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e (P symmetry and violation

e TheD® » KoK *nt decay

* The data sample

e The PDF

e The Amplitude Model

* Hypothesis testing (LMP, test statistic, properties)
* Point estimation (MM, estimator, properties)

* Monte Carlo

‘ Disclaimer

This is a simplified version of the actual analysis. The following topics won’t be analysed in full details

RS and WS decay channel difference e Background
e Systematic uncertainties e Efficiency
* Resonances e Parameters cross-talk
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CP symmetry and its violation
‘ CP symmetry

It is defined as the invariance of fundamental interactions under the combined
symmetry transformations of charge conjugation (C) and parity inversion (P)

" CP violation

Laws of physics are NOT the same if a particle is interchanged with the
corresponding antiparticle while its spatial coordinates are inverted
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CP symmetry and its violation

‘ CP symmetry

It is defined as the invariance of fundamental interactions under the combined
symmetry transformations of charge conjugation (C) and parity inversion (P)

" CP violation

In short: particles and antiparticles behave differently
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CP symmetry and its violation
‘ CP symmetry

It is defined as the invariance of fundamental interactions under the combined
symmetry transformations of charge conjugation (C) and parity inversion (P)

" CP violation

In short: particles and antiparticles behave differently

" perticle Aniparticle

D° > KKt  F Do KIKtmo
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The D° —» KK *r® decay channel
T Pt

D° - KK mt D° - KK m™

- -

ote:

 They are three-body decays
* (Can be displayed by a Dalitz Plot
* May present resonances

p17 m]_

P,M Py, My

P3, Mg ol b
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The data sample
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e LHCb Run2(2016-2018)
e N = 900K events
e Background < 4,5%

* Toy data (analysis is blinded)
 Many interfering resonances

Statistics — PhD 39° ciclo | Statistical methods for the search for CP violation in D° — K59K$7Ii decays | 17 December 2024



The data sample
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The data sample
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| Datasample m2__, [GeV¥c4] m2__, [GeV¥ct]
e LHCb Run 2 (2016-2018)
oal
N = 900K events ;
 Background < 4,5% Search for any statistically significant l PDF needed
* Toy data (analysis is blinded) differences between the two data %

 Many interfering resonances that are related to CP violation
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The PDF: derivation

X=(x) 197 flavour D°, D° q € {+1}
’ x = Dalitz plot position x € Q

| | | | | |
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014 0.6 OI.8 11() ]!2 114 116 1.8 2.0
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The PDF: derivation

PDF

1+q _ 1—-q
P10 = {ap(x|D)} 2 {(1 — )p(x|D°)} 2

X =(q,x)

Proof

q € {£1}

q = flavour D, D°
x € ()

x = Dalitz plot position

Pir10X) = prnalgx) =p(@ E{xlinx € Q) =
= Py (@palxlg) =

P(DO)p(x|D°) q=+1 _

[POOP(ID®) q=-1

(ap(x|D?) q=+1_
(1-a)p(x|D°) q=-1

= {ap(x|DO)}th—q{(1 _ a)p(x|ﬁ°)}¥

Statistics — PhD 39° ciclo |

Statistical methods for the search for CP violation in D® » KOK Tt decays

[GeV?/ 4]

2.0

1.8
1.6

K
o 1.4

S

1.2
1.0
0.8
0.6
0.4

—_
]
I

)
<
T

0.4

| | | | |
04 06 08 1.0 1.2 1.4 1.6 1.8 2.0 °

m2_[GeV¥/ct]

| | | | |
04 06 08 1.0 12 1.4 1.6 1.8 2.0 °

m_ [GeV?/c*]

P(A,B) = P(A n B) joint probability

P(A,B)
P(A)

P(B|A) =

q=+1-D%°, g=-1-D°

P(D) =a, PDD=1-a«

conditional probability

a = global asymmetry « € [0,1]

Rearrange
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Prx1pa(X) = {aP(XIDO)} {(1 - a)p(XIDO)}

X=(qx |97 favourD®D® —qe{tl}
) x = Dalitz plot position x € Q il
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EXDE

The red terms can be interpreted as a Bernoulli The green terms are the flavour specific PDF of
distribution where is the success probability the data Dalitz plot distribution
flg;a) =a -z pa(xlq = +1) = p(x|D°)
PD)=a P(D®)=1-a pa(xlq = —1) = p(x|D°)

m2_[GeV¥/ct] m_ [GeV?/c*]

L2

‘ To be defined 1\/
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The PDF: amplitude model from LHCb Run 1
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2 e :
, * x=(m&, Myg,,) Position in the Dalitz plot
E ape'Pr My (x)

R

AKQﬁni (x) = e(x) e The sum runs over 2-body intermediate resonances R

o Mz(x) is the matrix element, £(x) is the efficiency model

LHCb collaboration, R. Aaij et al., “Studies of the resonance structure in D° — I(S(’I($7TJ—r decays”, [PRD.93.052018]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.052018

The PDF: flavour specific PDFs
PV paromeres

The amplitude model can be re-parametrized using

2
S . 0
pa(x|q) = pi(x;0) = e(x) Z ag(1 + Aag)e PrREAPRI AL, (x) {go : T
R
So, 8 = (Aa, A¢)y are the set of CP-violating parameters.
e Asearch for CPV must deal with these 2N, parameters
o Agpis afunction of 8 = (Aa, Ad)g
‘ Linear approximation
Since CPV is expected to be small, the pJ_r(x; 5) can be expanded in 0 =0as
ps(x:8) = FOI £ ) 29,00 +0(62)
€6
where
S = 0 S
() = pi(x; H)L _=p(x;0) gy (x) = —p+(x,0)
9=0 aX 6=6
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The PDF: final form

PDF

1+q Lo 1q
p(q,xa,0)={ap.(x;0)} * {1 —a)p_(x;6)} 2
e g = flavour D°,D° and q € {+1}
« x = Dalitz plot position and x € Q
 «a = global asymmetry and a € [0,1] ‘
° Pz (x; 9) =fl) X 1e6 X9x (x) linear approximation The search for CP violation may be

carried out through:
* Hypothesis testing

- Point estimation of § = (Aq, Ap)r
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Hypothesis test
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Hypothesis testing: LMP test
. test

The search for CPV can interpreted as a hypothesis test
* Hy = CP conservation
« H, = CP violation
Considering that:

* H, depends on 6 and is not simple
* Predictions say CPV~0
the most convenient test is the Locally Most Powerful (LMP) test

P st

* Itcan be used when Hy~H4
* Itis the most powerful test V6 € 1(50)
* Foradataset X of N observations, the test statistic is

tX()_()) =s(y) ‘5:6 = —logﬁg(g) ) Vy € 6

6
6

H
ol Ol
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Hypothesis testing: test statistic
‘ Likelihood

1+q , _1g
LX(H, a) = {aL+(9|x)} 2 {(1 — a)L_(0|x)} 2
- Li(g? |x) = f(x) + erg X9, (x) linear approximation
- f€ 1(50 =6) and «a € [0,1]

ty(X)

1+q

t(X)=s00 |, —logLX(e) =
6=0
1+q;

—lnl_[[aﬁ+(9|xl)] : (1—a)L_(§|xi)]%

6=0

_ Z (1 + Cli> 9y (x;) _ (1 — ql-) 9y (x:)
&\ 2 )G+ X 5P gy () 2 )fGa) =X, 59y ()

6=0
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Hypothesis testing: properties
L 50

The test statistic tX(X) is

= g,(0)
0= 2,40
i=1

| tonr(@)

At fixed a, the threshold t;;-(a) is given by

+ 00
a is the
j P(t)(“'lo) dt)( = a significance
tnr(a) level

| pow(n)

At given y, he power pow(y) is given by
+ 00

pow(y) = p(t)(lHl) dt)(

tenr(a@)
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* X = Adk.(go)°
* p(tylHp) = xo = 0°
. P(tX|H1) - x1 = 1.5°
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Point estimation
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Point estimation: MM estimator

‘ Method of Moments
‘ MLE vs MM In its most general form, the MM states that
(

Given the complexity of the p(q, X;Q, 5) EIVar[tX(jc)] and it is finite
* the Maximum Likelihood Estimator if Vvyeeo -« hx(e) - E[tx(x)]
(MLE) is unfeasible Elh)?1 inverse of hx(é) atleast V@ € 1(50)
* the Method of Moments (MM) could J\
be useful then any y € 6 can be estimated using the estimator defined as
N
A o |1
£y (X) =h~" ﬁz ty (Xi)
i=1
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Point estimation: MM estimator
[ Wethod of Vomerts

‘ MLE vs MM In its most general form, the MM states that
(

Given the complexity of the p(q, X;Q, 5) ) EIVar[tX(jc)] e, 12 1 e
* the Maximum Likelihood Estimator if Vvyeeo -« hX(H) - E[tx(x)]
(MLE) is unfeasible Elh)?1 inverse of hx(g) atleast V@ € 1(50)
* the Method of Moments (MM) could S\
be useful then any y € 6 can be estimated using the estimator defined as
N
A o |1
£y (X) =h~" Nz ty (Xi)

i=1

L stisic

Let’s look at the properties of the LMP statistic The coefficients are:

0= T - [ 205
tX(X)_qf(x) ﬂ MM is satisfied AX‘PZJQ ) dx

. E[t)(] — AX¢H¢ B — j g)((x)gtp(x) dx
o Cov[ty, ty] = Ayy + (2a — 1)B,ye — E[t, |E[ty] s = f@)
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Point estimation: estimator

esimor

Defined A = (Axw) 7 and B = (wag)xw £cB -, the MM estimator is given by

N
B 1 gzp(xl)
X(X) NA z f(xl) o COV[t)(; tl/)] 1 IIJ[A\XIP + (2a - DIBXI/}EH{] (A 1/J)

. Elt,] =9,

Crroertes

The estimator is

* Asymptotically normally distributed
* Consistent

* Unbiased j
* Highly efficient (¢ > 91%)
* Properties proved analytically

‘ Good Estimator!
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Point estimation: Monte Carlo simulation

x10~
Method = 70 0= 0.0455 =
; < a0 ho ol <
1. Inject CPV in the model through a 3, ) B
selected y € 6 =4 M: 2
2. Generate two random samples = “ =
S, (D°) and S_(D?) :
3. Evaluate fg using its definition +
10
A = gll)(xl) E|H.‘|.‘.‘|.‘
t,(X)=— 2 3
) =54 2,97 o)
4. Repeat 5900 tlmes to obtain = 8 S asfm Ao =075
P(fx; a,H) < T < 3.07*“’ =1 Mg =225
5. Vary y and a over the expected &% SE S Ll
theoretical and experimental ranges > 205 | {{ |
4r 1.5+ s
- R
| Example > o2 I O O O N
2 0.5 | |
* X = Adg.(go2)° IF 0.0¢ } % } }I {
e Same results for other parameters N R T S S S R 0 2 4 6 8 10
Aqu [°] G.Asym. %)
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Point estimation: Monte Carlo Simulation

=T

The numerical analysis validates the

estimator’s properties:

* The asymptotic normality of
p(fx; a, 5) implies £, consistency

e The linear fit coincides with the
bisector. This implies £, unbiasedness

* The variance obtained from the fit is
equal to the analytical prediction. The
f)( high efficiency is confirmed

e The E[fx] shows no dependence
from the global asymmetry a

Eomple

* X = Adgi(go2)°
 Same results for other parameters
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Thank you for your
attention
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