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We update the Standard-Model predictions for several quantities re-
lated to Bi—B, and Bq—Bg mixing. The mass and width differences in
the B, system read AMS™ = (17.3 £ 2.6)ps~! and ATSM = (0.087 £
0.021) ps~!, respectively. The CP asymmetries in flavour-specific decays
are a3 ™ = (1.940.3)-1075 and af->™ = —(4.14:0.6)-10~%. We further crit-
ically discuss the sensitivity of AI'y to new physics and the uncertainties in
the relation between AL and the branching fraction of B, — D{+ D"~
Then we present a numerical update of the average width I'y in the B,
system and correlate I'y with the BT—By lifetime ratio. Finally we sum-
marise the key results of our recent global analysis with the CKMfitter
collaboration addressing new physics in B—B mixing. In an appropri-
ately defined scenario parametrising new physics in B—B mixing by two
complex parameters Ay and A, the Standard-Model point Ay = Ay =1
is disfavoured by 3.6 standard deviations.
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1 Introduction

On May 14, 2010, the D@ collaboration has reported evidence for an anomalous
like-sign dimuon charge asymmetry Agy, in the decays of neutral B mesons [1]. The
presented result corresponds to a data set composed of By and By mesons and quanti-
fies CP violation in the B4—Bg4 and By—B, mixing amplitudes. Expressed in terms of
the CP asymmetries a‘fis’s in flavour-specific By s decays the measured quantity reads

Ag, = (0.506 +0.043)a + (0.494 + 0.043)as,. (1)

The index SL refers to the use of semileptonic decays in the measurement. The DO
result AS? = —0.00957 4 0.00251 + 0.00146 deviates from the Standard-Model (SM)

prediction of Ref. 2], Agp, = <—0.23f8:82) - 1073, with a statistical significance of 3.2

standard deviations and the central value is off by a factor of 42. With the direct
and indirect knowledge on af from B factory data (which still leaves room for size-
able new physics contributions) any theoretical explanation of the D) measurement
necessarily requires large new physics contributions to the Bi—By mixing amplitude.
This contribution must be similar in magnitude to the SM contribution while having
a very different phase.

B, — B, mixing is described by two hermitian 2 x 2 matrices, the mass matrix
M9 and the decay matrix I'?. By diagonalising M? — i'7/2 one determines the mass
eigenstates | B}') and |B)) (with “H” and “L” denoting “heavy” and “light”) as linear
combinations of the flavour eigenstates |B,) and |B,). The average mass of the two
eigenstates is Mp, = MY, = M, and the average width equals I'; = I'{; = I'},. The
off-diagonal elements My, and '}, lead to B,—B, mixing phenomena, namely a mass
difference AM, and a width difference AI'; between the eigenstates Bf and BqL and
further to the CP asymmetry in flavour-specific decays, ag,. These quantities read

AM, = M} — M} ~ 2|M},|, AT, = T9 —T% ~ 2|T%]|cosd,,
o,
al T, sin ¢, ,
. | M, | !

with the CP-violating phase

Mq
by = arg (—F—) . @)

For pedagogical introductions to B, — B, mixing see Refs. [3]. In the SM the CP
phases are small, ¢; ~ —4.3° and ¢, ~ 0.22°, so that AFSM ~ 2|I'{,]. New physics
can affect magnitude and phase of MY, and AM, and ¢, can deviate from their SM
predictions substantially.

We present updates of the Standard-Model predictions for AI'; and the CP asym-
metries in flavour-specific decays in Sec. 2. Sec 3 is devoted to I'y and in Sec. 4 we
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discuss the recent analysis of B—B mixing in Ref. [4], which shows evidence of new
physics.

2 Width differences and CP asymmetries

The calculation of I'Y, uses the heavy quark expansion (HQE), which is an operator
product expansion exploiting the hierarchy my, > Aqep. I'f, is then predicted as a

simultaneous expansion in the two parameters Aqep/my and ag(my). (E; decays into
final states which are common to B, and B, contribute to I'{, and lead to a width
difference between the two eigenstates of the B,—B, complex. I'5, is dominated by
the Cabibbo-favoured contribution with a (¢¢) pair in these final states. Corrections
of order Aqgep/myp to I'f, have been found in Ref. [5], the contributions of order
as(my) have been calculated in Ref. [6] and were confirmed in Ref. [7]. The theory
prediction of 'Y, to NLO in «, and 1/m; has been obtained in Refs. [7, 8]. In
Ref. [2] these NLO results for 'Y, have been expressed in terms of a new operator
basis, which avoids certain numerical cancellations and improves the NLO results by
including some color-enhanced ag/my, corrections. Further Ref. [2] applies the all-
order summation of a”z1In" z terms (with z = m?/m? and n = 1,2,...) of Ref [9] to
r,.

In the ratio |T'%|/|M:2"9| hadronic uncertainties cancel to a large extent. In the
By system on has [2]

Tfo| 2|1

= 54 +10)-107* 3

In the absence of new physics we can identify AMSM with the experimental value
AMG® = 0.507ps~! to find
ATy,
La Jou
Here also 7(B;) = 1/T'; = (1.525 £ 0.009) ps has been used. In the presence of new
physics Eq. (4) changes to
ATy
Ly

= (424£38)-107* (4)

= (45+10)- 107 cos ¢ (5)

Different central values in Egs. (4) and (5) occur, because we do not use AM;™
in Eq. (5) and AM, is about 7% larger than AMJ® for our range of the relevant
hadronic parameter, fg,/Bp, = (174 £ 13) MeV. Using the 30 CL range in Tab. 11
of Ref. [4], —30° < ¢4 < —1°, one finds that

AT
== (45%9) 0 (6)
[yq

3



is fulfilled in any model of new physics which leaves I'%, unaffected. Can new physics
enhance Al'; to an observable level? T'Y, is an inclusive quantity with the three doubly
Cabibbo-suppressed contributions %, I and T'%*“. The first contribution stems
from the interference of the decay b — céd of the By component with the decay
b — @cd of the By component of the mixed neutral meson state. This interference
is possible, because both components can decay into the same flavourless cédd final
state. T4 is the analogue involving b — utid, while I arises from the interference
of b — cud and b — Tecd decays or their charge-conjugate modes. It is difficult
to find a model of new physics which can numerically compete with the dominant
SM contribution I'{y* without violating other experimental constraints. For a recent
discussion of the experimental aspects of AT’y see Ref. [10]. Formulae for the time
evolution of By decays to flavourless states, which permit the extraction of Al'y, can
be found in Refs. [3, 11, 12]. We update ¢4 and al below in Eq. (11).

In the By system Al is found together with ¢4 from an angular analysis of By —
J/1¢ data. The calculated value of |I'%,| defines the physical “yellow band” in the
(AL, ¢s) plane. In any model of new physics (AL, ¢s) must lie in this band, because
new physics has a negligible impact on I'{, which stems from Cabbibo-favoured b —
ccs decays. |I'%,| is proportional to the hadronic parameter f%SBBS. Updating our
2006 prediction in Ref. [2] to the 2010 world averages of the input parameters listed
in Tabs. 6 and 7 of Ref. [4] we find

AFEM ~ 2‘F12| =

= (0.087 % 00155, £0.012] % 0.007] 1y, & 0007, ) p5~" (7)

scale

The three largest sources of uncertainty stem from the matrix element of the oper-
ator Ry which occurs at order 1/my, the decay constant fp, and the choice of the
renormalisation scale (estimating higher-order corrections in ;). Adding the errors
in quadrature yields

ADSM ~ 2|T'y,| = (0.087 £0.021) ps . (8)

The uncertainty of the theory prediction has reduced from 41% in 2006 to 24% in
2010 because of an impressive progress in the lattice calculations of fp \/Bp, =
212+ 14 MeV (average from [4] using [13]). The corresponding value used in Ref. [2]
was fp,\/Bp, = 221 46 MeV. The central value has decreased due to the smaller

fB.\/Bp, and slightly smaller values of my, Vi, and . Eq. (8) implies

ATSM - 9jry,)
r, I,

— 0.133+0.032. (9)

Here I'y = I'; has been used, deviations from this relation are discussed in the next
section. If one assumes that there is no new physics in the mixing amplitude, one can
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determine AT /T, in a more precise way:*

ADSM AT
= = AMSM.AMSEXP-.Tg;p = 0.137 4 0.027. (10)

The CP phases read
M = 0.22° £0.06°, M= 430+ 1.4° (11)
The CP asymmetries in flavour-specific decays read
ai™ = (1.940.3) - 107, a™ = —(4.140.6)- 107, (12)

In Eqs. (11) and (12) the result |V,,| = (3.56 050) - 1073 of the SM fit in Ref. [4] has
been used. If one uses instead the experimental value |V,;| = (3.9240.46) - 1073, one
finds slightly larger values, e.g. afs’SM — (2.140.4)-107% and ™™ = —(4.54+0.8)-107%.
Experiments address different linear combinations of these two CP asymmetries: The
DO collaboration has measured the dimuon asymmetry Agy, defined in Eq. (1), while
LHCb will measure the difference of these asymmetries. The corresponding Standard-
Model predictions read

AN = —(20403)-107*, (13)
ap™ — oM = (4340.7)-107*. (14)

The central values in Egs. (3)-(14) correspond to a renormalisation scheme using MS
quark masses and z = m2(my,) /m:(my). For completeness we also update the NLO
prediction [18] for AMM:

AMM = (17.34+2.6)ps™ . (15)

The quoted central value corresponds to fp, = 231 MeV and Bp, = 0.841 (see
Ref. [4]). Often AMSM is expressed in terms of the scheme-independent parame-

ter Bp, and Bp, = 0.841 translates to EBS = 1.281.
We finally discuss the width difference between the CP eigenstates defined as

‘ 3> | 3>
B, _ 1BJFIB)
| Bs,cp+) o)

The width of the CP-even state exceeds that of the CP-odd state by

ATcp = 2|l (16)

“In Eq. (3.27) of Ref. [2] we have erroneously used 755" instead of 753" in the calculation. The

quoted number should read Al'y7p, = 0.135 £ 0.026.
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and is unaffected by new physics in M7, [11]. Aleksan et al. have shown that in
the simultaneous limits m, — oo, my — 2m, — 0 and an infinite number of colours,
N. — 00, AT'cp is exhausted by decays into just four final states [14]:

_ AT AT
2 B(B, — DW+D ) = F—CP {1 +0 ( = )} . (17)

On the experimental side we have the Belle measurement [15]

Alcp 0.036 0.044
T = 0-147t0.030‘ 1L0.042
s stat syst
and the DO result [16]
Al
FCP = 0.072 % 0.030.

While it is flattering that the Belle central value exactly conicides with our 2006
prediction for Al'cp/I's in Ref. [2], the data are not accurate enough to assess the
accuracy of the limits m, — oo, my — 2m,. — 0 and N, — oo adopted in Ref. [14].
However, the calculated 1/m;, corrections are of order 20% [5, 2] and in the NLO result
of Refs. [6, 7, 2] the 1/N, terms are non-negligible. Also the deviation of the hadronic
“bag” factor B ~ 0.85 from 1 is an 1/N, effect. Therefore one cannot rule out large
corrections to Eq. (17), possibly of order 100%. On the experimental side one may look
for multi-body c¢ss final states which are absent in the limit N, — oco. One ingredient
of Eq. (17) is the prediction that B cp— does not contribute to (Ei — DW+pH-
This can be checked by studying the lifetime in these modes, which should then be
equal to 1/I'; as measured in the CP-even component of (Ei — J/Yo [11].

3 Average B; width

We define

1
= —. 18
™= (13)

Any decay ‘B, — f obeys a two-exponential law, F[(El — fit] — Apexp[-T5t] +
By exp[—T%t]. In a flavour-specific decay like By — X¢*v, or B — D nt the two
coefficients are equal, Ay = By. Fitting the decay to a single exponential, one deter-
mines 7p, up to a calculable correction of order AI'?/T'2 [17, 11]. If the experimental
selection efficiencies vary over the decay length, this method can lead to a bias towards
['; or I'};, therefore it is recommended to use the correct two-exponential formulae in
the experimental analyses with simultaneous fits to I'y and AL,.
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Figure 1: CKM-favoured weak annihilation diagrams: The upper left diagram con-
tributes nearly equally to Tp, and Tp,, the other diagrams involve small penguin coef-
ficients C3_¢g or are suppressed by a.

We next discuss the ratio 75, /75, = I'y/I's: The deviation of 75, /75, from 1
stems from the weak annihilation (WA) diagrams of Fig. 1. The upper left diagram
[19, 20, 5] involves the large Wilson coefficients C} 2, but this contribution almost
cancels from 75, /7p, up to terms of order z = mZ/mj and 1 — f3 Mp,/f Mp,. The
other diagrams [21] essentially only contribute to 75,, but involve small coefficients or
a factor of as(mp). Since moreover WA diagrams are individually small, |75, /75, —
1] has been estimated to be of order 0.01 or smaller by several authors [19, 20, 5,
21]. (There is also a contribution to 75, /75, from SU(3)r violation in the kinetic-
energy and chromomagnetic operators, which is of order 107® and negligible [5].)
The theory prediction involves four hadronic parameters [20], By, Bz, € and €,
which are multiplied by the B; meson decay constant fp,, and further the ratio
IB./fB, =1.209 £ 0.007 £ 0.023 [4, 22].

We find
R Y 2 [(0.77 £ 0.10) By — (1.00 £ 0.13) By
TB, 231 MeV

+(36 £ 5)e; — (51 £ 7)es |. (19)

Using the results of the quenched lattice-QCD calculation for By » and €; 5 of Ref. [24],
(By, Bs, €1,€63) = (1.10 4+ 0.20, 0.79 £+ 0.10, —0.02 £ 0.02, 0.03 £ 0.01), we find —4 -
1073 < % — 1 < 0. The lower end of this interval exceeds the HFAG value of
T8, /T, — 1 = —0.02740.015 [23] by 1.5 standard deviations.

We can improve our prediction by using the information of the lifetime difference
between BT and B; meson, which involves the same hadronic parameters, up to
SU(3)r corrections. Adding 1/m, corrections to the prediction in Ref. [9] and using
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Figure 2: Allowed range for tp, /75, and 15+ /7p,. The predictions for Tp+ /75, and
TB,/TB, (blue Tegion) derived with the decade-old hadronic parameters of Ref. [24]
barely overlaps with the experimental 30 region (red region to the right). This shows
the importance of a modern lattice calculation of these parameters.

the input parameters of Ref. [4] we obtain

Bt 1 = 0.0324(

TBd

/B

2
1.040.2) B 14+0.1)B
200MeV) [(L0£02) By + (01201) B,

— (17.840.9) ¢ + (3.9402) e — 0.26]. (20)

The last term are the 1/my corrections calculated in the vacuum saturation approxi-
mation. With the hadronic parameters of Ref. [24] quoted above we correlate 75, /75,
with 75+ /75, in Fig. 2. We notice that the experimental range 75+ /75, = 1.081£0.006
23] prefers a larger deviation of 75, /75, from 1. Our analysis omits effects of SU(3)
violation other than 1 — f%dMBd/f%S Mp,; SU(3)r violation in By, Bs, €1, €2 may lower
Tp,/Tp, a bit further [25]. Most importantly, we observe a tension between theory
and experiment in 75+ /7p,. This calls for a new effort in the calculation of By, B, €1,
and e on the lattice. We further note that with the 2001 values of these hadronic
parameters the theory prediction for 75, /75, is in better agreement with experiment
than that of 75+ /75,.



4 New physics in B—B mixing

New physics in B—B mixing can be parametrised in terms of the complex parameters

Ay and A, defined as [2]

a

A =
79 SM,q’
M,

= |A, e (21)

The average of the DO [1] and CDF [26] measurements of Ag,,
Agt, = —0.0085 = 0.0028, (22)

is 2.90 away from the SM prediction. Since Ag;, involves both B—B mixing and Bg—
By mixing, a combined analysis of Ay and A, is desirable. For the SM prediction of
the two key observables related to B4—Bq4 mixing, AMy and ABX(By — J/YKg), one
needs the information on the apex (p,7) of the unitarity triangle (UT). p and 7 in turn
depend on Ay and, through AM,;/AM;, even on |Ag|. These interdependences require
a joint fit to the CKM elements and A; and A,. Further, theoretical assumptions on
the nature of new physics are needed: A plausible framework is the hypothesis that
observable effects of new physics are confined to B—B and K—K mixing, which are
typically more sensitive to new physics than the other quantities entering the global
fit of the UT.

Here we briefly report on our analysis with the CKMfitter collaboration, restricting
ourselves to the first of three studied scenarios, and refer to Ref. [4] for details. This
scenario treats Ay and A, as independent quantities. The fit results are shown in
Fig. 3. The tension on the SM seen in A; # 1 is driven by several BaBar and
Belle measurements [27] of B(BT — 77 ), which is proportional to |V,|?f3. The
different determinations of |V| oc \/p* + 7> are consistent with each other, but the
corresponding best-fit region in the (p,7) plane is not spiked by the ray stemming
from (3 ~ 21° measured through ABS(By — J/1¥Kg). In the presence of new physics
in Bq—By mixing the latter quantity determines sin(23 + ¢4) and ¢4 < 0 (favoured
in Fig. 3) alleviates the tension. Negative values of ¢4 further help to accomodate
the large negative result for Ag;,. Not only Agp, but also both the D@ and CDF
measurements of ¢2 through B, — J/1¢ favour ¢2 < 0. Our best-fit value is
¢A = (—52732)° at 95%CL. This is consistent with the 2010 results found from
B, — J/Yo, ¢MCPF = (—20710)° and ¢AP? = (—4472))° at 95% CL each. If we
remove Agp, from the fit and predict it instead from the other observables through

the global fit, we find Ag;, = (—4 2+§ 3) -107% at 95% CL, which is just 1.50 away

from the experimental number in Eq. (22). The new-physics scenario with Agzg # 1
gives an excellent fit, with the SM point A; = A, = 1 excluded at the level of 3.6
standard deviations [4]. We remark that this result is only marginally influenced by
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Figure 3: Allowed regions for Ay and Ag [4].

uncertainties of lattice calculations. Using the fit results of [4] for scenario I we can
also quote a number for the quantity

Siwe = sin (=28, + %) = —0.787015 (23)

used in theoretical papers. We have assumed the absence of new physics in the tree-
dominated decay Bs; — J/1¢. This value differs sizeably from the Standard-Model
expectation of

S9e = —0.03640.002. (24)

In the literature numerous extensions of the Standard Model are discussed to explain
this difference, see e.g. [4, 28] and references therein.

In conclusion we have updated several theory predictions related to B meson
lifetimes and B—B mixing quantities. We have further briefly discussed the essential
results of our study with the CKMFitter group [4], which has found evidence of
physics beyond the SM in B—B mixing.
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Appendix: Theory errors

In this appendix we give a detailed list of the different sources of the theoretical
error for observables in the By mixing system. We compare this numbers with the
corresponding ones from Ref. [2], but slightly proceed in a different way: In accordance
with Ref. [4] we use the MS scheme for my, while in [2] we were using in addition
the pole scheme and our numbers and errors were averages of these two quark mass
schemes. The numerical values and uncertainties of the input parameters are taken
from Table 6 and Table 7 of Reference [4]. Contrary to Ref. [4] we do not use the
Rfit method for the statistical analysis in these proceedings, instead we simply add
different uncertainties in quadrature.
m.(m.) = (1.286 £ 0.042) GeV and () = (4.248 £0.051) GeV imply
=2

me ()

(173

Z = = 0.0474 + 0.0033 . (25)

For the CKM angle v we do not use the direct measurement given in Table 6 of
Ref. [4], but instead the direct bounds on a®? and 5® from the same table:

o= m—a® — (%P = 122040.077 = 69.9° & 4.4°. (26)

In this way we find a precise value for v from which new physics in B—=B mixing drops
out. New physics can only change the value in Eq. (26) through novel electroweak
b — d penguin effects, which stay within the quoted error in all plausible models. We
calculate the CKM elements using Vs, Vi, |Vis/Ves| and «y as inputs.

The error budget for AMBSM is as follows:

| AMPM | this work | Ref. [2] |

Central Value || 17.3ps™* | 19.3ps~!
3(fB.) 13.2% 33.4%
0(Vep) 3.4% 4.9%
6(Bs,) 2.9% 7.1%
d(my) 1.1% 1.8%
d(a) 0.4% 2.0%
5(y) 0.3% 1.0%

O(|Vaw/ Ves|) 0.2% 0.5%

o () 0.1% - — =
| >0 | 14.0% | 34.6% |

For the mass difference we observe a considerable reduction of the overall error from
35% in 2006 to 14% today. This is mainly driven by the progress in the lattice
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determination of f Bg,. The situation for ATSM is similar:

| ATM | this work | Ref. [2] |
Central Value || 0.087 ps~! | 0.096 ps~!
3(Bz) 17.2% 15.7%
5(fs5.) 132% | 334%
() 7.8% 13.7%
§(Bs,s,) 4.8% 3.1%
6(Br,) 3.4% 3.0%
5(Vy) 3.4% 1.9%
6(Bg.) 2.7% 6.6%
3(Bg,) 1.9% E——
6(2) 1.5% 1.9%
d(ms) 1.0% 1.0%
6(Bg,) 0.8% - ——
5(Bg,) 05% | —— ——
3y 0.4% 0.1%
5(7) 0.3% 1.0%
5(Br,) 0.2% S
O(|Van/ Ves|) 0.2% 0.5%
| o [ 245% | 405% |

For the decay rate difference we also find a strong reduction of the overall error
from 40.5% in 2006 to 24.5%. This is again due to our more precise knowledge of the
decay constant and the bag parameter Bg,. However, in the MS-scheme for the quark
masses also the renormalisation-scale dependence is reduced. It is interesting to note
that now the dominant uncertainty stems from the value of the matrix element of the
power-suppressed operator R, parametrised by Bg,.
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Next we discuss the ratio of AT'SM/AMSM:

| ATSM/AMPM || this work | Ref. [2] |

Central Value || 50.4- 1074 ]49.7 .10~

6(Bg,) 17.2% 15.7%
(1) 7.8% 0.1%
§(Bs,p,) 4.8% 3.1%
(Br,) 3.4% 3.0%
0(Bz,) 1.9% E——
5(2) 1.5% 1.9%
5(my) 1.4% 1.0%
d(my) 1.1% 1.8%
d(my) 1.0% 0.1%
5 (cs) 0.8% 0.1%
6(Br,) 0.8% ———

3(Bj,) 0.5% —— —
d(Br,) 0.2% ———
0(Bg,) 0.1% 0.5%
5(7) 0.0% 0.1%
5([Vio /Vea|) 0.0% 0.1%
5(Vig) 0.0% 0.0%

| >0 | 201% | 18.9% |

For AT'y/AM, we do not find any improvement. The decay constant cancels out in
this ratio and therefore we do not profit from the progress in lattice simulations. Also
the CKM dependence cancels to a large extent. Our last error budget concerns the
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CP asymmetry in flavour-specific By decays:

| ay™ | This work | Ref. [2] |
Central Value || 2.11-107° | 2.06 - 107

(Vo /VaD) | 11.6% 19.5%
(1) 8.9% 12.7%

5(2) 7.9% 9.3%

5(7) 3.1% 11.3%
3(Bp,) 2.8% 2.5%
3(m,) 2.0% 3.7%
3(ces) 1.8% 0.7%
5(Bg,) 1.2% 1.1%
d(my) 1.1% 1.8%
6(Bs,z.) 0.6% 0.4%
d(Br,) 0.3% R
5(Bp,) 0.2% S—
6(Bg,) 0.2% 0.6%
5(ms) 0.1% 0.1%
3(Br,) 0.1% —
6(Br,) 0.0% ———
5(Vy) 0.0% 0.0%

| >0 | 173% | 27.9% |

Finally we also observe a large improvement for the CP asymmetry af. The overall
error went down from 27.9% to 17.3%. In a, also the decay constant cancels, but in
contrast to Al'y/AM, we now have a strong dependence on the CKM elements. Here
we benefit from more precise values of the CKM elements. The central value for ag
and the error are different from the one quoted in Eq. (12), because in the table above
we have computed the CKM elements from the experimental range for |V,;| centered
around |V,;| = 3.92- 1073 (see Tab. 6 of Ref. [4]). In Eq. (12) the CKM elements are
calculated instead from the more precise result |Vy,| = (3.56 0 50) - 1073 of the global
CKM fit.
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