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N  [Introduction

< Why do we study flavour physics?
< Neutral mesons mixing and known CP asymmetries values
Part 1 <> Reconstruction of charm particles in the LHCb detector

« The examples of the LHCb measurements

< The first evidence of nonzero CP asymmetry in a specific charm
meson decay

<> CP violation measurements in three-body charm baryons
> Selection criteria of 5> pK~nt and A -» pKn™

Part 2 » Mass distributions and statistics

» The binned and unbinned results in control decays

» Energy Test method

» Kernel Density Estimation technique
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Why do we study flavour physics at hadronic machines?

The Standard Model is a theory which describes “well” existed data,
but there are many phenomena which are not understood:

» Why are there three fermion generations? Only three?
» Hierarchy in Yukawa couplings?

» CP violation in quark sector is too small to explain the matter-antimatter
asymmetry in the universe. Are there other sources of CP violation?

» April '22: the measured W mass is different from the SM calculations!
(CDF collaboration)
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Why do we study flavour physics at hadronic machines?

» December '22:
The lepton universality story

The LHCb measures agreement
with the Standard Model
curbing earlier enthusiasm

* Is there physics beyond
the Standard Model?

CP violation in charm meson and baryon decays
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Why do we study flavour physics at hadronic machines?

* Flavour physics provides a unique window into new physics through indirect
searches (potentially sensitive to higher energy scales than direct searches)

» finding disagreement (in the LHCDb) will be indirect indication of new
phenomena existence

 Measurements of CP asymmetries in charm sector are very promising for
searches for new physics signals
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Neutral mesons mixing (oscillation)

« Neutral mesons can change (oscillate) into their own antiparticles, as the mass
eigenstates are linear combinations of the flavour eigenstates

(o) =[G ) -3 (e B)] (3)

|D1,2) = p|D°) £ ¢| D°)

Mass eigenstates are different from flavour eigenstates

« The flavour-changing neutral currents do not occur at tree level in the SM

* They allow for hypothetical g W el
particles of arbitrarily high mass d| e d _
to contribute significantly Do s4 fys Do
to the process c— D T b 1

« This can affect the mixing of mesons and antimesons such that measurements
of these processes can probe physics beyond the SM

31/03/2023
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Neutral mesons mixing LHCh

Two parameters describe mixing: mass difference x and decay with difference y

— mo—m1 __ Am — I'x—-I'y _ ATl
== =77 Y= "o T ar
experiment theory

7\ 7\

|D1,2) = p| D°) £ ¢| D)

experiment theory

2
Am = MH — ML = Q‘Mlg‘(l + % ||11;41122|73in2¢ + )
AF:PH —I'y :2|F12‘COSQ§(1— 12

weak phase (CP-violating phase): ¢ = arg(—Mi2/T'12)
If 0 or |p/g| 1 then CP violation occurs

x (Am), y (AT'), ¢ — measured experimentally
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Neutral meson mixing: very different systems!
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CP asymmetry values are also

K° — KO —0.946 + 0.004 0.99650 + 0.00001 i d ! _
DU o (4.091348)x10"3 (615+056)x10-3 significantly different in beauty
BY — B —0.769 + 0.004 (0i1 EI0 1) <1052 and charm systems

B? — B? 26.89 + 0.07 (12.9 £ 0.6)x1072
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CP asymmetries: very different values!

* Local CP violation is ~75% in B* —» n*nn*
The largest CP asymmetry ever observed!

(LHCb-PAPER-2021-049)

@ 1 1 1 L 1 L T T T T T T T
Q i N
> 1 - data (b) .
S 1 ’|'+ —— model ] ) )
3 — B - CP violation is
e ” --- combinatorial ] clearly seen
8 - B - 4-body 1
g -Bt o K‘*n*n !
= Y
E Wﬁ'ﬁz,
5.2 5.4 5.6 52 54
m(n ) [GeV/e] m(TTH ) [GeV/c?-]
* |n charm sector:
o inthe SM, the expected CP violation is very small < 1074 - 1073

o the LHCb measurement (PRL 122 (2019) 211803 )
AAcp = Acp(KTK™) — Agp(nTn™) = (—1.54 £ 0.29) - 1073
o new physics contributions can enhance CP violation up to 10-2

Int.J.Mod.Phys.A21(2006)5381 ;
Ann.Rev.Nucl.Part.Sci.58(2008)249
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LHCb: charming and beautiful experiment

The LHCb detector in Run 1 and Run 2 (2011-2018)

% LHCDb Detector
Weight: 5,600 tonnes
Height: 10 m
Length: 20 m
< 50 " e
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Tracking

Station
Dipole
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Detector in the forward region (2<n<5):

JINST 3 S08005

Electromagnetic
Calorimeter

Muon

Hadronic ~ Stations

Tracking Calorimeter

Stations

» excellent particle identification for for 1 and K (misidentification < 5%)

» very good momentum resolution (0.4 - 1.0%)

CP violation in charm meson and baryon decays

excellent IP resolution (11+23.6/pt um) and very good decay time resolution (~45fs)

31/03/2023



Factory of beauty and charm particles

In the LHCb acceptance:

o(bb) = 75.3 £ 5.4+ 13.0 ub

Phys.Lett.B694 (2010) 209-216

o(ce) = 1419+ 124+ 116 ub ~ 20 x o (bb)
Nucl.Phys.B871 (2013) 1

o(cc) = 2369 £ 3 + 152 pub

JHEP 05 (2017) 074

Integrated Recorded Luminosity (1/fb)

o
w
|

(v/s=7TeV)  Run1 (2011-2012): 3/fb

(v/s =13 TeV)

2022 (6.8 TeV): 0.82 /b
2018 (6.5 TeV): 2.19 /b
2017 (6.5+2.51 TeV): 1.71 /fb + 0.10 /fb
2016 (6.5 TeV): 1.67 /b
2015 (6.5 TeV): 0.33 /b

2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 1.1 fib
2010 (3.5 TeV): 0.04 /b

CP violation in charm meson and baryon decays

Month of year

(/s =7 TeV) Run1(2011-2012)

Run 2 (2015-2018): 6/fb

)12
2017

For each 1/fb:

~28k  B% — Jhy(un) $(K'K)
~2M  D** — DY(—K'K*) n*
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Not just a flavour physics experiment

More than 600 papers!

 Mixing and CP violation in B decays
 Rare B/D/K decays

e Charm decays

o]
o
|

~
o
1

[=)]
o
1

» Semileptonic B decays

w
o
!

* Spectroscopy and exotic hadrons

Published Papers
-
o

W
o
|

« Hadron production

« Heavy ion physics, fixed target with SMOG

10 A

« Electroweak physics, QCD )
2010201120122013201420152016201720182019202020212022
Date

« Exotics (dark matter, long-lived particles)
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« The D°— KK* and D° — mm* decays are used prompt D°
to measure the time integrated CP asymmetry Loyl e

 The measured raw asymmetry A, may be written
as a sum of components that are physics and
detector effects:

KT

N - f)-ND - f)
ND - f)+ ND —>f)

é- Ao (f )}%' QACP(f ))-l-‘ Ap(f )_ Ap(D)
2 r\

Araw(f) =

CP asymmetry The detector asym-
what we want metries of particle
to measure reconstructions

The A...,Ap and Ap are order ~2% or smaller but Agp is smaller than 1073
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The first observation of CP violation in charm

« The detector asymmetries for K"K* and m~r* cancel since the final states are
charge symmetric

« The Ap is independent of the final state and this term cancels in the first order if
we subtract raw asymmetries

AraW(K+K_) Araw( ) —
:AOP(K+K_) AC’P( T )

= (—1.5440.29)-107%  (5.30)

PRL 122 (2019) 211803  AAcp = [adit (K~ K*) — adir (z=nt)] + 2420

pn
[JHEP 1106 (2011) 089]

—~ r ~ 2200¢
%6000; %fg% « 2015-2018, 5.7/fb
> 5000; = 1600 . . .
= 4000l = 1400 * QObservable is mainly sensitive
Z f S 1200F :
< 3000l < 1000 to direct CP asymmetry
g i 2 800} . .
S 2000} g 60 * Indirect CP asymmetry is
- 400

8 100 ‘ 8 200f smaller than 10%

Q05 2010 2015 2020 %05 2010 2015 2020

m(D°z*) [MeV/c?] m(D°z*) [MeV/c?]
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AAcp — bittersweet result LHCh

AAcp = Acp(KTK™) — Acp(ntr™) = (=1.54 £ 0.29) - 1073
PRL 122 (2019) 211803

Two possibilities:

« Acp(K*K™) and Aqp(m*m™) have the same magnitude but different sign
(unlikely today)

« Asymmetries are significantly different:
Acp(K*K™) is a few times smaller then Agp(n*m™)
for example,

“CP violation in D decays to two pseudoscalars: A SM-based calculation”
E. Solomonidi, BEACH 2022 Conference in Cracow

* Nonetheless, to properly determine and investigate the source of potential
CP violation, one has to examine the single asymmetry

CP violation in charm meson and baryon decays 31/03/2023




Measurement of CP asymmetry in D - K°K*

LHCb-PAPER-2022-024, arXiv:2209.03179

« Measuring time integrated asymmetry of single mode is much harder

A(K~KT™) z -—I—AD (Teoe)

« Ap and Ap are determined using control samples with negligible CP asymmetry

K1)~ Gp(D) — Ap(K*) + Ap(r) + Ap(rs,)

K™nn") ~ Ap(D™) — Ap(K™) + Ap(7{) + Ap(my),
K°n") ~ Ap(D*) + A(K”) + Ap(r™),

$7*) ~ Ap(D}) + Ap(r),

ROKY) ~ Ap(DF) + A(R) + Ap(K™).
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Measurement of CP asymmetry in D - K°K*

LHCb-PAPER-2022-024, arXiv:2209.03179

Data from Run 2:

37M of D°— K K* decays

58M of D°— K m* decays
188M of D*— K n*n* decays
6M of D*— KOr* decays
43M of D*,— ¢n* decays
5M of D*— KOK* decays

CP violation in charm meson and baryon decays

x103 x103
o 1800 B ; ; = . A . :
QIGOO r LHCb a D 5 KK+ =X.2500 — LHCb H D —» K—nt 7
c 5.7fb* 1% F 576! ]
S1400 t Data 48 0 t Data 3
81200 - — Fit = 8 — Fit
21000 - Comb. bkg. 21500 - Comb. bkg.
2. 800 | 1 & ]
0 1 %1000 - 7
15 |
= e 1E 50 .
g 200 15
o 0 - | " r " (@) ) L "
2005 2010 2015 2005 2010 2015
m(D%7t) [MeV/c?| m(D7t) [MeV/c?]
x103 x103
5000 FT T T J fA T —F g T © o
g L LHCb D 5 K-rtat > 1090 | LHCb D* — K°r*
2 400 |- 57 ot } Data J< L 5.7 B } Data ]
o . — Fit iy AL — Fit ]
g r 1s r ]
z 3000 - Comb. bkg. | & 4o L Comb. bkg.
o - = r ]
- - n - 4
3 2000 8 ok B
< < r §
3 ¥ ] = C ]
"g 1000 — "% 20 | .
S F | S -
0 L h 0 )
1800 1850 1900 1800 1850 1900
m(K~ntnt) [MeV/c? m(K3nT) [MeV/c?)
&, 1400 P— T T 5. M0F = LA I
= - LHCb D¥ = ¢t 1 - LHCb Df - K°K+
2 1200 | 57 -1 5 1200 5.7 fb~!
S Fo t Data s Foo t Data
o 1000 — Fit 1w ™F — Fit :
=) r 1< N N
= 800 Comb. bkg. § & 80 [ Comb. bkg.
8 » 1 &~ - ]
g 60 18 *F E
= g 15 wf E
o 400 -1 C ]
g F 1% g 1
5200 15 2F E
@) N O C
0 . L 0 ;
1900 1950 2000 1900 1950 2000

m(K~K*+rT) [MeV/c?]

31/03/2023

m(KJK™T) [MeV/c?]




Measurement of CP asymmetry in D° — K°K* rHCh

LHCb-PAPER-2022-024, arXiv:2209.03179

The measured CP asymmetry (Run 2 only):

Acp(K~K*) = [6.8 £ 5.4 (stat) + 1.6 (syst)] x 107* o1
| _ _ —¢— FOCUS
The value is consistent with zero but can be 0 CLEO
subtracted from 4Aqp * T ete
... BaBar

. . L - — CDF
Assuming that CP is conserved in mixing He ,
and in the interference between decay and LHCH S b .
mixing 4Y = I DU B e

<t> E ) Acp(KKY) [1074]
o .d f T el R B B
Acp(f) = af + — - AY; 5 0 5 10

TD

AYg-g+ = AY, v = AY

Ap(KKY) [1077]
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Direct CP asymmetries in D9 - K°K* and D° — n~r*

LHCb-PAPER-2022-024, arXiv:2209.03179

. . . "& B [ ' ' ' [ ' '- ' ' '_1 ' ' ' [ .
Combining Run 1 and Run 2 data: & 0,006 7= LHCD combination, 8.7 LHCb
- =:=x LHCb combination, 3.0 fb ]

d _ —4 ~  + Nodirect CPV ]
a/K_K+ - (7.7 :l: 5.7) >< 10 0.004: ““"’ o :
0.002 - _ E

T (23.2+6.1) x 10~ : -
™ T 0 — "“’,.- "’_, _!_”__x‘“/,.' -
e . —0.002 | Y e :

the uncertainties include systematic C e ]
and statistical contributions ~0.004 = tours hold 68%, 95% CL E
PR A T TN T NN TN T SN NN SR S SR S SR SR TR S

—0.004 -0.002 0 0.002  0.004
g+

The direct CP asymmetries deviate from zero by 1.4 and 3.8 standard
deviations for D° — K°K* and D°— nm*

This is the first evidence for direct CP violation in a specific charm decay

Results departure from U-spin symmetry (a‘}l{—m +ai—,r+ =U)of 2.70
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The first searches for CPVin =z} - pKnt

The E£*, — pK™n* decays are singly Cabibbo-suppressed decays = place
of CP violation in the Standard Model

« Data collected in Run 1,+/s =7 TeV and 8 TeV, L = 3 fb""
[Eur. Phys. J. C80 (2020) 986],

u u u
1 — 7t W+
A=0.22 we L3 -a‘"é:'b
1 ““““““ C ‘. u p
C - S . d
g K <
ol 1 -t d
e W . d = c u
A P 4—
S o u u K-
u u S S

If tree and penguin processes interfere with different phases for
=+ and E; then CP symmetry is broken

* Penguin diagram opens possibilities for new particles exchange

31/03/2023
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The k-nearest neighbour method Luch

1
_ n++n_
T = X Z 2 A0 k) Eur. Phys. J. C80 (2020) 986
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« Results are consistent with CP symmetry, % 5 - ...
] ] 2 1 R7
* Local effect in one region corresponds to 2.70, = “f ‘% o
o 100
* It is worth to continue analysis with Run 2 data.
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| | 0
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Selection - overview LHCh
p

Proton/Kaon/Pion Charm baryon

« PID « Vertex y?/ndof

« ProbNN o IPy?

+ IPy? * Pr

« TRACK GhostProb  DIRA

« momentum « FDy?
* Pseudorapidity n
« Lifetime t

Goal is to maxmize signal reducing background.

S
Figure of Merit: FoM =
J VS + B

S — no. signal candidates, B — no. Background candidates
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Selection process - = IPy* LHCh

An example

S0 T T T T T T T T T T
t i . . i . . . : . . . i §, i IP XZ < 1 0 . | mean = 2468.651 + 0,052
5) 1 § _FoM — 63.38 i nbkg = 270676 + 468
g nsig = 35045 %365
0.8 =
: = 4000 )0 =-0.11084 +0.0025
. IPx2<10 ; '

pl =-0.02052 £0.0029

0.6 E.IPy?<12

siglfrac = 0.63 £0.60

sigmal = 6.4 1.2

2000 [~ h

0.4 &
..‘ Eff = #entries left after cut - | I P
0.2 [ #all entries i | —
. " - i FoM = 63.381093
9 s %
- — T YT S— zslw '
0 10 20 30 (MeV/c?)

et
)
=
o

;i 6000 -—I IP X'Z <' 1I 2,I L —- mean = 2468.643 £ 0.070
L cut | 8 | 10 12 15 [EEEEEEITEY [
':; nsig = 38089 £ 862
S 37k 35k 38k 38k ‘% 4000 0= -0.10967 % 0.0033
>
m

pl =-0.00527 % 0.0055

B 244K 270k 288k 313k

siglfrac = 0.612 £ 0.047

sigmal = 5.38 £0.16

FoM 69 63 67 64 _ [

FoM = 66.714233

Eff ~78% | .

0 Il I I 1 B L 1 TR l

2500
M (MeV/c?)



Selection proces — final cuts

Finally, the following cuts were chosen:

Proton/Kaon/Pion

- PID >10/>-10/<12
 ProbNN >0.5/>0.1/>0.1
e IPy? >9

TRACK_ GhostProb <0.4

* momentum

e proton: 15<P<100 GeV
« kaon: 3<P<150 GeV
e pion: 3<P<150 GeV

CP violation in charm meson and baryon decays

Charm baryon

Vertex x?/ndof <8

IPy? <12

o= 4< p; <16 GeV
DIRA >(0.99995
FDy? <2000
Pseudorapidityn ~ (2;4,5)

Lifetime t (0.0005,0.0015) ns
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LHCD
RHC O

Ny —N_
Asymmetry =
Ny + N_
— 15 T T T T T T 1 > - 15 T T T T T T T T T T 1 > | —_ 15 1 .
> [ = > - =] > B =
L] [ ] - L - [5)
8 Up bk o Wos: S | Down _l:'::'.'.:l.1:"liﬂ.:'r_" 088 <) - 082
X 10 - ‘ll.ll | i ™ 10-_ S K '-'; =) > 10 i
&t , " 067 = L i 062 = - 0.6 7
L o < L u < - <C
B L o = X . =) -
b _I"r 0.4 - 04 sk 0.4
0.2 F 0.2 - 0.2
of i 1P of - 1 of 0
E 0.2 i —0.2 N —0.2
sE sk -5
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L : l. L
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el vyt Mo : e : o8
T -1 ) S R -1 e ——— —1
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« Geometry of the detector can be not uniform

- After adding MagUp and MagDown data samples the detector
effects will remain

- Large detector asymmetries are expected in the external
regions and close to the beam axis
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Reconstruction effects for protons

* Due to different cross section for interacting with the material of the detector
particles and antiparticles can be reconstructed disparately which leads to
reconstruction asymmetry

N U - N D
Asymmetry =
Ny + Np
o S e 7 02 I
é 0.15 f_ p, =-0.0015 0.0007 N g 0.15 p, =0.0016 £0.0007
% E p, =0.000040 £0.000017 %\ p, = -0.000043 +0.000017
< 0.1 , < 01F
0.05 |- . 0.05 s
C ' \ ] 4
-0.05 - - —0.05 F -
01 E -0.1F -
—0.15F e b ,
_ proton 1 015% antiproton
_0.2 . . . . . I : : . : I ] _0.2 : 1 1 1 L | 1 1 1 1 | :
0 50 100 0 50 100
p [GeV/c] p [GeV/c]

Protons and antiprotons with p < 25 GeV are rejected
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Reconstruction effects for kaons and pions

> 1: L s e o > 1: T 1 T "
B OB s =B e
§~ 0.6 - ' § 0.6 - '
< C < C
0.4__ \ Std Dev 0 o 04_ SUDe 23 & Reb
02} M ] 02 HHH s
of Bl of ‘“‘""*"”?w *I'H E
-02F 3 -0.2 F ‘ 3
-04F * - -04 | -
-0.6 = -0.6 ) 3
s kaons E s antikaons E Kaons are rejected if:
—‘(5""sb""léo"['(i'éé/o; _](;”"Sl()"lll(l)oll['G'\llsl/o-] p <15 GeV
p [GeV/c p [GeV/ce . . .
Pions are rejected if:
.1 . . . p T p <15 GeV
B ogf n-omon oo é 08 o <0oms
E L p,= 0.000043 +0.000021 - P, X 0. .
Zz 06F 7 %F The largest reconstruction
effects are for protons

-0.6 — = -0.6 - ]
-0sf pions . sf- antipions 3
p [GeV/c] p [GeV/c]
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The Run 2 final statistics LHCD

—C

(Mass Peak Ac
+/-20 MeV)

2016 554090 4133105

2017 584235 4644854

2018 648538 5073606

Run 2 1786863 13851565

e ~ 1.09 min =; candidates (only

signal, from fit)
(> 5 times more than in Run 1)

* ~14 min A; candidates

CP violation in charm meson and baryon decays

Control decays

ey
g

Entries / (0.6 MeV/¢?)

mean = 2287.5671 + 0.002(

nbkg = 1953770 £ 12411

nsig= 11897780 + 12770

p0 = -0.04437 £ 0.0016

pl = -0.13459 £ 0.0055

siglfrac = 0.5355 £ 0.008

sigmal = 4943+ 0.014

sigma2 = 7435 £ 0.043

Signal decays, blind

2
3

(1.0 MeV/c?)

2
S

Entries /

2440 2460

31/03/2023

nsig = 1089509 + 5079

p0=-0.13224 +0.0013

pl =-0.00836 *0.0037

sigmal = 5.87 £0.10

sigma2 = 9.39 *(.39

mean = 2468.4592 + (.00

nbkg = 1758025 + 5144

siglfrac = 0.622 *0.046

Purity = 77%

20
3



LHCD

The Dalitz plots

2018 data

control decays
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The intermediate resonances are different for control decays and signal decays.
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The Scp method rHch

The method is based on dividing the phase
space into n bins. For each bin, significance
of the difference between number of

particles (N+) and antiparticles (N-) is charm anticharm
computed, using the following expression: e . e i
: NI —aN; >, (NN
Lo — i i SR B
SCP — J e (] NP
\/oc(Ni+ +N;) - i ]
where a = N+/N- accounts for global Fﬁ """""""""" : h """"""""""""""" ]
asymmetries b | \NH £ol Y
8, b L i al L
X?Indf = 3iScp' /(nbins-1) AAAAAAAAAAAAAAA j L AAAAAAAAAAAAAAAAAAAAAAAAAA |

No CPV: Scp ~ N(0,1)
CPV: p-value « 1 (50 ~6 X 107)
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The binned results in the control decays A, —» pKn*

There are 76 bins in Dalitz plot

5 5 LI B B B B BN B R | 5
})“* [ 4
> 45F
E C 3
bt
ISR 2
L | R
- _ B 14
3:— _: -1
25 F . 4 712
: H -3
2 L
B —4
15 -I "I I T T B 'R T T N T T N B | _5
0.5 1 1.5 2
mz. [GeV?/ct]

No fake signal of CPV in control decays
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Entries

25

20

15

10

mean = -0.0165 = 0.147
sigma =1.28 = 0.104

Entries 76
| | |

Mean —0.0165 + 0.147

5td Dew 128 + 0104
— -

f ¥/ ndf 75407

— Constant 1963 +328

Mean -D.05983 +0.15300

Sigma 1061 +0.123
P T | ‘I Y I oy I.n. a_al o

cP
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Results in subsamples in control decays

The whole sample is divided into 100
mean = 0.206 = 0.096

subsamples )
sigma = 0.959 = 0.068
g100:"'|"'|"'|"'|"-m ) 8 B | | | |
= :_ Mem 0442200272 t 50 - Moam 0206+ 0.0959
*g 9{}E = B
8'[} :_ Sid Dov 0272+ (L0192 Y/ L U ke L0678
= ] 40 - -
70 F- e [
60 | = I
C - 30 |- —
50 F = I
40 ;— —; 20 :_ b
30 F —
20F 4+ E 0 E ’
1{} _+_—+—_+_ | | -
0F ' I o L
{} 0.2 {}.4 0.6 08 1 -
p-value significance

The p-value distribution is flat as expected - no fake signal of CPV
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The Energy Test (ET) rHCh

« Defined as the analogue of the problem known in physics: the potential
energy of the field of charges (with continous density distribution)

« Energy is minimum when two distribution are identical (total charge = 0)

« Can be used to compare two PDFs, denoted as f, and f;
1 — — — —/ — — e AW B B/
¢ — 5 / /(LICIO(CE)fp(Qj ) T f(JL(aj)fa(aj ) o 2fp($)fa(x ))K(QZ, L )dﬂ?dﬂ?

where K is integral kernel. It is a metric that defines distance in the
multivariate space.

Usually we use Gaussian distance function:

K(x,x") = exp(—

where § governs the width of the Gaussian
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The Energy Test (ET) rHch

« ET can be estimated without the need for any knowledge about the forms of

fyor £y
1 " 1 m 1 n m
T: — K —;_ =k K —;/_ —»'/ L K —;_ —»./
0 n(n—l); (|2 $]|)+m(m—1);>i (L) —nm;; (|~

Null hypothesis Hy: f, =1,
» ¢ value for overall samples = nominal ¢ value

« We need control set of ¢ values (permuted ¢ values) for which the null
hypothesis holds:

« We calculate ¢ values for symmetric samples:

* Mix the data together and randomly assign events to two new samples

e Next Step IS to calculate p-Va|ue: number of permuted T values greater than nominal T

b= total number of permuted T values

* If f, = f,then p-value is uniformly distributed on [0,1]
* Iff, #f,then p-value > 0

CP violation in charm meson and baryon decays 31/03/2023



The ET results in control A, decays Lol

A, control samples:

10k permutations
| 2016 | 2017 | 2018 | Run2

T-value 6.62839 - 107 8.1397 - 108 1.67794 - 107 2.99603 - 107
p-value 0.0137 0.2385 0.129 0.0021

No fake signal of CPV

CP violation in charm meson and baryon decays 31/03/2023




The ET results in toy samples: no CPV b

max-perm = 50

e n-perm = 1000, p-value = 0.808
e n-perm = 5000, p-value = 0.766
e n-perm = 10000, p-value = 0.766

max-perm = 100

max-perm = 500

e n-perm = 1000, p-value =0.7/8
e n-perm = 5000, p-value =0.76
e n-perm = 10000, p-value = 0.765

e n-perm = 1000, p-value = 0.767
e n-perm = 5000, p-value = 0.784
e n-perm = 10000, p-value =0.775
max-perm = 200

e n-perm = 1000, p-value = 0.762
e n-perm = 5000, p-value = 0.762
e n-perm = 10000, p-value = 0.762

max-perm = 2000

e n-perm = 1000, p-value = 0.769
e n-perm = 5000, p-value =0.7714

e n-perm = 10000, p-value =0.7724

Sample with 200k entries

No fake signal of CPV

CP violation in charm meson and baryon decays
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The ET results in 5% toy sample rHch

Sample with 200k entries

CPV: 5% difference in amplitudes of K" resonance

5 min permutations

p-value =9.2987 - 107’

CPV is confirmed

Power of the method:
« ET is sensitive to CPVifitis 5% in K" and 200k events (1/5 of Run
2 statistics)
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Kernel Density Estimation (KDE) rHCh

Kernel Density Estimation is a nhon-parametric method: Common kernel functions
n = Rectangle
1 == Triangle
f(j?) = _2 a)(x - xl ) h) == Cosine
n . = Biweight
1=1 == Gaussian
1 t. . . . . arzen
where: w(t,h) = -K () is weighting function. i
. . . = Epanechnikov-alt
K is the kernel function, h — bandwidth parameter

In this analysis | use triangle kernel:

1 ||
—(1——] for|t| <h = m—
w(t,h) ={h n)
0 otherwise \
Data Kernel Density Estimate
8..
s £0.3-
> 61 E
2 i
KDE example: S, 202
3 — 5
£, 2 0.1
=z ©
o
0_ 00 T T T T T
-4 =2 0 2 4 -4 =2 0 2 4
Data value Data value
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Bandwidth optimization LHCh

nN
« Significant impact in KDE performance ° | gegerencey
=4 —01
S :
* Globally determined bandwidth: z 7
‘w
A c
h=kSN~02 8 o-
—
where k — correction parameter (1.006), °
S - standard deviation of the sample, O‘W
N — sample size T
. . ffect of various bandwidth values
° Adaptlve bandW|dth parameter hopt The larger the baEndwitdth, the smootherthte approximation becomes
h _ Ng e e &

0.04 4

~— bandwidth = 3.0
— True PDF
V

« Whole proces can be repeated
multiple times

0.02 1

0.00
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KDE 1D scenario LHCh

* Toy sample with no CPV
« 200k entries in each sample (100k particles and 100k antiparticles),

« The Dalitz plots are split into four kinematic regions, each of which is
subsequently projected onto the horizontal axis.

5
my [GeV?/c4]
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KDE results in toy sample with no CPV rHCh

* There are no visible differences between particle and
antiparticle density functions — as expected

T T T T T T T T T T T T

E —— particles
07 — antiparticles

density function [1/GeV?/*]

density function [1/GeV?/c¢*]

2F - 1~ rr 1o

density function [1/GeV?/¢*]

density function [1/GeV?/ 4

3 3.5 4

m2 [GeV?/¢]
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Smoothing parameter optimization

only particle PDF and histogram
are drawn,

very first estimation,

poor optimization,

problem with boundaries. \

0

CP violation in charm meson and baryon decays
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KDE 2D scenario in toy sample with no CPV

KDE is used to improve the sensitivity of the S-p method

Before KDE: After KDE:
Entries 61 Entries 62
S R T v S T | Sebw toesooem
5 ! ! = 18 _ T
£ i e amn|  E ety WL
v P semciomecm 4| constant 1084 + 187 O lop el e Mean 0.03916 + 014140
12 Mean 0.09255 +0.14202 14 i 00588 + 0.1686
Sigma 1.009 £0.121
10 12
g 10
3
6 6
4 4
2 2
0 R G 2 4
SCP
p-value = 0.527 p-value = 0.126
Mean = 0.093 £ 0.142 Mean = 0.039 = 0.141
Sigma =1.009 = 0.121 Sigma =0.959 = 0.169

The Scp results after KDE implementation look reasonable
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KDE 2D scenario in toy sample with 20% CPV

Before KDE: After KDE:
Entries 61 Entries 62
5 18 Mean 0937 + 0.36 3 | () L LA L gtl;agw ;-;gig-;igg
= ke = 0,000 Std Dev 2.74 + 0.254 g= ) ¢ 23 0.
= 16 70218 x2 / ndf 9.631/10 = 14 M;Z:i:;;;{{%:g PrConbstam 9.167 tﬂ 25;;2
14 Constant 14.29 +2.89 = 10.67/12.00 Mean 1.776 + 0.292
1.717 +0.218 12 1| sigma 1.032 + 0413
12 1.294 +0.190
10
8
6
4
2
Elll} -5 0 5 10
SCP
p-value = 0.0 p-value = 0.0
Mean =1.717 == 0.218 Mean =1.776 £ 0.292
Sigma =1.294 = 0.190 Sigma =1.932 = 0.413

The CPV is confirmed as it should be
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» The first evidence for direct CP violation in a specific charm hadron decay

a% o = (7.7£5.7) x 1074
at_ _, =(23.2+£6.1) x 10~*

« So far, in any baryon decays the measured CP-violating asymmetries are
compatible with the hypothesis of CP symmetry

« New measurements of CP asymmetries in Zf— pK~n* decays are expected
using binned S;p and unbinned Energy Test methods improved with Kernel
Density Estimation technique

v" The methods are tested in control AY - pK~n™ decays as well as in toy
samples

v" The methods do not generate fake signal of CP violation and confirms its
existence if exists
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The Scp method rHCh

29 uniform bins

;,_‘ w T " "1 7 T LA l ™3
Ng 2 | u=0.06+0.19 p-value: 0.32 |
% uc_’ I 0=1.03+0.14 N of bins: 29 1
o, 6 LHCb
. L

S L

5 ar )

p-values > 32%

N

T

N et

| e |

e«
————
- e

1

[ J

05 1 15 2 25 4 2 o0 2 ° SCP agree with N(O,1)
M* (K™ x*) [GeV?/c] cp . .
111 uniform bins * Results are consistent with
< E [ o ’ r— CP symmetry
8 20| LHCb
|;Q L J
by

4

] T TN N D T |d$
05 1 15 2 25 -4 2 0 2
M (K 7*) [GeV?/c?)
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The kNN method Lach

The kNN tests whether baryons and antibaryons share the
same parent distribution function.

1 Ni+n_an .
e gy S 5% 1(i, k)

Under the null hypothesis T~N (ur, o7 ):

ny(ny — D+n_(n_-1)

Ut
nn-—1)
: 1 nun_ . 4nin2
lim 0% = —(——+—4
nng,D—oo nng n n

[J. Am. Stat. Assoc. 81, 799 (1986)]
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entries

Binned results in control decays A, - pK n*

The Scp method is performed individually for each year of data taking

1032040731

_+_
| NI FETTA RN AR RARANARA N

4 2 0 2 4
significance

Mean=0.15 %= 0.10
Sigma =1.03 &= 0.07

entries

25

20}

10f

|||||||||

T
—4 -2 0 2 4
significance

Mean =0.08 &= 0.11
Sigma =1.06 = 0.08

entries

25+

20 L

b
;'4 ' iﬁ v tZH K _

Mean=0.13 = 0.10

Sigma =0.969 = 0.069

Means agree with 0, sigmas agree with 1
Conclusion: No fake signal of CPV.
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p-value distribution in A, LHCh

100 random subsamples for each year of data taking.

g100:"'I"'I"'|"'I"'E-— %100:"'I"'I"'|"'I"'E-i- ﬁ100:"'I"'I"'|"'I"'h
= - pray 029 e C Mean 0454 e - Mean 046900284
s NF e 9F g 9F
© 80 E_ 201 6 Sud Dew 0.203 3 0.0207 © 80 E_ 201 7 Sed Dew 22 © 80 E_ 201 8 Sud Dew 02842 0.0201
40k 3 40 F = 40 B 3
20F 3 20 F 3 20E E
e T S SO Nams e b T
il S R T N T S TN AN TR TN T AN SN ST T T TN W il T R N T T N AN ST SN S A S T T N R T T il T TR TN AN TN TR TR [N TN TN TN [N TN T T N T T W
00 0.2 0.4 0.6 0.8 1 00 0.2 04 0.6 0.8 1 00 0.2 04 0.6 0.8 1
p-value p-value p-value

Flat distributions => Conclusion: No fake signal of CPV.
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KDE results: 20% CP sample LHCh

 Difference between particles and antiparticles is clearly visible,

« KDE works properly,

* Next steps: Compute p-value and optimize bandwidth,

— T T T T T T T
= —— particles
07 — antiparticles

density function [1/GeV?/c¢*]

density function [1/GeV?/c*]

2 3 4 5
m2 [GeV?/ ]
08pp——— 1 T ] 12F & T
_ 0.85—"':':

0.6F

04F

density function [1/GeV?/c*]
density function [1/GeV?/¢*]

02F

SRR R =
4 , : 3.5 .4
mf,K [GeV~/c*) mIZJK [GeV~/c*)
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KDE 2D scenario in toy sample with 5% CPV rHCh

Before KDE: After KDE:
Entries 61 Eniries 62
3 25F T T T T T T T T Memn 0.142 + 0.178 B i B R I;tlsa;w —U.Dﬁif g.?;lg
£ T Sdew 139 + 0.126 E 25 :_ yé::hfﬁnﬂ?lss Prob 006739
S [ Sigma=1263 £0245 %/ ndf 5.706/ 5 = - Sizpac 08161 0100 Constant 2272 +427
20 whea=sTIS00 Constant 16.77 +3.82 b - ' Mean 0.6613 + 0.1329
C Mean 0.3474 +0.1794 20E Sigma 0.8165 + 0.0997
N 1.263 +0.245 - .
5 - - .
- ] I5E E
10 _' - .
n ] 10 =
SE E SE- 4 E
0 PP — — . 0 ;--o-tttb—- ] 1 ul—-l—ul—-a-w------E
-10 -5 0 5 10 -10 -5 0 5 10
SCP SCP
p-value = 9.77645e-06 p-value = 2.07183e-22
Mean =0.347 £ 0.179 Mean =0.661 = 0.133
Sigma =1.263 = 0.245 Sigma =0.816 = 0.100
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KDE - 1D after boundary correction
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Three ways of CP violation in the Standard Model

PO = KO BO, BO,, DO
P = K%, B%, B%,, D*, A%, A%, =%, ...

[)() n() St 2

f

1. In the mixing (only neutral particles)
P — anti-P® # anti-P® — PO

2. In the amplitudes of direct decays
(neutral and charge particles)
P* —>f # anti-P* — anti-f

)(

e

D’ .( fri
D’ .:f-[— D" ' D’ ‘:7

3. In the interference between
direct decays and decays via
mixing (only neutral particles)

2
=

"o 0
" D . D .: f

2

2

D" .(7+ D . D' .:/

Mixing and decay processes can be mediated via loop diagrams.

New physics is likely to enter in loops where new particles can be exchanged.
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The Standard Model predictions for charm

Int.J.Mod.Phys.A21(2006)5686

* Predicted CPV in charm sector is 1-00E+00 ==+
” < 10 4 10 3 ( h 1.00E-01 4 1 3 5 7 9 11 1315171921 23 25 27 29 31 33 3§ O
very small < 10™ - 107° (muc © ooE-02 s O
. 00E-02_ @
smaller than in the beauty sector) S 1.00E03 | @
== <
. . . O = 1.00E-04 -
« The SM predictions vary widely S 5 oeos | o
: : : T 06 | <
«  New physics contributions can | D
enhance CPV up to 102 1 .00E-08 | o)
Int.J.Mod.Phys.A21(2006)5381 ; O T angles [X| - squares [y
Ann.Rev.Nucl.Part.Sci.58(2008)249
~y<1%
_ W _
u C K+ L
d d o DO DO + rescat-
DO S 4 VAZ D —Q— tering
c _._bw+ ..... u K- + n + 3h... _(”eW)
ISSue
Mixing via box diagram, short range Mixing via hadronic intermediate states,

long range (difficult to calculate)

Perfect place for new physics searching (small background from the SM)
Since CP violation, x and y are very small, we need very precise detector
to measure observables with extremely high accuracy — LHCb at LHC
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CP violation in direct decays rHch

Singly Cabibbo—-suppressed decay (SCS):
« a place for CP violation in the Standard Model (only)
* both: tree and penguin diagrams

New physics
u /
AT W+ )\ - K* P C g dSb u
A=0.22 c o ) . <
DO 1 K-
A= VUSV*CS Ar + VudV*cd Py + VusV*cs P+ VubV*cb Py
~ A ~ A ~ A ~).6
Asymeop ~ |Aq||Aslsin(dr — ¢d2)sin(or — 02)
A =p weak phases strong phases !!!
=A; =

To observe CP violation, at least two amplitudes must interfering with
different weak phases AND DIFFERENT STRONG PHASES
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