y and rg... (BaBar example)

analysis with 227x10°BB [PRL95, 121802 (2005]]
ry(DK)=0.12 +0.08 =0.03 = 0.04 r,(D'K)=0.17 =0.10 £0.03 =0.03
y = 70'+31"(stat)’;5(syst) "} (model)
analysis with 347x10°BB [hep—ex/0607104]
r.(DK)<0.140 0.017<r,(D'K)<0.203
y = 92°+471°(stat)+11°(syst)+12°(model)
uncertainty on y scales as 1/r; ! (rz =0 = no constraint on y)
DK case

‘ BABAR -

- preliminary

w)
=
'l

a(y) degree

if ry is small, the ry(true) found is biased to higher values and
the error on y is biased toward small values



The neutral B case...

|a better r;, but a new r;...)

Vi Vi
b - - c b - T
. Dﬂ . D{J
B _ BY _
] .b_ 0 ] 5_ _ 1
d - d d - d

> K™ refers to the K'(892)° = charge of the kaon from K (892)°»K" n~
identifies

> However lower BF...

s DK’ (3.63 £ 0,12} % 107 2281
24 1'_1“.*{'1_-‘&*'1_‘!' (4.5 + 0.6) % 107 2213

> and a new set of (rg, 0g)...



pollution...
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Time—dependent CP asymmetries

in decays to CP eigenstates

sin2¢, from B—f,, + E"—’—"E_?f p intertf, _ -
1 ct . N(B°(t)+f)—N(B°(t)>f)

. Alf:t)=—=
. 5 wa = N(B°(t)»f)+N(B°(t)~f)
i "‘1’|I f,,/' ! Tl .+ \ ¥ /
B'" ) ““--<,: = SsinAm,t+A cosAm,t
e
“--h_,___ ﬁ‘.'-.' . - 12
+ 2Im7p . T —1
. — ———sSIinAm,t+ cosAm,t
- A P+ P+
\l- % ’f,‘l'f .I", -"II,
I N B é.f
BY i i po & e
b f t | d BL____ — . \_q A[B —f) e_lg A
h V* d . i —_—
it H*— 3 p A[ —yf A
A =0and S=-5sin2p for (cTc)K,, (E=F1)

A =0and S=sin2a for o' x [if tree only)

=—-A




sin2¢,/p in (cc)K" ...

Entries /0.5 ps

sin2pf=0.668 =£0.023 £ 0.013
A=0.007=0.016 =0.013

04 r

Precise measurement of tl
parameter sin2 ¢, in B® 3|
PRL 108, 171802

02 t

2000

Golden

2010

= World's most precise measurement
¢ anchor point of the SM
o still statistically limited !

P violation

(2001)

~1.2
E Observation of large C
= in the neutral B mes¢n system
B3 | »~ PRL87, 091802
=
ok _—
=
= 1
) 0.8 +
=
______________________ I T T
— I — o

e CP violation

ct)K" decays
2012)

mode ?



Penguin pollution in the B? 2 J/yK® decays
ASj k.= Syyk. —Sin2p=107"?

]|
1|

_ _ colour singlet
b Sy b exchange Jfyr
c
, w ¢ 0 h,eT 5
B' . B W
d g0 d K"
d d

B-J/wx® or J/wn n as an estimation of the penguin pollution

) »—«ég} Iy W‘ = Lz
pf W a

——gl {h Cir

n..": =I




J YKy (28)Ks, 11K, DD D*D" bK® K*K KY,

0 Sy : : il o ¢
N A, J WK, J hym ﬂ, D p*- hgh Elﬁgﬂrlrﬂ u,h:%,ln u’
FvK (K™ = k%% - P
VIR A -ST WK, 15 (980)K ¢

increasing tree diagram amplitude

increasing sensitivity to new physics

first reported in Moriond EW 2002 B = 0K 0 _
"'sin2B''=—-0.73 =0.64+0.22 5'
'PRD 67, 031102 (2003)]

Raw asymmeiry




sin2¢; /B from b-s penguins

()

(]

()

of Sand C

dominant phase is the same asin b @ c<Cs
even in SM, possible deviations (tree pollution)
New physics in the loop may cause deviation in the values

In 2004 :

= | . . . | E F
Theoretical prediction for AS | § sese ; o
S Baled !
-E 020 £ 0o £ OUREE ! m
g fyeraga (charmonium - all exps. | o
0726 10 fr
KoKk BABAR D4 ! L
s S T a50+0 261, S
WL s M0t cluding L amplitule R -+ —t—t
BABAR 4 !
T.H] cl Lty 2 e 2 0.0 : H"—|
= Balle 04 '
1 el BABAR 4 i
ik L —— = j_gi:;q.;tulg : s
IO .. ¥ BedeDd -
l.I]H.r -n1ET-i:|--nm ; = ! | |
—— - BABAR M4 '
- i E “?ﬁ%mm ——
! B Delle0d | ,
Ki — n:r'.i-‘-u-.q-nn k T " -
T [ I kg B ¥ .
I*}" | E..l!l_ﬂ-,l!l,l'll:ltl.:.‘ : 1 |
o I DI -=~§n1 o et B 1R E —_—
K w— = =k e
L1 1 1 L1 1) ., 1 L1 1 1 == Lu i | |
£3 42 4 D il i2 i3 Uiyl Belle 04 .
Theory uredaily. 4 5 H_.,H,H-ﬂ = E“l'-""";:-'"’-_ ’ ! | | E
.‘l.'.'L.ﬂ ﬂ!.iE'_IE-i.'rﬁl"u.ll"l:l i [ FPCF 3004
B CCOF Beneke, PLBG20, 147 {2005) — !
B SCETIACDF, Williamsan and Zupan, PROTA, 014003 (2006) 2 15 1 0.5 0 0.5 1

WCCDF Cheng, Chusa and Soni, PRO72, 014006 (2005)
B 5V 3) Gronau, Rosner and Zupan, PROTA, 053003 (2006G)

Fnr{ most of the modes, theory predicts
AS>0

_TIJ :Ef

Tension between sin 2 from
b=2ccs and b2 qqs (AS<0)



a determination

- ﬂ.'ll L] r .. y
Tree: Penguin: D et |
f 1‘5{: = if
i § e y
IL, 4 % It Hﬁha
Fd
I'.'-!r '['E i o

AB’sx n)=TeY+Pe, r=|P|/|T|
Alt) = S -sin([Amt)—-C_- -cos(Amt)
— y1-C> -sin2a. sin(Amt)—C - -cos(Amt)

from time dependent CP, we can measure o_g, but we want o !

expanding in r:

time dependent decay width :

I'(B°(t))«I..-[1+C._cosAmt—S__sinAmt]
3 measurables vs. 4 unknowns: T, 1, 0, y

-+ additional inputs required to determine the penguin pollution
tofixr



a determination with isospin analvsis

 Gronau-London, PRL65, 3381 (1990 ]
Isospin breaking (d and u charges dlfferent m_=m dJ

A =AB° s> x"n =T +P

_|_
V2A,,=vV2A(B a2’ =e ™ T+P
2A =V2A(B»x a")=e (T +T )
— — 15
A, +V2 Ay =12 A, 7 A Nl
A, +2A, =23,
lllllll::
= neglecting EWP = A_, pure tree
[ A o] =[ALol Aul=IA.
= Adtgyp=1(1.5£0.3+0.3)°
g —n—n' and p—w mixing [J.Zupan, hep-ph/0701004 ]

(mass eigenstates do not coincide with isospin eigenstates)
|.j'.. m-n-n' | = 1 6

« can be resolved up to an 8-fold ambiguity (¢ € [0, =)



Irreducible theory uncertainty

Box diagrams can change CKM structure
higer-order electroweak diagram

il 8
K
W

L. e

T

-

(i

@ b— ucs: b i 5

@ tree level ~ Vi V7
o box diagram ~ (Vi V) (Vi V) W W

@ same weak phase, no shift in ~

i I ’
@ b cus: : b, ’F ,
@ tree level ~ Vi Vi,
e box diagram ~ (VpVE)(Ve VL) W W
@ different weak phase, induces 4+ . . :
i h i«

= dy/y<o(1077)



pollution...
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sin2f+y |[method]

Ll [

] :|-E+ [:.|.""|I -
d d
]-j 4 . L - b > - 1]
B’ D" B" o
d > d d < d

I'(B" - D""n ) =all - Cecos(AmAt) — § sin(AmAt)],
[(BY— D 71" =all +Ccos(AmAt) — §~ sin{AmAt)),
T(B" — D" n7) =all + Ccos(AmAt) + 8 sin( AmAt)],

T(B" — D %) =all — Ccos(AmAt) + 8§ sin(AmAD)]. | ¢ = e_lj’tlhﬂ-”fg-[

S==—(2R/(1+R7))sin(2p+y = 8)
C=(1-R*)/[1+R*) =1
though large samples, R values expected to be small | = 0.02)

T F
amaE
no1af
anizf

. f DCSD

5 -4 -2 ] F L] [
A1 {In g




Time - dependent measurements
- All of the measurements presented so far were time-independent
> Time-dependent measurements (mixing induced CPV) also possible:
— B»D"x, B"»Dp
> In order to extract y from B> SS/SV decays, must supply r = |A /Al
externally (expected to be ~ 1-2%/, usually assuming SU(3) symmetry

L

TII+ Di‘] -
d d
b c b u
R ¢ ‘ p'"- B" > > om
d > d d < d

In B>VV decays, one can extract all physics parameters from data
Belle study: ~ 100k evts per ab™ ",

3 helicity configurations: A = Z}_ A,

we use Cartesian coordinates {r,, 0;,, 9.} 2 {X,, Vi, X5, V5. )
o(2p+y)=11" for Belle II with 50 ab™"



D xn” time-dep analysis and sin2p+y extraction

T
W+ d
oo _ 2Ap pin(3:x(2p+y)) ¢ _
- 1+R? d . d
CF decay
c
i D
_JA(B®» D) S
7 JA(B® Dnt))| h .
BY T
d > d
DCS decay

expected to be around 2%
can't be measured directly from Dz analysis, need other inputs...

[



B=2D_n

i

11;F§< d
b - -

15 B

15 T

LHCb-ANA-2015-037, 3 fb*

L&
o i
.......

F— fpe

B” EI L]
Hil > {f
C {': .” 4
“'E’ - ~+ T - T Ir,, = tané
15 n T
d - i > d
B(x107°) Exp. Ref.
254+ BaBar arXxiv:0803.4296
19.9+-2.6+1.8 Belle arXiv:1007.4619
260.7+2.0+2.2 LHCbL LHCb-ANA-2015-037

= following arXiv:1208.6463:r, =(1.70+0.08+0.25(theo.))%



|

H[r

Time-dependent: B_case

_ i, e, t :
- 5 t" - - - .
D; B! we W i
_ - T b
3 - - -l - i
| u
“1? W 1-!-'"5 ;l,ld K- r 3 : +
5 Lub X T'fn.'.',:l ~ A DE
Tpo_s(t) 1, . ay T alt Al ’
C H:i—i:_lrl:. :I _ §|;"1_f|£|:1 L |II|1,|IIII|_|..!:IIr I gt [* 0sh ( 5 ) + '1:_1” sinh ( 9 )

+ Cycos (Amgt) — Sysin {i'n.m,q!'}] :

3 .
2 E{ (14 |}LJ+-|2']+._l.’r [{'UHII (ﬂ;;ﬂ) 43' sinh (&1} f)
g p.

ATy, 4(2)
df B

— (peos (Am,t) + Spsin {ﬂmsﬂ] :

5

I:"_'_TJ, _]_# . 4 T 1_

1+ DK D K

—2rpx cos(d — [y — 25,)) A4l —2rp,i cos(d + (v — 25,)) -
2 A B 2 . < &
Ltk Lt rh i '
. 2]‘}_;“}{ '-.l]l(-"]— [":r —:_*'.? }:I . _ETJ‘J,;I{' iiil’l'rl'i—l-(r —Eg )}

3= 8= y - 28,













Flavour Mixing in the Charm Sector

Mass eigenstates # flavour eigenstates m:..and I'; , are mass
and width of |D, , >

0 ~0
|D1’2>:p|D >iq|D > p/q#1= CP violation

d.s. b

DU @ Do D" W W i3
v u C

> > >
d.5. b

Long —distance contributions dominant, Short—distance contributions,
affected by large theoretical uncertainties GIM and CKM suppressed in SM

Time evolution of a D' =D’ system

-d [|D(t))\ _ 1\ (1D())
"t (|D(t)}) — (M ; IE) (|D(t))) with M and I'" being hermitian

Solutions |D’(t)> =e ™*"™ [cosh (XX 1 ¢)| D> + % sinh(w—%rtﬂﬁ%]
D’ (t)> = "2rim) [([Z)T sinh(y-k%rt)m% + cosh(y X r't)|D°>]
m, — m, 'y — 1T,

Mixing parameters X =

r, ° 7~ 21, |r, =+




D’ -D’ mixing

o Since D” mixing is small (|x|, |y| << 1):

|D0(t)> — e—(F/2+im)t [|D0> + [ql(y-l-zlx Ft)|ﬁo>]
> Time dependent decay rates of D’ ->f:

dN
-t o [<EH|D(1)>[" = e‘“|<f|H|D">+§<

o Exponential decay modulated with x and y

y +iX

['t)|<f|H|D">|"

AN,
dt

x and y can be obtained from measured time dependence of

o Shape is final state dependent

different final states sensitive to different combinations of x and y



D’ -D’ mixing — SM estimates

Can express (JoaChim BI‘Od)

y =5t 2, py[<D'[H|n><n|H|D'> + <D'|H|n><n|H|D'>]
D

2

<D’|H|n><n|H|D"> +<ﬁ°|H|n><n|H|D0>]
M; — E,

1 JR—
x—ﬁ[<D H|D">+P )

"' Inclusive approach'':

o OPE expansion in powers of ""A/m_"

o x ~y<107° [Georgi 1992; Ohl et al 1993; Bigi et al 2000]

o Cannot exclude y ~ 107 [Bobrowski et al 2010]
o Violation of quark -hadron duality

""Exclusive approach'':

o Sum over on-shell intermediate states
o Mainly D>PP, PV leads to x ~ y <10~ [Cheng et al 2010]

o SU(3), breaking in phase space alone leads to y ~ 10~ [Falk et al 2002]
o Get x ~ 10~° from a dispersion relation [Falk et al 2004 ]



Results discussed in this talk...

From HFAG page:

D’s K'7w B9
D’>h'h E791 Fifeus [
D'>K'zw a i'

D’>» K'n' 27 iﬁ
D'>K.h'h [

D’>K'I'v E9E
y(3770) » D’ D’ B

= mixing probability >3 0o



Decays to CP -even eigenstates D’ K'K ,n'xn

Measurement of lifetime difference between D » K " and D’ » K' K™, ' nt

Timing distributions are exponential (if CP is conserved)

o mIXing parameter: |y, = —1

T(K n')

t(h"h™)

o if CP conserved: y, =y

If CP is violated = difference in lifetimes of D°/D°>K* K™, n* 7~

o lifetime asymmetry : | A

_t(D’>»>h h")—<(D">h h")
t(D’>h h*)+<t(D’>h h')

0 yCP:ycosq)—%Astinq)

o AFZ;—AMycosq)—Xsin(b

¢ = arg(q/p) 2
Ay=1- |q/p]

[S.Bergmann et al, PLB 486, 418 (2000 )]



Experimental method (update with 976 fb™" ) JRgr=s

|arXiv:1212.3478; M. Staric et al, PRL98, 211803 (2007)] @

using D" = «" D’
o flavor tagging by the charge of &t
o background suppression

slow

0 .
D" proper decay time measurement:

. 1dec p D’

by =

— , | |
C ﬁ Y MDO extrapolate production vtx

e D" Beamspot e’

t

o decay time uncertainty O, (calculated from vtx err matrices)
To reject D" from B decays: p, > 2.5(3.1) GeV/c Y(4S) (Y(5S))

Observables :

o m = m(Km)
o q= III(KJ'IZ.TISS) — m(Kn) — m

TT



Charm mixing in D° - K" 5~

™

L., measures
proper
decay time

beam spot

D’ is tagged by D~ = D’ nt*, decay

The ratio R(t) of WSD > D’n". 2 K'nt 7. toRSD "> D’n" > K n'x’

4 N

mly \

D> a' D" » K 1t

\_ Right- Sign (RS) decay (m w1th the same charge) )

s “W\ )

D > a' D"

\_ Wrong-Sign (WS) decay (rc with the opposite chargy

S

decay rates can be approximated (assuming |x|, |y|<< 1 and no CPV) by:

DCS to CF ratio

mixing rate
' 2 :
t) \/RDyt + t X = XC0SQy  + ysind,.

y' = y COS Oy, — XSinOy

Ok .- strong phase difference btw DCS and CF amplitudes



Charm mixing in D’ 9 K 't~

http://www-cdf.fnal.gov/physics/new/bottom/ 130408.blessed-DMix_9.6fb/public_note_CDF_D_mipdf

Time - integrated yields (9.6 fb™ ")

«10° CDF Run Il preliminary, L=9.6 fb . «10° CDF Run |l preliminary, L=9.6 fb &
s | e | -
e B d C . )
% 2.5 __ Dw+ - I:)l:I nt— K_ ntat —e— Data % 35 - D* — D“ at — K+ w ot —e— Data
s ¢ —— Fit total s T r —— Fit total
wn - —— D" =D st > K atat n - . —— D" =Dt - Kt
< - Background < 30F WS D* signal ___. Background
2 T 2 L 33x103 events
2 I g r (time-integrated)
s 15— = =
$ B £ 20 :— ',"' P T T L
= L = - !
- - '
1_— 15 :— f' ~
L — JUTTAR ~a
- 10 e = .
sl - 0 Fake D* background
- sk J ¢ (D° + random = track)
o ] : IR0 055 B S S-S S S B S D - 1 | | 1 1 | 1 1 e, | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
00 0.005 0.01 0.015 0.02 0.025 0.03 nl] 0.005 0.01 0.015 0.02 0.025 0.03
AM [GeV/c?] AM [GeV/c?]

RS: D’ > K« WS: D’ > K '~
7.6 M decays 33k decays



Charm mixing in D" » K' & 17

http://www-cdf.fnal.gov/physics/new/bottom/ 130408.blessed—DMiX_9.6fb/public_note_CDF_D_miXpdf

Time - dependent {fit strategy

gxma CDF Run Il preliminary, L=9.6 fb
““‘§ 4 In each decay -time bin
of
fit RS sample to determine
i3 signal shape's parameters
& + + | fit WS sample with signal shape
st H% + - fixed to RS
4_ }};.}H{%H} Calculate WS/RS ratio from
1 T measured yields
3

o charm mesons from b-hadron decays
o backgrounds from mis-identified charm decays peaking in M(D"° m_)
= accounted for in the time - dependent fit



Charm mixing in D” 9 Kt~

http:// www-cdf.fnal.gov/physics/new/bottom/130408.blessed-DMix_9.6fb/public_note_ CDF_D mlxpdf

b=l
x

i
(=]
da

CDF Run Il preliminary, L=9.6 fb

JI|IIII|IIII|IIII|IIII|IIII|IIII

-

—i—

—i—
-
——
——
——
—il—

—i—

=

-

o~

P
vt track’s impact parameters

.2
Qmﬂr}r vertex

N

/. pr(D%

decay length (Lzy)

(do)

/

transverse
]

Calculate the WS/RS ratio from measured
D’ yields in each decay time bin (20 bins)

Secondary production D’

from B decay

') <60um o
to reduce secondary D n/ |
CDF Run Il p | I

Apply do(D

[
=
]

Events per 101m
=

10

R
(B) |

™\

(D)

—— Data
— Total

—— Prompt

----- Non-prompt

IIIIIIIIIIIIIIIIIIIIIIIIII
0.045 0.05

d, [cm]

IIIIIIIIIIII
0.01F 002 0023 003 0035 004

{ | 111 1
0 0005 0.01



Charm mixing in D° 9 K*'xt~

. contribution from B hadron decays
10 CODF Run |l preliminary L= 9.6 fb"

e 9F is included in the WS/RS ratio fit:
o - ® Data .
8;_ e | - Projection of the prompt
S component of the fit, i.e. R(t)
- — Prompt fit projection
6F 1 - Best fit, including the effect
- of D" from B decays
or
45_- - No - mixing fit (x*=y = 0)
E " . CDF Run Il preliminary L=9.6fb"
1 TP T
i R P | L = No mixing hypothesis
0 2 4 6 10 = .
te is excluded at 6 ¢
Fit type = Parameter Fit result Correlation coefficient 29[ |
(%*/ndf) (1077) R, y X °
- g,
Mixing Rp 3514035 1 —0967 0900 o — 1 BN
(16.9/17) y 4.3 4.3 1 —-0975 | — s N\
x> +0.08 +0.18 (N |
S T T T I T T SR R N T T
CDF (2007) R, =(3.04 = 0.55) X 10~ 2 - o
7 .
PRL 100 (2008) 121802 X< (107)

y'=(85+76)%, x=(—0.12+0.35)%



Charm mixing in D’ - K" 5~

Experiment

Belle
PRL 96 (2006) 151801

BaBar
PRL 98 (2007) 211802

LHCb
PRL 110 (2013) 101802

CDF
preliminary (2013)

RD
(107°)

3.64 = 0.17
3.03 = 0.19
3.52 = 0.15

3.51 £ 0.35

y
(107°)

0.6"%9
9.7 + 5.4
7.2 + 2.4

4.3 + 4.3

2
X

(107°)
+0.18 3%,
—0.22 = 0.37
—0.09 = 0.13

+0.08 £+ 0.18

1.5

No - mixing

exclusion
significance

2.0

3.9

9.1

-0.0

1 1 1 | 1 1 1
8-0.06 -0.

I
04-0.02 0
X2 (%)

0.02 0.04 0.06



° ° ° 0 -+ —
Charm mixing in D" =2 K ' &
The ratio R(t) of WS D =» D’x" 2 K'n " toRSD = D'n" K n'n’
decay rates can be approximated (assuming |x|, |y|<< 1 and no CPV) by:

DCS to CF ratio miXingrate SRR AR

: 151 [FPCP 2013]

R(t) =R+ VR S | N
( ) DY 7 : :

X = XCOS 6“ + ysin 6;@ Oy .. strong phase difference
y = ycos d.. — xsind,_  btw DCS and CF amplitudes

S

0.5F i -

Exp R y x 2 5 0.08-0.06-0.04-0.02 0 0.02°0.04 0.06
D
10—3 10—3 10—3 RARARERARE AL AR R AL AN
(107) (107) (107) 151 [ winter 2014 ]
Belle 353 +0.13 46+34 +0.09+0.22 5.1 i3 _-
PRL 112 (2014) 111801 ~ 5 ]
BaBar 3.03+ 019 9.7 +54 —022+037 39 -—os. LHCb -
PRL 98 (2007) 211802 - CDF Ny
LHCDb 3.57 £ 0.07 4.8%1.0 +0.055 % 0.049 ? °r BaBar et g
PRL 111 (2013) 251801 ok Belle : 1
CDF 3.51 + 035 4.3+ 4.3 +0.08 +0.18 6.1 0.0870.060.040.02 0 0.02 0.04 0.06
x? (%)

preliminary (2013)



0 RO « o
D —D mixing
HFAG charm: A.Schwartz, B.Golob, M. Gersabeck

FPCP 2013

v*/ndf = 66.8/41

g 1_5 CPV allowed Observable x> > x>
X — (049 i(())llz) % = Yop 294 294
i A, 0.03 297
y = (0.75 + 0.09) % g
Yoy Belle 1.68  5.50
FPCP 2012: 0.5 lg/p o+, Belle 0.34  5.84
x = (0.63 "050) % i G ronn Belle 104 6.88
y = (0.75 + 0.12)% b T o0y, BaBar 1.48 8.37
g = Yyeops,,- BaBar 042 879
No mixing point B Hah ., S0
05 ‘.;z Tt -0 BaBar 6.22 1 15.12
*_0_5' = 0 e ‘0_5' — 1 — 15 [ —— BaBar 277 17.89
X (%) CLEOc
£ 25 o & HFAG-cham | e (z/y/Rp/ cosd/sind) 10.83  28.72
hEEE CPValiowed | 1 022 R} /+'** [y'+ BaBar 7.95 | 36.67
~ 20 201 Ry/+'* Jy'~ BaBar 5.82 | 42.49
: R% /2> [y'+ Belle 172 44.20
15 Ly Ry /x'?~ [y~ Belle 0.66  44.87
] R, /'%/y' CDF 341  48.28
10 0= Ry, /*'?/y' LHCh 8.51 | 56.78
E A:‘—K/AW BaBar 0.72  57.50
el R e S Agrc/A,, Belle 155 59.05
| i Agg —A__ CDF 1.66  60.70
giembs L L et L L 8358047080807 08 08 T4 Ay, — A LHCb (D* tag) 0.00  60.71
X (%) vy A, —A__ LHCb (B> DuX tag) | 6.11 66.82

x <0 excluded at 2.1c y <0 excluded at 7.20



° ° ° 0 -+ —_—
Charm mixing in D =2 K &«
[PRL 110, 101802 (2013), arXiv:1211.1230]

Time - integrated yields (1 fb™ ")

«10° | . oaAe
@HIE:_I I} | N _‘_':‘_E:]‘- ID_—I | | ]
% LHCb  § « RSdat 2 I
= Fit B =
5 0.8F r”l B Background ] 5
£ o6l 1 &
= 1 5
g 04f B 103
™ i 1 * s
O 0.2F l - O
057005 2.01 2.015 2.02 2.005 2.01 2.015 2.0
M (D"r?) [GeV/ M (D) [GeV/]
0 o+ . 10 + =
RS: D 2K & WS: D =K =t

8.4 M decays 36 k decays



° ) ° 0 -+ —_—
Charm mixing in D =2 K' &
[PRL 110, 101802 (2013), arXiv:1211.1230]
measured WS/RS ratio:

miy = NU(H)+ Ny~ (t) s 1|1 Ralt)
R = =R 1—f 1—
=N - R & O1-R !
where: bias from seZ()rndary D decays
s() _ Ny (1)
fB (t) - NRS(t) + Ngs(t) o t3
N[ -
Ra(t) = NE3(t) py D7

ct(B)~ 450 um, D from B have
non - zero impact parameter

cut on %’ (IP), remaining (3 %):
included in the fit, shape estimated

from evts reconstructed as
B-D (3)n, B>D uX, D’uX



Charm mixing in D’ = K*' ™ (1 fb_l)%

[PRL 110, 101802 (2013), arXiv:1211.1230]

xll(]l-:-;l | T T T — T T T T T T T T T T T T T | T
ll - = -
'F - pau 1 Sk LHCI i
'5-35_ — Mixing fit = | P
6— ----- No-mixing fit P — 1,1:::— No mixin g hyp othesis
3.5F - : 3 S, is excluded at 9o
S5k = - o ]
1 5E }%‘F E 0.5F —° .
'-1-.:‘.'5 ;"* ] JE ______ %5 i
45— N o —lo + .
3.5F LHCb E F + No-mixing
3E | A N Y R U'J'_.l....|....|....|._'
0 2 4 6 20 -0.1 -0.05 0 0.05
1T x? (%]

1* observation of charm mixing from a single expt

Fit type Parameter Fit result Correlation coefficient

(%*/ndf) (107°) R, y X
Mixing R, 352+0.15 1 -0954 0.882
(9.5/10) y 7.2 +24 1 —0.973

2

X —0.09 + 0.13 1




ADS observables

o (R,, R_) instead of (R,,¢, A,,s) whenever available

Effect of D-D mixing on y

o M.Rama, arXiv:1307.4384

o RT=ri+r) +2r,r,c08(8,Fy+d,)
> R =ri+1’+2r,1,C08(8,FYy+d,) — yr,Cc0sd, — yIr,Ccos(d,Fy)+
XIpSind, — Xrgsin(d;Fy)

o tried on the current LHCDb average (DK): ~ 1 degree difference



CP violation in charm

Tree level t

1
( Loop level 2 \

CcP

—)

i, - i il - it
-6,

A, = p,e'fze

J

|A1 + Az|? — |A1 + Az|* = 4p1p2 sin(6; — 6) sin(6; — 67)



CP violation in charm

/ Experimentally we can tag D° flavour at \

production by means of the charge of the muon
and the soft pion K-

7
IP~0
PV’_b -------
X
LYy




CP violation in charm
AA.p, m-tagged

both to production and detector effects

Avan(f) =[Acr (F)+ ADK) +[Ap(ni ) +[Ap(D™)

reconstruction

What we measure is the physical asymmetry plus asymmetri)es due

Any charge-dependent :
D** production
asymmetry

o No detection asymmetry for D° decays to K'K* or rmt*
e ... if we take the raw asymmetry difference
AA., =A, (KK)—-A _ (7nm)=A.p(KK)— A p(7TT)

e the D™ production and the slow pion detection asymmetries will
cancel

N




CP violation in charm

—_ fjl‘C.)E.. ————r ,-szoo;"“.}g... —
% 6000k LHCb 3 % 2000F LHCb 3
Z | 44M + | = 1soop 14 M
= 50001 Data ] < 1600; + Data :
- f WD - kK — 1400F s
= 4000 7 ] = 2 - ]
—_ Comb_bkg_: — 1200:— % Comb. bkg j
5 3000F . ~ 1000f .
2. F 5 2 800F -
[ r 1 = o .
= 2000¢ ] = 600F 8
S 1000F . = 400F -
S —— :
2005 20101)0 Emlil . 2020 %005 2010 2015 2020
mD"7?) [MeV/c’] m(D°7%) [MeV/c?]
n-tagged (6 fb") - LHCb-PAPER-2019-006
r N\
Adqp = (—15.4 + 2.9)x10~* p-tagged (6 fb) ~ LHCb-PAPER-2019-006
cp — . —_ s i
(. J
p - n-tagged (3 fb) — Phys. Rev. Lett. 116 (2016)
5.3 standard deviations from zero u-tagged (3 fb) P JHEP 07 041(2014)
. J
4 . . ) p-tagged (1b7) S Phys. Lett. B723 33 (2013
This is the first observation of CP 4 (2013)
. violation in the decay of charm hadrons | ntagged (0.62 fb) Phys. Rev. Lett. 108 (2012)

-1 =05 0 05 1
AAcp [%]



Quantum correlated D mesons at CLEO-c

@ W — DD are produced
coherently in the C = —1
state.

(ID) D) — |D} | D))
V2

o |f W(3770) decays into two
states F and G, then decay
rate (") depends on their CP

eigenvalue. Flgure | CLEC-c detector.

@ F =CP even (odd), G = CP odd (even) = two-fold
enhancement.

@ F =CP even (odd), G = CP even (odd) = zero.

o I changes with F or G being quasi CP states (7" 7 7%) or self
conjugate states (K2nt 7).



CLEO-c data sample

A total of 818 pb~! data collected at the CLEO-c - DD pairs from

the W(3770).

One of the D mesons reconstructed to K2n 7w~ 7® (signal) and the

other one to any other channel (tag).

Type mode vield
CP even tags KTK™ 200.7 + 14.2
mta 91.45 + 9.59
K207 ? 106.3 + 10.9
K 357.3 + 20.2
KD w 162.1 + 13.7
CP odd tags K" 93.97 + 9.84
K2 11.64 + 3.68
H‘E?f 7T+3
Quasi CP tags ata™ ol 428.8 + 21.7
Self conjugate tags HS'D:T b 504.8 + 23.3
K mt o 864.1 + 46.1
HE'TT' I 176.4 + 14.8
Flavour tag KLteTuwu 1010 + 32




CP content (]_:.'+) F, = fractional CP-even content

The double tagged yield for the signal and tag
M(S|T) =2Npp x BF(S)x BF(T)x€e(S|T) x[1— Acp(2F, —1)].

The single tag yield
5(T)=2Nyp x BF(T) x €(T).

If we assume €(S|T) = €(S)e(T), then we get N for CP odd tag

and N~ for CP even tag as follows:
e M(SIT)
5(T)

= BF(S) X, F(S) X [1 — )HCP(2F| — 1)] .

From these, we can calculate F. as

NI
T~ Nt N

F, F, =1= CP even, F;, =0 = CP odd.



CP content (F,) for Dax*n n°  [arXiv:1410.3064]

Table 1: D final states reconstructed in this analysis.

Tvpe Final states
Signal mrtrn, KTK-m°
CP-even KtK—, @t T‘, Kgﬂ' ™, KPx° K7
C' P-odd f’g"ro Kdw, Kin, K8/
tagged by CP even e1genstates tagged by CP odd e1genstates
160 T T ] 160 T ]
140F (@) 3 140F ‘} (b} E
120 . 1201 + .
>100F . > 100F .
= = r
= 80 ] = B0 .
2 60F . £ 60F + 3
a 40k = = aof t =
20F + ] 20F 4 ]
*}M@Pﬁméim@&m ] o g VE R
R TR R N TR N T AR {83184 185 186 187 1.88 189
M, [GeV/e?] 0 M, [GeV/ct]
double tagged by n rc m
I I
140F .
1 g @ = F,=0.968 + 0.017 + 0.006
120 3
“100
z I 2r;sind siny 2r;sind siny
< 80 Acps= R A.,=(2F,-1). R
T—‘E: 6of CP+ :> F+
= 40f R.p,=1+r.+2r,Cc085,C0Sy R,,=1+1/’+(2F,-1).2r,c0osd,c0Sy
20E /
08186186 187 188 189 dilution factor of 0.936

Average M]x_ [GeVie]



DK 'n n° [arXiv:0903.4853]

# K, amplitude ratio and vary-phase space



DK 'n n° [arXiv:0903.4853]
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B—-D"'K" Dalitz analysis

Reconstruction of three—body final states D°, D’ K "~

Amplitude for each Dalitz point is described as:
BO—>KST(+T(_ ~f(m?, m?)
DO—>KSTl'+'IT_ ~f(m?, m?)

B'>(Kemt'mw )K" : f(m?, m?) + re'™"™f(m?, m?)

2
2 — 0 m — 3 oy
D C

25
2
15

1™

050

B - (K¢ ' ),K : f(m®, m?)+re'®"

Yf(m?, m?)
Simultaneous fit of B" and B~ to extract parameters ry, ¢, and §;

Note: 2 fold ambiguity on y: (y, 65) = (y+1, §5+1)



yand DK n'n”

best standalone meas. of y
especially in B-factory
Ken'n is Ko p® (GILW), K™ n ...

internal structure in the Dalitz plot:

o nonresonant contributions

- resonant contributions, as D’ AR (®BC)
where R is short-lived intermediate resonance

) . A 2 2 ] ] f 2 2
An(m?,m?) = anp(m?2, m2)eONr(m=ms) | ap(m?, m2)eor(Mm=ms)
D + NR + R +
R

G (Kgir‘) [GeV?% !

= a(m?, m?)e'o\m=ms)

o ayg and Oy are magnitude and phase of nonresonant component
o ag and 0z are magnitude and phase of each resonance

= isobar formalism used to model DK n'n decays: resonances approximated with relativistic

Breit - Wigner functions, with factors to account for spins of the particles and form factors
to account of the relative momenta of the decay products



Two methods for accessing the D decay information

> D dalitz plot from B decay is superposition of D° and D’
o it will differ between B" and B~
o differences are related to ry, ;and y (or x,, vy, )

= two ways to deal with the varying r, and d,:

Model dependent Model independent

Use CLEO data to
measure average
values of ry and & in
bins

r, and 8, determined from flavour
tagged decays via amplitude model

No interference, no direct access to
phase information

Small loss in statistical precision

Systematic uncertainties due to model

hard to quantify Direct phase information, uncertainties
on which are easily propagated




y and D> K? x' n”

amplitudes for the CP-conjugate DK h*h™ decays:

AD® = thﬂr_) = AD(mE,m_%) — a(m?, Hzf)e"é{’”g””:—g),

sz 2 2
&(nsg,m%)e’é“”—*’”—) = AD{m%,mg].

A(D® = K2hth™) = Ap(m?,m?)

A_(m’, m?)=A_(m’, m?) occurs because final state has spin zero

amplitude of the cascade decay B"»DK™ with D»>KZh*h™ at the coordinate (m”, m?) is:
A(B~ - D(—=K " h™)K™)

= A(B~ - D°(— K h*h )K" )+ A(B~ — D%(— Koh*h™)K")

"

_ 2 2 (SB=Y) A (112 g2
= AgAp(m?,m?) + Agrge’ ® Y AL (m?, m?)

2

2
Y

2 P a2 2 Ti —ar) ) ;& 2 2
o a(m?2,m pio(m=,ms) rﬂgilés ﬂa{rn:, m+}€m{m_,m_}+

partial width for the B~ decay is given by:

dT(B~ — D(— Koh™h™)K™)

A(B~ — D(— KO )K)|*
dm? dm? | { { > } }‘

oc a®(m2, m2) + rga’(m2, ms)+

2a(m?, rni}ri(m%, m2)rgcos[(dp —y) — (8(m?, m2) - 5(m?, m2))].



define the strong-phase difference between the D° and D° amplitudes:

Sp(m2,m2) = 8(m2,m2) - &8(m2,m2) = 5(m?,m?) - 5(m2, m?),

dl'(B~— D(— Kh*h™)K~
(B~ — D(— K )K7) oca’ + r;ﬁ__'?' + 2aargcos[(dg—vY)—0p],
dm?dm?

o a’ + rﬁri?' + 2adarg[cos(og —y)cosop + sin(dg —y)sindp]|.

Similarly, amplitude for B* decay:
A(B* = D(—=Kn*h7)K)
= A(B" - D°(— K’n"h™)K*) + A(B* - D (= Kn"h™)K™)
= AgAp(m?,m?) + Agrg e'(98+Y) A p(m?,m?)

) s 29 TP
DCH{H’IE,J‘HE}EIM”I"”IH—Frgﬂlfaﬁ_l_ﬂ {m_’m?}emim_,m_],

+ 01,+1,—\k+
dl(B™ = D(— Kgh™h™)K™) xgz+r§ﬂ?'+ZﬂﬁrBCDS[(éB‘F?}-}_éD]
dm?2dm3

oc a° +rga* + 2aarg[cos(dp +7y)cos dp — sin(dg +y)sin dp |

in presence of CP violation and when r, # 0, D » Kn* «~ DP distribution no longer same

for B'»DK™ and B*»DK" decays under transformation m” < m?, asymmetry depends of
Dalitz plot coordinate



strategy : measure asymmetries in integrated regions of the Dalit plot

interference term A,(m’, m?)A,(m’, m’) is symmetric
under exchange (m”,m’)=(m?,m”) = define bin

m2 (GeV*/c?)

g
N O W
e

regions which are symmetric around the line m” = m?

an example with 2k bins = :
05|

| b

0 M P |\\‘r| | M A
0 05 1 156 2 25 3
m?2 (GeV?/c?)

defining integrals over the region of the Dalitz plot labelled bin i:

r‘u

T, = | dm?dm? a®(m?,m?),
Ji
i 2
_ 2 2002 02 _ 2 3.2 =22 2
T_;= | dmZdmia“(mZ,m:)= J dmZdm? a(m=, m3),
J—i +i
l -
C; = —— dmgdm% a{m%, mi) .ci(m%, m%} COS £5D(llfg,1113_),
Ll Ji
_I_ (™
. 2 3.2 2 02\ A2 112 cin 2 2
5; = —— | dmZdmi a(mZ, m3) a(ms, ms) sinodp(ms, m3).
VI Ji

terms c, and s, contain cosd, and sind,



equations for the rate of events in bins i and —i of the Dalitz plots
for B~ and B" decays:

I;(B-— D(—= KO h™)K™) o [Ty + (x2 + 92)T; + 24Ty, T (x_cy; + ;;_sﬂ-]",
[ (B> D(— KEI:JFI':_}K_} o -T_,r +(x2+ yE]Tﬂ- + 24T ;T ;(x_c_; + y_s_l-]_,

I,;(B* - D(— KIn"h™)K") o _T_,- + (X2 + 9T+ 2T Toi(xpcys — 'y+5+£-]_ ,

[;(B" - D(— KW h)K¥) « T +(x2+ 9T + 2T T (xac i — vys_;) -.
~ 5’+

X, =rgcos(ogxy),

L =rgsin(og +v).

parameters T., can be determined by measuring decay rates of flavour-tagged
D’ +>K2n*n~ decays, i.e. where D meson can be identified as D° or D°

measuring B-»DK decay rates in each bin, 2k+3 unknowns =c,, s;, r3, 0z and y
k > 2: greater number of equations than unknowns and y can be determined

preferable to perform dedicated measurements of c, and s,, use them as inputs



c, and s, at charm factory

at ¢(3770), J'*=1"", decays to a DD pair (decay are quantum related )

D mesons decay to final states f, and f, with CP eigenvalues n_ and n,

CP conservation requires that n.n, (-1)" =1, hence n_/n, = -1

= if one D meson is reconstructed in a CP even (odd) eigenstate,
other D meson must be CP odd (even) eigenstate

measurements of c, and s, require that one of the D mesons decays to

K2n"n~ final state and the other decays to final state X,
if X, is CP even (odd) eigenstate, D meson decaying to Kon*n~ must be CP-odd (even)
amplitude and partial width of D, at Dalitz plot coordinate (m?*, m?):

A(D. - Kh*h™) = %(ﬁﬂ +Ap),

AT(D, - KOW*h™) 1( ., -2\ . — .
dm?2 dm? - 2 (AD +Ap ) + ApApcosop.

decay rate to bin i of the D, Dalitz plot:

1
L;(D. — K:E}h+h_]l o = (TG +1-;) 2T T ;.

=

. . 0 + _
if X, 1is Ken e

Iijoc T;T_j+ T Tj - 2\/T5T—;‘TjT—j{C:'Cj +5i5j)-



c, and s; at charm factory

model of the amplitude A, (m?, m?) determined using flavour -tagged D->K2x"n~ decays
= provides prediction of &,(m”, m?) and can be used to determine binning scheme

binning: started with rectangular binning, better sensitivity to y obtained by partionning

Dalit plot into regions over which variation in §,(m’, m?) is small
produce large non-zero

values of c, ands,

% 5 3
e~ ?E
2 :
QO 6 .S
ot =

S 5

4

3

2

T 1

A DR B
] 2 3

m2 [GeV?/c4]

DK nr and D->K?KK: different binning, DK* and DK™ different binning...



as an example, Belle arXiv:1204.6561, first model-indep y result

NMumber of events
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m o
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