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oIntroduction

« CPV in charm decays
- Very small in the Standard Model (SM), <O(0.1%)

- 0(1%) CPV in charm decays would
signal new physics

CP violation in charm decays
provides a unique probe
to search for beyond the SM
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oIntroduction

» Charm mixing - SM re-scattering dominates

D" D’ - SM prediction of the
mixing rate is quite difficult

Probe to search
for BSM

- Independent observations of
the mixing from

LHCb, CDF and Belle




e —

Contents
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(also update CPV in D° — KJ7°)
oSummary



1§I\/I|X|ng IN D! — K ‘72'_ |

-time-dependent ratio of D° — K*z~(WS) to D’ - K 7" (RS) decay rates
(the role of RS : cancel most of experimental effects out)
-have to use tagged D° from D™ decay to identify WS and RS

" Sj f sl
/ﬂ-s Slgn Of Slow 7 .ﬂRS :'/ZCF +ﬂDCSJ4\/Iixing z‘/qCF

tags the initial D° flavor - effectively CF decays

N
K_ ' F D CS N ixing
MND' ) _DES™ T A T = )
72': o Ays = Apes + ‘ﬂCF Aﬂixing
*+/ - ~/qcF (’/qDCS /‘ﬂCF T Aﬂixing )

K*r : coherent sum of

MN[SO / DCS and Mixing




1;I\/I|X|ng IN D! —> K‘ﬂ'_ |

-time-dependent ratio of D° - K"z~ (WS) to D° — K 7" (RS) decay rates
(the role of RS : cancel most of experimental effects out)
-have to use tagged D° from D™ decay to identify WS and RS

otim @E)e%if uﬁPJeﬁg?/VVat@s o A = A + Ay Aing = Af
DUQ%‘I\I; R gmgia,ln&?n@lavor : effectively CF decays
t :

g Kzm (v AU Ay = AAixing)
Dis (f/ 7) e
7Z-S+ ~ ) 2 7/ =\2 .‘/4\/8 = ‘/qDCS +'ﬂCF‘/4\/Iixing
‘ A X +y [t
Dé 4@)’ ;-I_ A4 L;j J = A (‘/qDCS/‘/qCF-I_ﬂVIixing)
0

K*r - coherent sum of

|
- DbCcs
DCS Dn erence  Mixin o
M&Bo/ay DCS and Mixing



1;I\/I|X|ng IN D! —> K‘ﬂ'_ |

-time-dependent ratio of D° - K"z~ (WS) to D° — K 7" (RS) decay rates
(the role of RS : cancel most of experimental effects out)
-have to use tagged D° from D™ decay to identify WS and RS

etime-dependent decay rates
under No CPV and small mixing

I'gs (f/f) ~ “/qCF ‘2 e "
Lws (f/T) ~ ‘-ﬂCF ‘2 e "

( i mwmz
x| Ry +4/Ryy'—+ —
— )T 4

| T

N

DCS Interference  Mixing

.

o A=A+ ‘/qDCSA/Iixing ~ Ay

T - deCHPGINE] Y CHUGHRFme

R, :(ﬁéﬂqé )Z Jﬁqczss ~ A ing)

X"'=XC0SO + ysino

Y 6 008 Fge XS A pigameters
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o reIé‘fRﬂe@%ﬂﬁrbﬂE\se

Mixing
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etaking a ratio of the two decay rates

3 I, (/7) i x2+y
R(t/7)=—"""F—=~R,+ Ry y'—+
/ Mo(@/z)  ° \/T) T 4

-t/

2 (§\2 eextracting
( j R,, y', and x** from R(f/7)

— done by CDF and LHCDb

* Note e /% cancel out



L)Mixing in D

— K 7 rermmerey

etaking a ratio of the two decay rates

r(f)7) £ ox2hy?(f 2 eextracting
R(f/7) = 228 ~R, +\/RDy';+ (;j R, y', and x** from R(f/7)

I'qs (f/ 7)

-t/

* Note e /% cancel out

RS decay time at Belle

10° E £
10* &
E r
F
f+ o

Events/(0.1 t/1)

t resolution : ~0.3 t/t ~120 fs
most of events :~1.0 t/T ~400 fs
take into account thet
resolution using convolution

4
— done by CDF and LHCDb

ethe ratio with convolution

Ty (/)R /2 —T/7)d (/7)
R(t/7) = —
Tas (/DR T/2)d(E/7)

o’R : 4 Gaussians from RS decay time

+Note e™/" does not cancel out
xcomplicate functional form

eextracting R,, y', and x*
from R(t/7), not from R(t/7) for Belle
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1)MiIXing In D™ — K" 77 e

0.006 | / Test Fit
I hypothesis results
[ | (y*/DOF) Parameters (1073)
© 0.005 -
s \Mixing Ry 3.53 +0.13
I (4.2/7) y/ 46+34
004 g X' 0.09 + 0.22
: . e Nomixing R, 3.864 £ 0.059
ey (335)9)
-5 0 5 10
t
2 2 2 - ol i
oAy’ = liing — Xoomtiing = 293 First observation of

— 5.1 standard deviations
from No mixing hypothesis

D° —D° mixing
Ine"e collisions



1)MixXing

IN D" — K’ 7 rrreraeren

0.02

0.01

-0.01

] | ]
-0.001

- 1 (line), 3 (dashed-line), and 5 (dots)
standard deviations from the best fit (point)

- + : NO Mixing

Correlation
coetficient
R.{) }_..f -}:FZ
1 =0.865 +0.737
l —(.948
1

the best fit (point) :
50 away from No mixing
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2)Mixing and indirect CPV in D° — Kz 7z~

-time-dependent Dalitz fit
etime-dependent decay matrix elements

2 2 > oy, 0 Z o2 2 rmf=m22i
M(m;,mZ,t) =g, (t)A(m7, m_)+5 g_(t)A(mI,m7) | K

IM, A for D° decay
M(m?,m?,t) = g+(t)ﬁ(mf,m2)+§g(t)ﬂ(mf,mz) M, A for D° decay
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2)Mixing and indirect CPV in D° — K 7"z~

-time-dependent Dalitz fit

etime-dependent decay matrix elements

M, 1) = g, (A m?)+ S g © e m?) ™ =M
P M, A for D° decay
M(m?,m?,t) = g_ (1) A(m?, mf)+§g_(t)ﬂ(mf, m’) | M, A for D° decay

N\

ot-independent part

Am’,m’) =Y ae” A m’,m’)
A(m?,m?) =Z§jei5" A (m?,m?)
a; and &; from the fit

A, (mZ,m?) : known
{aj, S, for D° decay

a,, 6, for D° decay
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2)Mixing and indirect CPV in D° — K 7"z~

-time-dependent Dalitz fit

ot-dependent part

etime-dependent decay matrix elements

M(m?,m2,t) = g, (t) A, m3)+%g_(t)ﬁ(mf, m?)

0.0 = (e 2e™),

A= m—E

M(m?,m?,t) = . (t) A, m3)+§g_(t)ﬂ(mf, m?) 2

ot-independent part

Am?,m’)=>"a.e" A (m>,m’
Am2,m’)=>"

a, and 5j from the fit

2 2y .
A, (m_,m2) : known

8

a;, &, for D” decay
a,, o, for D’ decay

= A5 2 2
ae’A (m:,m

m. and I, : D, mass and width

oM? (~decay rates) contains

ﬂ:‘ﬂ
PP
e " cos(xI't) |

e ''sin(xI't) | the mixing parameters x and vy
al(-Ly)rt]

9 and ¢=arg(ﬂj
P P

e‘¢} CPV parameters

—obtain them simultaneously
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2)Mixing and indirect CPV in D° — K 7"z~

-time-dependent Dalitz fit

_ _ ot-dependent part
etime-dependent decay matrix elements

_ 9. (1) = i(e‘”it te ),
M(m?,m2,t) = g, (t) A, m3)+%g_(t)ﬂ(mf, m) 2

M2, m2,t) = g () A(m2, m?)+ 2 g_(t)A(m2, m? 2
(mZ, m%,t) =g, (t)A(m:, m’) qg_() (m;, m°) m and I, : D, mass and width

ot-independent part

Am?2,m’)=>"a.e” A (m?,m’)

Am?,m?) =>"ae" A (m?,m?)

of -dndegrated thafiitz fits to D° and D° separately = a; =@, and &, ~ 6,
Ax@mésnhekRmmiirect CPV, A(m?, m?)=A(m?, m?)

@, Sfamr[)ﬁod[eﬁa irect CPV
a/p|=1 : CPV in mixing
a;, 5j for D°

deﬁ?g(q /p) =0 : CPV in the interference between mixing and decay
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2)Mixing and indirect CPV in D° — K 7"z~

[ (b) [ ]Signal
i []Random n
10°F [7] Combinatorial .Signa| PDF:

gaussian and

asymmetric

Events/ 5MeV/c?
2,

gaussian

Events/ 0.125MeV

182 184 186 186 1.9 1.92
M (GeV/c?)
esignal PDF: (M =M, . )
ST TT

triple-gaussian

osignal region
M —-m_
5.75 MeV<Q<5.95 MeV

- ~1.2M signals

-

« ~06% purity
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Z)Mlxmg and indirect CPV in D° — Kz 7z~
["PRD 89, 001103 (2014) |

—— e @ [ (®) S ranom
{:::‘:t_ i | ;_3 u;‘: 1055— [ combinatoria
;‘: ‘m\ : &-; %105’jk };‘L:m“;—
3 ERES k) @
g - e E 182164 166 188 19 192 100:" B T |
oL+ = e ) M (GeV/c?) Q (MeV)
- N E osignal region
{:,_’l_—__'—-—.
I§ élllllg ) 5.75 MeV<Q<5.95 MeV
nE{GeVe) (,9,A°DS 10°0 /SIUSAT | |
‘:5 80000} ﬂ K*(892)_ » best model found to be ,
S o000 || 12 relativistic Breit-Wigner’s
5 o (P- and D-waves)
o 40000_— l .
2 1 + K-matrix (7;t S-wave)
@ 20000F /4
a N + LASS (Kot S-wave)
0 PRI R T R rr i

without non-resonant decay
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Z)Mlxmg and indirect CPV in DO —> Kz n
PRD 89,001103 (2019) | = P 1

= L (a) L (b) [1signal
—————— o r = 5’ [CRandom «
{1-.._‘__‘%1 § | ?‘: 10 — [Z] Combinatoria
— ] s g
R | — ; 10°F o
= F T 1nik
o o t | 8 10
& \ T iy
0 _F..__.__,_..,a-""- } q, Rt e _: o % 103;:::. :_. _::_. :. .
g d...-—*""“'ﬁﬂ_ - E 13215413513319192 0
o~ 4+ - | M (GeVlc ) Q (MeV)
. T } E d%lgp(al region \
{/"—J ] 1 g
] ] 1 |_:_|l_|d_|__||T-_' E
g~ : # +
2(G V2 4) 7] =] o 5 7‘§ /Ir-\\/<(')<l§ 95 Me\L
me evi/c ~ -
(,9/,A®DS510°0 /SIUaAT -2000 0 2000 4000

Proper time (fs)

%o 80000 ﬂ K*(892)— » bestrmodel found:to be : Fit result

E EUOUD:- || 19 %qatIVlStlc B7I')elt Wl n‘é‘f”é 0.192500 000
z | 0.30 & 0.15+004+003
S 400 | (P and D-W&Vgg)) 0.56 4 0.19+0:0440.6
g + K-matrix (7tot & Wave) s
g 200000} LLASS S —0.05-0.07
R Y L (K S-waye) 0905050051015

2 eV without non-resonant decay . 11 + 3+
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Z)Mlxmg and indirect CPV in D” — KS7Z' n

:H ——o "’55
{"-\__‘ : 104._
i : F
dn £ 2 i
Hﬁr#ﬂ,f : i % 10
= v S
——— i - i
-\\b _-- 1 02 Ny ¥
‘ {,.-— _ 5 TR TATSRRES ==
- L1 L1 |_:—|‘_|d_|__||_|-|_' 0 i+ + + +* + + + +++.t
§ § § g { 1 W ]
u‘_': ﬂ [Te} -5 [ . " 1 L . L L . M
(,9/,A9D5 L0"0 /SIUSAT -2000 P:)o 2000 4000
per time (fs)
= s0000] ” K*(892)_ 205 0.01 0.015 Parameter Fit result
> b No CPV x(%) 0.56 + 0.19+003+0.06
3 %] (% 0.30 4 (.15+0:04+003
= : | y(%) 2-0.05-0.06
"?‘,,: 40000:- | | it CPV x(%) 0.56 + 0.19F 0034996
Lu L
ﬂ-r.J . L——V\ |9/ p| 0. 90*3%2*85’3*{)%%6
‘ 2 *Hwed fit are(q/p)(°) 6+ 11+3%;

m2 (GeVZct)
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3)Time-integrated CPV inD” > z°7°

0 ~o _ 7 (also update CPV in D° — KJ7°)
oAD" = II:EIZD)O : :;;11:2[[;0 : 1;_; " : partial decay width

of e{r°x’, K{z"}: D° flavor from soft z in D™ — D°z) decay

N D" —>D%zf N D™ —D%

5D rec rec ~ DO f 7Ty D™ .. D? .
.Aec - = N D*“L—>DO7ZS+ +N D*_—>DO7Z'S_ - P t Ag t Apmd ( ) Ag _O)
rec rec
D>f .

> - CPasymmetry inD — f
A% :soft 7 detection asymmetry

, Ag’rzd . Forward-backward asymmetry, depending on cos 9;
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3)Time-integrated CPV inD* S 72° 7

0 ~o _ 7 (also update CPV in D° — KJ7°)
oAD" = F(DO —~ f)—F([zo = f_), " : partial decay width

(D — f)+I(D° — )

of e{r°x’, K{z"}: D° flavor from soft z in D™ — D°z) decay

N D" —>D%zf N D™ —D%

“* D% rec rec DO f s D™ D?
o S — ~ S o o —
rec rec
D>f .

>+ CPasymmetry inD — f
4 _ use the correction in PRL 106, 211801 (2011)
, A . soft 7 detection asymmetry_ tagged and untagged D"

&

— K 7" decays

, A;’rzd . Forward-backward asymmetry, depending on cos HD

D'>f i : D* *
decouple from A~ using antisymmetry of Ac; in cosé._.,



el
3)Time-integrated CPV inD* S 72° 7

0 ~o _ 7 (also update CPV in D° — KJ7°)
oAD" = F(DO —~ f)—F([zo = f_), " : partial decay width

(D — f)+I(D° — )

of e{r°x’, K{z"}: D° flavor from soft z in D™ — D°z) decay

N D" —>D%zf N D™ —D%

“* D% rec rec DO f s D™ D?
o S — ~ S o o —
rec rec
D>f .

> - CPasymmetry inD — f
4 _ use the correction in PRL 106, 211801 (2011)
, A . soft 7 detection asymmetry tagged and untagged D"

&

— K™ z" decays

, A;’rzd . Forward-backward asymmetry, depending on cos HD

decouple from A2, ~" using antisymmetry of A% in cost ..
oFor f =K 7"

A (o(K°N) # o(K°N)) according to PRD 84, 111501 (2011)
Af; (experiment dependent CPV in K°) according to JHEP, 04 (2012) 002
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3)Time-integrated CPV inD* S 72° 7

34460 + 273 =

[

Events/(0.2 MeVic®)

Events/(0.2 MeW/c?)

%10°

= ro
o [} o
LI LI LI LI

el
LI LI

05F

0145 0.15 0155 016
AM (GeVic?)

PR ST S [N S SR T TR AN ST TR S SO NN S S S
0145 0.15 0155 016
AM (GeVic?)

Events/(0.2 MeV/ic®)

Events/(0.2 MeVic?)

x10°

et T A= T = N
[0 T - T o I < R 2 D = R £

[}

0145 0.15

(also update CPV in D° — K{z”)

— 466814 4773

0.155 0.16
AM (GEWG""}
«10?
35
30
25 —
0 0_0
16
10
—

o

=]

0.145

AM (GeVic?)

0.15

0155

016

[signal PDF:gaussian and asymmetric gaussian
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3)Time-integrated CPV inD* S 72° 7

g 0 0_0
ﬂH—M 211601 (2014 (also update CPV InD” —» K.7")
0.06 F : 0.00f
L RO 0_0 02F ~O 0_0
ooaf D 27w D" > Ky
0.02f — 0.01:—
0.02F T ‘ ; +
i -0.01F
-0.04 [
: -0.02fF
006, , N B S R
0 02 04 06 08 1 0 02 04 06 08 1
lcos 6 | lcos 6 |

ACP(DD — JIDJID) — (—0.03 + (.64 + 0]0)%
ACP(DD — Kgfrﬂ) — (—0.2] + 0.16 £ 007)%
econsistent with No CPV

emMoOst precise measurements to date




-5 —
't
0.015
0.01
’/T:Th\\ T
0.005 / N 1(%)
=, ° -
of-— S - _
‘ \q/p|
-0.005 |
i {_"' ) '::I
-0.01 I 1 | (.lrc q !)
-0.01 -0.005 0 0.005 0.01 0.01.
X
0.06F i
: 0.02F
0.04F :
0.02f e 0.01:—
<% 0 { 0+ 4—'_;*1 t
o 0 0_0 R 0_0
-0.04F i
D >z et D > Kz
'0-06_‘..|...|...|...|... :...\...|..‘|...|...
0 02 04 06 08 1 0 02 04 06 08 1
|cos 6 | |cos 6|

001

001

ofirst observation
ine"e” collisions

S T
-0.001 0

L
0.001

x(%) 056 £0.1955%00  omOst precise

U()U+U 1640.05+0.06

—6+ 11437

0.30 £ 0.15+0:03+0.03

—0.05-0.07

In a single
experiment

—0.15-0.04-0.05

osignificantly improved

A inD° — 7°7°
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eD° - D° Mixing

— D’ - D° Mixing

D°(1)) =

D° (1)) =

1 (10.)+/D,)) |D°) and | D°): flavor eigenstates, physical observable
—(ID, )+

2p 2 |D,) and |D,): mass eigenstates, finite masses and wid
1

= (|D,)~|D,)) p®>+q° =1 under CPT symmetry
p =q=1/v/2 under CP symmetry

g, () D°>+%g(t) 50> gi(t):%(eimieiﬂ?t)’ A=m _i%

m. and I'; : D, mass and width

g, (t) 5°>+§g(t) D°)

described by the mixing parameters

I, T
and y=—* 2,1“:F1+r
I 2I° 2

X:ml_mz




IR,

oCP Violation
[partial decay widths

r(D°(t)— f)=|(f|H ‘Do(t)>‘2 (F[H]D°0) = g.O(F[H]D%)+-1g.O(F[H]|D")

r(D°(t)— f)=|(f|H ‘5°(t)>‘2 (F[H]D"®) = 0. 0(T|H[B°)+ -9 O(T[H ")

T(D°(t) > f)=T(D°(t)—> f) = CP Violation

D°)/(T|H|D")

2)|a/p|#1 : different mixing rates

1) ‘( f|H =+ 1 : different decay amplitudes

3)arg(q/p)=0  different interferences
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Time-integrated results

x10°

© ©
:a>: I %:1500
=2 500 =
= I o
5 < 1000
c c
2 100 e
- : H 500
._ | A ! 1 ! L |
8 12 0.15 ) 814 0.15 »
AMgg (GeVic) AMys (GeV/c”)
nSIG (RS) nSIG (WS)
data (976 fb—1) 29080710 £ 1885 11478 £ 177

Rys = (3.851+0.059)x10°3



Resonance Amplinde Phase (deg) Fit fraction
K*(892)- 1.590+ 0003 131.8+02 06045
KL(1430)- 2.059 L0010 —1946 1.7 00702
K3(1430)~ 1.150£0009 —41.5+04 00221
K*(1410)" 0496+ 0011 834+09 00026
K*(1680)" 1.556 +0097 -8324+12 00016 — 15mu|_— ,0(770)
K*(892)* 013940002 —421+07 0006 | o -
K3(1430)* 0.176 £ 0007 —10234+2.1 0.0005 o -
K3 (1430 0.077 L0007 —322+47 00001 % i
K*(1410)* 0.248+ 0010 —1457+29 0.0007 S 10000
K*(1680)* 1.407 £ 0053 86.14+27 00013 - _
p(770) 1 (fixed) 0 (fixed)  0.2000 S -
@(782) 0.0370 £ 0.0004 1149 +0.6 00057 o -

»(1270 130040013 -31.6+05 00141 -
£(1270) 0£001 i ! 2 s000-
p(1450) 053240027 808+21 00012 = I
ar § wave 0.1288 o - | 1
£ 4234002 1640402 w - |
ﬁl Iﬂ-m :I: {]-{]2 Ij-ﬁ :I: {]-1 i L L 1 L I L L L L I 1 L L L I L L L I.I
B 374403 33404 05 0.5 1 15 2
4 14.7 +0.1 8.9+ 0.3 0 4
it 12,76 £ 0.05 —161.1 £0.3 mz2, (GeV</c")

pd 142402 -1762+06
ire 100405 -1247+21
Kx § wave Parameters
M (MeV/c?) 14617 £ 0.8 : ..
T (MeV/e2) 7683 + 1.1 Correlation coefficient
F 0.4524 +0.005 ‘
¢r (rad) 0.248 &+ 0.003 ¥y \q/p| arg(q/p)
E lifixed)
P (rad) 2.495 + 0.009 X 0.054 -0.074 —0.031
a (GeV/c™) 0.172 + 0.006 y 0.034 —0.019

—1 A "
r(GeV,/c™") 2006 +£0.3 qu| 1 0.044
K*(892) Parameters ,
* arg(q/ p) 1

Mg (592) (MeV/c?) 893.68 + 0.04
Tie(z02) (MeV/c?)  47.49 £0.06




TABLE .  Summary of the contributions to experimental systematic uncertainty on the mixing and CPV parameters, ©
and negative emors are added in quadramre separately.

[he positive

No CPV CPV
Source Ax/ 10 Ay/ 104 Ax/l0 T g/ p|f10-% arg( g/ p)”
Best candidaie selection 1.0 +1.9 1.3 2.0 -2.3 $2.2
Signal and background vields +i).3 {3 4 +il4 +1.2 {5
Fraction of wrong-tagged cvents -7 —.4 —0.5 +01.4 +1.1 +.8
Time resolution of signal —14 0.9 -1.2 —0.8 +0.8 -1.2
Efhciency =11 =21 =1.4 =21 +3.1 +1.3
Combinatorial PDF e e i o e 33
K*(892) DCSCE reduced by 5% -7.3 F2.3 -9 3.1 +3.3 - 1.4
Hi[H]L’I] DCS/CE reduced by 3% +1.7 0.7 f2.2 =0.2 1.1 0.4
Total iy iy i Y i 30

TABLEIV. Summary of contributions to the medeling systematic uncertainty on the mixing and CPV parameters. The positive and
negative errors arg added in quadrature separately,

Mo CPV ol
Source Ax/ 107 Aypf107 Axf107 Ay 107 g/ p| /1072 aral g/ pl/
Resonance M & I +1.4 +1.2 +1.2 +1.3 +2.1 +1.0
K*(1680)" removal —1.8 -30 -1 -28 +2.1 -1.2
K140 removal -1.2 -3 -1.7 -39 -1.3 +1.4
o 1450) removal +2.1 +0.3 +2.1 +0.5 -19 +0.9
Form factors +4.0 +1.4 +4.3 +2.0 -24 -1.0
['(g*) = constant +3.3 —1.6 +4.1 -2, ~1.6 +1.3
Angular dependence —8.5 —3.4 —14 —3.0 +5.6 —3.2
K-mamx formalism =21 + 1.8 -3 +2.4 =36 +1.1
Tou i £ ' i # H




.

¢Obtaining A' from CPV free resonance data : depends on f
—Assume the same A_; for all charmed mesons

osoft charged 7 : D™ — D’z — K[z'z and D° - Kz

* Ag ' ={ A% (cosB,) + AL (—cos 8,) | 1 2

* AL, ={ A% (cosby)— A% (—cos 6,) 2



