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HFAG Charm Mixing Averages
B. Petersen
CERN, CH-1211 Genve 23, Switzerland

R ecently the �rstevidence forcharm m ixing has been reported by severalexperim ents. To provide averages of

these m ixing results and other charm results,a new subgroup ofthe H eavy Flavor A veraging G roup has been

form ed.W e here reporton the m ethod and results ofaveraging the charm m ixing results.

1. Introduction

Alm ostsince the discovery ofcharm m esons,m ix-

ing ofD 0 � D
0

m esonshave been soughtin analogy

to thewell-known K 0� K
0

m ixing.Dueto very e�ec-

tiveG IM suppression,theexpected m ixing ratein the

charm system is m uch sm aller than for kaons. O nly

very recently,the BaBar [1]and Belle [2]collabora-

tions have reported the �rst evidence ofcharm m ix-

ing1.Theseresultshaverenewed theinterestfrom the

theory com m unity asthe observed m ixing rate could

becaused by physicsbeyond thestandard m odelorat

leastprovideadditionalconstraintson new physics.

Noneofthem ixingm easurem enthaveasigni�cance

abovefourstandard deviations,butseveralhavesim i-

larprecision forthem ixingparam eters.Bycom bining

the m easurem ents we therefore obtain m ore precise

valuesforthem ixing param etersand excludetheno-

m ixing hypothesiswith largercon�dence.Com bining

the di�erentm ixing m easurem ents is notcom pletely

straightforward,sincenotallm easurem entsaresensi-

tiveto the sam echarm m ixing param eters.

The Heavy Flavor Averaging G roup (HFAG ) in

2006created asubgroupwith theresponsibilityofpro-

viding averagesofcharm physicsm easurem ents.O ne

ofthe high priority tasksofthisgroup isto com bine

the charm m ixing m easurem ents into world-average

values for the fundam entalm ixing param eters. The

�rstaverageassum ing CP conservation wasshown at

FPCP [3]. Besides those results,we here report the

�rstresultsofcom bining m ixing m easurem entswhere

weallow forCP violation.

2. Averaging Method

M ixing is present in the D 0 � D
0

system if the

m asseigenstates,jD 1iand jD 2i,di�erfrom the
avor

eigenstates,jD 0i and jD
0

i. G enerally one can write

1Shortly afterthe CH A R M 2007 workshop additionalresults

with evidenceforcharm m ixing hasbeen reported by theBaBar

and CD F collaborations. In these proceedings we willsum m a-

rize the status at the tim e ofthe workshop.

jD 1;2i= pjD 0i� qjD
0

i.Thevariablesoffundam ental

interestarethem assdi�erence,�M = M 1 � M 2 and

decay width di�erence,�� = � 1 � �2 between the

two m ass eigenstates. Traditionally,in charm m ix-

ing one usesthe dim ensionlessvariables,x = �M =�

and y = ��=2�,where� isthe averagedecay width.

CP violation in m ixing orin theinterferencebetween

m ixing and decay would m anifest itselfas jq=pj6= 1

and � = arg(q=p)6= 0,respectively2. In addition CP

violation could show up in the decay itselfgiving rise

to decay m odedependentparam eters.

M ostm easurem entsdo notdirectly m easure(x;y).

For instance in m ixing m easurem ents using D 0 !

K + �� decaysthere isa unknown strong phase,�K �,

so the results obtained are for x0 = xcos�K � +

ysin�K � and y0 = � xsin�K � + ycos�K �. In the av-

eraging procedure,we �rstcom bine m easurem entsof

the sam e param eters to obtain the m ore precise ob-

servables. M ost m easurem ents are perform ed using

likelihood �ts and the com bination is therefore per-

form ed by m ultiplying likelihood functionsfrom each

m easurem entand �ndingthenew m axim um .Bycom -

bining likelihoods, correlations between observables

and possible non-G aussian tails are taken into ac-

count. For m easurem ents which are not using like-

lihoods,weconstructa likelihood using sym m etrized,

G aussian uncertainties. To com bine di�erent types

ofm easurem ents,the di�erent com bined likelihoods

are recalculated asa function of(x;y;�K �)m inim iz-

ing over any other variables. �K � is included since

there is both a direct m easurem ent [4]and by com -

bining the D 0 ! K + �� m easurem entwith the other

m easurem ent ofx and y,one can also get a precise

m easurem entof�K �. W hen plotting con�dence con-

toursfor(x;y)wem inim ize the likelihood over�K �.

The com bining oflikelihood functions is currently

only done forthe CP conserving case.In principle it

can be done also for the CP violating case by sim -

ply having two m ore variables, jq=pjand �, in the

�nallikelihood function. Unfortunately not alllike-

lihoods are currently available for the m easurem ents

which allow forCP violation. A sim ple com bination

2The phase � isforthe m om entassum ed to be independent

ofdecay m ode.
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isthereforeperform ed by form inga �2 ofallm easure-

m entsexpressed in term softhe fundam entalm ixing

param eters.The�2 assum esG aussian errors,butcor-

relationsbetween observablesin each individualm ea-

surem entistaken accountby using thefullcovariance

m atrix foreach result.

3. CP Conserving Averages

The following 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 charm m ixing by �nding a di�er-

ence in the lifetim e m easured in decays to CP eigen

states such as D 0 ! K + K � and D 0 ! �+ �� and

the m ixed-CP decay D 0 ! �+ K � . W e com bine six

results [2,5,6,7,8,9]from such analyzes. Allof

thesem easureyC P = �K �=�hh � 1.In thelim itofCP

conservation onehasyC P = y.Theaverageofthesix

m easurem entsisyC P = (1:12� 0:32)� 10� 2. Thisis

3:5� from the no-m ixing hypothesis. As can be seen

from Figure 1,this average is m ainly driven by the

recentBellem easurem ent.

-4 -3 -2 -1 0 1 2 3 4 5

yCP (%)

World average  1.122 ± 0.321 %

Belle 2007  1.310 ± 0.320 ± 0.250 %

Belle 2002 -0.500 ± 1.000 ± 0.800 %

BaBar 2003  0.800 ± 0.400 ± 0.500 %

CLEO 2002 -1.200 ± 2.500 ± 1.400 %

FOCUS 2000  3.420 ± 1.390 ± 0.740 %

E791 1999  0.732 ± 2.890 ± 1.030 %

 HFAG-charm 

    Moriond 2007  

 HFAG-charm 

      FPCP 2007  

Figure 1: M easured yC P valuesand the HFAG average.

3.2. Mixing Rate Average

W rong-signed sem ileptonic decays provide a clean

way of searching for charm m ixing, but the m ea-

surem ents are only sensitive to the integrated m ix-

ing rate R M = (x2 + y2)=2. Four m easurem ents

[10, 11, 12, 13] are com bined and give an average

of R M = (1:7 � 3:9)� 10� 4. In addition to the

sem ileptonic decays, R M can also m easured in the

analysisoffully hadronicdecays.Thesem ileptonicre-

sultisthereforecom bined from two hadronicanalyzes

[14,15]and in addition an analysisoftagged decaysat

the (3770)[4].Thecom bination isillustrated in Fig-

ure2andgivesan averagevalueofR M = (2:1� 1:1)� 4.

In the transform ation to a likelihood in (x;y),we ig-

norethe non-physicalregion ofR M < 0.

0 0.05 0.1 0.15 0.2 0.25 0.3

RM (%)

World average  0.021 ± 0.011 %

CLEOc 2006 double-tag  0.170 ± 0.150 %

BaBar 2006 Kππ+π-  0.019 + 0.016  ± 0.002 % 0.019  - 0.015

BaBar 2006 Kππ0  0.023 + 0.018  ± 0.004 % 0.023  - 0.014

All semileptonic  0.017 ± 0.039 %

 HFAG-charm 

      FPCP 2007  

Figure 2: The m ixing rate from m easurem ents using

sem ileptonic D
0
decays are averaged with results from

m ulti-body hadronic charm decays.

3.3. (x;y)Average

O ne can m easure x and y directly using a tim e-

dependentDalitz plotanalysisofD 0 ! K 0

S
�+ �� de-

cays.Twom easurem ents[16,17]havebeen published

and these have been averaged by HFAG and gives

x = (8:1� 3:3)� 10� 3 and y = (3:1 � 2:8)� 10� 3.

Com bining this average with the averages above for

R M and yC P using likelihoods m apped as a func-

tion of(x;y) we obtain x = (9:2 � 3:4)� 10� 3 and

y = (7:0 � 2:2)� 10� 3. Contours ofthe com bined

likelihood function at the levels corresponding to 1

to 5� con�dence levels are shown in Figure3. Note

that the con�dence levels shown correspond to two-

dim ensionalcoverageprobabilitiesof68.27% ,95.45% ,

etc.,and therefore2�lnL = 2:30;6:18;etc.
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Figure 3: Con�dence level contours in the m ixing pa-

ram eters (x;y) from the com bination of yC P , R M and

(x;y) from the tim e-dependent D alitz analysis ofD
0
!

K S �
+
�
�
.

3.4. Averages for D 0 ! K + �� Decays

As m entioned above, one can m easure x0 and y0

using the doubly-Cabibbo suppressed (DCS) decay

D 0 ! K + �� . The likelihood functions are available

fortwo m easurem ents[1,18]ofthistype. These are

com bined and givestheaveragesx02 = (� 0:1� 2:0)�

10� 4 and y0 = (5:5+ 2:8� 3:7)� 10� 3. The corresponding

likelihood contoursareshown in Figure4.

2′x
-0.001 -0.0005 0 0.0005 0.001

′y

-0.015

-0.01

-0.005

0

0.005

0.01

0.015
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Figure 4: Con�dencelevelcontoursfrom thecom bination

of BaBar and Belle m easurem ents using D
0
! K

+
�
�
.

The wiggles in the 4 and 5� contours for x
02

< 0 is a

binning e�ect.

3.5. World Average

The com bined likelihood for D 0 ! K + �� decays

can be expressed asa function of(x;y;�K �)ignoring

the part with x02 < 0. This likelihood can be com -

bined with thelikelihood from thecom bination ofthe

other m ixing results in Section 3.3 which do not de-

pend on �K �. An additionalconstraint com es from

a CLEO -c m easurem ent[4]ofcos�K � = 1:09� 0:66,

where a sm alldependence on x and y is ignored in

the com bination. Figure 5 showsthe likelihood con-

toursin (x;y)afterm inim izing over�K �.The region

around thecentralvalueisalm ostunchanged with re-

spectto the resultwithout the D 0 ! K + �� decays

(Figure3).Thisisalsore
ected in theoverallaverage

forx and y which are

x = (8:7
+ 3:0

� 3:4)� 10� 3;

y = (6:6� 2:1)� 10� 3:

The D 0 ! K + �� m easurem ents do not contribute

m uch to the central value, because of the poorly

known phase �K �.Howeverthey do help exclude the

no-m ixing hypothesis and cause the dip seen in the

contoursclose to (x;y)= (0;0).At(x;y)= (0;0)we

obtain 2�lnL = 37 with respect to the m inim um .

This corresponds to a signi�cance of the com bined

m ixing signalof5:7�.
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Figure 5: Con�dence levelcontours from com bining all

m ixing m easurem ents under the assum ption of CP con-

servation.

The com bination also gives an im proved value for

�K �. This can be seen in the projection ofthe like-

lihood after m inim izing over x and y in Figure 6.

The com bination gives �K �(= 0:33+ 0:26� 0:29)rad. W ith-

outtheCLEO -cm easurem entof�K �,therewould be

an equally good second m inim um at�K � = � 2:17rad.

4. CP Violating Averages

M easurem entsofcharm m ixing can be done with-

outassum ing CP conservation by �tting D 0 and D
0

m esons as separate sam ples. M ost ofthe m easure-

m entsabovehavedonethatand wethereforecan com -

bine those to also provide constraints on the CP vi-

olating param eters. W hen allowing forCP violation,
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Figure 6: Log-likelihood function for the strong phase,

�K �,from com bining allm ixing m easurem ents.

the m easured param eters are related slightly di�er-

ently to them ixing param eters.Forthelifetim eratio

m easurem ents,onehas

2yC P = (jq=pj+ jp=qj)ycos� � (jq=pj� jp=qj)xsin�;

2A � = (jq=pj� jp=qj)ycos� � (jq=pj+ jp=qj)xsin�;

where A � isthe m easured relative lifetim e di�erence

forD 0 ! h+ h� and D
0

! h+ h� . ForD 0 ! K + ��

decays,the x0 and y0 m easured for D 0 and D
0

are

related asfollows

x
0� =

�
1� A M

1� A M

� 1=4

(x0cos� � y
0sin�);

y
0� =

�
1� A M

1� A M

� 1=4

(y0cos� � x
0sin�);

where A M =
jq=pj

2
� jp=qj

2

jq=pj2+ jp=qj2
. For D 0 ! K 0

S
�+ �� de-

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

�,whilefortheRM analysisthe resultsarenotsepa-

rated and therefore justm easure R M = (x2 + y2)=2.

The m easurem ent of�K � from CLEO -c is not done

separately forD 0 and D
0

m esonsand isnotincluded

in the com bined resultallowing forCP violation.

In total22 m easurem entsare com bined in a �2-�t

to extractseven param eters,the fourm ixing and CP

violationparam eters,x,y,jq=pjand �,and threechar-

acterizing D 0 ! K + �� ,nam ely �K �,the DCS rate

R D ,and thedirectdecay rateasym m etry A D .The�t

gives�2 = 14:4 and the following m ixing param eters

x = (8:4
+ 3:2

� 3:4)� 10� 3;

y = (6:9� 2:1)� 10� 3;

jq=pj = 0:88
+ 0:23

� 0:20;

� = (� 0:09+ 0:17� 0:19)rad:

The m ixing param eters are alm ost unchanged with

respecttotheCP conservingaverage.Thisisalsoseen

from thecon�dencelevelsshown in Figure7.O necan

also draw the 1 to 5� con�dence levelcontour for �

versusjq=pjusing�� 2.Thisisshownin Figure8.The

no-CP violation hypothesis is seen to lie wellwithin

the 1� contour.

The com bined resultsforthe D 0 ! K + �� param -

etersare

�K � = 0:33
+ 0:26

� 0:29 rad;

R D = (3:35� 0:11)� 10� 3;

A D = (� 0:8� 3:1):

There islittle change in �K � with respectto the CP

conserving averageand no evidence fordirectCP vi-

olation asA D isconsistentwith zero.
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Figure 7: Con�dence levelcontours for (x;y) from com -

bining m ixing m easurem ents with CP violation allowed.

Thedashed bluecurveshowsthe1� contourfrom theCP

conserving case forcom parison.

5. Summary

Evidence ofcharm m ixing hasbeen reported from

severalexperim entsin thelastyear.A new subgroup

ofHFAG hasperform ed an averageoftheseand other

existing charm m ixing results. The com bined result

hasa signalsigni�cancein excessof5 standard devi-

ationsand givesthe m ixing param eters

x = (8:4+ 3:2� 3:4)� 10� 3;

y = (6:9� 2:1)� 10� 3:
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Figure 8: Con�dence level contours for (jq=pj;�) from

com bining m ixing m easurem ents with CP violation al-

lowed.

CP violation param etershavealsobeen com bined and

gives

jq=pj = 0:88+ 0:23� 0:20;

� = (� 0:09+ 0:17� 0:19)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 orderto provide the m ostprecise m ixing

param etersto the com m unity.
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