1.0(syst) 0.7¢ 0.84 < 9.7 % 107"
BY - K**ui 21 —1.71] T (stat) &+ 1.5(syst) -~ 1.47 < 4.0x 1078
B — K*%w 10 —2.3+ %2 (stat) + 0.9(syst) - 1.44 < 5.5x 107"
BY 4 atup 107 15.2+7-1 (stat) + 1.4(syst) 2.60 3.39 < 9.8 x 107"
BY & 7w 6 3.5F%8(stat) & 0.6(syst) 1.9¢ 1.66 < 6.9 %1078
B*Y = ptuw 90 11.3i§;§{stat} + 4.1(syst) 1.70 1.35 < 21.3x 1078
B — o' 31 1.675-9(stat) & 0.4(syst) 0.40 0.64 < 20.8 x 107°
BY — dvp 3 1.4+ 20 (stat) £ 0.8(syst) 0.5¢ 0.58 < 12.7 % 1078

Submitted to PRD(RC). arXiv:1303.3719[hep-ex].
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B - h™vv : Sel. Criteria

Back to p.8

cosOr: B-tag thrust vs all other particles
cosz(beam, D icei N I1; P(z;) ,
( P pmlssmg) H Pa(z;) + I, Pol JJ > 53%

PBiag> 229-0™ FW moment

LHR cut of “mostly” shape variables.

Telus < 19°, where r¢us = \/(59)2 + %(QK - A¢ — 8°)2

Decision of Signal fragments in comparison to IP-Signal momentum

Channel K+t K° [K*t#% [Kont] [Ktn™] [Kon']
E; [GeV] 0.11 028 0.18 0.29 0.31 0.33

E extra conditions for ea :
Submltted to PRD(RC) arXiv:1303.7465[hep-ex].
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B —» h®vv : Systematics

Back to p.9

Source K+ [K+a® [Kgrt] K® [K*n~] [K37°]  Source K+ [Kt7% [K3nt] K° [Ktn~] [KnO]

B — KWyw €;'® normalization 3.5 3.5 35 89 89 89
NP Bs 28 28 28 28 28 28 NP8 pormalization 23 23 23 60 6.0 6.0
sp resolution 3.6 3.6 3.6 3.6 3.6 3.6 Kg reconstruction - — " 1.4 1.4 - 1.4
Total NP syst. 6.8 8.9 88 9.7 100 109 K™ reconstruction - 2.8 2.8 28 2.8
Total Nf°™ syst. 2.3 2.3 23 60 60 6.0 +° reconstruction  — 3.0 - - 20
Total 58 syst. 6.7 8.8 88 114 117 124 p 45 6.0 65 60 6.0 6.5

Jhp — v

NP Bg 35 35 35 35 35 35
m, Tesolution 1.1 21 04 07 03 1.3 <Common factors>

Total Nfeak syst. 6.2 8.6 8.4 9.3 0.6 10.5
Total NF°™P syst. 2.3 2.3 23 6.0 6.0 6.0
Total si’ig syst. 58 8.3 8.0 108 11.1 11.9
P(28) = vv
Nfeak B’s 2.8 2.8 2.8 28 2.8 2.8
m,7 resolution 0.8 24 1.0 0.9 1.8 3.1
Total Nfeak syst. 5.8 85 81 9.1 9.5 10.7
Total NF°™P syst. 2.3 2.3 23 6.0 6.0 6.0
Total si’ig syst. 5.8 84 8.1 109 11.2 12.2

<Mode by mode>

Submitted to PRD(RC). arXiv:1303.7465[hep-ex].
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B » h™vv : Result

Back to p.9

B = [K+n"vw BY — [Kin*|vo B [K+n|vo
NPesk 1.2 404 £+ 0.1 1.3 +£04+01 50+ 08+05 0.2 +£ 02+ 00
Nomb 1.1 4+ 04400 0.8 +0.3 400 20+ 05+01 0.5 + 0.3+ 0.0
NPks 23+ 0501 2.0 £ 0.5+ 0.1 70+ 09+ 05 0.7 £ 0.3+ 0.0
€78 (%107°) 49402404 6.0 L0205 122+ 03+ 14 1.2 +01+01
Npbs 3 3 7 2
Limit <104 x 1078 <170 x 1078 <89 x 1075 < 86 x 10~5
B(B*® — K"*%w) (3.3155413) x 107° (2.0753497) x 107°
Limit < 11.6 x 10~3 <93 x10°°
B(B — K"vD) (2.7%35%15) x 1077
Limit <T7.9x107°

BY - Ktwr " Ko
NPeak 1.8+ 04401 2.0+ 05402
Npomb 1.1+ 04 4+ 0.0 09404401
Nke 2.0+ 0.6 + 0.1 2.9+ 0.6 + 0.2
€38 (x10~%) 43.8 £ 0.7 £+ 3.0 10.3 £ 0.2 + 1.2
Nebs 6 3
B, (1555%53) x 1075 (0.14785+57) x 1078
Limits (>04,< 3.7) x 107° <81x107°
B(B — Kvr) (14352032 x 1073

Limits

(> 0.2,< 3.2) x 107°
Submitted to PRD(RC). arXiv:1303.7465[hep-ex].

May 24, 2013
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B —» h(Y){cc - vV} : Result

Back to p.9

® f - e Data
E_ *F g Comb. BG predicted by MC
S I ] _ | ML_ES peaking
g° 1 == Signal
< 10F 3
LLI : : . ] .
5F ] After all signal criteria
DE E applied.
10f 1
5f .
D-t-H-v-|-H-v-'-|-H-+-FF|**}| f:"‘.’f.':::::
1'[]: B'=EK*"ct

Frin R HF Hirn AR

0 05115 2 25 3 35 4 45 5
m _ [GeV/c?]

Submitted to PRD(RC). arXiv:1303.7465[hep-ex].
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B —» h(Y){cc - vV} : Result

Back to p.9
Jh — Vv

Channel K+ K" K+t — K+q° K+t - Kor* K = Ktn~ K" — K97°
thcak 0.4+02+0.0 0.7+03+0.1 0.8+03+0.1 04+02+00 26+05+03 0.6 +02+0.1
Ntbkg 0.5+02+00 070301 0.81+03+0.1 0.8+03=00 281+05+03 0.6 +£02+01
E:ig {x]D_S} 05.3+44+55 193+1.0+21 209+15=+1.7 124+08+1.0 362+19+40 18+024+02
Nebs 1 0 1 0 0 1
B(Jh) — vo) (02755505 x 1077
Limit <39 %107

¥(2S) = v
Channel K+ K" K+t s K7 Kt Kirz* K & Kto~ K - K2n°
Nf”ak 14+04+0.1 0.6+03+0.1 1.4+04+0.1 1.0+£0.3+0.1 3.5+£07+03 0.6 +£02+0.1
Ntbkg 1.6 +04+0.1 0.7+ 0.3+0.1 1.4+04+01 1.5+04+01 3.9+07+03 0.6 +024+0.1
£ (x107%) 572435433 13.1+£12+14 81+1.7+07 49+11+04 142412416 0.6=+01+0.1
Nebs 3 1 1 3 5 1

B(1(25) — vp)

Limit

(5-6T5611%) x 107

< 155 x 103

Submitted to PRD(RC). arXiv:1303.7465[hep-ex].
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B - h®vv: Summary

Back to p.10
Belle 2013 result supercedes Belle 2007.

K** Belle 2013, 772M BB, Had.
Belle 2007, 535M BB, Had.

Babar 2013, 471M BB, Had.
K* Babar, 08’ 10°, ~460M BB, SL.
Babar, Combined.

Had. : Hadronic Tagging Method
- SL. :Semi-leptonic Tagging Method

o Belle 2007 : PRL 99, 221802 (2007).
! e —— Babar 08’ : PRD 78, 072007 (2008).

Babar 10’ : PRD 82, 112002 (2010).

R K K
2013 Had. 79 0.2-3.2

pT R

poﬁ 3

(I) T : | Prev. SL+2013 Had. 1.7
BELLE <Babar’s Had. + SL. Combined Result>
0 10 15 20 25

Branching Fraction Upper Limit (107°)
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B® - invisible: BACKUP
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B? - invisible: PDF modeling

Back to p.14
e PDF obtained from unbinned maximum likelihood fits.

* Egcp: Discrete histogram function
— Energy threshold within 0 — 0.05 GeV

C 1 1 1 I L L 1 1 L
4 08 06 04 02 0, 02 04 06 08

® . . cosBp
c0s0g: Legendre Polynomials — Confimum MC
y ff- D 10.52GeV
* Combined PDF: P(Egc., cosOg) = P(Egcy) X P(cosBg) = Off-resonance Data (10.52GeV)
— Low correlation between Egc; & cosOg
1 i | £ B->invisible " e T
o | <t Discrete Histogram o 3 1
s :;EE: oo :2: _I_‘I‘—I— + +
: - 3 -
} B->invisible e wf D€ | :% JrbJ$C
2"d Legendre P. e T - 2nd Legendre P. %" Discrete Histogram
o us'-us'-ud'-ozh'u;]?l'b;]ruz'u'us —gs N I Iuhll;lt;rg!tl:t;alrlo's et T ok -os'oa'-oa"-uéenincal' L Y L Io!dl(IBelntlanlcélu!BI B E—
o == Discrete Histogram 2o "y | = H J( J( + H
ol s (Off-res, Data) | = | 1s0f | “ J(
wui— Non-B m;—_ | | | ! 100_ lrare_B i o ‘HR_H_L
ol 1st Legendre P. ] “c 2nd Legendre P. « Discrete Histogram
Ty '-oéz")'n'ﬁ&n'u'u'lu;'z' e o1 'c'or']ﬁfﬁl'lu'm' F— e, Ry 1 I'Q;g;é‘o.z' 5 aE ae L v RglrseB - R m—
cosOg EccoL (GeV) cosOg Ece (GeV)

Belle: PRD 86, 032002 (2012).
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BY - invisible: Systematics [

BELLE
Back to p.15
Sources Syst. uncertainty
N(BB) 1.4
Tagging efficiency 8.3
Track veto efficiency 1.6
¥ veto efficiency 2.0
Ky, veto efficiency 2.0
Sum 9.0
On €signal
Sources Syst. uncertainty(Events)
Signal negligible
GenericB BG e
RareB BG +0.1
Non-B BG s
Non-B BG(binning effect) f?‘_g
Sum Y
On N sig

Belle: PRD 86, 032002 (2012).
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B? = invisible: Neural Network e

Common 1. c0SOp p () Back to p.16

2. c0SL(Brqg thrust, D(*) — £ momentum)

V)

pi"
(invisible) 1. Missing Mass 4-6: DAV tag only

2. B-vertex probability

3. 150" L-momenta in CM

4. Transverse momentum of D — £ momentum in CM
5. Minimum mass of any two tracks

0. Category 5 for any three tracks

In addition to all 1. E, on the signal side (Lab. Frame) 2: D4v tag only
that, for

AL o

(invisible)+y 2 M9

BABAR: PRD 86, 051105(R) (2012).
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B° - invisible: Systematics

Back to p.17

TABLE II.  Summary of the systematic uncertainties.

Source B — invisible  B” — invisible +

Normalization errors

B-counting 0.6% 0.6%
Efficiency errors

Tagging efficiency 3.5% 3.5%
mp (Am) selection 1% 1.3%
Preselection 3% 2.4%
Neural network 6.1% 8.2%
Single photon s 1.8%
Total 7.7% 9.5%

Yield errors (events)

Background parameter 15.8 6.5
Signal parameter 2.0 1.2
Fit technique s 1.0
E.., shape 0.1 1.8
Total 15.9 6.9

BABAR: PRD 86, 051105(R) (2012).
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Bt - ¢*v,: Validation
Back to P20

s Data (Y4S)
C_Jv—=e®
:l b—c(B)
- e > qf(q=c¢)
[ ] ee—d@=ud
- B" Iy,

6 Ce-wve

’ (NB ut) :B'—H"v]y

| ] s -k

; |:| B"— n"K’

1 ] e—ae
—4 [ Jvowa@®

-B. x 04 005 Do -ELE“‘?(EGE%;J)I 007 003 00F 005 ] Ul vl 03 cos%;mst (5] o L Us 0 1 Z _]n(NfBour) 4
e Comparison of MC events and the Data in the sideband of pj (2.0 — 2.5 GeV)
Naata Nuc Zx?/n.df (p{t’?)
Bt - etv, 18 14 0.39
B* - utv, 28 20 0.92
* Tag efficiency correction from a B — D™ #v, control sample study applied.

A good agreement between MC events and the experimental Data.
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- ¢*v,: Background Modelmg

P=e,pu

Back to P20

Analysis Strategy:

Fit the sideband of p? (2 - 2.5 GeV/c) to extrapolate the
background into the signal region ( ~2.6 — 2.7 GeV/c).
Dedicated MC modeling for peaking BG at signal region.

1-D unbinned maximum likelihood fit in pf for modeling the
BG PDF according to MC samples.

Component-wise fit + Addition in proportion to luminosity.

| - T T T T T T T T - E =
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B* - £7v,: Branching fraction

Back to P21
. . . . N —-N
* Branching fraction is obtained by B. F. = —obs "Dkg
Npp*€sig
. SMC(signal)
kag - NData(side) X SMC(side)

Npata(side): Data yield in the sideband pf obtained from fitting a fixed BG PDE.
S .

Mclstgnal), Ratio of MC events in signal and sideband of p5.

SMC(side)

Uncertainties on Ny, from

1. Data statistical error 2. Branching Fraction uncertainties 3. Fit Parameters
(Varied by 1-0 and accept the difference as the uncertainty)

€sig: Obtained by counting in the signal region of p?.

o Focnor Mode  MoonMode Systgmatlc uncertainty subjecte_d to €44 IS
N(BB) 1.4% 1.4% dominated by p§ shape uncertainty.
Tag efficiency correction 4.2% 4.2% (From a Bt - DOt control-sample study)
Signal Efficiency LID 1.0% 1.0%
Tracking 0.35% 0.35%
MC statistics 1.6% 1.5% $
Event shape 11.3% 11.3% Data
TOTAL(Quadratic Sum) 12.3% 12.3%
ee(%)

0.092+0.011 0.109 £0.013

B MC

(B* - D°x*,D® - K*3n)
<€y Systematic uncertainties>
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Not a hadronic. Q(B
tagging analysis [JE=

B - (X)¢v,: BACKUP

Vit Heavy Neutral Lepton
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B — (X)?vy: Decays into Nu_h

leptonic Back to p.25
dBr (H+ — IZN) CLfEMuM% o MZ M  M? M?
dEN - &7 Vir["lUal”- {1 - MZ T Qim-fg, Tz \C g

ME  ME\® M Mp{ — ME + M3
(13- 1) —agp s (Ey - PEATEANY
_'1_{ H _"IfI H _"'(I H 2_"'(4{ H
Pseudo-scalar meson semi-leptonic

dBr (H — H'IZN)
dEy

Viuu|?G> 9, : ‘ 2
= TH - |Ua- 2 ) | ﬁifﬂ .1;{21: b /dgz (fi(qz) ) (qz (JIJ% ‘|‘ i‘lr‘f;z) - (JI% - ﬂ'ff) )
i gy

+2f:(¢*)f-(q°) (My (2Mf; — 2M3 —AENMy — MP + My +¢°) + M? (AExMy + M7 — My —¢%))

fi(a?) ((4EN My +M? — M3 — ¢%) (2M} — 2M2 — AENMy — M? + M3 + ¢°)

— (2M% +2MZ — ¢%) (¢ — My — i‘vff))) )

¢ = (p+pn)
Vy = V,4 for a pion

D. Gorbunov and M. Shaposhnikov, JHEP 0710, 015
(2007) [arXiv:0705.1729 [hep-ph]].
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B — (X)?vy: Decays into Nu_h

Back to p.25

Vector meson semi-leptonic
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D. Gorbunov and M. Shaposhnikov, JHEP 0710, 015
(2007) [arXiv:0705.1729 [hep-ph]].
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B = (X)fvy: Nu_h =2 pi + lep

Back to p.25

Uy|? M2\* M? M?
o (v — m+g) = el gz e ——t ) - H14+ L
< «) = o CrIVal Sty M%) g \C T

y 1__@ﬁg—ﬂﬂf 1__@ﬁq+ﬂﬁf
M2 M2 ’

D. Gorbunov and M. Shaposhnikov, JHEP 0710, 015
(2007) [arXiv:0705.1729 [hep-ph]].
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B — X{tvy: Prev. Experlment Summaq
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Figure 3. Bounds on |V.4|? versus m, in the mass range 10 MeV-100GeV. The areas with solid
(black) contour labeled m — er and double dash dotted (purple) contour labeled K — er are
excluded by peak searches [83, 85]. Limits at 00% C.L. from beam-dump experiments are taken
from ref. [86] (PS191), ref. [87] (NA3) and ref. [88] (CHARM). The limits from contours labeled
DELPHI and L3 are at 95% C.L. and are taken from refs. [89] and [90] respectively. The excluded
region with dotted (maroon) contour is derived from a reanalysis of neutrinoless double beta decay

experimental data [84]. JH ER 05 (2009) 030.
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B — X{tvy: Flight Length vs Etf.
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B = X{vy: Combinat. BG. Supp.

- M 'FI'L-‘f:I‘
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fh=min(r,r.) — rywe.
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...........

“small”: M(vy) < 2.0GeV /c?, x = D® dominant
D™ identified by “Missing Mass” : M§ = (ECM - Eflt)zn—)z - P{gﬂ’zﬂ — P3
“large”: M (vy,) > 2.0GeV /c?, X = D™, light meson, nothing
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B — X{vy: Systematics

Requirement | Systematic error, %

tracking 8.7
recoil mass 4.1
Pe(£1) 2.8
P.(t1) 4.9
Pe(£2) 2.3
Pu(€2) 3.1
dg 5.8

dr 3.7
Zdist 10.0

X3 2.9

xa 10.1
first hit 2.9
lepton veto 1.8
proton veto 1.6
Total 23.2

Belle: PRD 87, 071102(R) (2013).
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B — Xtv,: Mixing upper limit

Back to p.26
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Belle: PRD 87, 071102(R) (2013).
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