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Reading material and referen

Lecture material based on several textbooks and online lectures/notes.
Credits for material and figures include:
Literature

Perkins, Donald H. (2000), Introduction to High Energy Physics.

Griffiths, David J. (2nd edition), Introduction to Elementary Particles.

Stone, Sheldon (2nd edition), B decays.

Online Resources

Belle/BaBar Collaborations, The Phyiscs of the B-Factories.
http://arxiv.org/abs/1406.6311

Bona, Marcella (University of London), CP Violation Lecture Notes,
http://pprc.qmul.ac.uk/ bona/ulpg/cpv/

Richman, Jeremy D. (UCSB), Heavy Quark Phyiscs and CP Violation.
http://physics.ucsd.edu/students/courses/winter2010/physics222 /references/driver_houches12.pdf

Thomson, Mark (Cambridge University), Particle Physics Lecture Handouts,
http://www.hep.phy.cam.ac.uk/ thomson/partIIIparticles/welcome.html

Grossman, Yuval (Cornell University), Just a Taste. Lectures on Flavor Physics,
http://www.lepp.cornell.edu/ pt267/files/notes/FlavorNotes.pdf

Kooijman, P. & Tuning, N., CP Violation,
https://www.nikhef.nl/ h71/Lectures/2015/ppll-cpviolation-29012015.pdf
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Recap & outline

So far, we:

Introduced the CKM matrix and looked at ways to over-constrain the
Unitary Triangle through Kaon and B-meson decays.

Studied 3 types of C'P violation and looked at experimental results for
Kaon mixing, Direct C'PV in the B — K7 system, and CPV in the
interference between mixing and decay in B — J/¢Y K

Talked about eTe~ B factories and how we produce and reconstruct
B-mesons

Today, we’ll:

Learn how we can reconstruct B-mesons which decay to final-states
containing neutrinos.

Study some of these leptonic and semi-leptonic decays in detail.
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The Belle Ex

The KEKB accelerator
Asymmetric eTe™ collider

Mainly operates at the Y(45)
resonance

The Belle detector
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ete” collisions at the Y (4S)

Vs = 10.58 GeV
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Typical hadronic event

31 Famn 3 Gt 632
Elor 350 Doto/TIE Tue Jun 1 14240218 1950
or 0 lisglD © BFIslS 150

e Few tracks and clusters

e Nothing produced in addition
to the T(45)

e High reconstruction efficiency

e Very good particle
identification
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Signal B reconstruction

s Different event topologies
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Example signal-side reconstruction
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Beam constrained mass Energy difference
Myp. =4/ E

2 2
beam — PB AE = Ep — EBeam

But what happens when we cannot fully reconstruct the signal-side due
to neutrinos in the final state?
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V.

| and |V, | via Missing Energy Decays

Several key B decay channels for measuring CKM elements
contain neutrinos in the final state: B — D(*)Eﬁg, Bt — 1y,

W7 l/( B €+
- . W
b ¢ Vol
B [Ves| D ub
u ¢ u u v,
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Several key B decay channels for measuring CKM elements
contain neutrinos in the final state: B — D(*)Eﬁg, Bt — 1y,

W7 l/( B €+
-
W+
Jr
¢ ’ Vs
B [Ves| D ub
u ¢ u u v,

Summer 18

« |V, from inclusive and
L. exclusive semileptonic B
. decays.

2
+ |Vl from BT — 7Fu,.

— |V l/IVe| from Ay
decays.
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Flavor changing neutral current (FCNC) decays

B —» K®up )
1%
W+ ZO/’y 14
b s
B K&
d > d

9/12/2020
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Flavor changing neutral current (FCNC) decays

B —» K®up

o Tl

Take advantage of experimental setup of B-factories:
e BB pairs are produced without any additional particles;
e Detectors enclose the interaction region almost hermetically;

e Collision energy (initial state) is precisely known:

Pe+ + Pe— = PB + Pp.

10 / 81
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The Full Reconstruction method (KIT 2011)

Typical B factory event

=SSN Tag- and signal-side of the full reconstruction
-V
t : T

tag side signal side

e Reconstruct Biag

e Suppresses the eTe™ — ¢g continuum background
e Signal B momentum is known: p(Bsi,) = p(beam) — p(Byag)

e Check if the remaining particles in the detector are consistent with signal
signature
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Event Reconstruction

— Collide et and e™ at /s = 10.58 GeV
to create Y (4S) resonance.

— (X(4S) «—
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Event Reconstruction

— Collide et and e™ at /s = 10.58 GeV
to create Y (4S) resonance.

Y (4S) decays to B* B~ and B°B° 96% B~ /‘
of the time.
— (X(4S) «—
e et

BH\
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Event Reconstruction

— Collide et and e™ at /s = 10.58 GeV
to create Y (4S) resonance.
Y (4S) decays to BY B~ and B°B° 96% B~
of the time.

— Reconstruct one B meson as tag-
side (Biag) in semileptonic or hadronic—_) T(4S) (_+
channels. (&
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Event Reconstruction

— Collide et and e™ at /s = 10.58 GeV
to create Y (4S) resonance.
Y (4S) decays to B* B~ and B°B° 96% B~ /‘
of the time.

— Reconstruct one B meson as tag-
side (Biag) in semileptonic or hadronic—————— T(4S) —
channels. e €+
+\ =
Btag DO
T T
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Event Reconstruction

— Collide e™ and e at /s = 10.58 GeV =\
to create Y (4S) resonance. s
Y (4S) decays to B* B~ and B°B° 96% B:ig

of the time.

— Reconstruct one B meson as tag-
side (Biag) in semileptonic or hadronic—————— T(4S) —

channels. e €+
— Study remaining B meson as signal + _
(Bsig)- Btag DO
T T
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Event Reconstruction

— Collide e™ and e at /s = 10.58 GeV /—
to create Y (4S) resonance.
Y (4S) decays to B* B~ and B°B° 96% B,
of the time. =
— Reconstruct one B meson as tag-
side (Biag) in semileptonic or hadronic™— T(4S) —
channels. e €+
— Study remaining B meson as signal + _
(Bsig)- Btag DO
— Flavour constraints: + N
B, = B, ™ T
Kinematic constraints:
-, , KT
= Pete— —P¢— — PB+
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Which tag-side reconstruction?

Tagging techniques

Purity
Efficiency
Inclusive Semileptonic Hadronic
B — anything B — DWWy, B — hadrons
e~ 0(2%) e~ 0(0.2%) e~ 0(0.1%)
Very large statistics; High reconstruction Cleaner sample
Also very large background efficiency; Knowledge of p(Bsig);

Less information about B, ower tagging efficiency
g 55 S )
due to neutrino

13 / 81
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Bi,g reconstruction using hadronic modes

Complete reconstruction using
hadronic modes
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sing momentum

<i
~

Tag side 'i \ Signal side
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Missing mass

g Separation of Signal and Background:

semileptonic decays with light leptons

other B-Meson Decays with missing | ... .. ... i
particles or other background

Number of Events

2
g (pV) =m?niss

d FR/FEI



ctra energy in the calorimeter

Sum of energies of neutral clusters not associated with reconstructed

particles:

EECL - Z ECalor. - (Z Etag + Z Esig)

Along with M?

Events / ( 0.05 GeV )

2500

1
Egc, (GeV)

miss’?

distribution of Extra Energy in the Calorimeter

Teilchenphysik II

g Energy Decays and FR/FEI
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the signal yield can be extracted by fitting this
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Important missing energy channels

Monte Carlo Simulation:

B-D1tv
B-Dlv
—— BoD'Iv
Backgrounds
(Semi-)leptonic decays
B — v :
A
B — tvy i\
P N\
B — D(*)€I/ -2 0 2 " 4 6 8
B — D(*)TI/ M2ise = ((Pbeam) — Ptag — Pyigible signal)2 /2
4500
B — hvv 000
3500
B — v o0
£s00
Booo
1500
Inclusive searches e
B — K + XCE 00 0?2 0.4 08 0.8 1 12
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Hierarchical Bi,, reconstruction

EM-Cluster
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Exemplary reconstruction of a hadronic By,e

35000
BT —» Drtnto— 30000~
25000
. 20000F-
First step F
. 0 15000;
e Reconstruction of D" meson  F
(exemplary D° — K+7~) ook

e Specific cuts on Particle ID o N

e Cut on D° mass
Mass of the DY meson
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Exemplary reconstruction of a hadronic

1600
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600 80f
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200

-0.15 0.1 0.05 0 0.05 0.1
522 523 524 525 526 527 528 529

My of the B* meson AE of the BT meson
B reconstruction: Important variables

— 2 2
My = Ebeam — DB

AFE = EB-meson - EBeam

Often necessary: Improvement of significance
Usage of multivariate techniques.
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Exemplary reconstruction of a hadronic By,e

450
40

S
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My, of the B meson

Typical variables:
Vertex fit information;
Full Reconstruction:
This procedure is performed for
hundreds of different channels.

Kinematic Variables;
Particle ID information;
M. or AE.
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NeuroBayes

Multivariate analysis software combining a Neural Network with
sophisticated pre-processing

(N B
net = Yo wixi Wu:q)(nel):'w,“,, 1

Input Layer Hidden Layer Output Node

The output of the Network can be interpreted as Bayesian probability
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NeuroBayes: pre-processing (I)

Input variables are flattened Purity is taken and
F00) transformed to have mean 0
and width 1.

4000|

70000}
60000}
50000}

g(s),

f(x),

events.

—

>
.
.lllllllllllllllll.-
X

10000

final netinput
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. pre-pro

Input variables are
decorrelated

Pre-processing:
Speeds up the training pro-
cess;
Facilitates the weight finding;
Increases the robustness of
the algorithm.
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Prob

S/B in training is the same as
on data

(Output of NeuroBayes+1)/2 is the sig-
nal probability by construction.

— Signal

rrrrrr Background

Events

S/B in training is not the same
as on data
e It is often necessary to artificially en-
hance the signal component for the

training.
e The output can be corrected: £
1
op =
1 Pp(B) P(S)
1+ (07 - )PZ(S) P(B) 0.0 ‘ ‘ ‘

-1.0 -0.

1.0

5 0.0 0.5
Network Output
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Efficiency and purity (I)

Two premises
- Ur

tag side signal side

T(4S)

v,

The more correct tag side B mesons, the more signal side B
mesons are available for analysis.

= Need for good efficiency

The more incorrect tag side B mesons, the more background
pollutes the signal side.

= Need for good purity
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Efficiency and purity (II)

In simple terms, one has to decide ...

For the B,z Channels

Maximisation of Efficiency Maximisation of Purity
Many channels for Biag Exclusion of “dirty” channels.
reconstruction

For eventual cuts

Maximisation of Efficiency Maximisation of Purity

Loose or no cuts Tight, pure cuts

The quality of the compromise depends on the variables that
are used to distinguish signal from background.
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(D

Channel BR Channel BR
Bt — D%t 0.484% | B® — D x* 0.268%
Bt — D% Tx° 1.340% | B° — D atx° 0.760%
Bt —» D% txtr 1.100% | B° — D rntata™ 0.800%
Bt — D{D° 1.000% | B° — D°#° 0.026%
Bt — DYrt 0.519% | B — DD~ 0.720%
Bt — D%gtg® 0.980% | B° — D*x* 0.276%
Bt — D%atntrm 1.030% | B° — D* atx° 1.500%
BT —» DYpgtxtax® 1800% | B — D* xtata— 0.700%
Bt — DD 0.760% | B — D* rtrtr x" 1.760%
Bt — D{D 0.820% | B — Di*D~ 0.740%
Bt — DD 1.710% | B° — D&iD*~ 0.800%
Bt — D'KT 0.037% | B® — D{*D*~ 1.770%
Bt — D atnt 0.107% | B® — J/YK2 0.087%
Bt —  J/yKT 0.101% | B® — J/YKTn~ 0.120%
Bt — J/YK'tata 0.107% | B® — J/YK%rTn~ 0.100%
BT —  J/KTr° 0.047%

BT —  J/YKint 0.094%

g Energy Decays and FR/FEI

9/12/2020
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Hadronic B,y channels (II)

Channel BR Channel BR
D' - K nt 3.89% | DT — K- ntnt 9.40%
D - K atxtz= 809% | Dt — Kint 1.49%
D —» K atga® 6.90% | DT —  K2nxtxa° 6.90%
D —  rtgT 0.14% | D¥ — K atata® 6.08%
D —» ata A 1.44% | Dt — Kortatza™ 3.10%
D —  Kn° 1.22% | Dt — KTK ot 0.98%
D° —  Klntn~ 2.94% | DT — K"K ntx° 1.50%
D’ —»  Kirta a® 540% | D™ — D%™" 67.70%
D’ —» KYK~™ 0.39% | D™ — Dtx° 30.70%
D° - KTK K} 0.47%

D% — D%° 61.9% | D°* — D% 38.10%
Df — KTKjg 149% | DY — K 'K ntrtn™  0.88%
D —  Ktrta~ 069% | D& —  wtata” 1.10%
D — KYK ot 550% | D§* — Dy 94.20%
Df —» KYK rntr® 560% | J/v — e e’ 5.94%
DY —  KTKZntm™ 096% | J/v — upt 5.93%
Df — K Kérfn™  1.64%
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Total hadronic By, channels

Channels BR | Channels BR | Channels BR
DT 7 29.4% | D*t 2 98.4% | BT 17 12.0%
D 10 379% | D** 2 100.0% | B 15 10.4%
Df 8 17.9% | Dt 1 942%

J/ 2 11.9%

Reconstruction of 1104 exclusive decay channels

Hierarchical Reconstruction

Teilchenphysik II

( EM-Cluster )

s Energy Decays and FR/FEI
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Intermediate cuts

With an equivalent of 1104 decay channels with up to 12 final state
particles, intermediate cuts are absolutely necessary.

Maximisation of Efficiency purity

Efficient, loose cuts. Or even
somehow no cuts at all?

0.51

Maximisation of Purity

Pure, tight cuts.

d efficiency
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Intermediate cuts

How to make the smartest cuts possible?

Tracks ! ( EM-Cluster )

How do you compare | D® -+ K~ 7" |to | D® — Kdntr—70 2

Even worse: The cut depends on the next level: The D° meson in
BT — Drtrta ‘ should get a different cut than in

B+ - D'r*]

Solution: Multiply the signal probability (given by the
NeuroBayes training) of all children and use that to cut.

Cut decisions are postponed to a

later level

Not only the reconstruction is
hierarchical, but also the
information flow.
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Cut choice

Cut on the product of the signal probabilities ( = NeuroBayes outputs) of
the children.

The cuts are determined for all D modes simultaneously: Required that the additional
amount of bkgd. that would have to be taken into the sample to gain one additional signal
event was the same for all D? modes.

— D' KK
100 — P’ Kinta
— D' - Kl

D" — wfm
— D" -
10°| — D" » =
D’ —
D’ =

D

|
o

Choose a cut to have roughly

the same slope for all curves.

This slope corresponds to the
number of candidates.

10°| — D' >

Background

Very soft cuts, usage of
probability product on next
level.

Trade-off:
Efficiency <> Purity and CPU
time.

nd FR/FEI



What is the result of the Full Reconstruction?
A collection of By,e candidates

Visualisation of results: beam constrained mass Mp,.

Mbc = E2 _p%

beam

Any basis for comparison?
Yes! The cut-based predecessor to this Full Reconstruction.
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Adjusting cut on NeuroBayes output

Cut-based predecessor NeuroBayes Full Reconstruction

(oAt

2 o009 = 102517‘ 3033 Peak = 64866 + 5240, Bkg = 1343400 +- 2832(Opt = 1)
3200 = 10.6%, S*S/(S+B) = 19553.6

150

o

Events /(0.0005 GeV)

Bt i
.
.
.
Y R R MY R R T R
mbe (GeV) mbe (GeV)
sig: 103,000 bg: 1,300,000 pur: 19.6 % sig: 280,000 bg: 11,000,000 pur: 8.4 %

ig = 94718 +- 2098, Peak = 34948 +- 3366, Bkg = 1073954 +- 2026,(Opt = 1)

s s 08251 + 14073, Peak = 117681 +- 22939, Bk = 7612575 +- 8779 (Opt =
8 Mbe>5.27: P = 22.5%, S*S/(S+B) = 20891.3 3 100 9.0%, S*S/(S+B) = 18597.4
S S w
H T ]
3 2 60
& &
BY «
2
L s L s L L s h s s s s L s . s s
W S245 525 B2% 52 265 627 6276 528 5285 23 " Szab 545 5255 526 sash 527 o2 52 5285
mbc (GeV) mbe (GeV)
sig: 95,000 bg: 1,100,000 pur: 22.5 % sig: 209,000 bg: 7,600,000 pur: 9.0 %
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Adjusting cut on NeuroBayes output

B+

BO

Cut-based predecessor

2 o009 = 102517‘ 3033 Peak = 64866 + 5240, Bkg = 1343400 +- 2832(Opt = 1)
3200 = 10.6%, S*S/(S+B) = 19553.6
150

o

Events

Y T P VA
mbc (Gev)
sig: 103,000 bg: 1,300,000 pur: 19.6 %
Secay AT
% [Big = 94718 +- 2098, Peak = 34948 +- 3366, Bkg = 1073954 +- 2026 (Opt = 1)
3 E Mbc>5.27: P = 22.50, S*S/(S+B) = 20891.3
£ o=
@
T R R v
mbe (GeV)
sig: 95,000 bg: 1,100,000 pur: 22.5 %

NeuroBayes Full Reconstruction

s 5261938 +- 6574, Peak = 1352¢7 + 11943 Bkg = 4906428 +- =1)
Be0000 = =39880.4

g

Sso000

L4000

[

g e

s s s n I s "
2a " Szab 525 5255 526 o2 627 b2 528 5285
mbe (GeV)
sig:262,000 bg: 4,900,000 pur: 15.4 %
S45000[5ig = 197756 +- 3877, Peak = 73172 + 7086, BKg = 3395454 +- 42320t = 1)
8 1SI(S+B) = 32736.7
0000
Sas000
230000
$25000
20000
15000
10000
5000
s s s s L T s L
24 " Szab 545 5255 526 sash 527 52 52 5285
mbe (GeV)
sig:198,000 bg: 3,400,000 pur: 16.7 %
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Adjusting cut on NeuroBayes output

Cut-based predecessor NeuroBayes Full Reconstruction

2, Big= 102517‘ 3083 Peak = 64866 +- 5240, Bkg = 1343400 +- 2832 (Opt = 1) ismie 249665 +- 4690, Peak = 100341 +- 8808, Bkg = 2039324 +- 4956 (Opt = 1)
G200 =19.6%, S*S/(S+B) = 19553.6 & E Mbc>5.27: P = 22.1%, S*S/(S+B) = 543512
B 150 240000 -
S1e0x 2 .
Bt i
L s L s " L s " s s s n I L s L
Sad 625 625 626 5205 527 5275 528 5285 24 " Szab 525 5255 526 sas6 627 b2 52 5285
mbc (GeV) mbe (Gev)
sig: 103,000 bg: 1,300,000 pur: 19.6 % sig: 250,000 bg: 2,900,000 pur: 22.1 %
Decay ALL Decay ALL
% [Big = 94718 +- 2098, Peak = 34948 +- 3366, Bkg = 1073954 +- 2026 (Opt = 1) % S\Q = 190966 +- 4833, Peak = 49122 +- 9151, Bkg = 1976679 +- 4932,(Opt = 1)
3 E Mbc>5.27: P = 22.50, S*S/(S+B) = 20891.3 330000 — Mbc>5.27: P = 24.6%, S*S/(S+B) = 46453.4
g Sas000
2 RS £20000
@ @
0 15000
B .
5000/
L L L L Lol L L L E. 1 L L L L - L L L
W S245 525 B2% 52 265 627 6276 528 5285 i S2a5 545 s2ss 526 s2s5 627 s2 52 528
mbe (GeV) mbe (GeV)
sig: 95,000 bg: 1,100,000 pur: 22.5 % sig: 191,000 bg: 2,000,000 pur: 24.6 %
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Adjusting cut on NeuroBayes output

B+

BO

Cut-based predecessor

2 o009 = 102517‘ 3033 Peak = 64866 +- 5240, BKg = 1343400 +- 2832(Opt = 1)
3200 = 10.6%, S*S/(S+B) = 19553.6
B1a0
S160 =
@
L L L L T L L L
5265 625 B25 526 5265 627 525 628 5285
mbe (Gev)
sig: 103,000 bg: 1,300,000 pur: 19.6 %
Decay ALL
S [Fig= 04718+ 2098, Peak = 34948 +- 3366, Bkg = 1073954 + 202640pL= 1)
816000 Mbe>5.27: P = 22.5%, S*S/(S+B) = 20891.3
z -
@
L L L L L L L B
W B285 625 525 526 5265 627 5275 628 5285
mbe (GeV)
sig: 95,000 bg: 1,100,000 pur: 22.5 %

NeuroBayes Full Reconstruction

Decay ALL

FP00RG = 209915» 3065, Peak = 44732 +- 5441, BKg = 863010 +- 2861

pt=1)

2
& F c>6.27: P = 43.3%, S*S/(S+B) = 89733.6
Zaoonof—
E1s000—
&k
om0 e
sooof—

G L L L L FE—— L L L

oSz hm sz b4 s b2 s 54 528

mbe (Gev)

sig: 210,000 bg: 860,000 pur: 43.3 %
Decay ALL

62800.1

Mbe>5.27: P = 36.0%, S*SI(S+8) =

n n n " T n
224 245 625 5256 526 5265 521 5275

sig: 176,000 bg: 1,000,000

" h
528 5285
mbe (GeV)

pur: 36.0 %
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Purity-Efficiency of Bi,, Sample

Efficiency [%]

“11s + e11e 0
2.1 Million Bg,, mesons 1.4 Million By,, mesons
-@- new (no continuum suppression) @ new (no continuum suppression)
0.30 ¥~ new (continuum suppression) ¥~ new (continuum suppression)
4~ new (continuum suppression SFWM) 0.30 4~ new (continuum suppression SFWM)
& old @ old
0.25 N 0.25
S
0.20 3
> 0.20
3
5
0.15 g 2
L] E 0as
- &
Mt
0.10 0.10
0.05 0.05
0.00 0.00
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Purity [%] Purity [%]

Reconstruct ~ 22 the number of events from the same dataset.
Equivalent to running the Belle experiment for several
additional years!

nd FR/FEI



Signal side

Exemplary signal side reconstruction: B° — D*~ 1Ty,

[ —+— Data [ ; —+ Data
500 — Total Fit 500 — Total Fit

N signal | | ot 1l e Signal

[ Background E Background
400 400

Events / 40 MeV?/c*
8
=
Events / 40 MeV?/c*
8
=

b I e T L .
0
-04-02 0 02 04 06 08 1 -04-02 0 02 04 06 08 1

M [GEV? / ¢ M [GEVZ / ¢

Comparison between the cut based (left) and the NeuroBayes (right)
Full Reconstruction.

Teilchenph;
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luced channels

The question has popped up:

“How much of the improvement is due to new channels
and how much due to NeuroBayes?”

Hard to answer, as the two aspects are connected.

Approximation: Only use channels that are common to both Full
Reconstructions.
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d channels: BY

old: All shared BO modes combined ekp: All shared BO modes combined
10000 10000
E S: 48404 B: 135782 S: 71594 B: 135126
9000 9000 /
SOOOf 8000 \
7000f P}’ 7000

/
!
o

6000 5 ot & s 6000
2 M . H,/'. \ 2
5000 2 §ooo
w w

"

}
}

4000f 4000
3000f 3000 \
ZOOOf 2000
1DOOf ] 1000
OE\\\\\\\\\\\\\\\\\\\\ ) T R O =TI Y
5.24 5.25 5.26 5.27 5.28 5.29 5.24 525 5.26 527 5.28 5.29

Mgc Mgc

Still a factor ~ 1.5 improvement
Tag side for only common channels for the cut based (left) and the NeuroBayes
(right) Full Reconstruction.
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old: All shared B+ modes combined

ekp: All shared B+ modes combined

12000’ S: 64169 B: 176791 12000’ S:102537 B: 175770 ffi\
10000f /f‘ 10000] \

8000] \ 8000]

2 B gt "’IN‘ \ 2 S RN gt \

[ r [ F

6000 \ 000

4000]- \\ 4000]

2000} 2000}
07\\\\\\\\\\\\\\\\\\\\ 07\\\\\\\\\\\\\\\\\\\\
524 525 526 527 528 529 524 525 526 527 528 529

MEC MBC

Still a factor ~ 1.6 improvement
Tag side for only common channels for the cut based (left) and the NeuroBayes
(right) Full Reconstruction.
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Nuclear Instruments and Methods in Physics Research A 654 (2011) 432440

Contents lists available at ScienceDirect [
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A hierarchical NeuroBayes-based algorithm for full reconstruction
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during its running time. To maximize the number of reconstructed B decay channels, it utilizes a
hierarchical reconstruction procedure and probabilistic calculus instead of classical selection cuts. The
multivariate analysis package NeuroBayes was used extensively to hold the balance between highest
possible efficiency, robustness and acceptable consumption of CPU time.
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Summer 2015 results from Belle

V=4 Beile

BELLE Co"abora t' on A1 ( FIA5 ) Introduction (English)]

Belle is an experiment at the KEK B-factory. Its goal is to study the origin of CP violation.

"The Physics of B Factories" Book
Jointly accomplished by Belle & BaBar !
European Physics Journal C, 74:3026 (arXiv:1406.6311
[ KEK Press Release ( English , Japanese ) ]

Physics achievements from the Belle experiment
Prog. Theor. Exp. Phys. (PTEP) 2012, 04D001 (arXiv:1212.5342)

[ English]
New Energy Scan of Exotic Resonance Channels
KeKs. hy(mP) 777 [ Presented at LP2015 ( Belle-CONF-1503 arXiv:1508.06562) |
KEKB Y(nS) 777 [ submitted to journal ( arXiv:150101137) ]

B — D™y with Hadronic-tag with Full data
[ To appear in Phys. Rev. D ( arXiv:1507.03233),
presented at FPCP 2015 ( slides )]

[ Scientific American article |

First Joint Analysis of Belle and BaBar

Observation of B = D®)p h® Time-dependent CPV

[ KEK Press Release ( Japanesc , English ),
Phys. Rev. Lett. 115, 121604 (2015) (arXiv:1505.04147) ]

Search for the Dark Photon and Dark Higgs
[ Phys. Rev. Lett, 114, 211801 (2015)  arXiv:1502.00084) |

B* — 7%y with Semileptonic-tag updated with Full data
[ Presented at CKM 2014, to appear in Phys. Rev. D "Editor's Suggestion” (arXiv:1503.05613) ]
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Summer 2015 results from Belle

Belle is an experiment at the KEK B-factory. Its goal is to study the origin of CP violation.

ol =4 Belle £

BELLE Co"abora t' on A1 ( FIA5 ) Introduction (English)]

"The Physics of B Factories" Book
Jointly accomplished by Belle & BaBar !
European Physics Journal C, 74:3026 (arXiv:1406.6311
[ KEK Press Release ( English , Japanese ) ]

(9 Physics achievements from the Belle experiment
KEK Prog. Theor. Exp. Phys. (PTEP) 2012, 04D001 (arXiv:1212.5342)
[ English]
New Energy Scan of Exotic Resonance Channels
KEKE hy,(mP) 717 [ Presented at LP2015 ( Belle-CONF-1503 arXiv:1508.06562) ] M. Huschle et al

Y(nS) 7t*s [ submitted to journal ( arXiv:1501.01137) ] PhD thesis (KIT)

B — DOty with Hadronic-tag with Full data
[ To appear in Phys. Rev. D ( arXiv:1507.03233),
presented at FPCP 2015 ( slides )]
[ Scientific American article |

First Joint Analysis of Belle and BaBar

Observation of B = D®)p h® Time-dependent CPV

[ KEK Press Release ( Japanese , English ), ;
Phys. Rev. Lett. 115, 121604 (2015) ( arXiv:1505.04147) | B. Kronenbitter et al

PhD thesis (KIT)

Search for the Dark Photon and Dark Higgs
[ Phys. Rev. Lett. 114, 211801 (2015) ( arXiv:1502.00084) ] /

B* — 7%y with Semileptonic-tag updated with Full data
[ Presented at CKM 2014, to appear in Phys. Rev. D "Editor's Suggestion” (arXiv:1503.05613) ]




(Semi)leptonic tree level decays

Why study these decays?

e Precision test of the quark-flavor sector of the Standard Model (SM)
= Measure elements of the CKM matrix.

e Provide complementary information to test and validate QCD
calculations.

e Indirectly probe New Physics
= Charged Higgs boson appearing in place of the W

-
+
b w' T N
H b c
u v

Complementarity with searches at the energy frontier.
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Pure

y leptonic B decays

oJ

Leptonic B° decays

e BY — 7t7— from B factories and
LHCb.

. B?s) — utp~ from LHC
experiments
BY = ptp =(3.14£0.7) x 107°.

E»'(B0 — pT ) oxMae
=(1.14£0.1) x 107

Teilchenphysik II

Energy Decays and FR/FEI

Leptonic BT decays
b 0

B+

u Ve

e Only measurable at B factories.

e Measurement of Bt — 7tv, with
> 30.

e Upper limit on B(B* — ptv,) de-
cays by Belle.
New result just unblinded at KIT!
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B — (v decays

Helicity suppression

:><:|

B(BT — v ) cxmae = (0.84710558) x 107*
B(BT — ptv,)ckmas = (0.38170073) x 1076

B(BT — e ve)okma = (0.891190937) x 107

e Pure BT — (Tv decay is helicity suppressed.

e B meson has spin 0 and decays into particle and antiparticle with opposite
spin. = Both particles are almost exclusively right- or left-handed.

e A heavier lepton has a lower momentum and thus a bigger coupling to the
weak current.
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B — (v decays

b o

B> -- _V_V_ - <
u vy

In the SM, annihilation process mediated by W=*

G2 mBm2 m2 2 2 2
B(BT — £ty = “Eg2—t ( — mf%) falVul*TB

Bll=7)>B(l=p)>B(l=¢)
o(10=%) 0(@10=% oo~

fB: B meson decay constant. Can be calculated from Lattice QCD.
V.,»: CKM matrix element. Can be measured from b — ulv decays.
Both can also be obtained from a CKM global fit.

In a type-1I two-Higgs-doublet model
2

B(BT — 77v;) = B(BT — 7Tu)smXx |1 — t;;;zﬁm2

B

Teilchenphysik II Missing Energy Decays and FR/FEI 9/12/2020



Constraint on NP from Bt — 71 v.

The result of B(BT — 77v,) can be used to constrain the parameter space
for new physics models. If we exclude the entire space, then we can rule out
the model.

For the type-II two-Higgs-doublet model:
2
B(Bt — 7'+1/T) = B(B"‘ — 7 U )sm X |1 — %m%

Exclusion possible:
100y T e

2

80|

60
Belle 2012

95% C.L. excluded

tan

40

20,

P S S S S RN S S I ST S SRR ]
ki 200 400 600 800 1000

H* Mass (GeV/c?)
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Recall the trade-off between diff. By,

Hadronic tag: B — D*X, where X some hadronic state

Cleaner sample
Knowledge of p(Bsig)
Lower tagging efficiency

™ +
Byg Biag A"
v > o<r(45)> 0 D°
£ T

Semileptonic tag: B — D™y
Higher reconstruction efficiency
Less information about Bi,s due to neutrino

Teilchenphysik II issing 9/12/2020



Tension with the SM (20

e Combining BT — 71tu,
hadronic and semileptonic
measurements from Belle and
BaBar, a tension emerged for
Vb from BT — 1Ty vs.
CKM full triangle fit.

Discrepancy of 2.80 with
CKM fit prediction

e Is B(B" — 77v;) too high?

Could New Physics be
causing this?

Teilchenphysik II

1-CL

% [ CKM fit w/o BR(B - tV)

mmmmm

~— Measurements (WA)

0.6 0.8 1.0

1.2 14 16 18 20
BR(B - w) x 10°

Belle hadronic
(1791038048 x 10

BaBar semileptonic

Belle scm\lcptumc

1) x 10

(1.7+£08+0.2) x 107

Missing Energy Decays and FR/FEI

20 5
B(B — ) 10

9/12/2020
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Tension eased (2012)

[ CKM fit w/o BR(B -t V)
—— Measurements (WA)

e New Belle measurement with

improved hadronic tag
using NeuroBayes and
improved tracking on full
dataset.

More consistent result with
CKM fit predictions.

Can we do even
better?

p-value

BR(B - tv) x 10°

Belle hadronic

(179 7035 7045) % 10

BaBar semileptonic

(1.7+£08+0.2) x 107

Belle semileptonic

AR5 x 10

Belle new hadronic
(07249274 0.11) x 10

2 5 m i
B(B — ) 10

9/12/2020




Comparison with sin 23

e Recall our measurement of sin 24 with B — J/ Q/JKg and co.

e Here we can see how a deviation of B(B™ — 771;) can be

compared with the average of sin 2 measurements, to look for
deviations from SM expectations.

3 1-CL 3 -value
030 A 5 1.0 0.30 X105 'i 1.0
F { Moo F { Hos
025 - 4 025 - g
[ 1 o8 r 4 |08
b 1 |Ho7 b 1 Ho7
= ol - o -
& r 1 Flos e r 1 Fos
m [ - Flos @ O5F 3 Hos
3 F { [Hoa 3 F 1 Hoa
@ ol - ! @ o0l -
r 1 o3 r 1§ %
F { Bo2 F 1 Moz
0.05 |- 4 0.05 - g
i 1 Mo r 1 Bos
[ i ] [ ]
0.00 [ | | 0.0 P P S R R R 0.0
05 06 07 08 09 10 05 06 07 08 0.9 10
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Bt — 77v. measurement in 2012

What went into the 2012 update?

* Improved hadronic tag: NIMA 654, 432 (2011)

¢ Add decay modes (B—Dmrm, etc.) which have several final-state particles.

* Use NeuroBayes package for a better separation with backgrounds.

_ 10°
“% aoo;—
5 = | New tag on full data
s i (reprocessed) % 1.8 (data increase)
2 200~
P - | New tag on previous data
b : x 1.7 (tag improvement)
1001 | Classical tag on previous data
L Purity also improved.
5 Eisusssssissasiasisaies i‘
:, —L —L X . .
594 596 528 3.0 times larger tagged events in total
Beam-energy-constrained B mass [GeV/c?] (Efficiency slightly larger if signal side is B—+Tv.)
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New BT — 77v. measurement in 2015

Improvements
e Additional 7 final state 7 — pt i, @ G

e Inclusion of 2nd variable in signal extrac-
tion:
visible momentum of the 7 candidate in the
centre-of-mass frame.
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Signal vs. background MC

Kinematic information missing; used information for signal extraction:
Egcr: sum of energy deposition not used in the reconstruction
p:ig: momentum of signal particle

400

ExcL

Signal: b — ¢ background:
p 3
0] G 1000 +
0 0 L sl
S S [ + e
s S swl - e
E ";" soo: ++++
c < N
2 o r oa 7
w i} r L

"~




Validation before signal extraction

Before looking at the signal region, (Erpcr < 0.2 GeV), we look at a region where
we expect no signal (called the “sideband” region, here Frpcr > 0.2 GeV) and
compare our MC expectation with that of real data.

Recall our signal signature:
1 charged track consistent to be e or p

No additional activity in the calorimeter

30
> 2200 ¢ dote > I duta
(] MC [} MC
O 2000 & wc: generic + O gl M generic
L0 1ggl T MCrare — F MC:rare '—1;
O- 4 MC: continuum O 4 MC: continuum %’t
S 160 + < 200 -
140 _FH"{“J@ it 8 %{3
2 120 +“IF HER 2 159
+~ + [ i
g 100 + I w ~P
80 _H:; Gt i 100 +E *
60 s £ = 4
400 F g 50 + -
20 I = & ey
b i o e e R R R g e e P A e e s 2T T A el el el o
85 05 1.0 5 10 15 2.0
By, (GeV) Py(GeV)

Example: Fgcr, sideband
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New measurement of B(Bt — 77v,)

B(BT — 7tv;) fitted simultaneously in all 7 decay channels
Constrained by relative reconstruction efficiency

. T 2
Efficiency: 3 b 3= } 1L
n 18 Rt {.
10 g g
— 141 — la
— —_ — - o 12
T = U Ve, 0.5 g . 0
T — e Urle 0.7 & o g .
_ _ 40)
T =T Vs 0.4 20 o
R 0.7 Y paleew
Total 2.3 T e Vrbe
%
8 8
S S
l: Signal 2 ¢
: B background @ e
B: Continuum

go 05 T0
Egey, (GeV)

T —p Vs

background

9/12/2020 61 / 81



Results of new semileptonic-tag measurement (3.80)
B(BT — 7tv.) = (1.25+£0.28 £ 0.27) x 10~*
Combination with new hadronic-tag measurement (4.60)
B(BT — 7tv.) = (0.91+£0.19 £ 0.11) x 10~*

Belle hadronic
'—.—' - 0.56 +0.46
(1797056 £040) x 107

0.49 —0.51

BaBar semileptonic
(1.7£0.8+£0.2) x 107*

Belle semileptonic

| ——— 38 +0.20)
(15403 705)) x 1074
Belle new hadronic
= (0.72793 +0.11) x 107

Belle new semileptonic
(1.254+0.28 £0.27) x 1074

CKMfit : : ‘
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
B(B — v) (10~

Consistent with the SM expectation based on a global fit using
other inputs
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“/;‘["E V5. H/u,bhnca and BT — 77u,

Only including new Belle hadronic and semileptonic B* — 77 v, results:

Viplexe Virline

—a——
—a—
—
b O i
O
0 1 2

issing E

Belle (hadronic tag):
(072792 +0.11) - 10~

Belle (semileptonic tag)

1.25 £ 4+0.28 £ 0.27) - 10

BaBar (hadronic tag)

1.83 +0.24) - 10

BaBar (semileptonic tag)
(L.7++0.8+0.2) - 10~

PDG 2016
(1.06 £0.2) - 10~




Other Avenues to Measure |V, |

64 I exclusive T inclusive

2002 2004 2006 2008 2010 2012 2014 2016 2018
Year

e Full or partial decay width of the inclusive B — X, lv decay:

— Full: High B and < 5% theo. uncertainty, but large contamination from
CKM-favored B — X lv.

— Partial: Easier to measure by demanding a high p;, but theoretical calculation
more challenging.

e Exclusive measurement of the B — wiv decay:

— Experimentaly clean, but lower B and requires theo. input for form factors.

Teilchenphysik II Missing Energy Dec and FR/FEI
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B — D®1v decays

Decay in the Standard Decay with New Physics
Model e.g. with charged Higgs boson

B(B - D™riz,)
B(B — D™ fiy)

R(D™) =
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B — D®1v decays

e Process with 3rd generation quarks
and leptons.

<
NS

&
+

|
Ol

e New Physics could change B and T b
polarization. [/V*/]_]+
e Effect could be different for D and
D*.

~ < 0

Large mass of 7 adds sensitivity to additional helicity amplitude.

2
ar  GE|Vel*Iple® (17 m3>

q2

2 2
2 2 2 m 3 m3 2
H +|H__|"+ |H 14+ — |+ =-———I|H
192 9632 O ++17+1 =+ m|)< > 5 ItM]

2¢2 q?

A charged Higgs (2HDM type II) of spin 0 couples to the 7 and will only affect

Ht():
2HDM SM tan® 3 7
Hiy =Hp x|1-— > 7 5
mi g 1Fm2/mg
2
This could enhance or decrease the ratios R(D*) depending on ii‘; B
Ht

3.40 deviation from SM observed by BaBar, 2HDM type II excluded
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No 2HDM type 11?7 (says BaBar data)

= Acha arged Higgs (2HDM type II) of spm 0 couples to the T and will only affect H,

SM t an?
HEHDM — M - for Dtv
o m” 1F m,/mb/

+ for D*tv

This could enhance or decrease the ratios R(D*) depending on tanf/my

We estimate the effect of 2DHM, accounting
for difference in efficiency, and its uncertainty
The data match 2DHM Type Il at
tanp/m,= 044 =0.02 for R(D)
tanp/m,=0.75 = 0.04 for R(D*)

However, the combination of R(D) and R(D*)
excludes the Type Il 2ZHDM in the full

tanp-my parameter space with a probability
of >99.8%, provided M,;>10GeV |

V. Liith FPCP 2012 @ Hefel 2012

Teilchenphysik II

s and FR/FEI

0.8

02 04 [ 038 )
tanp/my (1/GeV)

30
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Principle of the measurement

Measure the ratios (¢ = e or p):
I'(B—D I'(B — D*
R(p) = LB= D) ey DB = D'rv)
I['(B — Dtv) ['(B — D*lv)
and check for deviations from SM prediction:
R(D)|sp = 0.293 £0.017,  R(D*)|sm = 0.252 & 0.003.
T reconstructed only using leptonic decays, 7 — £, vy:

so that B — D™ rv (signal) and B — D)y (normalization) are
identified by the same particles in the final state.

leads to cancellation of dependence on FF and CKM matrix element,
and on various sources of uncertainty in the ratios R(D)).

Full reconstruction of ete™ — T(4S5) — BiuqBsiq events:

Improved hadronic Biqgq _ Hadroncsysiem € f /
reconstruction D™ poO* RN /(3/_'.
. % “Bus S
using NeuroBayes. “Signal” —Dgy S
. B ey‘/ 4 sg
Constrain charge, flavour - ;v"-'v N
as well as (E,p) of Big. ~ Event

missing energy
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5 Belle hadronic tag

Events

Fit Strategy

M2 < 0.85 (left)

B — DWiv (I = e, u) domi-
nated

= fit M2, for bkgd normal-
1zation

10}

-0.2 0 0.2 0.4 0.6 0.8 8 £ 4 -2 0 2

M?2,;.. > 0.85 (right) ooy "i
B — D™ 7y enhanced a00F
. /

= fit fit neural-net variable oxg o

200
DT~ (top)

100
DI~ (bottom)

-0.2 0 0.2 0.4 0.6 0.8 -8

M, (GeVrc)

wnd FR/FEI 9/12/2020



Fit results

R(D) = 0.375 + 0.064 + 0.026
R(D*) = 0.293 + 0.038 + 0.015

a 07— SM
o F W BaBar
osf- ® Belle u

Result lies between the SM
prediction and BaBar result

Fit is repeated with PDF gen-
erated for type II 2HDM with
tanB/mg = 0.5 GeV~1!

= F
[a RS
Fosf
E | — theor. R(D)
0.8~
F |l measured R(D)
07E | — theor. R(D")
0.6 - measured R(D*)
051
0.4
B SN
0.2 e
0.1 .
T I B I I S B
0 o1 02 03 04 05 06 07 08
SM tanB/mH.(czlGeV)

Compatible with type II 2HDM
around tan3/mg = 0.5 GevV?

Teilchenphysik II
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Including 1% LHCb result in 2015

Sonin | meguser
SCIENTIFIC
AMERICAN"
—~ 05 T T T EEEEE vevstfomwes Topics Blogs Videos & Podcasts  Education  Ciizen Sciend
= BaBar, PRL109,101802(2012) A=10 T P

* E

a E

& 0.45F  — Belle arkivi507 03233
F LHCb, arXiv:1506.08614
— Average

2 Accelerators Find Particles That
May Break Known Laws of Physics

iolate the Standard
ity

The LHC and the Belle experiment have found partide decay patters 1
Model of particie physics, confirming earlier observations at the BaBar f

By Clara Moskowtz | September 9, 2015 | Viéaio en espancl

At the smallest scales, everything in the
universe can be broken down into
fundamental morsels called particles. The
Standard Model of particle physics—the
reigning theory of these morsels—describes
a small collection of known species that
combine in myriad ways to build the matter
around us and carry the forces of nature.
Yet physicists know that these particles

Adisplay from the Large Hadron Collder’s LC
cannot be all there is—they do not account experiment shows the paths of particies such as
leptons ereated in the collsio of two protons st the

accelerter, LHCh and amather sccserator
seem to contribute much of the UNIVErse's experiment. Blle, have ound

mass, for example. Now two experiments Joptons do ot obey the Known lavws of physics
have observed particles misbehaving in o

025 -
SM prediction

1 1
0%.2 0.3 0.4

for the dark matter or dark energy that
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Summer 2018 status

—~ [ I T T T T ' T T T T ' T T T T I T T T T I ]
x o5 — BaBar, PRL109,101802(2012) 2 —
) - ——— Belle, PRD2,072014(2015) AX” = 1.0 contours -
Y - LHCb, PRL115,111803(2015) . -
0.45F Belle, PRD94,072007(2016) e=== Average of SM predictions
“™F ——— Belle, PRL118,211801(2017) R(D) = 0.299 + 0.003 .
- = LHCb, PRL120,171802(2018) R(D*) = 0.258 + 0.005 =
04F Average .
035__ - “nf}d\ -
03F I I k=
n .[ . =
0.25F 0 o
n HFLAV
n
0.2_—I | | | P( ):74%|—_
0.2 0.3 04 0.5 0.6
R(D)
Hadronic tag, leptonic 7 Hadronic tag, hadronic 7

Hadronic tag, leptonic 7 leptonic 7 hadronic 7




B — D®77 with Belle IT & LHCD om0 1050

Measurement SM Current World Current Projected Uncertainty'
prediction Average Uncertainty Belle II LHCb
5ab~! 50ab~! 8fb~! 22fb~! 50fb!
2020 2024 2019 2024 2030
R(D) (0.299+0.003) (0.403 = 0.040 = 0.024) 11.6% 56% 32% - - -
R(D") (0.25740.003)  (0.310 £ 0.015 £ 0.008) 5.5% 32%  22%  3.6% 21%  1.6%
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Currently re-analyzing the KIT Belle measurement with the Belle 2 Full Fvent

Interpretation (improved tag-side recombination algorithm).

1 Projected uncertainties not including improvements in detectors and algorithms.

issing E


https://arxiv.org/abs/1709.10308

Belle II det

Upgrade for SuperKEKB and Belle IT to achieve 40x peak £ under 20x BG.
Accumulate 50 ab—?! of data in 10 years of running

Targeted improvements:

Increase hermiticity.

Increase Kg.
efficiency.
Improve IP and
secondary vertex
resolution.
Improve K/m
separation.
Improve w0
efficiency.

Add PID in endcaps.
Add p ID in
endcaps.

Csl|(T1) EM calorimeter:
waveform sampling
electronics, pure Csl
for end-caps

. . RPC u & K| counter:
scintillator + Si-PM
for end-caps

/

4 layers DS Si Vertex =
Detector —
2 layers PXD (DEPFET)
4 |layers DSSD

ime-of-Flight, Aerogel
Cherenkov Counter —
Time-of-Propagation counter
(barrel);
prox. focusing Aerogel RICH
(forward) 7

Central Drift Chamber:
smaller cell size,
long lever arm

To be reviewed in detail in future lectures



Tag-side reconstruction at Belle II

New Full Event Interpretation (FEI) algorithm for tag-side

reconstruction
e (O(10000) decay chains.

e 2 modes of operation:

- Generic tag-side training;
- Signal-specific training.

e Made possible due to speed-
optimized training algorithms, full
automation, and use of
parellelization on all levels.

e Fully applicable in Belle and Belle II
analyses in the Belle II software
framework.

e Use of DNNs are a possible avenue
for improvement.

[ VO objects } [KLMClusters ] [ECLClustersJ

et I K* L

-0
K}

Maximum tag-side € on MC

RIPOULIDYU]

Tag FRT FEI Belle  FEI Belle II
Hadronic BT 0.28% 0.76% 0.66%
Hadronic B? 0.18% 0.46% 0.38%
SL BT 0.67% 1.80% 1.45%
SL BO 0.63% 2.04% 1.94%

IBelle Full Reconstruction algorithm.

9/12/2020
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https://arxiv.org/abs/1807.08680

The Algorithm

— Particle candidates assigned from
tracks and clusters after precuts + precuts + BCS
Best Candidate Selection (BCS).

precuts + BC

precuts 4+ BCS
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The Algorithm

— Particle candidates assigned from
tracks and clusters after precuts +
Best Candidate Selection (BCS).

postcuts + BCS

— For each particle, a BDT is
trained/applied and post cuts +
BCS are made.

postcuts + BCS
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The Algorithm

— Particle candidates assigned from
tracks and clusters after precuts +
Best Candidate Selection (BCS).

— For each particle, a BDT is
trained/applied and post cuts +
BCS are made.

— Stable particles are to
reconstruct decays of intermediate
particles. After precuts + BCS a
vertex fit is performed.

brecuts + BCS
vertex fit
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The Algorithm

— Particle candidates assigned from
tracks and clusters after precuts +
Best Candidate Selection (BCS).

— For each particle, a BDT is
trained/applied and post cuts +
BCS are made.

— Stable particles are to @

reconstruct decays of intermediate
particles. After precuts + BCS a
vertex fit is performed.

kinematics

— Intermediate classifiers use daugh-

ter kinematics and classifiers. postcuts + BCS
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The Algorithm

— Particle candidates assigned from
tracks and clusters after precuts +
Best Candidate Selection (BCS).

— For each particle, a BDT is
trained/applied and post cuts +
BCS are made.

— Stable particles are to
reconstruct decays of intermediate
particles. After precuts + BCS a

> precuts + BCS

[ D° )
vertex fit is performed. " vertex fit

— Intermediate classifiers use daugh-
ter kinematics and classifiers.

— Intermediates and stable particles
are into a B candidate.
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The Algorithm

— Particle candidates assigned from
tracks and clusters after precuts +
Best Candidate Selection (BCS).

— For each particle, a BDT is
trained/applied and post cuts +
BCS are made.

— Stable particles are to kinematics
reconstruct decays of intermediate e
particles. After precuts + BCS a ‘:'/ Do \‘
vertex fit is performed. a4

— Intermediate classifiers use daugh-
ter kinematics and classifiers.

— Intermediates and stable particles
are into a B candidate.

— B classifier takes daughter classi-
fiers and kinematics as inputs.

9/12/2020



FEI on Belle data

ROC of charged (left) and neutral (right) Biag mesons extracted from a fit of mp. on
Belle data in the Belle II software framework.

0.50

X --=-- FEI
fl) .40+ — FR
£0.30
=]
% 0.20
&
5010+

000 T T T 71T 1 T 1 1T 71T 000 L L R e e e

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Purity in % Purity in %

Sizeable increase in reconstruction efficiency.

Can now perform analyses with converted Belle data in the Belle II software
framework with a larger dataset, thanks to more B mesons recombined with the FEI.

ing Ene > and FR/FEI



First B2BII FEI Analysis:

Photon lifts helicity suppression, thus
enhancing the weak decay amplitude.

Photon emission needs an
approximation from heavy quark

theory where E, > 1 GeV is required.

Branching fraction depends on the

first inverse moment >\]—31 of the B

meson LCDA ®p in the high-energy

limit:

— Theoretical calculation
challenging: i =[° dwchT(w).

— Important parameter for several
non-leptonic B meson decays,

including Km decays and the K
CP-Puzzle.

— QCD factorization expectation for
value of A\g = 200 MeV.

/ A
/owe TN\
. W d

ey

Worlds best limits set by Belle (90% CL): A g > 238MeV

B (B+ - e+(p.+)1/’y) < 6.1(3.4) x 106

30 [ 5
|

nd FR/FEI


https://arxiv.org/abs/hep-ph/0006124
https://arxiv.org/abs/1808.10567
https://arxiv.org/abs/1110.3228
https://arxiv.org/abs/1504.05831
https://arxiv.org/abs/1504.05831

First results presented at CKM18 in Sept.

MC expectations for | = e

e Significant improvement in
tag-side recombination efficiency
with the FEL

e Signal-specific FEI calibration
performed for the first time.

e Both MC studies assume a partial
branching fraction of
AB (Bt = tTvy) =5-107°%, to o 0 12 3
enable a comparison of the M (GeV7)

N

miss

. . . Tl by p0pt
expected yields with the different 1 signal shape . BTy
lvsis f k mm B -ty mm Bt = nlty
analysis Irameworks. b b = ul,
B cte” = qq (g =u,d,s,c) E rare

Bt s etvey BT = pty,y  Combined
Nrew 248 25.7 50.5
Npublished 8.0 8.7 16.5
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Second Belle FEI analysis:

~~~ T | T T T T I T T T T I T T T T | T T T
* - _
e [ [ HFLAV average sz =1.0 contours ]
04 —
L LHCblS _
B BaBarl2 7
035 — —
C LHCbIg _
03 e -
025 — P Belle19 Bellel5 ]
B Bellel7 7
02— + Average of SM predictions HFLA V
- R(D) =0.299 +0.003 L_Spring 2019 |
C R(D*) = 0.258 £0.005 PeA) =27% ]
! | ! L Ly 0 PR ! ! ! ! | ! ! !
0.2 0.3 0.4
R(D)
Hadronic tag, leptonic 7 Hadronic tag, hadronic 7
Hadronic tag, leptonic 7 leptonic 7 hadronic 7

Teilchenphysik nergy a 4 9/12/2020 80 / 81



ra reading

A hierarchical NeuroBayes-based algorithm for full reconstruction of B mesons
at B factories, Nucl. Instrum. Meth. A654: 432 (2011)

The Full Event Interpretation — An exclusive tagging algorithm for the Belle 1T
experiment.

Measurement of the branching fraction of B* — 77, decays with the
semileptonic tagging method

Scientific American article (Slide 59).

Teilchenphysik II issing Energy Decays and FR/FEI 9/12/2020


http://www.sciencedirect.com/science/article/pii/S0168900211011193
http://www.sciencedirect.com/science/article/pii/S0168900211011193
https://arxiv.org/abs/1807.08680
https://arxiv.org/abs/1807.08680
https://arxiv.org/abs/1503.05613
https://arxiv.org/abs/1503.05613
https://www.scientificamerican.com/article/2-accelerators-find-particles-that-may-break-known-laws-of-physics1/

