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 |ntroduction.

e Study with Monte Carlo (MC):
- Event selection and signal B reconstruction.

- Background: continuum and BB.

* Signal extraction and sPlot.

- Fitter on sWeighted 2D M., histogram: sub-decay and localized Ap.

* Physics results.

* Summary
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Introduction

* Charmless three-body B decays are useful to study the properties of the
weak interaction in the quark sector.
- Complicated structure of decay amplitudes, interference in between,
and CP asymmetry localized in multi-body phase space.
- Dalitz plot: search for intermediate resonances and localized A
in the three-body phase space.
— Result is helpful to constrain magnitudes and phases of the CKM
matrix elements. For instance, B - p1t for ¢,(a) and also B+ - x .1t for ¢5(y).
PRD 79, 072006 (2009) PRD 101, 012006 (2020)
e Similar measurement on B+ - 1t+1t-1+ by BABAR and LHCDb.
- BF=(15.2£0.6 £1.2 £ 0.4)x10-¢ : Reference for our blinded analysis.
- Full amplitude analysis.

* Upper limit of B+ mt+1torto was reported: 8.9 x 104 at 90 C.L. by CLEO.
PLB 241 278-282 (1990)

« B+ p(770)+1; (10.9 + 1.4) x 10, by Belle and BABAR.

PRL 94 031801 (2005) PRD 75 091103 (2007)

- Majority of the B+ - 1t+110110 decays.
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Dalitz plot

* A method to unfold the three-body decay phase space visually.

— Structure within this decay: amplitudes, spin, and inteference
can be clearly seen.

- B-1,2,3

- One of the representation: m2,, vs m2,, .

Dalitz plot of pp — Tt°rt°rt® by Crystal Ball Dalitz plot of B - Tttt by LHCb
o EPJC 23 (2002) 29 PRD 101, 012006 (2020)
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KEKB collider

* An asymmetric energy e+e- collider at KEK.
- LER(et) 3.5 GeV.
- HER(e’) 8 GeV.
- Crossing angle: £11 mrad.

e Target: ere- - Y(4S) . BB for B physics.

: b
Yo Y@s) < d

d

e+ b

* Main background for B decay study:
e+e--qg, g=u,d,s,c with 3 times larger cross section.
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Belle detector

Aerogel Cherenkov cnt.

SC solenoid . n=1.015~1.030
.20 N I *<_* Pafticle Identification (PID)
CsI(TI [ -
ely (2 _ ford )
Electromagneti¢ Calorimeter, B2 8
TOF counter L
PID |
8 GeV g™ iy + =\ Central Drift Chamber
N \k[\-.y N \Qn}all cell+Hei/C.H,

“» - Charged particle tracking

Si vtx. det.
3/4 lyr. DSSD

Charged particle tracking

n / K, detection
14/15 lyr. RPC+Fe

2021/10/22 Yun-Tsung Lai @ Kavli IPMU Postdoc Colloguium



Event sample with Monte Carlo

* Blinded analysis: Prestudy with Monte Carlo (MC) samples for

signal and backgrounds.

- Signal: assumed BF (1.5 x 10-5), reconstruction efficiency by MC -

Expected number of events in data.

* Event samples categories expected to be seen in data:

Signal

Continuum background

(qq)

BB background

2021/10/22

B_ 1t ° 1t°

B - randomly

ete - Y(4S) —

ete - qq, gq=u,d,s,c

B - randomly

e*e - Y(4S) -

B - randomly
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Event sample with Monte Carlo (cont'd)

* In the signal reconstruction, there are truly reconstructed candidates ("true")
and wrongly reconstructed candidates due to the decay of the other B:
- Self-crossfeed (SCF).

* B decay backgrounds: o
"Generic"; b-c. Larger BF. Well-measured. Within signal MC,

- "Rare":b-u,d,s. Smaller BF (usually < 105). therrei(‘;"r%‘:'rﬂgieo‘r’]"gng

B . 10" 100 700 mt* 11° ° candidates:
- - | \Self-crossfeed
B-(b-c) (SCF)

Signal e*e - Y(4S) -

Continuum background | . .. qq, q=u,d,s,c

(qq)
. — B- (b — C)
Generic BB background A e*e - Y(4S) -
B_(b-c)
- B-(b-u,d,s)
Rare BB background | e*e - Y(4S) - _
B_(b-c)
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Analysis overview

Blinded with Monte Carlo (MC)

Assume BF = 15x10°
Signal B+ - TT+TToTT reconstruction:

i+ Tracking&PID.

10 - yy: Clusters in ECL (y).
Details of signal study in Backup.

Background study:

Continuum e+e- - qq.

Suppression with multivariate tools.

BB.

AE — EB — Ebeam

— Signal

Normalized
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Major variables to identify signal B (in CM frame)

Energy difference Beam-energy constrained mass

— Signal

Normalized
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— BB
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5.265 527

5275 5.28

AE [GeV] M, S[észwcgjzg
T‘
. M. Pivk and F.R. Le Diberder, Nucl. Instrum. . . .
* sPlot technique od<phys. ree., sect. Ass5, 356 2005 | *  Signal extraction by data fit
- Use the sWeight from Isolate signal on.Y < Fit on X - 3D extended
Laura++ to isolate signal L - = unbinned
in other dimensions. I e likelihood fit
_ -Study Dalltz.plot and M. + Eiﬁﬂ% % by Laura++.
« 2D fit on sWeights M__,.. G G

=

¥

Sub-decays' BF & Localized A_,
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AE [GeV] '

Total BF & Total A
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Normalized

Normalized

Continuum Background

* Continuum production: e*e--qq, g=u,d,s,c.
Dominant background.

Decay shape difference between BB and qg.

* Fisher discriminant with 17 event topology
variables.

qq

" 2-et like
continuum g
p(a) ~ 5 GeVic Yy

e Then combine with 3 more variables with Neuro-Network.

Fisher
discriminant
output

;'l&\ .

- Normalized
g = S ES

.. B flight direction

0 01 02 03 04 05 06 07 08 09 1

KSFW R

"I Flavor tagging
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Output
discriminant of
Neuro-Network

—aq

— Signal MC

-1 08 06 04 02 0 02 04 06 08 1
NB

Selection: NN > 0.75

Remove 98% of bkg while

keeping 60% of signal.
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0.02

Spherical
B decays
p(B) = 0.3 GeVic

BB

Transformed output

I Cnn—CR?
CNN - 10g( Cpa*x—CnN )

— Signal MC

Y —aq

- Normalized
2 g 2

Gaussian-like shape.
Easier to model/fit.




BB Background

« Backgrounds from BB events.

* Dedicated MC samples with two categories:
Generic BB: b-c.
Rare BB: b-u,d,s.

» Look for B decay modes causing peaks in AE and M,:
reject the mass window (3o of the resolution) around the nominal masses.

2021/10/22

Events/(2.80 MeV/c?)

D°_ 1to°

N_sig = 368 =41

mean0 = 1.8623 + 0.0012

width0 = 0.0105 + 0.0012

L) I

ot et
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Soft-m® Background

e Astructure in the AE v.s. M,,; scattering plot due to soft-tro.

- Found in the self-crossfeed (SCF) and other background samples.

- AE v.s. M, correlation: Distorts the sWeighted M, . histogram.

* 11 momentum > 0.5 GeV/c is required.
- ~50% of the SCF is reduced.

— Non-uniform efficiency over Dalitz plot.

L

Signal MC

' 5
M_. [GeV/c?] M_. [GeV/c?]
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Signal extraction: Extended unbinned likelihood fit

* MC study: Understand the behavior of signal and backgrounds,
and their expected numbers in data.

* Signal extraction: Extended unbinned likelihood fit. . . .
Fitted signal yield

— Number of signal yield - Inclusive BF.

- Acp: signal yields of B+ and B-. B — Nisig
e XN X Ngp
« 3D Fitter on AE, M, C'\\: —
. . i Signal . Total number
-  The most distinctive variables. reconstruction

. : of B events in
eff. & calibration.

) . ) Belle.
- Define each PDF based on MC distribution.
. —Signal
s i =0T rare BB
EDA E0.03 E
2 L 2
| S O I B SO WU B e s i IR PR B B 3 LL-U-EFTWI-—‘
-0.3 025 -0.2 -0.15 -01 005 0 0.05 0.1 0.15 5.26 5.265 5.27 5.275 5.28 5.285 5.29 6 . 8
AE [GeV] M, [GeV/c?] Cun
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Signal extraction: Signal isolation by sPlot

* By the 3D unbinned fitter, we can obtain the number of signal yield.

- To study the Dalitz plot, we need to further isolate signal within data:

SPlOt technique_ M. Pivk and F.R. Le Diberder, Nucl. Instrum.
Methods Phys. Res., Sect. A 555, 356 (2005)

- [Each event is assigned with a weight (sWeight) based on the likelihood.
- Sum of sWeight = Fitted signal yield.

- Sum of sWeight within other variables' binning:
Signal-isolated histogram (sWeighted histogram).

 We use the sPlot to get the signal-isolated histogram of M.,
Dalitz plot (M2, vs M2_.), helicity angles, etc.

lllustration: Unbinned fit on A & B Isolate signal atC
g f o i -
50E § F + gmx‘\‘
300; ?00:— s :,
:%50:_ Bsof sPlot: :
5 Event weight. . 1 .
200?— 150F w; :I:
1505— 1005 . + =H:++:l: i:l;‘*:i
1005 @1;77 = _-'_
sof- | ——50f 1 Fae - - - — —
$504703 0201 0 0102 03 04 d%S 82521522 5.23 5.04 5.25 5.06 5.27 5.28 5.2 358 S s
A B~ ‘ ' *C M, .o, [GEV/C?
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Signal extraction: Signal isolation by sPlot (cont'd)

Example:

* An example with MC cocktail sample. 20t (170) (700 ovents)

N
a

Events/(0.40)

Fitted
signal yield:
~1100.

‘ Sum of sWeight after binningon M__.

M M M

Tt-1t0,Min

Events/(11.25 MeV)
_ Events/(0.75 MeV/c?)

010

Events/(0.24 GeV/c?)
3 B B 3
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3 s B 3 B
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T
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R
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Signal extraction: 2D binned fit on signal-isolated M__

* After getting the signal-isolated histogram of M, (Dalitz plot):
— We perform a 2D binned fit on it.

— To get the signal decay structure: Fraction of each modes.
— PDF: using MC samples as template.

— Fitting on charge-separted histograms: Decay modes considered

Obtain localized Acp. in the 2D fit:
Example: PHSP (nonresonant)
27% PHSP (400 events)+ — 0
73% p(770)*1t° (700 events) P (770) n
-0
n-TtO,min | Data MT[OT[O | Data p ( 1450)0 ,ﬂ__
= A e fo(980)"
[ (G —
| fa(600)°7~
]l £0(1370)07~
J[ + )L - XCOW_
‘} ||“l' HH XCQW_
571 as s B R R T R Y B R R ¥
o min [GEV/C] M, [GeV/c?]
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3D fit result on data

- Nsig = 1062.8 +86.8 -85.4.
A = 0.092 +0.068 -0.068.

| Data

300—
250
200

150

Events/(11.25 MeV)

100

2021/10/22

— Fit result

[ signal

Generic B
Rare B

1 015

AE [GeV]

| Data

a- F — Fit result
§ 180 [[@signal
[}] P qq

= 160 Generic B
n

™ 140 Rare B
i

e

012

2

o

10
>
1]

T 520

¢’

Events/(0.40)
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2D fit on sWeighted M__ histogram

* Measured signal model: incoherent sum of 6 modes' PDF.

- Interference is not considered in this study.
(Different from the full amplitude analysis.)

- B+ p(770)+110 with expected size and distribution.
- Small contribution from non-resonant.

- New structure found at low M, region.
Contribution from multiple resonances.

- f,(1370)011+, X 0TTH, XTI+ NOt Seen.

» 9.20 confirmed by 3D fit
within selected region.

2D fit result

sWeighted Dalitz plot

| Data

7 & All PDF S eal &
—_ & ~ — All PDF
L, ) D120 — PHSP o 20 .
& . S = PHSP
% %0 ® 100 pE7702) 70 % r p(770)n°
=i = 1450)° i p(1450)n
oS, : u.‘:.l?"f"EE': O fo(980)37r G 200 f0(980)3n
= xup "o HBoH N oL —f2(1270)n N —f2(1270)n
s i - - 1,(600)°rt A Yo k f,(600)°r*
= o : , oege, o . © 150 :
*® R = 6o =
. . ..2 -2 i
S 4o o 100f
..... > I E
----- m 20 - 50_
: of 7
A AR A L _20;“”" i +| . il iiiliiiily 0 Al L. Lol il
5 10 " 550" ) 25 TR R R T 3 Y RT3 s 05 1 15 2 25 "3 35 4 45 3
n *1%,min [GeV /C ] 7t°7t° [GGV/C ] 1c *1%,min [GeV/c ]
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Localized A,

« 2D fit on the charge-separated M, histograms.

 An asymmetry is found at M., ~ 1.4 GeV/cz2,

3.20 confirmed by 3D fit

— Corresponding to f,(1270)ort+ . within selected region.

- Also seen in B+ - m+1t-1t+ by Babar and LHCDb.
PRD 79, 072006 (2009) PRD 101, 012006 (2020)

B . i
B sWeighted A_,vs M__ =
1 Data | Data o r
< — All PDF S F — All PDF O1.2F
= — PHSP = 70b — PHSP < ¢
% B30(770) % : B0(770)'n° 1
o p(1450)1° o 60 p(1450)*n° E
1,(980)°r" g 1,(980)°r* 0.8
& — 1(1270)°x N 50 — 151270 -
e ,(600)’n” e ll: ,(600)°r* 0.6F
e S, 40F
\\t;; ﬁ - 0.4
£ = 30 ;
- 0.2 —_—
o D HoF N
T ]l = = - o
10 o 10fE : 1
. - ] C N P y —0.9
0: | .I.l oF == =5 e s
- T g -0.4f
100, 1....1‘...|.‘..|....|+‘..|.“.|. _105‘......,..,|,...|K...|..‘.|.HT|....|.H.|. = '0‘4‘"0'6"'0'8""1"'1'2'"1'4‘
05 1 15 2 25 3 35 4 45 g 05 1 15 2 25 3 35 4 45 g - - : : 5
Moo [GeV/c7] M. . [GeV/c?] Moo [GeV/c7]
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Summary of measurement results

* Total BF: Efficiency is determined by the signal model from the last iteration

* BF(B+- p(770)+1t0): We consider the interference effect with B+ - p(1450)+1to,

* BF of the 1toro structure can't be reported separated due to lack of

information: highly overlapping PDFs, large variations of masses and widths,

interference.
Decay mode Mass |Width|e (%) | Fitted yield B (107°) Acp (%)
7t r%70 (total) 8.1 | 1062.875: 7 19.0+£1.5+1.4 9.2+ 6.8+£0.5
Non-resonant 12.5 | 25+ 13.5 [0.03£0.167) 1z (< 0.6) -
p(770) 70, p(770)T — 70 775.5 | 150.3 | 8.5 |636.5+£65.00 11.24+1.14+0.9+14 | 80+ 150722
p(1450)t 7%, p(1450)" — 77" | 1465 | 400 | 9.9 | 79.7+51.1 | 1.2+ 0.6+ 0.2 (< 2.5) -
£0(980)°7 T, £0(980)° — 77" 980 | 50 | 10.2 [102.1+30.0 - —27.0 4+ 30.0122-3
£2(1270)°7 ", £2(1270)° — 7% |1275.4| 185.1 | 6.6 |119.3 & 32.0 - 57.0 £23.0755
fo(600)°7 ", £0(600)° — 707" 600 | 400 | 8.3 |123.4+37.4 - 10 4 347329
Xnt, X — 7%%° - - 8.0 |344.8 +47.5 6.4+ 0.9+ 0.6 -
fo(1370)°7™, f0(1370)° — «°x°| 1400 | 300 |10.4| < 75.4 <1.1 -
xeom ', xeo = mo7° 3415.2| 10.2 | 13.3 | < 38.7 <0.5 -
Xc27r+, Xe2 — mon? 3556.3| 2.0 13.6 < 63.4 < 0.7 -

1° uncertainty: statistical.
2" uncertainty: systematic.

3" uncertainty (if any): interference effect.
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We perform the first measurement on the branching fraction and A, of the

B+ mt+1to110 decay modes using the full data sample of 711 fb-1 collected by
the Belle detector at the KEKB at Y(4S) resonance.

— Inclusive BF = (1.90 + 1.5 £ 1.4)x10-.

By using the sPlot technique, we study the structure in Dalitz plot, and
measure the fraction and localized A, of sub-decay modes.

- BF(B+- p(770)+10) = (11.2 £ 1.2 £ 0.9 = 1.4)x10-.
- New structure at low M_,,, region: BF(B+- X11+) = (6.4 £ 0.9 £ 0.6)x10-.
- An obvious asymmetry at M_,., ~ 1.4 GeV/cz.

Journal article is under preparation and will be published soon.

In near future, larger data set from Belle2 with full amplitude analysis is
helpful to further understand this decay.
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Backup
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Event selection and signal B reconstruction

MC sample for signal study:
—  3-body PHSP, p(770)+10, p(1450)+Tt°,

£,(980)ort, f,(1270)01t+, f,(600)0TT+, etc.

* TU* track:
- Tracking: SVD, CDC.

- Impact parameter:
|dr] < 0.3 cm, |dz| < 5cm.

- L(m)/(L(m) + L(K)) > 0.6.

* Mass-constrain on B candidate:
- Correct pion momenta for M.

O S VYY:
—  Cluster on ECL crystal.

- yenergy > 50 (100) MeV
in barrel (endcap).

- Mass-constrained fit on IP.
- 115 <M, <152 MeV/c2 (30)

-  Momentum > 0.5 GeV/c:
Soft-1e background.

Multiple candidates in an event:
— Different mo: smaller sum of x2.
— Else: smaller |dr|.

* B reconstruction:
Two kinematic variables in CM frame.
For fitting purpose.

- Energy difference:

AE = EB - Ebeam

- Normalized
=3 =4

- Beam-energy constrained mass: o

My = /E?

beam

Jct —pB/cl?

— Signal — Signal

—aa
—BB
rare BB

.04 —a9
r — BB
rare BB

Normalized
T

3 025

-0.2 -01

5275 528 5285 é.ze
M, [GeV/cT]

5 01005 0 005 01 015 526 5265 527

AE [GeV]
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Signal extraction: Example with a MC cocktail sample

1. 3D (AE,M, ,C',,) extended unbinned maximum likelihood fit:

Based on Laura++ fitter.
Get total signal yield (BF)
and total A_,.

Events/(0.40)

Events/(11.25 MeV)
. Events/(0.75 MeVi/c?)

100—

%5025 02 015 -0.1 005 0 005 01 015 $2% 52s5 527 5215 528 5285 529

AE [GeV] M, [GeV/c?]

2. Background-subtraction with sPlot: M

Tt-110,Max

AN L I
N H#h ﬁﬁ A

- 4
] v M,

Tt-t0,Min

Events/(0.24 GeV/c)

N

Events/(0.24 GeV/c?)

Events/(0.24 GeV/c)
o+
——

Get sWeighted Dalitz plot,
M__histograms.

] E—— =5 Ai - — —i : -
52 s ©od == = e = - — _
s+4 — SigE — S o —_ — —
~ 0.5 = 15 2 25 3 35 4 45 5 Eig 05 1 15 2 25 3 35 4 45 5 E*Z 705 1 1.5 2 25 3 35 4 A5_5—
M, 0 e [GOV/CY] M, 20 min [GEV/C?] Moo [GeV/c?]
3. 2D extended weighted binned likelihood fit on sWeighted M__ histograms:
%H b IVI1'[-1'[0,min 5%55: %\m? MT[OT[O EE(I&%::
% %7 } Example:
; - i i & wf 27% PHSP (400 events)+
Get fraction of each sub-decay mode ; \l 73% p(770)*1t° (700 events)
and localized A ... " |
2“?%|LH—E%
| | | ,zni\‘f*.\‘. Loy | |

05 1 15 2 25 3 35 4 45 g 5 1 15 2 25 3 35 4 45 g
Mo min [GEV/C'] M, [GeV/c?]
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Ilteration on data measurement

* Signal model compositon matters for efficiency, SCF rate, PDF shape.
It affects the measurement results.

* lterate the procedure until converging.
— The final model is close to the real one.

Work flow:

Default model Signal modes to be considered:
27% PHSP + 73% p(770)*T° - 1 y
_ ‘ 400 + 700 events expected. eff.(all) eff.(true) Fscr = NTTi\?fJI\TTSCF (%;ff;)
Signal PDF Model (%) (%) (70)
d# f PHSP 12.5 11.6 74 (8.0)
3D data fit: — 0
inclusive yield p(770) "7 0 8.4 6.2 25.9 (34.9)
sPlot ol p(1450)~ 7 9.7 7.3 24.6 (32.6)
| New mode £0(980)°7~ 45 4.1 10.2 (11.3)
sPlotM__ £2(1270)07 6.4 5.8 10.0 (11.1)
2D fit f0(600)07~ 8.3 7.4 11.5 (13.0)
el £o(1370)07~ 10.6 9.5 10.1 (11.3)
fraction X0~ 13.3 12.8 3.4 (3.5)
Until converge Xe2T 13.7 12.3 3.2 (3.3)
Final model Total BE Mixed (default) 9.5 7.7 19.2 (23.8)
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Systematic uncertainty

*: Calculated as 10°.

BF, common for all modes BF, depends on modes

Sources common to all decay modes| %
N _— 1.4 Decay mode |Fit bias|sPlot bias|Resonance Shape|Dalitz model Total
TrBagkln O 35 7T+7TU7I'U (total) 0.2 - - 1.6 7.8
4 . g- . Non-resonant 0.0 2.6 012 - 8.1 tO-12x
identification 0.9 o 0.13 0.08 —0.15
0 - . : p(770) " 1.6 2.6 e - 8.3+ 12.6
identification 4.8 14501+ 70 56 9.6 £10.9 +14.7
. r p( ) : . —11.9 - —15.4
Continuum suppression 1.4 ot ) 9.6 i 9.9 3.6
Limited MC statistics 0.02 (1370)%7" +0.0 % 2.6 +0.28 % i 8.1, +0.28 %
. fo Q —0.14 : —0.42 —0.44
Signal PDF 4.8 + 10:0% % 2.6 +0.003 % 8.1, +0-003x
Background PDF 27 700" ' <% ] 4%
Itac tg-roun 1 0'7 Xe2™ Tol0s” 2.6 Tol0s” - 8.1, Tono”
eration procedure .

Total A_,

Source for total Acp| %

* Resonance shape of each sub-decay:
Large variation of mass and width from

Detector bias 0.3

1450)+, f,(980)o, f,(600)o.
Signal PDF 0.2 P ) Tol ) Tol )
Background PDF 0.4

* Fit bias: Using ensemble test with Toy MC
samples. Separeted for 3D fit (total) and
2D fit (sub-decay).

Total 0.5

Sub-decay A_,

Source for sub-decays mode 0 * Interference between p(770)+1t and p(1450)+Tt:
RESOANCE Ehape /0(770)Jr o First time considered in BF of p(770)+1t mode.
Resonance shape f0(980)°xt [ 128
Resonance shape f2(1270)°7F [ 1315
Resonance shape fo(600)°7T |£353
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