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What do we have and what do we want?

What we have

Standard Model to describe
microscopic world
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graphic from Wikimedia Commons

make predictions
—> so far confirmed in
experiments

Problems

gravity not included
dark matter?

matter — anti-matter
asymmetry
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What we want

New Physics beyond Standard
Model
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SuperKEKB and the Belle Il Experiment
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SuperKEKB and the Belle Il Experiment

KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC

— 'h (end-caps , inner 2 barrel layers)
- A —

EM Calorimeter
Csl(Tl), waveform sampling electronics (

~~=. N Particle Identification
electrons (7 GGV) Time-of-Propagation counter (barrel)

Prox. focusing Aerogel RICH (forward)
O . 8 9 Gev Vertex Detector )

2 layers Si Pixels (DEPFET) +

S =~
U 4 layers Si double sided strip DSSD M§ \ sy \?&
~ E

S positrons (4 GeV)

Central Drift Chamber
K k — Smaller cell size, long lever arm
L]
L] [ -
—y
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[”_] Belle Il detector measures
properties of final state particles

Belle Il TDR, arXiv:1011.0352
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Experiment vs Standard Model

» want to compare experimentally measured parameter with theory prediction
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Experiment vs Standard Model

» want to compare experimentally measured parameter with theory prediction

Experiment:

N(BO-K*~nt)+N(B°->K**1™)
N(total B%)+N(total B?)

branching fraction: B =

N(B°->K*~nt)-N(B->K**r™)
N(BY-»K*~nt)+N(B°—>K**t1™)

direct CP-violation: AF =
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Experiment vs Standard Model

» want to compare experimentally measured parameter with theory prediction

Experiment:
: : N(B°-»K*~nt)+N(B°->K*tm~
branching fraction: B = ( — )+N( ) .
N(total B?)+N(total B?)

c
PEw

T h eo rV - adapted from Belle Il Physics Book: https://arxiv.org/pdf/1808.10567

limited precision on prediction of B and A" for single decay modes, as many Feynman diagrams
contribute

R0 *— -+ 0 *+ o — A M
direct CP-violation: P = ME K Tm)-N(E K "n) SV R U AN,
N(BO—K*~1+t)+N(BO—K**+1~) g
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Experiment vs Standard Model

» want to compare experimentally measured parameter with theory prediction

Experiment: S
. . N(Bo—>K*~m*t)+N(B®>K**m~ )
branching fraction: B = ( = )+ ) :
N(total B?)+N(total B?) ] -

direct CP-violation: ,¢P = ME 2K 7m")-N(BO-K" n7) LSSUT T e U
' N(BO->K*~m*t)+N(BO—»K**tm™) "\

FFFFF

Theory: adapted from Belle Il Physics Book. https://arxiv.org/pdf 1808, 10567

limited precision on prediction of B and A" for single decay modes, as many Feynman diagrams

contribute

» combine multiple decay modes related by symmetry (isospin) to “cancel” Feynman diagrams,
e.g.. B°->K**n~, B> K*n’ Bt->K**n' Bt KOt
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Experiment vs Standard Model

» want to compare experimentally measured parameter with theory prediction

Experiment: w fi
branching fraction: B = N(BOK"" ")+ N(B® ~K ™ ) ,f
N(total B?)+N(total B?) ] - ,]
direct CP-violation: ACP = ME 2K Tmt)=N@BI~K )
N(BO>K*~m+)+N(BO—>K*+1™)

e
B P pw
T h eo rV - adapted from Belle Il Physics Book: https://arxiv. org/pdf/l808 10567

limited precision on prediction of B and A" for single decay modes, as many Feynman diagrams

contribute

» combine multiple decay modes related by symmetry (isospin) to “cancel” Feynman diagrams,
e.g.. B°->K**n~, B> K*n’ Bt->K**n' Bt KOt

B(K*n™) Tgo cp  BE**1Y) Tpo cp  B(K*n)
ALE —2BY —2AY ~ 0+ O(few ¢
Tk T B(K* ) T+ K™ B(K*+—) T+ KO B(K*+m=)  — — (few %)

1% —cﬂ

K*"'Tc
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B - K*tn "
K™ resonances are no stable particles, but they decay further to kaons and pions

K*n~
BO LK*OTCO
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B - K*tn "
K™ resonances are no stable particles, but they decay further to kaons and pions

LK*-F”_
BO K*OT[O k‘K-I_ ~ 0

w7l
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B - Ktug—r"

K™ resonances are no stable particles, but they decay further to kaons and pions
K*n~
l}() 1(44)7t()

K*tp~

others

Ktn m°

» overall decay proceeds coherently via many “intermediate” states
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B - Ktug—r"

K™ resonances are no stable particles, but they decay further to kaons and pions
K*n~
l}() 1(44)7t()

K*p~

others

» overall decay proceeds coherently via many “intermediate” states

 total decay amplitude is coherent sum of individual contributions

A=2Aa
a
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B - Ktug—r"

K™ resonances are no stable particles, but they decay further to kaons and pions
K*n~
l3() 1(44)7t()

K*p~

others

» overall decay proceeds coherently via many “intermediate” states

- total decay amplitude is coherent sum of individual contributions

A = :zg: A, = T, el Pa -y,
a

magnitude and phase
IThisis what we want to measure!
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B - Ktug—r"

K™ resonances are no stable particles, but they decay further to kaons and pions
K*n~
l3() 1(44)7t()

K*p~

others

» overall decay proceeds coherently via many “intermediate” states

- total decay amplitude is coherent sum of individual contributions

AZZA — r .ei°<Pa.¢
- : ’ : % B (1 ©a)

| Ag" (T Pa)
magnitude and phase

IThisis what we want to measure!
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B - Ktug—r"

K™ resonances are no stable particles, but they decay further to kaons and pions
K*n~
l3() 1(44)7t()

K*p~

others

» overall decay proceeds coherently via many “intermediate” states

- total decay amplitude is coherent sum of individual contributions

AZZA — r.eiwa.qj
- : ’ : % B (1 ©a)
> [+

AL (10, 04)

magnitude and phase
IThisis what we want to measure!
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Intensity (of B® - K*n ")

Whatwe “see” is the intensity
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Intensity (of B® - K*n ")

Whatwe “see” is the intensity
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7 =A% = ZA“ — zra.ei-cpa.q}a
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m?(rm~n°) [GeV?/c?]

Intensity (of B® - K*n ")

Whatwe “see” is the intensity
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“Dalitz plot”

m2(K+m~) [GeVZ/c?]

J1Aly, isonly a function of two variables

m?(K*n ™) vs. m?(x~w?) : Dalitz plot
“real” Dalitz plot mostly empty

resonances appear as “bands”
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What we actually observe
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What we actually observe

« pure physics: | 4|2 } - B K*
-~ N -
*’ﬂ

0

KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC

— — -Q (end-caps , inner 2 barrel layers)
° A =

EM Calorimeter
Csl(Tl), waveform sampling electronics

~.

\;

electrons (7 GeV)

Particle Identification
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)
Vertex Detector g
2 layers Si Pixels (DEPFET) +

4 layers Si double sided strip DSSD #§ . \\\

positrons (4 GeV)
Central Drift Chamber

Smaller cell size, long lever arm

Belle Il TDR, arXiv:1011.0352
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pure physics: |A|?

+

acceptance/efficiency

What we actually observe
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KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC
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Particle Identification
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pure physics: |A|?

+

acceptancel/efficiency

+

resolution

What we actually observe

+
}~~BO 41(
h’ 7T_

— 7Y

KL and muon detector

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC
ner

EM Calorimeter
Csl(Tl), waveform sampling electronics

Particle Identification
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

electrons (7 GeV)

Vertex Detector
2 layers Si Pixels (DEPFET) +
4 layers Si double sided strip DSSD

. positrons (4 GeV)
Central Drift Chamber

Smaller cell size, long lever arm
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Backgrounds of B® - K*rn~r°

« BB: random combinations of BB decays, e.g. Bt - D°[K*rn~]pt[n n*]

ete~ — T(45) = B°B’

)
Fove =2
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Backgrounds of B® - K*rn~r°

« BB: random combinations of BB decays, e.g. Bt - D°[K*rn~]pt[n n*]

« qg: continuume*e™ - uii, dd, s3, cc aboutthree times larger than e*e™ » Y(4S) - BB
q

ete~ — T(45) = B°B’

| |
o N N

ete”™ = qq
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Backgrounds of B® - K*rn~r°

« BB: random combinations of BB decays, e.g. Bt - D°[K*rn~]pt[n n*]

« qg: continuume*e™ - uii, dd, s3, cc aboutthree times larger than e*e™ » Y(4S) - BB

101t . .
o i [ 1 signal train
7 i + 1 qq train
K‘! % {  signal test
g ‘ fo) 100+ * qq test
E :
ete” = T(4S) —» BB’ ete” — qq ..UE’
_[b ul [dl [S]1 [c 3 10-1
Eeve- = [13] Eore-> [ [J] sl 8

« exploit topological differences to train machine learning algorithm (GBDT)
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Pull

Candidates per 0.01

Fit on Belle |l Data

Belle Il (preliminary)
JLdt = 362fb~?

1

1

1

10°

rBelle Il (preliminary)
[Ldt = 362fb1

—

< 300-

o

| -

Q

o |

200+

i

©

o

S |

c 100+

M L

Q

{  data
—— total fit
______ BY 5 K*mn—n®
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Pull

fit projections in data look good

central values of analysis were not unblinded, as | haven't gone through review
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Uncertainty

stat. 1

SYS. 1

total 1

“Results”

Uncertainty

K*(892)*K*(892)° p(770) - (Krr)’{)+ (Kn)f,0 0(1450) p(1700) ~ non-res
== this thesis
BaBar 2011
—O— === === === =0=
Q Q AN QOO0 Q Q Q Q
’\/ ’\/Q")Q Q‘o ~ ~ q/‘o ,\"o ~NO N Q‘og Q‘o,\/‘o N q,‘o

/
B uncertainty [107°]

K*(892)*K"(892)°p(770)~ (Km)y* (Km)g® p(1450) p(1700)~ non-res
~- this thesis
BaBar 2011
stat. 1
SYyS. 1 - —— g — —— —— o
total -
YO VXN DO DD DO 2oL 0 080 L Aadw
RN YararaTaar aY arar - AN A Q AT A
Q707 9 000N OTOT QT Q07T 90T (VO JV 90707 (KR

AP uncertainty

achieve precision on par with BaBar analysis despite using ~14% smaller dataset

developed first Dalitz plot analysis within Belle Il
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Summary & Outlook

B(K* ) Tgo B(K**tr?) Tgo B(K*°r9)
CP CP CP CP -
Igrqg = Apr — + Ao+ K1) T — 244 0 K+ )70 — 2400 K m) ~ 0+ O(few %)

- developed B° - K*n~r' Dalitz plot analysis to provide two inputs for isospin sum rule
. other two channelsin B* - K°n*r° (fellow PhD student)

« we target the first measurement of the K *m isospin sum
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Systematic Uncertainties 1

Source Binclusive  Ainclusive
Fit bias 1.3% < 0.001
Tracking efficiency 0.5% -
BB pair counting 1.5% -
f00 2.5% -
Continuum suppression efficiency 0.5% -
PID efficiency 1.7% 0.001
70 efficiency 4.6% 0.001
Resonances lineshape parameters 1.0% 0.002
Amplitude model 4.2% 0.018
Continuum model 0.5% 0.001
BB model 0.4% 0.002
Total 7.3% 0.018

Resonance Source B AP
Fit bias < 0.1% 0.009
Tracking 0.5% -
BB pair counting 1.5% -
f00 2.5% -
Continuum suppression efficiency  0.5% -
PID efficiency 1.5%  0.002

K*(892)" 7Y efficiency 1.5%  0.003
Resonances lineshape parameters — 3.6%  0.007
Amplitude model 8.0%  0.026
Continuum model 1.5%  0.004
BB model 1.5%  0.003
Total 9.7%  0.029
Fit bias 1.2%  0.021
Tracking 0.5% -
BB pair counting 1.5% -
fo 2.5% -
Continuum suppression efficiency  0.5% -
PID efficiency 1.7%  0.004

K*(892)" 7Y efficiency 1.2%  0.002
Resonances lineshape parameters  2.7%  0.007
Amplitude model 6.6%  0.048
Continuum model 1.6%  0.004
BB model 1.6%  0.003
Total 8.4%  0.053




Systematic Uncertainties 2

Resonance Source B ACP
Fit bias 1.1% 0.016
Tracking 0.5% -
BB pair counting 1.5% -
fDD 2.5% _
Continuum suppression efficiency  0.5% -
PID efficiency 1.0% 0.003

p(T70)~ 7Y efficiency 0.6%  0.005
Resonances lineshape parameters  2.8% 0.012
Amplitude model 13.8%  0.078
Continuum model 0.7% 0.003
BB model 0.6%  0.003
Total 14.5%  0.081
Fit bias 0.8% < 0.001
Tracking 0.5% -
BB pair counting 1.5% -
o0 2.5% -
Continuum suppression efficiency  0.5% -
PID efficiency 1.1% 0.004

(K7)pt 7" efficiency 0.8%  0.006
Resonances lineshape parameters 20.3%  0.018
Amplitude model 3.2% 0.070
Continuum model 0.9% 0.006
BB model 1.1%  0.007
Total 20.9%  0.073

Resonance Source B AP
Fit bias < 0.1% 0.009
Tracking 0.5% -
BB pair counting 1.5% -
fﬂ[] 2.5% _
Continuum suppression efficiency  0.5% -
PID efficiency 2.1%

(Km)g0 7Y efficiency 1.0%  0.011
Resonances lineshape parameters  22.4%  0.020
Amplitude model 19.0%  0.070
Continuum model 1.0%  0.009
BB model 1.0%  0.009
Total 29.7%  0.075
Fit bias 6.0%  0.036
Tracking 0.5% -
BB pair counting 1.5% -
o0 2.5% -
Continuum suppression efficiency  0.5% -
PID efficiency 1.8%  0.007

p(1450) 7V efficiency 2.3%  0.015
Resonances lineshape parameters  19.0%  0.101
Amplitude model 52.7%  0.063
Continuum model 4.3%  0.015
BB model 3.7%  0.014
Total 56.8%  0.127




Systematic Uncertainties 3

Resonance Source B ACP
Fit bias 13.2% 0.062
Tracking 0.5% -
BB pair counting 1.5% -
fDD 2.5% _
Continuum suppression efficiency — 0.5% -
PID efficiency 4.1%  0.021

p(1700)~ 7’ efficiency 4.1%  0.037
Resonances lineshape parameters 84.5% 0.154
Amplitude model 10.5% 0.521
Continuum model 3.8%  0.033
BB model 3.5%  0.017
Total 86.6% 0.550
Fit bias 8.5%  0.026
Tracking 0.5% -
BB pair counting 1.5% -
fﬂ{} 2.5% _
Continuum suppression efficiency  0.5% -
PID efficiency 2.8%  0.037

non-resonant 7' efficiency 2.4%  0.046
Resonances lineshape parameters 22.3% 0.129
Amplitude model 83.9% 0.334
Continuum model 5.2%  0.040
BB model 4.3%  0.037

Total 87.6% 0.368




m?(n~ %) [GeV?/c*]

The Square Dalitz Plot

m3(K*n~) [GeVi/c?]

Square Dalitz plot

e events are clustered at edges » events are spread out

« Dalitz plot has ‘triangularish’ shape » phase space occupies a square



