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HFAG Charm Mixing Averages

B. Petersen
CERN, CH-1211 Genve 23, Switzerland

Recently the rstevidence for cham m ixing has been reported by several experin ents. To provide averages of
these m ixing results and other chamm results, a new subgroup of the H eavy F lavor A veraging G roup has been
form ed. W e here report on the m ethod and results of averaging the charm m ixing results.

1. Introduction

A Im ost since the discovery of charm m esons, m ix-—

ing of D ° D" m esons have been sought in analogy
to thewellknown K ° K_0 m ixing. D ue to very e ec—
tive G IM suppression, the expected m ixing rate In the
charm system is much smaller than for kaons. Only
very recently, the BaBar E|] and Belle E] collabora—
tions have reported the st evidence of charm m ix-—
ing® . T hese results have renew ed the interest from the
theory comm unity as the observed m ixing rate could
be caused by physics beyond the standard m odelor at
least provide additional constraints on new physics.

N one ofthem ixing m easurem enthave a signi cance
above four standard deviations, but severalhave sin i-
larprecision for them ixing param eters. By com bining
the m easurem ents we therefore obtain m ore precise
values for the m ixing param eters and exclude the no-
m xing hypothesis w ith larger con dence. C om bining
the di erent m ixing m easurem ents is not com pletely
straightforw ard, since not allm easurem ents are sensi-
tive to the sam e cham m ixing param eters.

The Heavy Flavor Averaging Group (HFAG) 1n
2006 created a subgroup w ith the responsibility ofpro-
viding averages of charm physics m easurem ents. O ne
of the high priority tasks of this group is to com bine
the cham m ixing m easuraem ents into world-average
values for the fundam ental m ixing param eters. The

rst average assum ing CP conservation was shown at
FPCP E]. Besides those results, we here report the

rst results of com bining m ixing m easurem ents w here
we allow for CP violation.

2. Averaging Method

—0

M ixing is present n the D° D systam if the

m ass elgenstates, Piiand P ,1i,di er from the avor
=0

elgenstates, P °1 and P i. Generally one can write

I Shortly after the CHARM 2007 workshop add itional results
w ith evidence for chamm m ixing hasbeen reported by theBaBar
and CDF collaborations. In these proceedings we w ill sum m a—
rize the status at the tin e of the workshop.

D1i= pP i gP i. The variables of findam ental
interest are themassdi erence, M =M ; M, and
decay width di erence, = 1 , between the
two m ass elgenstates. Traditionally, in cham m ix-—
ing one uses the din ensionless variables, x = M =
and y = =2 ,where is the average decay w dth.
CP violation in m ixing or in the interference betw een
m xing and decay would m anifest itself as §=pj6 1
and = arg(g=p) 6 0, respectively’. In addition CP
violation could show up in the decay itself giving rise
to decay m ode dependent param eters.

M ostm easuram ents do not directly m easure (x;v).
For fnstance in m ixing m easurem ents using D © !
K™ decays there is a unknown strong phase, x ,
so the results obtained are for x° = xcos x +
ysih ¢ and yO: xsih ¢ + ycos ¢ . In the av-
eraging procedure, we rst com bine m easurem ents of
the sam e param eters to obtain the m ore precise ob-
servables. M ost m easurem ents are perform ed using
likelthood ts and the com bination is therefore per-
form ed by m ultiplying likelihood functions from each
m easurem entand nding thenew m axinum . By com —
bining likelhoods, correlations between observables
and possible non-G aussian tails are taken into ac—
count. For m easurem ents which are not using lke-
Iihoods, we construct a lkelhood using sym m etrized,
G aussian uncertainties. To com bine di erent types
of m easurem ents, the di erent com bined likelihoods
are recalculated as a function of (x;y; ¥ ) m nin iz—
ing over any other variables. i is included since
there is both a direct m easurem ent Q] and by com —
bining theD % ! K * m easurem ent w ith the other
m easurem ent of x and y, one can also get a precise
measuram ent of ¥ . W hen plotting con dence con-
tours for (x;y) wem Inin ize the lkelhood over g

T he com bining of likelhood fiinctions is currently
only done for the CP conserving case. In principle it
can be done also for the CP violating case by sin —
ply having two m ore variables, §I=pjand , In the

nal Ikelhood function. Unfortunately not all like-
lIihoods are currently available for the m easurem ents
which allow for CP violation. A sin ple com bination

°The phase is for them om ent assum ed to be independent
of decay m ode.
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is therefre perform ed by Hm inga 2 ofallm easure-
m ents expressed In tem s of the fundam entalm ixing
param eters. T he 2 assum esG aussian errors,but cor—
relations betw een observables In each Individualm ea—
surem ent is taken account by using the full covariance
m atrix for each result.

3. CP Conserving Averages

T he follow ing averages were perform ed by adding
log likelihoods from ts where CP conservation was
assum ed.

3.1. Lifetime Ratio Average

O ne can observe cham m xing by nding a di er-
ence in the lifetin e m easured in decays to CP eigen

states suach asD? ! K*K and DO ! * and
them ixedCP decay D° !  *K . W e combine six
results 2,19,16,17,18,2] from such analyzes. A1l of
thesemeasureyecp = x =nn 1. In thelimitof CP
conservation one hasycp = y. T he average of the six
measurem ents is yep = (112 0:32) 10 ?. Thisis

35 from the nom ixing hypothesis. A s can be seen
from Figure[dl, this average is m ainly driven by the
recent Belle m easurem ent.

FPCP 2007

0.732+2.890 + 1.030 %

FOCUS 2000 3.420 + 1.390 + 0.740 %

CLEO 2002 H—o—H

-1.200 + 2.500 + 1.400 %

0.800 + 0.400 + 0.500 %

Belle 2002 H -0.500 + 1.000 + 0.800 %

Belle 2007 H 1310+ 0.320 % 0.250 %
World average H 1122+0.321%
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Figure 1: M easured ycp valuies and the HFAG average.

3.2. Mixing Rate Average

W rong-signed sam ileptonic decays provide a clean
way of searching for cham m ixing, but the m ea-

surem ents are only sensitive to the integrated m ix—
ing rate Ry = (x? + y?)=2. Four m easurem ents
(10,111,112, [13] are combined and give an average
of Ry = (17 39) 10 *. In addition to the
sem ileptonic decays, Ry can also measured in the
analysisof fully hadronicdecays. T he sam ileptonic re—
sult is therefore com bined from two hadronic analyzes
[14,15]and in addition an analysis of tagged decaysat
the (3770) [4]. The com bination is illustrated in F ig—
ureJand givesan averagevalieofRy = (2:1 1:) 4.
In the transform ation to a likelhood In (x;y),we Ig—
nore the non-physical region of Ry < 0.

FPCP 2007
All semileptonic H

0.017 £ 0.039 %
0.018
0.023" 005 +0.004 %

0.019* 9% +0.002%

0.170+ 0.150 %

CLEOC 2006 double-tag } }

World average H 0.021 + 0.011 %

N I I S T S e
0 0.05 0.1 015 02 025 0.3
Ry (%)

Figure 2: The mixing rate from m easurem ents using
sem ileptonic D 0 decays are averaged w ith results from
m ultibody hadronic cham decays.

3.3. (x;y)Average

One can measure x and y directly using a tin e-
dependent D alitz plot analysisofD° ! K J * de—
cays. Twom easurem ents [16,/17]have been published
and these have been averaged by HFAG and gives
x= (81 33) 10 *andy= (31 2:8) 10 >.
Combining this average w ith the averages above for
Ry and yecp using likelihoods m apped as a func-
tion of (x;y) we obtain x = (92 34) 10 ® and
y = (70 22) 10 3. Contours of the com bined
likelihood function at the levels corresponding to 1
to 5 con dence levels are shown in Figure[d. Note
that the con dence levels shown correspond to two-
din ensional coverage probabilities of 68 27% ,9545% ,
etc.,and therefore 2 InL = 2:30;6:18; etc.
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Figure 3: Con dence lvel contours in the m ixing pa-—
ram eters (x;y) from the combination of ycr, Ry and
(x;y) from the tin edependent D alitz analysis of D o
Ks '

3.4. Averages forp? ! K* Decays

A's mentioned above, one can m easure x° and y°
using the doubly-C abibo suppressed (DCS) decay
DO 1 K* . The lkelhood functions are available
for two m easurem ents [1,118] of this type. These are
com bined and gives the averagesx® = ( 01 2:0)
10 *and y'= (5575%) 10 3. The corresponding
likelihood contours are shown in Figure[d.
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Figure 4: Con dence level contours from the com bination
of BaBar and Belle m easurem ents using D% 1 K* .
The wiggles in the 4 and 5 contours for x¥ < 0 is a
binning e ect.

3.5. World Average

The com bined lkelhood or D° ! K * decays
can be expressed as a function of (x;y; x ) Ignoring
the part with x® < 0. This likellhood can be com —
bined w ith the lkelihood from the com bination of the

other m ixing results in Section [33 which do not de-
pend on x . An additional constraint com es from

aCLEO<cmeasurement [4]ofcos ¥ = 109 0066,
where a sm all dependence on x and y is ignored in
the com bination. Figure[d show s the likelihood con-—
tours In (x;y) afterm inim izing over x . The region
around the centralvalue is alm ost unchanged w ith re—
spect to the result without theD® ! K * decays
(Figure[d). Thisisalso re ected in the overallaverage
for x and y which are

10 3;
10 3:

(87" 3)
(66 2:1)

X =

Yy

TheD® ! K* m easurem ents do not contribute
much to the central value, because of the poorly
known phase x . However they do help exclude the
no-m xing hypothesis and cause the dip seen In the
contours close to (x;y) = (0;0). At (x;y)= (0;0)we
obtain 2 InL = 37 with respect to the m ininum .
This corresponds to a signi cance of the com bined
m ixing signalof 5:7
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Figure 5: Con dence level contours from com bining all
m ixing m easurem ents under the assum ption of CP con-—
servation.

T he com bination also gives an Im proved value for
k . This can be seen In the profction of the lke-
Thood after m inim izing over x and y in Figure [d.
The com bination gives x (= 0:33" gﬁg jrad. W ith-
outthe CLEO €m easurem ent of ¢ , there woul be
an equally good second m ininum at ¢ = 2:17rad.

4. CP Violating Averages

M easurem ents of charm m ixing can be done w ith—
out assum ing CP conservation by tting D ° and 50
m esons as separate sam ples. M ost of the m easure-
m ents abovehavedone that and w e therefore can com -
bine those to also provide constraints on the CP vi-
olating param eters. W hen allow ing for CP violation,
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Figure 6: Log-lkelihood function for the strong phase,
k ,from combining allm ixing m easurem ents.

the m easured param eters are related slightly di er—
ently to them ixing param eters. For the lifetin e ratio
m easurem ents, one has

(F=Pj JP=gjxsin ;
(FF=pj+ P=gjxsin ;

(3=pJj+ Jp=ajycos
(3=pJ Jp=ajycos

2ycp =
2A =

where A is the m easured relative lifetim e di erence
©rD®! h*h andD ! h'h .ForD®! K*
decays, the x° and y° m easured ©r D ° and D_O are
related as follow s

1 A
<0 = 1 AM x"cos yosjn );
M
1=4
0 1 AM 0 .
y. = 1 2 (y cos x"sin );
M
where Ay = Zmpf peaf ForD% ! KO * de-
= f=pF + p=aF : s

cays the m easurem ent directly gives x, y, T=pjand

,whilk for the Ry analysis the results are not sepa—
rated and therefore jist measure Ry = (x° + y°)=2.
The measurement of ¢ from CLEO — is not done
separately ©rD ° and 30 m esons and is not nclided
in the com bined result allow ing for CP violation.

In total 22 m easurem ents are combined h a 2-t
to extract seven param eters, the four m ixing and CP
violation param eters, x,y, ¥=pjand ,and three char-
acterizhgD® ! K * ,namely x ,theDCS rate

Rp ,and thedirectdecay rateasymmetry Ap . The t
2

gives “ = 144 and the ollow Ing m ixing param eters
3:2 3
x = (8473%) 10 7;
y = (69 2:1) 10 °;

0:23
088" 507

= ( 009" 7)) rad:

The m ixing param eters are alm ost unchanged w ith
respect to the CP conserving average. T hisisalso seen
from the con dence levels shown in Figure[d. O ne can
also draw the 1 to 5 con dence level contour for
versus f=pjusing 2. Thisisshown i Figurel8. The
no-CP violation hypothesis is seen to lie well w ithin
thel contour.

T he combined results forthed ® | K *
eters are

param —

x = 033" 025 md;
Rp = (335 0:1)
Ap = ( 08 31):

10 3;

There is little change In ¢ with respect to the CP
conserving average and no evidence for direct CP vi-
olation asAp is consistent w ith zero.
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Figure 7: Con dence level contours for (x;y) from com -
bining m ixing m easurem ents with CP viclation allowed.
T he dashed blue curve shows the 1 contour from theCP
conserving case for com parison.

5. Summary

Evidence of cham m ixing has been reported from
several experim ents In the last year. A new subgroup
of HFAG hasperform ed an average of these and other
existing cham m ixing results. The com bined result
has a signal signi cance in excess of 5 standard devi-
ations and gives the m ixing param eters

8:473%7) 10 *;
69 2:i1) 10 °:

=
Il
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Figure 8: Con dence lvel contours for (@=pj ) from
com bining m ixing m easurem ents with CP violation al-
lowed.

CP violation param eters have also been com bined and
gives

Jepj= 088" 0355
= ( 009 J7!)rad:

This is fully consistent with no CP violation being
present in charm m ixing. HFAG intends to period—
ically update these averages as new results becom e
available in order to provide the m ost precise m ixing
param eters to the com m unity.
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