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Outline

m Basics of direct CPV

m (P asymmetries in D'—K'K and D°—z'7

m  Searchfor CPV in Dsy—n"r" decays

m Search for CPVin D —K'K'K" with Miranda technique

m Examining D>z 2’ and D°—KsKsz with Energy Test

mSummary
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BaSK_S Of dlrEC[ [PV Tree and Penguin contributions

in D" —KK and D'z’

m  Occursin decays

m  Results in asymmetries of decay widths (Aw), amplitudes

m Requires two amplitudes with different weak and strong phases

m |ncharm decays realized through Tree + Penguin

m (—U Penguin is suppressed

O b-loop is CKM suppressed

0 sd-loops are GIM suppressed, cancel in U-spin limit

m (PVincharm 0(107:10"%) within SM; depends on penguin size
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Basics of direct CPV (1)

m |mpact of phases on sensitivity to CPV

1  P-even asymmetr _I(D—=f)-T(D—=f) |P
) y ACP:F(D—>f)+F(D—>f)2|7_'

COSA¢w6a;{COSA¢strong]

3 P-odd asymmetry e.g. triple-product or ee-induced asymmetry [in Dy—4h, A’ —Ah’]

P
AT—odd A%~ |
cpP H»4CP ‘7-

COSAQSweak{ sinA ¢strong]

m P-evenand P-odd asymmetries are complementary

m Direct CPVis decay-dependent; penguin only in SCS decays

m  Accessible through time-integrated measurements
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What after the discovery?

m Discovery of CPV in charm
AAcp=Acp(D" = KTK ™)~ Agp(D’ = 777

m LHCh Runl+Rund data
m Dfrom D*—D'% (rz-tag) and B decays (u-tag)

(AAcp=(-1544+29) x 10" (5.30)

m The upper end of SM predictions. Is it SM or beyond?
How about individual asymmetries within AAc?

Candidates / (0.1 MeV/c?)

Candidates / ( 1 MeV/c2)

Other decays related to D°—h'h™ (via SU(3)r or models)
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LHCb PRL 131, 091802 (2023)

From AAcrto individual Ae's

m  Measure Ae(D'—K'K) and disentangle Ae(D'—sz'7) from AAe
m Run? data, sz-tagged sample: D°—K'K from D*— D%z
m  Measure raw asymmetry of signal yields

Araw(D0_>K+K_) _ N(D()) _N(DO>

N(D%) + N(DO)
m Nuisance asymmetries of 0(%) enter measured asymmetry [they cancel out in AAc

Araw AC’P + [A’qprod(D*+)]+ [‘Adet (71-2‘;9)]

O Production asymmetry: o(pp — DX) < o(pp — DX)
O Detection asymmetry: ee.(h*) # e..(h™) from different interactions with detector
and detector asymmetries
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Removing nuisance asymmetries

m Setof calibration CF decays of D to overconstrain Awd(D'—K'K) and extract A

Do~ ~ M Awe and Aw depend on kinematics of
y underlying particles. Equalize kinematics of
calibration and signal decays

m AKKY) of 0(10), calculated from known
interactions of K and K° with detector, and
mixing/CPV in kaon system

Production
asymmetries

m Two calibration methods to increase statistical sensitivity
OWIth D™ Acp(KT K ) = Ayaw(D° 5K K7 ) = Apau (D* K 7))+ Arau (DT K7t 10) = Ayaw (DT K07 )+ A(K?)
OWIth D' Acp(KTK ™) = Arauw(D°—= KT K™) = Apau (D' K~ 1)+ Aya (D — 7)) — Ayau (DT =K K ) + A(K?)
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Signal and calibration samples for D method
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Individual direct CP asymmetries

m (ombining two calibration methods gives

m A ismostly from direct CPV with residual indirect CPV

m Direct CP asymmetries extracted from Ae(D—K'K)

[ACP(DO —

K*K™)=(68+54+16) x 107

Acp =~

™

CL%Z;: + QAY AY = —AF<1 + ycp)

and AAcw, and combined with Runl results

dir _
Ag+K- =

dir _
Apt = =

(7.74£5.7) x 107 (1.40)
(23.246.1) x 107 (3.80)

} First evidence!

The sum breaks U-spin limitat 2.7¢

dir
AR+ K-
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LHCb JHEP 04, 081 (2023)

Search for CPV in D'—n" 7 and D' —n U

m D—n are SCS decays (c—ddu, ssu),

Ds— W are CF (c—sdu)

Run data, with n'—z'y
m(5") constrained in m(n"7)

Dis signals from fits to m(n“x)
x-theck: m(n“s") fits in m(5") bins

m Total yields:
0.IM of D—na, 0.6M of D—n'z
0.IM of Ds—nm, 1.1IM of Ds—n'm

JolantaBrodzicka @ (KMZ3

- daa LHCb ] ]
- D[s) —na 61" Do —nm
Db - nn*

[ combinatorial

1300

7900 2000 1800 1900 3000

m(nm+) [MeV] m(nr*) [MeV]
. data ’ + l, + ILHCb ’ - " -
— i Do —n'n ‘ Do —n'n
:] D[i . n'n-t [S] 77 6 fb 1 [S] 77
b —) n'rt

-Dr y 20, 7r
[ ] combmator ial

3000
m(n'w*) [MeV]

2000 1800 1900

m(n'w*) [MeV]

1900

1800

10



LHCb JHEP 04, 081 (2023)

Search for CPV in D=2z’ and Ds -z

m  Nuisance asymmetries to account for

ATCL’LU (D+

& = 1077) = Acp(DE) = 0077 + Aproa( D) + Adger()

(s) (s)
m Use Dy—qs calibration channels, with Ae(D"—¢r)=(0.5+5.1)10* and Aw(Ds —¢pz)=0
Acp(DT = V) = Ayeu (DT — 0t = Apou(DY — on)+Acp(DT — o)

Acp(DF = nat) = A, (DF = 01— Ay (D — ¢t + AcptDE——¢=h)

m Results consistent with CP symmetry

Ezlcp(zﬁ ) = (34£6.6+1.6+0.5) x 103} [ACP(D: —nrt) = (32£51+1.2) x 103}

Acp(D* = n'nt) = (4.9+£18+06+05) x 1073 |[Aep(DF = n'7") = (01+£1.2+0.8) x 107
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CPV in multibody Di decays

Weak amplitudes as in two-hody decays

Similarities between D'— ' 7" and D—sr, D'—KsK 2" and D—KK

Complications arise from strong amplitudes

But rich dynamics (resonances, rescattering, partial-waves) assure large strong-phase variation
across decay phase-space = increase sensitivity to CPV

m Probe Dy decay phase-space to search for local CPV
0 Model-dependent amplitude analysis: CP asymmetry per amplitude
0 Model-independent techniques: discovery tools checking consistency with CP symmetry

JolantaBrodzicka @ (KMZ3
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LHCb JHEP 07, 067 (2023)

Search for CPV in D

JEETTETS
m DKKKIs DG whieDi—KKicisses &0 [P
m  S-wave dominated decays LHCb JHEP 04, 063 (2019) C 1"
m Run? data, signal significance optimised with BDT ~ *F j & ]
m Dalitz plots folded into higher vs. lower mé(K'K’) s 3;(1;113'92;)@; ol ':U‘(zggg;@e'v]
22— A ek R R AR AR £
¢ state + broad S-wave 52 Sef 10% 5 Sor IOE
21 bins of similar statistics " 10; i ,O;
m For CPVtest, hckgd. subtracted o 5 | S
with m(K'K'K) fits in Dalitz bins -~ | o L
Dk | DKk
.............................
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LHCb JHEP 07, 067 (2023)

Miranda Test for Do — K K'K" decays

. N (D{,) — aN* (D, . Nt
m  Local-CPV observable in i-th Dalitz bin [S&F\/ Diy) = oM ”))} with o = 2 1P0)

2 2 il —
a((sNi(D(t)) + 6N"(D(—s)) Zi N (D(s))

m e issignificance of difference between D' and D™ signals

""""""" oo 5w With no-CPY, S follows
h 3 .. .
; standard normal distribution
:) u )(Z test, X2=Z[SiCP)Z
L ndf=nbins-1
T b m  (ive p-value for consistency
T - ~5§] - with no-CPV hypathesis
m p-value=32% p-value=13% [Bath consistent with [Psymmetry]
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PRD 84, 054015 (2011)
Energy TES[ J. Phys. G4, 085001 (2017)

m Unbinned method for statistical comparison of two distributions, e.g .D and D phase space
Test Statistics hased on distance of event pairs (ij)

[ T _1)2% _Zm}

z]z 1,JF#1 1,7

Average distance in D sample in D sample between DandD oot E
s
Distance function «(di;) = exp(—d;;/20) 400; _
Distance in Dalitz space di; = (Asw2); + (Asis)iy + (Asas)i; 3005 | A . -
Compare measured To value with T-distribution L — ]
. . 1000 | M : ]
for CP-symmetrized sample (permutations) S b

m p-value=n(DTo)/n for no-CPV hypotheis 02 8 0.002 9004 0.006
T value
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LHCb arXiv:2306.12746 [JHEP]

Search for (PV in ' —x'z 7’

Cf B R e UMM
m SCS decays o) ] 2wt e
. S gk — Model 1 £ 250001 — Model
m p-value=c% inRunl pa7a0, 158 01s) 2 F s ] Saomf
m Run? data, D’ from D*—D%zwe’ mm» [ | resoled 7° miﬁﬁﬁ  merged 7’
m  Resolved and merged 7'—yy I AL e MO/
. 140 145 150 155 140 145 150 155
m BDT selection for resolved sample e MV
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e TUE 6fb~t
%2'5; 0 E 102
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. e ] 10
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Energy Test for D"—s'r "

For combined merged and resolved samples
Optimisation of ¢ metric parameter with realistic toys

(PV induced via phase offset between D°—o 7" and f)“—>g*n:‘
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m  Measurement for data

10°
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m Data consistent with CP symmetry

m  Method validated with D°—K z'z, toys with detection asymmetries, Am sidebands
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Search for CPV in D'—KsK z"and D'— K

LHCh-PAPER-2023-019
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(" .77,'_ PRELIMINARY

Energy Test for D'—KsK " and D*—Ks

Optimal metric parameter 6=0.2 GeV°
Sensitivity to CPV scenarios with phase offset=¢° or amplitude difference=2%
between D°and D%in D" — K™K+

- - D KKz Dl KK

m Data consistent with no-CPV . 03—y G Odfmspessop s s
8 gosk | LHCb g & 035F  LHCb 1
O R L H -1 E O - : -1 .
= 0 341 : S5 03F L 54fb .
T 02F | . g E | .
o M D’—KXKw g 025¢ D’—KK 1 E
- ) 8} b o . S 2
= 0.15F i L Data T-value ] e 02F i ~---- Data T-value B
g i i |— Permuted T-values g % . | —— Permuted T-values 3
.5 0.1 B _,: .5 0.15-_- g
= g p-value=707% ; = 01 i | p-value=66%

e O0SF [} 1 . eoosf | i .

0 C : L L 1 ] XIO 0 : 1 1 1 1 1 :X].O
-2 0 2 4 6 8 -2 0 2 4 6 8

T-value T-value

m Method validated with DK 'z " and D' —Ksz'z” decays, and Am sidebands
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summary

m Large charm samples at LHCh give a unique opportunity for CP violation searches
m  Milestone: CPV discovery through AAein 2019
m First evidence in individual channel, D' -’z

[ad” =(23.2£6.1) x 107* (3.80)]

mtm—

m  Recent searches in gther two-body channels, D°—K'K and Ds—n"z
m Testing multibody decays for local CPV
Dy—K KK, D' -’ ® and D'—KsK'z= All consistent with CP symmetry

m More to come with RunZ data
JolantaBrodzicka @ (KMZ3
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Backup slides
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LHCb PRL 131, 091802 (2023)

R

Cross-checks in Ae(D'— KK

& : ]
% 0.006F B
) 0.004 |- ]
m  Ac from two methods, correlations: 0.05 (stat), 0.28 (syst) F E
Cp+ : Acp(K~K*)= [13.6 + 8.8 (stat) =+ 1.6 (syst)] x 1074, of
Cps : Acp(K™K")=[ 2.8 £6.7 (stat) + 2.0 (syst)] x 107*, oonb ]
. .. Econtours hold'68%, 95% CL E
m Stability against various conditions 0004 G600 0001 0.002 0,003
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R =" ho
IS E LHCDb ¢ Che \8 0F 7ol ¢ Cpe
: 100 - 5.7 b1 * CD: ': E * CD:r
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LHCb JHEP 04, 081 (2023)

Search for CPV in Dy'—na” and Dy'—n's’

m  Fits to m(n"z) in m(n™) bins to check for non-7" background

2T ><l0l3 1 I 1 1 I '
2 LHCb! * data 2
s 300 6 fb! i [ combinatorial =
< 250 Mo, —¢, 7 <
= W -ne ] 3
2 200 CJb* —» n'n* 2
5 S 80
= 150 =
g8 g8 60
O 100 O 40

50 20

¢ 920 940 960 980 1000 1020 . 520 540 560 580
m(ynxtn~) [MeV] m(yn*n~) [MeV]

m Do’ signal contains correctly reconstructed # signal
m  Small background from random combinations of correct "
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LHCb JHEP 04, 081 (2023)

Search for CPV in Dy'—na” and Dy'—n's’

Table 1: Systematic uncertainties associated to values of A™Y (%).

Source Df - nnt DY =gzt D} -5 nrt DY - nprt
Fit model, signal 0.04 0.04 0.10 0.16
Fit bias 0.01 0.01 0.01 0.02
Secondary decays 0.06 0.03 0.06 0.03
ARK 0.01 0.02 0.01 0.02
Fit model, control 0.03 0.00 0.03 0.00
Weighting 0.01 0.01 0.02 0.00
Total 0.08 0.06 0.12 0.16

m 1% correlation btw Ae 0f D" channels due to using shared control mode D' — ¢’
m (ombination with Runl Pt 771,21 (2017) and Runé results for De/—#sz” with 1—" €™y JHEP 06, 019 (2021)

AP (DY — nrt) = (0.34 £ 0.66 & 0.16 & 0.05)%,

A (D} = nrt) = (0.32 £0.51 £ 0.12)%,

AP (DY = n'7™) = (0.49 £ 0.18 & 0.06 £ 0.05)%,
) = (

, AP (D} — n'7) = (0.01 £ 0.12 + 0.08)%,
JolantaBrodzicka @ (KMZ3 24




LHCb JHEP 07, 067 (2023)

Search for CPV in Do'—KK'K" decays

Sensitivity to (local) nuisance asymmetries tested with CF decays, with various binning schemes
Ds— KK D—Kx'n

Syign [GeV?]

Samples / 0.05
Samples / 0.05

i) L1 1 1
0 02 04 0.6 0.8 1 0.5 1 L5

0
; 0 02 04 06 08 1
p-value Siow [GeV?] p-value

m p-value distributions for CF samples split into subsamples of signal-like statistics
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LHCb JHEP 07, 067 (2023)

R

Miranda Test for Ds'—K

m Alternative binning schemes [50 bins]

("decays

o 221 5 ‘c & 22 T T B 5 t
% & 3 | LHCh | 4@
o | © 5.6 b
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Quark diagrams for D"—KsK 7z and D' — KK 7z
* D'—>KKm*favoured over D'—KK*mt (BF ratio~0.65) [']
* External W-emission, SCS

e K*—Kgr", a*—=KK*

D u
e K*—=Kgmt, a— KK

FTBR(D%—K*(892)*K") > BR(D"—K*(892) K"), as respectively K** and K* couple to W*

* Penguin diagram
K=K, ar—KKY

K=K, a—KK

* W-exchange, SCS & colour suppressed
the only way to get K*’K° and K°K*'; they contribute with opposite signs

K=K, a—= KK
KNI a— KK

2
= I°
=R}y } F;;FV
22} w|

JolantaBrodzicka @ (KMZ3
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Energy Test for D'—KsK " and D*—Ks

(o

m  Method validation with CF-dominated decays, D' —K ' 7" and D'— Kz’

© LHCb
- 541!

Entries

————T
0 —pter ot
D —=Kn'nn

—9— Data

Expectation

Entries

S = N w A N9
T T T T

F LHCb
E 54 1b!

PR
D —Kgr'n

—9— Data

Expectation

1
p-value

m  Nosensitivity to detection asymmetries of Kzz system or Ks related asymetries
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