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Introduction to CP violation

Introduction to CP violation
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Big Bang and matter-antimatter asymmetry

History of the Universe
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Where is the antimatter in the universe?
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Big Bang and matter-antimatter asymmetry

Quantum
Fluctuations
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Initially equal amounts of matter and antimatter...
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Big Bang and matter-antimatter asymmetry
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... but today we only see matter!

Martin Tat (University of Oxford) BE 5 [KTK—ntn—]ph 9th February 2023 5/80



Big Bang and matter-antimatter asymmetry
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APS/Alan Stonebraker

The difference is very small...
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Big Bang and matter-antimatter asymmetry
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Quantum Diaries: “Why B physics? Why not A Physics?”

... but the effects we observe today are obviously huge!
How can we explain this?
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CP violation

@ CP violation discovery in 1964

@ Phys. Rev. Lett. 13, 138

Foundatio . Foundation archiv
James Watson Cronin ~ Val Logsdon Fitch

Prize share: 1/2 Prize share:1/2

o Observed K — ntm™

@ Since, CP violation has also been
The Nobel Prize in Physics 1980 was awarded ObserVed in the Br BS and D SYStems

jointly to James Watson Cronin and Val Logsdon
Fitch "for the discovery of violations of
fundamental symmetry principles in the decay of
neutral K-mesons"

Can Standard Model CPV explain the matter-antimatter asymmetry?
Or, could it be physics beyond the SM?
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The CKM matrix and the Unitary Triangle

The CKM matrix and the Unitary Triangle
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The CKM matrix and the Unitary Triangle

In SM, the charged current W™ interactions couple (left-handed) up- and
down-type quarks, given by

di
Ti [U_L CL t_L] ~H W, Vokm |sL| +h.c.
by
w+ w-
t ‘< b —<
b c
(@) t — bWT (b) b — cW™
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The CKM matrix and the Unitary Triangle

The Cabbibo-Kobayashi-Maskawa matrix Vegw,

Vud Vus Vub
Vcd Vcs Vcb
Vie@ Vis Vb

must be a unitary matrix: VéKM Vekm =1 =

ViaVap + VeaVip + VigVip = 0

Represent this constraint as a triangle in the complex plane:
Unitary Triangle
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he Unitary Triangle

@ CPV in SM is described by the Unitary Triangle, with angles a, 3, v

V, VE .
@ The angle v = arg< — %) is very important:
cd “cb

© Negligible theoretical uncertainties: Ideal SM benchmark
@ Accessible at tree level: Indirectly probe New Physics that enter loops
© Compare with o, 8 measurements: Is the Unitary Triangle a triangle?

CKMfitter Group (J. Charles et al.), Eur. Phys. J.
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How to measure 7

How to measure ~?
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Sensitivity through interference

Measure v through interference effects in B*¥ — DK*

s ( b ul -
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Favoured B~ — D°K~ Suppressed B~ — DOK ™

e Superposition of D and D°

@ b — uCs and b — cis interference — Sensitivity to
A(B) = Ag(Apo + rge®a=) A, )
A(BY) = As(Ag, + rse0e+) Aga)

@ The magnitude of interference effects governed by rg ~ 0.1
9th February 2023
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D decays to a CP eigenstate

A well known strategy is to consider D decays to a CP eigenstate

For CP eigenstates, Apo = Ao
/ DOK™ ADO

-ABrBe 53 ) DOK_ ADO

|A(B™)Px 14 rg 4 2rg cos(dg — 7)
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D decays to a CP eigenstate

LHCb
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In B* — [hTh~]pK*, we see significant CPV effects

Martin Tat (University of Oxford)
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Doubly Suppressed Cabbibo D decays

Can we enhance the interference effects?

Yes! Use a Doubly Suppressed Cabbibo decay: Apo = rDei‘sDAD-o

/ DK~ roe"sDA 50

DK_
Agrge'l 53"*)\) DOK~ 'ADO

|A(B_)|20< r% + r,% + 2rgrp cos(dg — v + 0p)
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Doubly Suppressed Cabbibo D decays

5000 5200 5400
m([Kt | pK~

) [MeV/c?

JHEP 04 (2021) 081

B* — [K¥7%]pK™ has lower statistics, but a spectacular
asymmetry!

Additionally, the partially reconstructed background has an equal but
opposite asymmetry

Martin Tat (University of Oxford) = [KTK—ntn—]ph 9th February 2023



The B* — [KTK 77" |pK* decay mode

The B* — [KTK 77 |pK* decay

mode
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The B* — [KTK 77~ |pK* decay mode

The mode B* — [KTK~n 7~ |pK* has been proposed
as a powerful channel for a measurement of ~

o D — KTK—nt7n~ has the best of both worlds:

© Singly Cabbibo Suppressed decay: Larger branching fraction
@ Interference effects from over 25 resonance components

Large interference effects in local regions of the 5D phase space

First proposed by J. Rademacker and G. Wilkinson

o Phys. Lett. B647 (2007) 400
e FOCUS amplitude model predicts a 14° precision with 1000 candidates

State of the art amplitude analysis by LHCb:

e JHEP 02 (2019) 126
o Exploits the huge dataset of charm decays collected by LHCb
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The B* — [KTK 77~ |pK* decay mode

Why do four-body decays have large local interferences?

K~ 0 K~
$(1020) b
K=+ KTt
DO
™ T
o° K1(1400)"
7T+ 7T+
#(1020)(— KTK™)p%(— 7tn™) K1(1400)"(— K*(892)°(— KTn™))K~

Many possible decay paths, in different phase space locations,
contribute to the total decay amplitude...
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The B* — [KTK 77" |pK* decay mode

Martin Tat

Amplitude

lex|

arg(cx) [rad]

Fit fraction [%)]

D° — [$(1020)(p — w)°] =0
D" — K (1400) T K~

0 5 (K~ 7] Lol K
D — K{(1270)* K~
D° — [K*(892)°K*(892)°) 1o
D — K*(1680)°[K~m*

— [K7(892)° K" (892)°] L1
D° — K;1(1270) K+
D’ = [K*K ™| —[n 7 |1=0
D° — K1(1400) K+
D° — [K*(1680)°K*(892)°] =0
D° — [K*(1680)° K" (892)°] =1
D" — K*(1680)°[K *7~|1—0
= [6(1020)(p — )] =2

DO — [K*(892)°K*(892)%] -2
D — $(1020)[x* 7 -0
D — [K*(1680)° K *(892)°]
D" — [$(1020)p(1450)°] 1
D — ag(980)° f5(1270)°
DO — ay(1260) 7~
D" — ay(1260) 7t
D" = [6(1020)(p — w)°| =1
DO — [K*(1680)°K*(892)°] 1.—o

0 — [K¥ K |p—o(p — w)°
I_)" — [6(1020) f2(1270)°] . —,

— [K*(892)°K5(1430)°) =y

1 (fixed)
0.614£0.011 £ 0.031
0.282+0.004 = 0.008
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... and | really mean a lot of resonances!

iversity of Oxford)
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The B* — [KTK 77" |pK* decay mode

Our equations suddenly become a lot more complicated
Apo(®) now depends on a 5D phase space point ¢

Defining A5, = rDei‘SDADo, rp and dp are now also functions of ®!

/ o \Do
Agrgell ‘SB“/)\) DOK_ (¢)316D(¢)AD0(¢)

].A(B_)|20< 1+ rér%(CD) + 2rgrp(®) cos(dg — v + 0p(P))
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The B* — [KTK 77~ |pK* decay mode

rp(®) and dp(P) can be predicted using the LHCb
amplitude model

However, there are many reasons why we should not do this:

rp(®) can be measured directly in data at LHCb

Amplitude models are just models, which may not reflect reality

In fact, the model is fitted to data that knows nothing about dp(®)

© 0 ©0 o

It is impossible to assign an objective error to a model!

We wish to do a model independent measurement
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Binned analysis of the D — KTK~ 777~ mode

Binned analysis of the D — K"K 7 n~
mode

Martin Tat (University of Oxford) BE 5 [KTK—ntn—]ph 9th February 2023 25 /80



Binned analysis of the D — K™K~ 77~ mode

@ Solution: Split phase space into bins, labelled by i =1, 2, ...
@ Study the CP asymmetry separately in each bin

e For the decays D° — K2n"n~ and K2K™ K™, the binning scheme
may be visualised on a Dalitz plot
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Binned analysis of the D — KTK~ 777~ mode

% %
o >
s >
[ [
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Can you find the asymmetries?
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Binned analysis of the D — KTK~ 777~ mode

Back to rate equation:
JA(B™)]? < 1+ rgrd
+ 2rgrp(cos(ég — ) cos(dp) — sin(dp — ) sin(dp))
Integrate rate over a local region ®;, which we call bin /:
N « F; + rgF;

+ 2rg\/ FiFi( cos(6g — v)ci — sin(g — 7)si)

Amplitude averaged strong phase
_ Jid®|ApollA s lcos(dp(®))

=
VT O A2 [ ddlA 52
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Binned analysis of the D — KTK~ 777~ mode

To “decouple” the interference effects in B and B~
define the CP violating observables

xg = rgcos(dg £7), y+ =rgsin(dg £7)

Our final equation, which relates the CP observables to
experimentally measured vyields, is

NfocF;+r§/:_;+2 F;/:_i(XfCi*nyi)

Amplitude averaged strong phase
_ Jid®lApollA sz lcos(dp(®))

| =

VT dOLA0 R [ Aol A 52
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Binned analysis of the D — KTK~ 777~ mode

Bin yield

N~ o Fj + rgFi + 24/ FiFi(x_ci — y_si)

The strategy for measuring v is now clear:
© Measure bin yields N in BY — [K*K~nF 7~ |pK™ decays
@ Do a likelihood maximisation to determine F;, F;, ¢;, sj, x. and Vet
© From xy and y., extract rg, dg and ~y

@ Publish new measurement of !
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Strong phase input from charm factories

Strong phase input from charm factories
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Strong phase input from charm factories

Unfortunately, it is unlikely that this fit will converge...
Sensitivity to ¢; and s; is very limited with current statistics
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Strong phase input from charm factories

Unfortunately, it is unlikely that this fit will converge...
Sensitivity to ¢; and s; is very limited with current statistics

Instead, we can join forces with BESIII and measure ¢; and s; directly

s + BESII

This has never been done for D° — K*K—ntn—
More on this later!
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Constraining F; with B* — Dz™

Constraining F; with B¥ — D7™
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Constraining F; with B* — Dz™

@ The fractional bin yields F; are yields in the abscence of CP violation
@ In principle we can measure these directly at both LHCb and BESIII
Four strategies:

@ Calculate from amplitude model
@ Measure in B~ — DO,LL_Z/_M at LHCb
© Measure with flavour tagged D° decays at BESIII

© Measure in B¥ — Drt

Martin Tat (University of Oxford) = [KTK—ntn—]ph 9th February 2023



Constraining F; with B* — Dz™

@ The fractional bin yields F; are yields in the abscence of CP violation
@ In principle we can measure these directly at both LHCb and BESIII
Four strategies:

Q Caledlate from—amplitude-meodel Avoid model dependence
@ Measure in B~ — DO,LL_Z/_M at LHCb
© Measure with flavour tagged D° decays at BESIII

© Measure in B¥ — Drt
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Constraining F; with B* — Dz™

@ The fractional bin yields F; are yields in the abscence of CP violation

@ In principle we can measure these directly at both LHCb and BESIII

Four strategies:

Q Caledlate from—amplitude-meodel Avoid model dependence
Q MeasureinB——DPY—17at LHCh  Different acceptance effects
© Measurewith-flavourtagged-DY decays-at BESH

© Measure in B¥ — Drt
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Constraining F; with B* — Dz™

@ The fractional bin yields F; are yields in the abscence of CP violation

@ In principle we can measure these directly at both LHCb and BESIII

Four strategies:

Q Caledlate from—amplitude-meodel Avoid model dependence

Q MeasureinB——DPY—17at LHCh  Different acceptance effects
© Measure-with-flaveur-tagged-D % decays-at- BESH

© Measure in BT — Dr*  Small CPV effects?
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Constraining F; with B* — Dz™

@ The fractional bin yields F; are yields in the abscence of CP violation

@ In principle we can measure these directly at both LHCb and BESIII

Four strategies:

Q Caledlate from—amplitude-meodel Avoid model dependence

Q MeasureinB——DPY—17at LHCh  Different acceptance effects
© Measure-with-flaveur-tagged-D % decays-at- BESH

© Measure in BT — Dr*  Small CPV effects?

No problem, include B¥ — Dz as a signal channel
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Constraining F; with B* — Dz™

e B* — Dn¥ has an identical topology to B* — DK®*

CPV effects are highly suppressed because rB7r ~ 0.005
@ Branching fraction more than 10 times larger

As a signal channel, we add another 4 free parameters to our fit:

xf”—r,?”cos(&@”—v), yiD —rB sm<6 7)

Martin Tat (University of Oxford) = [KTK—ntn—]ph 9th February 2023



Constraining F; with B* — Dz™

To avoid degeneracy, reduce this to 2 additional parameters using this
parameterisation:

D ,iéB™
rg"e'’s

xe =Re(§), ye=1Im(§), &=

DK ,idEK
rge'’s
In summary:

@ Both B* — DK* and B* — Dr™ are signal channels, with xPX,
yiDK, x¢ and yg as CP observables

@ BT — DKT has lower statistics, but higher CPV effects

©@ B* — DnT has higher statistics and constrain F; in the fit, but
sensitivity to CPV is limited
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Binning scheme
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We need to split the phase space into bins

But how do we navigate through a 5D space? How do we decide on
the bin boundaries?

Let the amplitude model guide us!
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Binning scheme

Back to the amplitude averaged strong phase:
o J; d®| Apo||Apolcos(dp(P))

VS A0 Apo [ Al Az 2

@ If the strong phase varies significantly within a bin, the interference
effects will be diluted when integrating

@ We need to group regions of similar strong phase into the same bin

@ This was done for th+h_, resulting in colourful “butterfly” plots

3.0 T
8 &
g
25 7 )
6 BT
20 z
5E
15 1z E
3
10
2
05 1
05 10 1 20 25 30
m3 1

0
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Binning scheme

Back to our yield formula:
Ni_ x Fi + réF’,— +2 F,'F_,'(X_C,' — y_s,-)
o In the charm system, CP is (approximately) conserved, so each D°
decay has a corresponding identical CP conjugated decay
@ Split each bin i into two “CP mirror bins", labelled by +i
e In K2h+h‘, this is indicated by the black symmetry line

e Under CP, §p — —0p, so ¢; — ¢; and s; — —s;

30
25
. H
5 :
&
5

05 10 L5 20 25 3 2 i 18
m? [GeV2/cl] m? [GeV/c*]

7

[GeV2/cf]
- W\hi
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A binning scheme must satisfy the following:
@ Minimal dilution of strong phases when integrating over bins
o Enhance interference between B — DOK* and BT — DOK=

How to bin a 5-dimensional phase space?

@ For each B* candidate, use the amplitude model to calculate

A(DO)
A(DY)

i0p

= rpe

@ Split dp into uniformly spaced bins
© Use the symmetry line rp = 1 to separate bin 4/ from —i

@ Optimise the binning scheme by adjusting the bin boundaries in §p
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In(ry)

[Bin number|
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@ =0.90
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Mass fits and yield extraction

Mass fits and yield extraction
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Mass fits and yield extraction

In the end, this analysis is a counting experiment

Counting strategy:
@ Perform a “global fit" of all B candidates

@ Fix all shape parameters
@ Sort B* candidates by charge and bins
@ Perform a “CP fit" simultaneously, but only let bin yields float

© From the bin yields, determine XfK, ny, x¢ and ye
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Mass fits and yield extraction

G T o E ! B .DK* E

3 e E e b ot
armless 3] -1 e D — K 777771[ 17°]

s — D K] L 9fb =B’ D (=D [7])h* =

Q — 'B.E g{’;]])):‘r E — B ~D (D[] I*

© — B* :D’(:D ynht g - —_ gi ADD“h(’Frg oo

Z — B D7 3 — 4000 —— Combinatoria E
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Signal yield:

B* — DK*: 3026 + 38
B* — Drt: 44349 +218
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Mass fits and yield extraction

CP fit setup

@ No measurement of ¢; and s; available yet, use model predictions
@ Fix mass shape from global fit

@ Split by B charge and D phase space bins (64 categories)

© CP observables xPX, yPK ngﬂ y£D7r (6 parameters )
@ Fractional bin ylelds Fi (15 parameters)
© Low mass and combinatorial background (128 parameters)

@ Yield normalisation (4 parameters)

In total: 153 free parameters
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CP fit results and ~

CP fit results and ~y
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Fractional bin asymmetries

‘2\ FT T T T T T T T T T T T T T L
ko] L ]
R E
% C ]
2 o 4-- ]
-0.2 | ]

[ —4— Dat:
-0.4 N Fit grojection ]
| — — NoCPV prediction E
-06F B*_.DK* | 7
L1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
8-76-54-32-112345678
Bin number

(a) B — DK*

Asymmetry
o
o

-0.05 [ —e— Data T
N Fit projection
I — — NoCPV prediction
-01F R
I B*-Dnr*

E I
8-76-5-4-3-2-11

(b) B = Dr*

23456738

Bin number

@ Useful cross check to compare measured bin asymmetries against bin
asymmetries predicted by the fitted CP observables

@ The BT — DK* mode show non-zero bin asymmetries, and the
non-trivial distribution is driven by the change in strong phases across

phase space
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CP fit results

N4 N F T T T 71 K . 1 T T T LI
1 L ] o ]
EN 01F Bf.DK* LHCb 1 ke 01 B*-Dm* LHCb 7
E 9fb? 7 E 9fb? ]
0.05F 3 0.05F e
oF E oF B
-0.05f- 4 -oosf E
-0.1F B* B" ] -0.1fF -
Ly I I I N L. I I I -

-0.2 -0.1 0 0.1 -0.1 -0.05 0 0.05 0.1
XoK xer

(a) x2¥ vs y 2K (b) xP7 vs y2"
XEK = rg cos(dg £ )

yPK — rgsin(0p £ 7)

e The B* — DK® contours are distinct, indicating CP violation
e The BT — Dn® mode has very low sensitivity to CP violation
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Interpretation of

We can interpret our CP observables in terms of the
physics parameters ~, 5DK, rgﬂ, 5@”

v = (11673)°,
K _ (81+14)O,

0.020
= 0.110%5 050,
5D7r = (298+118)07

+0.0054
However, the latest v and charm combination result is:

— (63.8737)°

What went wrong?!
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Interpretation of ~y

Do we trust the model predicted ¢; and s;, or their uncertainties? No!
Let's go and measure ¢; and s; at BESIII!
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Strong phase analysis of D° — K*K~7"7~ at BESIII

Strong phase analysis of
D — K*K—n"xm— at BESIII
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Strong phase analysis of D° — K*K~7"7~ at BESIII

o BESIII: Beijing Spectrometer Ill, a detector at the Beijing
Electron-Positron Collider Il, located at IHEP
o ete™ collider at the ¢(3770) — D°DP threshold

e 2010-2011: 3fb~!

e 2022: 5fb~!
o Expect 20fb~! in total by end of 2024
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Strong phase analysis of D° — K*K~7"7~ at BESIII

@ Double-tag analysis: Reconstruct signal (KK7m) and tag mode
e DODO pair is quantum correlated

(3770)

Do - > Do

e Equivalently, we can consider Dy D_

o DL = \}E(DO + DO) are CP eigenstates

»(3770)

Dy -t > D_

The DD pair is quantum correlated, spooky action at a distance!
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Strong-phase in quantum correlated DO DO decays

@ Tag mode can be a flavour tag

o K7t Ktntnl, K—ntn—nt, K-etu,

KT
K~ K~
nt nt
i

Flavour tags do not exhibit quantum correlation effects
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Strong-phases in quantum correlated DO DO decays

@ Tag mode can be a CP even tag

o KK, mmr, mrm®, Ksmon0, Kin°, Kiw

K+
K~ K~
nt Kt
—

D — Kt K—, which is CP even, forces D — K*K~nt 7~ to be CP odd
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Strong-phase in quantum correlated DO DO decays

@ Tag mode can be a CP odd tag
o Ksm® Ksw, Ksn, Ksn', K mm®

K+
K~ Ks
7wt 70
-

D — K279, which is CP odd, forces D — K™K~ n7~ to be CP even
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ng phase analysis of D° — KTK~n*t7~ at BESIII

Quantum correlation can modify the effective branching fraction:
NDT

T = B(D° — KKnm)(1+ c1)

Kio ——
Kn'(x*n)
Ken'(p°y)
Kgn —_——————

Kosno ——

b —o—

o —e—— —4— DT/ST yield ratio
K3n0no ——

Km0  —e— F, fit projection

KK, o i e lbnn ol

0 1 2 3 4 s e 7 8 g
Effective BF(D—K'Kw) (109)

arXiv:2212.06489

c1 is the cosine of the strong phase, averaged over the whole phase space
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Strong phase analysis of D° — K*K~7"7~ at BESIII

Our next task is to change the phase space inclusive analysis,
NDT
NST
NDT 0
NST =B(D° — KKrrr)(1+c1) (CP tag)

into a binned phase space analysis:

=B(D° — KKrr) (flavour tag)

NPT

N’ST =B(D° — KKrr)F; (flavour tag)

NDT _ _

T =B(D° — KK7r)(F; + F; £ 21/ FiFic;)  (CP tag)

© F;: Measure using flavour tags
@ c¢;: Determine from asymmetry of CP even and odd tags
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Strong phase analysis of D° — K*K~7"7~ at BESIII

Our next task is to change the phase space inclusive analysis,
NDT
NST
NDT 0
NST =B(D° — KKrrr)(1+c1) (CP tag)
into a binned phase space analysis:

=B(D° — KKrr) (flavour tag)

NPT

N’ST =B(D° — KKrr)F; (flavour tag)

NDT _ _

T =B(D° — KK7r)(F; + F; £ 21/ FiFic;)  (CP tag)

© F;: Measure using flavour tags
@ c¢;: Determine from asymmetry of CP even and odd tags

© s;: Analogous to ¢;, but requires binning of tag mode
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Strong phase analysis of D° — K*K~7"7~ at BESIII

Our next task is to change the phase space inclusive analysis,

NDT

NST = -
NDT
into a binned ce analysis
NPT
NST - (DO
NPT _
75T =B(D° (Fi + F; £21/FiFic;) (CP tag)

© F;: Measure using "\our tags
@ c¢;: Determine from asymmetry of CP even and odd tags

© s;: Analogous to ¢;, but requires binning of tag mode
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Summary and conclusion

© | have presented a CPV study of B* — [K*K~ntn|ph*

@ Multi-body decays, such as D° — KT K~xT7~, have a great
potential for measuring ~y

© The optimised binning scheme, developed with an amplitude model,
successfully identified regions with large, local CP asymmetries

| Making binning
.| scheme with

© However, amplitude model amplitude model

predictions of dp

should not be trusted Predicting strong

| phases with
1 amplitude model
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Summary and conclusion

© The fit results, using model predicted strong phases, were found to
have a 30 tension with the current LHCb combination

@ External inputs from charm factories, such as BESIII, are crucial to
constrain charm strong phases

@ Combined, the LHCb and BESIII analyses will lead to the first model
independent measurement of  in this channel

© Work is ongoing in similar four-body modes:

o D = ptp—gta—
o DV — Kg7r+7r_7r°

Thanks for your attention!
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Backup slides

Backup slides
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The LHCb detector

The LHCb detector
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The LHCb detector

LHCb: A beauty experiment with a lot of charm
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The LHCb detector

VELQO: Vertex locator to reconstruct B and D vertices
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The LHCb detector

RICH: Identify B and D daughter particles
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Event selection

Event selection
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Event selection

Decay topology

Look for:
© 5 charged tracks
@ Displaced B vertex

© 1 bachelor track with
good PID information

@ Displaced D vertex with / D

invariant mass within
25 MeV of the D° mass IP
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Event selection

Offline selection has 3 stages

Initial cuts:
@ Invariant D and B mass cuts
@ Momentum and RICH requirements
Boosted Decision Tree (BDT)
@ Signal sample: Simulation samples
@ Background sample: Upper B mass sideband
@ 28 variables describing kinematics, impact parameters, vertex quality
Final selection
@ D Flight distance
@ Particle ldentification of bachelor
() Kg veto
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Event selection

TMVA o aining check for classifier: BDTG

3 o, LW Signal (testsample) ' " | | - ‘Sighal (training sample) '
= 20 H ) Background (test sample) Background (training sample)
2 18 E Kolmogorov-Smirnov test: signal (background) probability = 0.178 ( 0.02)
< gy
14 3 2
e s
12 7 s
10 ] 2
E Q)
8 — S
6]
= G
4 &
2 3 H
0 F e T SN DTN S SO IS B £
- -0.8 -0.6 -0.4 -0.2 (] 0.2 0.4 0.6 0.8 1

BDTG response

BDT is highly efficient at rejecting combinatorial background
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Event selection

TMVA overtraining check for classifier: BDTG

W Signal (test sample) ! - 'sighal (training sample) '
") Background (test sample) Background (training sample)

olmogorov-Smirnov test: signal (background) probability = 0.182 ( 0.02)

10

(1/N) dN / dx

10 &

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
BDTG response

Very important, combinatorial background is large in multi-body decays
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Event selection

B* - DK*invariant mass
x10°

Candidates

200

150

100

50

PR NS U N NN SR (T SR H H S S R T
5100 5200 5300 5400 5500 5600 5700
m(DK?) (MeV/c?)

The invariant B mass, after online selection, show no visible signal...
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Event selection

[%]
i)
1]
°
k=
=
I
O

B* - DK*invariant mass

1000

800
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400
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obl v o L L L L |
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... but the BDT does a great job cleaning this up!
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