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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

I_:]‘j- @ ] } D D | WII "'Ill’lr E |
v u C

> > g
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 (1D(r)) _ 1\ (1D(1))
Tdr (|D(t)}) - (M B IE) (|D(t))) with M and I' being hermitian

Solutions |D°(t)> =e ™* "™ [cosh (XX 1 ¢)| D> + % sinh(w—%l“tﬂﬁ%]
D’ (t)> = M2rimk [(% sinh(y-l-%l“t)m% + cosh(y *IX I't)|D°>]
m, — m, 'y -1,

Mixing parameters X =

I, Y = 21, r,=(r,+TI,)/2




D’ -D’ mixing

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

|D0(t>> — e—(F/2+im)t [|DO> + %(Y‘FZIX Ft)|ﬁo>]

> Time dependent decay rates of D’>f:

AN, - _
D>t o (<f[H|D(t)>) = e "< f|H|D"> +%(y+2IX Tt)[<f[H|D’>|

dt

o Exponential decay modulated with x and y
dN,,

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 BTOd)

y = 2F [<D’|H|n><n|H|D"> + <D°|H|n><n|H|D">]

<D’|H|n><n|H|D"> +<ﬁ°|H|n><n|H|D°>]

1 0 —0
=—[<D HD>+P
F[<D|H| Y. o

"' Inclusive approach'':

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

o x ~y <10 [Georgi 1992; Ohl et al 1993; Bigi et al 2000]

o> Cannot exclude y ~ 10~ [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]

Get x ~ 10 ° from a dispersion relation [Falk et al 2004 ]

O



Experimental status at FPCP 2012

(A.Di Canto)

From HFAG page:

D> K'x E791 BB
D> h"h E791§{Eﬁm
D> K'n a’ &

w(3770)» D’ D° B

= mixing probability >3 o



Experimental status at FPCP 2012

[ http://www.slac.stanford.edu/xorg/hfag/charm/March12 |

MleIlg lIl the DO System iS well 9 AG-cham [ _ Torv atowed
established : significance ~ 100 |

x = (0.63 "50) %
y = (0.75 + 0.12) %

SM predictions affected by large T . | “Wis |
ol of 2o
uncertainties :  No mixing point s
-0. - : °©
Xtheo , ytheo ~ O ( 10_2_ 10_7) —ID_SI - ll_l‘p L Iﬁ_l,ﬁl L '|| A .I.?::;
[see Joachim Brod's compilation next slide x (%)
% CPV allowed b ] CPV allowed
Measurements of x and y are at the upper = 5
limits of SM, NP contributions (in short-
distance diagrams) could at the 1% level
e.g. | Golowich et al| _
50 05 s %5002 04 06 08 1 12
=, y (%)

X <0 excluded at 2.70 y <0 excluded at 6.0C



Results discussed in this talk...

From HFAG page:
D'’>K'nm
D> h'h
D'>K'xw a’
D'>K'n'2x
D> K.h"h

Gio.

s
T
-y

D’>K'I'v E9 B
y(3770) » D’ D' B

= mixing probability >3 0o
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Decays to CP-even eigenstates D’>K'K ,a'nm

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

Timing distributions are exponential (if CP is conserved )
(K a')
~t(h*h")

—1

o mixing parameter: |y p

o if CP conserved: y, =y

If CP is violated = difference in lifetimes of D’/D°>K* K™, n* "
~1(D’>h h")-1(D’>h h")
t(D’>h h")+t(D’>h h")

o lifetime asymmetry : | A

1 :
0 — R — A
YCP y COSQ@® ) M X sinao ¢ = arg(q/p>

Ay=1- |q/P|2

0 AFZ%AMycoscp—Xsincp
[S.Bergmann et al, PLB 486, 418 (2000)]



Experimental method (update with 976 fb ')
[arXiv:1212.3478; M.Staric et al, PRL98, 211803 (2007)]

using D > 7' D’
o flavor tagging by the charge of =
o background suppression

slow

0 .
D" proper decay time measurement:

_ 1dec pDO

by =

— , | |
C B 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:

> m=m(Kmn)
o q= III(KJ'EJ'ES) — m(Kﬂ:) — m,



Decays to CP-even eigenstates D’>K'K , x

+

events/bin

events/bin
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[arXiv:1212.3478]
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o Analysis cuts: m, q, O,

optimized on tuned Monte Carlo
figure of merit: statistical error on y;

o Background estimated from sidebands in m
sideband position optimized

o Signal yields (purities) entering the measurement :

channel KK K T T
Yield 242k 2.61M 114k
Purity 98.0% 99.7% 92.9%
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tates D' 2 K 'K .

]

-even eigens

Decavs to CP

1212.3478

|arXiv
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Decays to CP-even eigenstates D’ % K"K, &

[arXiv:12 12.3478*] .
[as resolution function depends on D’ CMS angle (6°), fit is performed in bins of cos@’]
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with 976 fb~! A; = (—0.03 = 0.20 = 0.08) % Belle. 540 b
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Decays to CP-even eigenstates D’ % K" K™, " 7"

7

[J.P. Lees et al, PRD87, 012004 (2013 ), arXiv:1209.3896 | fﬁﬁ

Simultaneous fit to 7 signal channels:

o flavour tagged: D »D°n’, D’»K'K ;D »D’n ,D’>K 'K ;
D D’ a",D’sx "7 ;D »D°n ,D’»x"'n ;D >Dn, DK "7~

b . avour untagged
o flavour untagged: DK K™, DK &~ f 99

A [V
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Decays to CP-even eigenstates D° % K' K™, &

[J.P. Lees et al, PRD87, 012004 (2013), arXiv:1209.3896 |

o Charm background:

Small component (< 0.7%), misreconstructed charm decays,

not separated in the mass fit

Lifetime fit PDFs and yields extracted from MC in the signal

region

o Combinatorial background :
Main component, random tracks

Lifetime fit PDFs extracted from data outside the signal region
Lifetime fit yields (not for untagged K*K™) are extracted from
data in the signal region (integral of bkg PDF minus the charm

bkg yields from MC)
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Decays to CP-even eigenstates D’ & K'K_ |

JU

Entries / { 60 fs)

Full

Eniries / ( 60 fs)

[J.P. Lees et al, PRD87, 012004 (2013), arXiv:1209.3896 |

Signal : properly normalized 2d conditional PDF (t, o)

Lifetime 2d fit in the signal region only
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Decays to CP-even eigenstates D" 2 K'K™, ' xt
[J.P. Lees et al, PRD87, 012004 (2013), arXiv:1209.3896 |

D lifetime

TKJ’C He Tk, = (408.97 + 0.24) fs W

+ . .
t CP+ lifetimes E791 1999 l | 1 0.732 + 2.890 + 1.030 %
= 1" = (405.69 + 1.25) fs [ |
—— _+
T = (406.40 + 1.25) fs 3.420 +1.390 £ 0.740 %
08406 508410 412 | i 1.200 + 2.500 + 1.400 %
7 (fs) - CLEO 2002 |H @ H -L200 L2500 £ 1400 %
i ﬁ
Results with 468 b~ U Belle 2009 |_|_._|_| 0.110 +0.610 + 0.520 %
Vep = (+O.72 +0.18 + 0.12>% LHCb 2012 H 0.550 +0.630 + 0.410 %
—_ o)
Ar = (+O~09 + 0.26 = O~O6) /0 Belle 2012 H 1.110 0.220 + 0.110 %
|
* . I'_#"J\ﬁ
Exclude no mixing at 3.30 D« 0720 - 0,180 = 0,124 %

BaBar, 384 fb™"

Yoo = (+1.16 + 0.22 + 0.18)% World average H (0.866 + 0.155) %
A; =(+0.26 + 0.36 = 0.08) % nbinbunbobnalio ool

4-3-2-1 01 23 4 5 previous value:
Yep (%) (1.064 + 0.209)%




D - K"t time-dependent Daliz analysis

o For D’ 3 body self - conjugated decays, Dalitz analysis can be performed:

Lesa themn 0 406 1.
(0,406 - 0.408) ps

e.g. in D’ » KO n' n , decay amplitude A(mf , mf)

where m?> =m KO m; = My, . T T | 0408 - 0.410) s
S 5 .". ; 0,490 - 0.412) pa
o In CP conservation assumption, w25 R, e
— g IR R R A - ' e
A = A and q/p =1 Greater than 0.416 ps
Distribution of events across Dalitz S T BaBar
space vs t(D") 1.5 SF TR e
Variation - signature of mixing : . L’i*:
amen II'.'I:::II
sensitivity to x and y comes mainly -*-..._“, e,
from regions with: LT | ' i S
g }{_y _‘1 % B
— interferences of CF and DCS
— CP eigenstates o5 1 15 2 25 3
m? [GeV?)
Simultaneous determination Example of mean lifetime

of x and y in different regions of the DP



Events/5MeV

D> K.n'n time-dependent Dalitz analysis

</[O

o DD’ n’, D’»K’x'n~  Results (preliminary) with 920 fb™

Ke>n' 7 selection:
common vertex separated from the interaction region
IM(nt" )| <10 MeV /¢’
Decay vertex:
reconstructed with charged m tracks only (at least 4 SVD hits per track )
D %* < 100 (vertex fit constraint), o, < 1000fs

—

T

M=MKx'n) Q=M(Kin'n ) MK n)—m,

signal
B random st background
B combinatorial background

Events/0.125MeV

Y (4S), Y (5S) full dataset (920 fb™")

signal region: |Q—5.85| < 1.0 GeV
IM—1.865| < 0.015 GeV/c’

1.825 1.85 1875 1.9 0 5 10 15 20 0
Mass (GeV) Q (MeV) channel KSJ'CJ'IZ

Belle (2007) New  Ratio Yield 1.23M
Lumi(fb™") 540 920 1.7 Purity 95.6%

Signal yield 534k 1.23M 2.5 = significant gain from reprocessing




D - K.n'n time-dependent Dalitz analysis P

</[O

BELLE

Kmn S-wave: LASS model

Dalitz model (signal ):

A (mZ_ ) mi) — [Bres # S-wave]+[ch S-wave]+[LKn S-wavl

' w S-wave: K-matrix model

. . _ i, 2 2
Breit - Wigner (12 resonances) B, ¢ e = Zres e Ar € A (m”, m;)

Dalitz PDF for combinatorial background: sideband region
(0.03 <|M—1.865| < 0.05 GeV/c’ and |Q—5.85|<5 MeV )

DP projections of D’ —>Kg:n:+ mt time-integrated Dalitz fit  ,2/ndf = 1.246 for (3653 —49) ndf
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D - Ken'm time-dependent Dalitz analysis

BELLE

Results (preliminary ) with 920 fb™", assuming CP conservation 105} %" Indf = 97/60

X = (+0.56 £ 0.19 *)00 "000)%
— +0.04 +0.03 i
Yy = (+030 +0.15 —0.05 _0-06>% T = (410.3 + 0.4) fs 10°}
(syst) (model) | [, = (410.1 + 1.5) fs]

102}

Belle (2007) @ 540 fb™" BaBar (2010) 5 ——————

i ot ny
X = (+0.80 + 0.29 % 010 0r  x = (+0.16 = 0.23 £ 0.12 %+ 0.08)% ¢ |yt i Mpiyh it

y = (+0.33 + 0.24 10 *0% )0,y =(+0.57 £ 0.20 £ 0.13 £ 0.07)% 10000 20w ame

CLEO 2005/2007 } } 1.900 + 3.300 + 0.566 % CLEO 2005/2007 I i . i I -1.400 +2.400 + 0.894 %
Belle 2007 H 0.800 + 0.290 + 0.170 % Belle 2007 H 0.330 + 0.240 % 0.150 %
0.160 £ 0.230 + 0.144 % 0.570+ 0.200 + 0.148 %
(include K K"K~ )
World average H (0.419 i 0.211) %World average H (0'456 i 0'186) %
R [TO BE UPDATED] I [TO BE UPDATED]

AT P 5(0398+0.175)% ¢ ¢ 2 0 1 5(0.380 + 0.140)%



Charm mixing in D’ 2 K”

™

Ly Measures
proper
decay time

dotic) W 7
T @
T

_primary Pl
interaction @0 (7)
vertex

beam spot

D’ is tagged by D" - D’ n*, decay

The ratio R(t) of WS D > D’n" . 2 K’ n' . toRSD '» D’n" > K n'x’

4 N

mIW \

D > ' D" » K 7t

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

s ““W\ )

D> a' D"

\_ Wrong-Sign (WS) decay (J’C 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 COSOy, — XSinOy

Oy .- strong phase difference btw DCS and CF amplitudes



Charm mixing in D° = K"z

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

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 at— K atat —e— Data % 35 - D* — D“ at — K+ w ot —e— Data
s ¢ —— Fit total s F —— Fit total
wn - —— D" =D st > K atat n - . —— D" =Dt - Kt
< - Background < 30F WS D* signal ___. Background
2 T 2 L 33x103 events
£ 0 g ¢ (time-integrated)
$ B £ 20 :— ',"' P T T L
= L = - !

1 150 P

N B v.

L — JUTTAR ~a

- 10 A/ * =

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'n
7.6M decays 33k decays



° ° ° O + —_
Charm mixing in D™ 2 K @ EjE
http://www—cdf.fnal.gov/physics/new/bottom/l30408.blessed—DMiX_9.6fb/public_note_CDF_D_mX.pdf

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
i3 the + . 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" )
= accounted for in the time - dependent fit



Charm mixing in D> K'n

http://www-cdf.fnal.gov/physics/new/bottom/130408.blessed-DMix_9.6fb/public_note_ CDF_D_mix. pdf
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Charm mixing in D° = K"~

10> CDFRunlI preliminary =96 fb"

contribution from B hadron decays

e 98 is included in the WS/RS ratio fit:
a4 - # Data <
8:_ Mixing fit . .
B | < Projection of thg pr-ompt
7F component of the fit, i.e. R(t)
- — Prompt fit projection
6k + - Best fit, including the effect
- of D™ from B decays
S
45_— - No - mixing fit (x°=y = 0)
E '- . CDF Run Il preliminary L=9.6"
i+ S o1
S P R — = No mixing hypothesis
0 2 4 6 8 10 = .
te is excluded at 6 G
Fit type  Parameter Fit result Correlation coefficient 29[ '
(%*/ndf) (107) R, y  ox? .
Mixing Rp 3514035 1 —0967 0900 o —1 N
(16.9/17) y 43 + 4.3 1 —0975 | 5o
x> +0.08 £ 0.18 1 e Y e
S T S T I T T SR I T T
CDF (2007) R, =(3.04 + 0.55) X 10~ = e L.
: . L
PRL 100 (2008) 121802 y'=(8.5+ 7.6)%, x°=(—0.12 + 0.35)% B



Charm mixing in D’ = K

Experiment R, y X 2 No - mixing
(107°) (107°) (107°) exclusion
significance
Belle 3.64 +0.17 0.6"7 +0.18 "2 2.0
PRL 96 (2006) 151801
BaBar 3.03+0.19 9.7+54 -—-0.22 £ 0.37 3.9
PRL 98 (2007) 211802
LHCb 352+ 0.15 7.2+24 —0.09+013 9.1 4 dsee Alberto
os Reis's talk
PRL 110 (2013) 101802
CDF 351+ 035 43 +43 +0.08 = 0.18 6.1
preliminary (2013) [TTTTTTTT T [T ]
150 .
1
3‘;’: 051
. LHCb
o[ CDF
[ BaBar
-0.5_— 3 Belle IIIIII | o ]

-UUB IJUB 004 002 0 0.02 004 0.06
}{2(%)



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

v’/ ndf = 66.8/41

FPCP 2013 ¢, s e r— T
+0.17 0 > FPCP 2013
X = (0.49 —0.18) 0 Yor 294  2.94
o Ap 0.03  2.97
— 1

y = (0.75 + 0.09) % Y
Yport+ — Belle 1.68 5.50
FPCP 2012: 0.5 lg/p| 0.+, Belle 0.34 5.84
X = (063 J:(());?)) % @ o, +,— Belle 1.04 6.88
y = (075 + 012) % T peop+p— DaBar 1.48 8.37
07 B Ypeop+p,— BaBar 0.42 8.79
L7 .. . 20 Ry (Kti—v) 0.11  8.90

- No mixing point 3o .
0 | 46 Tpey - -0 BaBar 6.22 1 15.12

- H 1 1 1 1 1 | 1 1 1 1 1 1 I.56 (o d
05 0 0.5 1 15 Yo+ 0 BaBar 2.77 ) 17.89
X (%) CLEOc
£ 25 -charm €T 0sd/ si

. E 25 o F CPV allowed (J/yfRDf cos Of {-5111(5) 10.83 28.72
T FPcP 2013 | | CPValowed | 1 | Rf /2% /y'+ BaBar 7.95 | 36.67

o - H o L .D - 1 [ s wede [¥ .

x -
207 20 Ry, /2"~ 4/~ BaBar 5.82 | 42.49
i C RB/:E’2+/y’+ Belle 1.72  44.20
15:— 151 Ry /x'2~ [y~ Belle 0.66  44.87
I i R, /z'%/y CDF 3.41 48.28
101 10r Ry, /x'%/y LHCb 851 [ 56.78
I i Ap /A BaBar 0.72  57.50
55 ONO S N Agsc /Ay Belle 155  59.05
- Apy — A, CDF 1.66  60.70
H \\\I‘I\\\‘\\I\‘I\\\ Il Il Il Il I\\\l\\l\

%604 02 0 02 04 06 08 1 42 0203 040506 07 08 08 1 11 A — A LHCb (D' tag) 0.00  60.71
X (%) vy 4 . —A__ LHCb (B°—D°uX tag) | 6.11 66.82

x <0 excluded at 2.10 y <0 excluded at 7.20 nh 2! bk 1ol |, 8 -



D'-D° mixing

New results since FPCP2012:

— KK, str: updates with full stat of Belle (tagged ) and BaBar (tagged +untagged )
— Ky mm: update of Belle with full stat

— Kn WS: mixing observations from LHCb and CDF

IR IL] I AG-charm | cPV allowed
> FPCP 2013

FPCP 2013
x = (0.49 Zy35) %
y = (0.75 + 0.09) %

4—_0-5I | | | 0 | 1 | Io-5 | | | 1 1 1 | | 1 -5

X (%)
but still much work needed for precise measurements (especially for x),
LHCDb, Belle IT, LHCb upgrade






o« e . 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 :\d:]‘- ID_—I | | ]
% LHCb  § « RSdat 2 I
= Ir Fit B =
5 0.8F r”l B Background ] 5
£ o6l 1 £
g 1 -
g 04 8 13
o - 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 —
RS: D’ K o' WS: D’ > K'n

8.4M decays 36k decays
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Charm mixing in D™ 2 K @
[PRL 110, 101802 (2013), arXiv:1211.1230]
measured WS/RS ratio:

my - NU(H)+ Ny~ (t) s 1|1 Ralt)
R = =R 1—f 1—

= N - R f O1-R

where : bias from seZorndary D decays

rs(oy — Ny (1)
COTNSeNE Lt
R (t) _ NEVS“) o -

TN v D

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)x, B>D uX, D’uX
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Charm mixing in D" 2 K'n (1 fb ) éiﬁﬁ@
[PRL 110, 101802 (2013), arXiv:1211.1230]
See A.C. dos Reis talk

X!(]I-:-;I | T T T T T T T T T T T — T | | | T T T T | T
TE = - [ e
- » Data . = 2t - i
‘5-55_ — Mixing fit E N LHCD
6— ----- No-mixing fit P — 1,1:::— No mixin g hyp othesis
SRS — : 3 "o Is excluded at 9o
S5E E - ]
1 5E }%‘F E 0.5F —° .
4.35 ;"* ] JE ______ %5 i
45— N o —lo + .
3.5F LHCb E -+ 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 —0.954 0.882
(9.5/10) y 7.2 +2.4 1 —0.973

‘2

X —0.09 £ 0.13 1




D - K"t time-dependent Daliz analysis

o For D’ 3 body self - conjugated decays, Dalitz analysis can be performed:
e.g. in D’ > Kg n" ", decay amplitude A(m’ , m>)
where m> = M, -, m, = m,. .

o In CP conservation assumption, A = A and q/p =1

> Time-dependent decay amplitude for a D’ or a D’ tagged at t = 0:
IM(m® , m; ,t)=(A e +|A e +2R[A A ] cos(xt)+2F[A,A ] sin(xt)) e

IM(m? ,m; t) =(A, e +|A,|"e? +2 R[A,A,] cos(xt)+2T[A,A,]sin(xt)) e’

t in unit of D’ lifetime, y modifies the lifetime of certain contributions to the DP,
x introduces a sinusoidal rate variation

Simultaneous determination of x and y
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