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We analyze three different new physics scenarios for AF = 2 flavor-changing neutral currents in the
quark sector in the light of recent data on neutral-meson mixing. We parametrize generic new physics
contributions to Bq—Bq mixing, ¢ = d, s, in terms of one complex quantity A PR while three parameters A%,
A¢, and AY are needed to describe K-K mixing. In scenario I, we consider uncorrelated new physics
contributions in the By, By, and K sectors. In this scenario, it is only possible to constrain the parameters
A, and A whereas there are no nontrivial constraints on the kaon parameters. In scenario II, we study the
case of minimal flavor violation (MFV) and small bottom Yukawa coupling, where A = A, = A = A¥.
We show that A must then be real, so that no new CP phases can be accommodated, and express the
remaining parameters A% and A¢ in terms of A in this scenario. Scenario III is the generic MFV case with
large bottom Yukawa couplings. In this case, the kaon sector is uncorrelated to the B; and B, sectors. As in
the second scenario one has A, = A; = A, however, now with a complex parameter A. Our quantitative
analyses consist of global Cabibbo-Kobayashi-Maskawa (CKM) fits within the Rfit frequentist statistical
approach, determining the standard model parameters and the new physics parameters of the studied
scenarios simultaneously. We find that the recent measurements indicating discrepancies with the standard
model are well accommodated in Scenarios I and III with new mixing phases, with a slight preference
for Scenario I that permits different new CP phases in the B; and B, systems. Within our statistical
framework, we find evidence of new physics in both B, and B, systems. The standard model hypothesis
A, = A, = 1 is disfavored with p-values of 3.60 and 3.3¢ in Scenarios I and III, respectively. We also
present an exhaustive list of numerical predictions in each scenario. In particular, we predict the CP phase
in B, — J/ i ¢ and the difference between the B, and B, semileptonic asymmetries, which will be both
measured by the LHCb experiment.
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L. INTRODUCTION

* Alexander.Lenz @physik.uni-regensburg.de

"nierste @particle.uni-karlsruhe. de Considerations of the stability of the electroweak scale

“charles @cpt.univ-mrs.fr lead to the general belief that there is new physics with
ﬁsebastien.descotes-genon@th.u-psud.fr particle masses below 1 TeV. While the high-p; experi-
rIantSCh@nflplfmﬂl_l-mpg-de ments at the LHC should produce these new particles
Tkaufhold @lapp.in2p3.fr

“*lacker@physik.hu-berlin.de directly, one can study their dynamics also indirectly,
'"monteil @clermont.in2p3.fr

through their impact on precision measurements at lower
*niess@clermont.in2p3.fr energies. To this end flavor-changing neutral current
$Stjampens @lapp.in2p3.fr (FCNC) processes are extremely useful. On one hand
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they are highly suppressed in the standard model and are
therefore very sensitive to new physics. On the other hand
FCNC processes of K, B;, and B, mesons are still large
enough to be studied with high statistics in dedicated
experiments. Here meson-antimeson mixing plays an out-
standing role. First, meson-antimeson oscillations occur at
time scales which are sufficiently close to the meson life-
times to permit their experimental investigation. Second,
the standard model contribution to meson-antimeson mix-
ing is loop-suppressed and comes with two or more small
elements of the Cabibbo-Kobayashi-Maskawa (CKM) ma-
trix [1]. Third, the decays of oscillating mesons give access
to many mixing-induced CP asymmetries through the
time-dependent study of decays into CP eigenstates, which
in some cases one can relate to the parameters of the
underlying theory with negligible hadronic uncertainties.
The B-factories have revealed that the dominant b — d
and b — u transitions fit into the pattern of the CKM
mechanism and are in agreement with the information on
s — d transitions gained in more than forty years of kaon
physics. The success of the CKM picture is evident from
the many different measurements combining into a con-
sistent and precise determination of the apex (p, 7) of the
B-meson unitarity triangle (in terms of the Wolfenstein
parametrization of the CKM matrix [2,3]). As a conse-
quence, any contribution from the expected new TeV-scale
physics to the measured flavor-changing processes must be
suppressed compared to the established CKM mechanism.
Models with only CKM-like flavor violation are said to
respect the principle of minimal flavor violation (MFV)
[4,5]. This principle is often invoked in an ad hoc way to
suppress excessive FCNC amplitudes for model-building
purposes. In the minimal supersymmetric standard model
(MSSM), new sources of flavor violation solely stem from
the supersymmetry-breaking sector. A sufficient condition
for MFV are supersymmetry-breaking terms which are
flavor-blind at a given energy scale. This situation occurs
in supergravity with a flat K&hler metric [6] or if super-
symmetry breaking is mediated by gauge interactions [7].
The overall picture of experimental data does not require
sizeable corrections to MFV. Still it is difficult to probe the
CKM picture with a better accuracy than, say, 30%, be-
cause most quantities entering the global fit of the unitarity
triangle suffer from sizeable hadronic uncertainties. It
should also be stressed that the accuracy of the determi-
nation of the CKM parameters decreases notably when one
assumes that one or several crucial input(s) could be af-
fected by new physics contributions. Interestingly, several
authors have detected possible hints of new physics in the
data. For example it has been argued in the literature that
one starts to see a discrepancy between the measurement of
sin2 B3 and the region preferred by |V,,;,| from semileptonic
decays on one hand, and || on the other hand [8,9]. Also
the recently improved measurement of the B — 7v branch-
ing ratio deviates from its indirect CKM fit prediction [10].
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In addition there are anomalies in the data on b — s
transitions. The latter processes do not involve p and 7
(to a good accuracy) and therefore directly probe the CKM
mechanism. An ongoing debate addresses an extra contri-
bution to b — sgq, g = u, d, s, decay amplitudes with a
CP phase different from arg(V},V,,) that can alleviate
the pattern of shifts between the measured CP asymmetries
in these b — s penguin modes and the standard model
predictions (see e.g. [11]).

However, the first place to look for new physicsin b — s
transitions is B,-B, mixing, where new physics can be
parametrized in terms of just one complex parameter (or
two real parameters) in a model-independent way, as we
will discuss in great detail below. At the end of 2006 a
combined analysis of several observables has pointed to
the possibility of a new-physics contribution with a CP
phase different from that of the standard model box dia-
gram [12]. Models of supersymmetric grand unification
can naturally accommodate new contributions to b — s
transitions [13]: right-handed quarks reside in the same
quintuplets of SU(5) as left-handed neutrinos, so that the
large atmospheric neutrino mixing angle could well affect
squark-gluino mediated b — s transitions. At the same
time the grand unified theory (GUT) models of Refs. [13]
do not induce too dangerous contributions to the well-
measured rare decay B — X,y. B,-B, mixing has been
further investigated in other supersymmetric scenarios
with [14] and without [15,16] GUT boundary conditions,
in unparticle physics scenarios in Ref. [17], in multi-Higgs-
doublet models [18], in models with extra gauge bosons Z’
[19], warped extra dimensions [20], left-right symmetry
[21], anomalous tWb-couplings [22], additional quark
families [23] or an additional singlet quark [24], and in a
little-Higgs model [25].

On the experimental side, the understanding of b — s
transitions has made tremendous progress in the past years.
The Tevatron experiments have discovered and precisely
quantified B,-B, mixing oscillations [26,27] whose fre-
quency is in good agreement with the standard model
prediction, and presented first determinations of the
associated CP-violating phase from tagged analyses of
B, — J/ i ¢ decays [28-32]. Recently, possible new phys-
ics in the CP phase of the B,-B; mixing amplitude has
received new attention: The DO Collaboration has reported
a measurement of the dimuon charge asymmetry which
disagrees with the standard model prediction by 3.2 stan-
dard deviations [33]. The CP asymmetry in semileptonic
or, more generally, any flavor-specific decays, involves the
B,-B, mixing phase just as B, — J/¥¢, so that both
pieces of experimental information can be combined to
constrain this phase. The new measurement of the dimuon
charge asymmetry has already triggered considerable theo-
retical interest. Besides predictions for the CP phase of
B;-B, mixing in specific models, as quoted above, also
model-independent analyses of new physics effects have
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appeared [34]. Because of the large size of the dimuon
asymmetry it was also investigated whether sizeable new
physics contributions to the decay of B, mesons are pos-
sible. This alternative is however strongly constrained by
the lifetime ratios of B-mesons (see e.g. [35]) as well as the
semileptonic branching ratios and the the average number
of charm quarks per b-decays (see e.g. [36]).

In the present article, we analyze generic scenarios of
new physics which are compatible (at different levels) with
the experimental picture sketched above. We set up our
notation and define our theoretical framework in Sec. II,
the relevant updated experimental and theoretical inputs to
our global analysis are presented in Sec. III. In Sec. IVA
we first present the current status of the standard model fit.
In Sec. IV B we perform a fit in which we allow for new
physics in the B;-B, mixing and the B,-B, mixing systems
and we project the results onto the new physics parameters
that describe the B,-B, mixing and the B,-B, mixing
systems. Sections IVC and IVD are dedicated to
two MFV scenarios with correlated effects in all meson-
antimeson mixing amplitudes. Finally, we conclude and
list a few perspectives for the near future.

II. SETTING THE SCENE
A. B-B mixing basics

Bq—Bq oscillations (with ¢ = d or ¢ = s) are described
by a Schrodinger equation:

|B, (1) 1B, (1))

dt(|B (t)>) (M 1 )(IB (t)>) M
with the mass matrix M? = Mqu and the decay matrix
['9 = T'9t. The physical eigenstates |B},) and |Bf) with
masses M};, M} and decay rates '}, '} are obtained by
diagonalizing M9 —il'?/2. The B, Bq oscillations in
Eq. (1) involve the three physical quantltles M1, 1T, 1,
and the CP phase

¢, = arg(—M1{,/T'?,). 2
We denote the average B, mass and width by M B, and I’ B,
respectively. The mass and width differences between B
and B}, are related to them as

AM, = M}, — M{ = 2|M,

AT, =T7 =T}, =2}, cos¢,, (3)
up to numerically irrelevant corrections of order
m3/M3,. AM, simply equals the frequency of the B,-B,
oscillations (for details see e.g. [37]). A third quantity
probing mixing is

q I
afs—2<1— —|)=Im—1[12
p My, |M1

[N
singg = AM,

 tan¢ P

“)
al is the CP asymmetry in flavor-specific B, — f decays,
i.e., the decays E,I — fand B, — f are forbidden. The
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standard way to measure aj uses B, — X¢ *v, decays,
which explains the common name semileptonic CP asym-
metry for al, with the corresponding notation ad; (for
more details see e.g. [38]). In theoretical contexts, we use
the notation af, in this paper, while we write ad; when
referring to the specific experimental observable inferred
from semileptonic decays. Further
q 2My, — il

=522 5

Let us now discuss our theoretical understanding of the
off-diagonal terms of the evolution matrix, which are
responsible for B, B mixing. The dispersive term M7, is
completely dommated by box diagrams involving virtual
top quarks, and it is related to the effective |AB| =2

|AB|=2

Hamiltonian Hy as

MYy = ®)
The standard model expression for quAB =2 45 [39]
HPPIZ? = (Vi v, )2C0 + Hee. (7)
with the four-quark operator
Q=qryubrary*by, 3
=50 =790, ©)

and the Wilson coefficient C, which depends on the heavy
mass scales of the theory. In a wider class of models
H lqAB =2 maintains the form of Eq. (7) (meaning that there
is no operator other than Q involved), but with a value of C

different from the value in the standard model:
G . 2
M=~ —L M3, BS(Mz) (10)

Here 7, is the top quark mass defined in the MS scheme,
related to the pole mass m"* determined at the Tevatron

i, (im,) = 0.957mP™ (at next-to-leading order of QCD).
The Inami-Lim function S [40] is calculated from the box
diagram with two internal top quarks and evaluates to
S(m?/M3,) = 2.35 for the central value of s, listed in

Table VII. QCD corrections are comprised in [42,48]
7 5 = 0.8393 = 0.0034. (11)

The hadronic matrix element involved is usually parame-
trized as

_ 2
(B, Qun)|By) = M3 13, By, (ug).  (12)

with the decay constant f B, and the “bag” factor BBq. The
product ”f]BfBBq is scale and scheme invariant. Our con-

vention in Eq. (11) corresponds to a scale-dependent
bag parameter with B B, = 1 in vacuum insertion approxi-
mation. Typical values for the bag parameter obtained on
the lattice are e.g. ’BBS_ =~ (.84; see Sec. III A. Sometimes
a different normalization with a scale-independent bag
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parameter @B = bB(,uB)BB (wp) is used. The corre-
spondmg quantltles ng = nB(,uB)/bB(,uB) = 0.551 and
BB =~ 1.28 obviously satisfy nBBB = 73 Bp,. The ana-
lytic formula for bz(up) can be found e.g. in Eq. (XIIL.5)
of [49].

The absorptive term I'Y, is dominated by on-shell
charmed intermediate states, and it can be expressed as a
two-point correlator of the |[AB| = 1 Hamiltonian HlIAB =t
By performing a 1/m,-expansion of this two-point corre-
lator, one can express I’ (1]2 in terms of Q and another four-
quark operator

Os= QLbR‘ILbR’ (13)

where S stands for “scalar” and «, 8 = 1, 2, 3 are color
indices; see [12]. The matrix element is expressed as

MBq 2
(m,, + mq)

=: _M2 fB (14)

(B,10slB, >— M2 fB

The prediction of I', involves also operators which are
subleading in the heavy quark expansion, the matrix ele-
ments of which are parametrized by the bag factors By 012
and fBRLZ3 [12], which satisfy two relations in the heavy
quark limit [12,50]:

BRZZBR, fBR; =

5 2

: ?Bkz +?fBR2. (15)
Even though we have not included the flavor of the light-
quark in our notation, we consider these 1/m,,-suppressed
operators to have different values for B; and B, mesons.

Finally, we discuss the relative phase ¢, between the
two off-diagonal terms. In contrast to M{,, I'!, receives
non-negligible contributions from subleading u and c¢
CKM couplings, which implies that ¢, is not a pure
CKM phase in the standard model. The standard model
contribution to ¢, reads [12,51], with our updated inputs
(see Table IX),

HSM = (=10.1737) x 1072,

(16)
HSM = (+7.4798) x 1073,

and thus in ¢, the standard model contribution is clearly
subleading in the presence of generic new physics effects.
The previous quantities are expected to be affected by
new physics in different ways. While M{, coming from
box diagrams is very sensitive to new physics both for B,
and By, I'{, stems from Cabibbo-favored tree-level decays
and possible new physics effects are expected to be smaller
than the hadronic uncertainties. In the case of I'{, though,
the contributing decays are Cabibbo-suppressed. In this
paper, we only consider scenarios where new physics
does not enter tree-level decays. More specifically, we
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assume that B decays proceeding through a four-flavor
change (i.e., b — ¢14293, 1 # q» # q3) obtain only stan-
dard model contributions (SM4FC) [52,53]. This assump-
tion is better defined than just the neglect of new physics
contributions to tree-mediated decays since on the non-
perturbative level tree and penguin amplitudes cannot be
well separated. Our class of four-flavor-change decays
includes b — d decays in which the strong isospin changes
by 3/2 units, i.e. we use strong isospin as the flavor
quantum number of the first quark generation. Then the
following inputs used in the fit are considered to be free
from new physics contributions in their extraction from
data: |V,4l, [Visl, [Vl Vel and . Also the leptonic
decays B — 7v (or Dy — 7v and Dy, — wv), which could
be significantly affected by charged Higgs exchange
contributions (see [54] and references within), are assumed
to be standard-model-like. Using these inputs a reference
unitarity triangle can be constructed (see the first two
articles in Ref. [52]), as will be discussed further in
Sec. III B (in Ref. [55], this triangle is compared with the
universal unitarity triangle for models of constrained MFV
introduced in Ref. [56]).

In addition, in order to take advantage of the measure-
ment of the width differences AFq, and of the time-
dependent CP-asymmetries in dominant b — ¢ decays,
we neglect possible nonstandard contributions to the
b— ccq (q =d, s) transitions, although they do not
strictly enter the SM4FC family. Finally, we assume that
the unitarity of the 3 X 3 CKM matrix still holds in the
presence of new physics, which ensures that the standard
model contribution to the neutral-meson mixing keeps its
usual expression as a function of (p, 17) and other parame-
ters. Hence, our discussion would not hold in the case of
an additional sequential fourth fermion family, which
however is not excluded yet by experimental constraints
(see Refs. [23] or [57] and references therein).

Thus, new physics can find its way into the quantities
studied in this paper only by changing magnitude and/or
phase of M{,. It is convenient to define the new physics
complex parameters A, and cbg (¢ = d, s) through

Ml = MM A, = |A e (17)
(see e.g. [12]). With the definition in Eq. (17) the CP phase
of Eq. (2) reads

b, = M+ 2. (18)

As discussed in Sec. III, new physics in M7, will not only
affect the neutral-meson mixing parameters, but also the
time-dependent analyses of decays corresponding to an
interference between mixing and decay.

The relation of A, to the parameters used e.g. in [58—60]
is [A,l = rq, b = , and the standard model is of
course located at A = 1. It is more transparent to look
at the Cartesian ImAq vs ReA , plot than the polar 26, vs r;
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one, because it visualizes the new physics contribution
more clearly and it allows a simple geometrical interpre-
tation of the shape of each individual constraint. For com-
pleteness, we note that some authors (e.g. [61-63]; see also
[52]) prefer to split the standard model contribution from
the pure new physics one in a polar parametrization. The
two new physics parameters h, and 20, introduced in this
way are defined by

M, | Mp
SM.q SM,¢
My, My,

A, =1+he (19

We will study the case of the neutral kaon system in the
following section, defining analogous parameters A%, A¢,
and A¢. But in this paper, we will not consider the neutral
D meson system. Indeed, in the scenarios we consider
here, D-D mixing is severely Glashow-Iliopoulos-Maiani
(GIM)-suppressed and gives no useful constraint, as is
already the case within the standard model; see e.g. [64].

B. K-K mixing basics
The effective |AS| =2 Hamiltonian describing K-K
mixing resembles the |AB| = 2 Hamiltonian of Eq. (7),
with the important distinction that now also contributions
from internal charm quarks are important:

HlASl:z = [(Vtsvz*d)zclt + 2Vtsv;kdvcsvjdcct
+ (Ve V2 )*Cee]O + Hee (20)

with the operator Q = &LyMch;’L)/“sL.l As for the case of

the B, and B, mesons, the contribution from H!251=2 to
M{(z is found from Eq. (6). A new feature is an additive
poorly calculable long-distance contribution involving
HIASI=T (see e.g. [37,65]). The Wilson coefficients Cijs i,
J = ¢, t, and the operator Q depend on the renormalization
scale wg at which we evaluate these coefficients and the
hadronic matrix element (K|Q|K). We parametrize the
hadronic matrix element as

By

<K|Q(MK)|K> m[(f[( bl(( K) (21)

Here fx =~ 156 MeV and my are the decay constant and

mass of the kaon, respectively, and B x 18 the bag parame-
ter, from which a factor bg (k) is stripped off. Analogous
to the case of B mixing bg(u ) contains the dependence of
(K|Q(ug)|K) on the renormalization scheme and the re-
normalization scale ug. The standard model values of the
Wilson coefficients are

"We use the same notation for operators in the B and K
systems [cf. Eq. (8)], implying the corresponding flavors (b, s,
or d) of the quark fields.
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G2 —2
CrStM = 4— WS( )nan(MK)
G> m2  m?
M = yp M%VS<M2 ’Mé )nczbk(ﬂk), (22)
w w
G2 m2
R (S L)

with the Inami-Lim functions S calculated from the
usual box diagrams. By comparing Egs. (10) and (22) we
verify the MFV feature of the standard model CSM = CSM,
In C3M the Inami-Lim function can be expanded in
terms of the tiny quantity m2/M3, to find S(x.) = x, +
O(x%). Likewise S(x,,x,) = —x,logx, + x.F(x,) with
F(m?/M%,) = 0.56. From Egs. (21) and (22), bK(,uK)
drops out if (K|H'AS1=2|K) is expressed in terms of By.
The QCD correction factors ... [44], ., [43], and 7, [42]
are listed in Table VII. The dominant sources of uncer-
tainty in these quantities are higher-order QCD correc-
tions? (n,. also depends on a, and 7, in a sizeable
way). The latter dependence is made explicit in Table VII.

In analogy to Eq. (17) we introduce complex parameters
for new physics in the three different contributions and
write

(KIH'*S1=2|K)
2M
(VL S V:d)2M1 2

MK = = (V VE)P M, + 2V, ViV . VEMS,

N
M = MMIAL = MM A el . (23)
The physical quantities associated with K-K mixing are
the K;—Kg mass difference AMg = My, — Mg and the
CP-violating quantlty €. CP violation in H'251=1 is char-
acterized by €%. These quantities are defined as

e — Moo +2n, -
K 3 b
- —Moo T MN+- with 7 _ AWK, — 7 7Tb)
K 3 ab = A(Kg— mab)’
(24)

Since these two quantities are defined in terms of K; and
K, they can be expressed in terms of K-K mixing parame-
ters and the isospin decay amplitudes A(K, — (77);) =
Age®t = q el ’5', where a;, 8;, and 6, denote the
modulus, the “strong” (CP-even) phase and the
“weak” (CP-odd) phase of the decay amplitude
[37,67,68]. ek is essentially proportional to the CP phase
¢ = arg(—M¥E,/T'K). In view of the phenomenological
“AI = 1/2 rule” ag/a, = 22 (and the fact that all other

*Very recently a next-to-next-to-leading order (NNLO) calcu-
lation of 5., was performed [66], leading to a value which is 5%
larger than the value used here. This result is not yet included in
our analysis.

036004-5



A. LENZ et al.

decay modes come with even smaller amplitudes than a,)
one can saturate the inclusive quantity I'f, completely by
the contribution proportional to a3. Expanding in various
small parameters (see Ref. [37] for an elaborate discussion
of the approximations involved) one finds:

. [TmMX,
€x = sinqﬁee"ﬁf[% + §:|, with
K
2AM g ImA,
t = d = . 25
g = Jpl and §= g (25)

The troublesome long-distance contribution to MK
mentioned after Eq. (20) is eliminated from Eq. (25) by
trading 2 ReMX, for the experimental value of AM. Long-
distance contributions to ImM~, are small [69]. In Eq. (25)
& comprises the contribution from arg(—T'%) in the limit
of Ay dominance discussed above. The corrections are of
order (a,/ay)?* and therefore negligible. The usual expres-
sion for €x is obtained from this expression by taking
the following further approximations: (i) use ¢, = 45°
instead of the measured value ¢, = 43.5(7)°, (ii) neglect
¢, and (iii) compute ImM,, using only the lowest-
dimension d = 6 operator in the effective Hamiltonian
of Eq. (20), which is dominated by top and charm box
diagrams. The effect of the three simplifications can be
parametrized in terms of the parameter . [9] entering

o [ImM)
€x = ﬁetqﬁg[&] (26)

= CeKeequE BKI:Im[(VcsVcd)zAf(C]nccS(M—z)
w

’/’—12
+ Im[(vts Vt*d)zA%] %S(M—é)
w

+ 2Im(V, V¥, V.V AY) S( n; m’z)] (27)
tsV1d dRK)NerPI\ 75 5] |
sVtdVesVe ct M‘%V M‘%V

The value x, = 1 corresponds to the approximations (i)

through (iii) outlined above. The normalization reads

_ GpFimg M5,
C 1227 AM

When expressed in terms of Wolfenstein parameters to
lowest order in A, Eq. (26) defines the familiar hyperbola
in the p—7 plane.

A series of papers [9,37,69,70] has studied how much
the factor k. should deviate from 1 in order to account
for the terms neglected by the previous approximations.
We recall the different elements in Appendix A, separating
the uncertainties coming from statistical and systematic
sources, and we obtain the estimate

ke = 0.940 = 0.013 = 0.023, (29)

in good agreement with k., = 0.94 = 0.02 in Ref. [69]. We
emphasize that the estimate of . in Eq. (29) relies on the

(28)
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assumption that €} is unaffected by new physics (which
goes beyond the SM4FC assumption which protects only
I = 2 final states). From € ., = (2.229 * 0.010) X 1073

we get the following value for the combination:

€y = ? = (2.367 = 0.033 + 0.049) X 1073

(30)

In the presence of new physics, the relationship between
the measured € and the A}’s is discussed after Eq. (39).
One can also study the semileptonic CP asymmetry
1—‘(I(long —* VW?) - 1—‘(I(long - 7_/7T+)
I'(Kigng = €T v™) + [(Kygpg — €~ 07™")

_1—1q/pl?
1+ 1q/pl’

which, however, contains the same information on funda-
mental parameters as Reeg.

AL

C. Master formulas

In this section, we provide the master formulas of the
theoretical predictions for the observables relevant to the
analysis of new physics contributions in mixing. These
formulas reflect the dependences on the most important
parameters entering the fit and are obtained from the input
values as described in Sec. III. It should be stressed that
these numerical equations are shown for illustrative pur-
poses only: the complete formulas are used in the fitting
code, which allow one to take into account all the contri-
butions computed so far, together with the correct treat-
ment of the correlations.

Combining Egs. (3)—(12) with Eq. (17) one finds

|Vtthd|>2 S(mzz/M%V)

AM,; = 0.502 ps_l(

0.0086 2.35
%.| |
(0.17GeVv)? '~ "
o IV ViIN2 SGn7 /M3,
AM, = 17.24 1.< , ts) t/MG,
’ P 0.04 2.35
/5,Bs,
021Gevy 1Ak 3D

The remaining uncertainties in the prefactors of the
above formulas are due to the choice of the renormalization
scale and the values of «; and the top quark mass. They are
at most 3% and therefore negligible compared to the
theoretical error due to the nonperturbative and CKM
parameters.

The derivation of the formulas involving I'Y, is more
complicated [12,50,51]. For the B, system the dependence
on the apex (p, 77) of the unitarity triangle is strongly
suppressed, in contrast to the B, system. Furthermore the
standard model contribution to ag, is tiny and remains
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below the present experimental sensitivity, while afs is 1
order of magnitude larger and therefore not completely
negligible; see Table IX. Summing up logarithms of the
form m?/m2 Inm?/m3 [71] and using the MS-scheme for
the b quark mass one finds from Ref. [12] for the decay rate
differences:

feB B
AT, = (u) [o 00241 + 0.00056 =>4

0.17 GeV By

d

— 0.00047

B
;:4] cos(pSM + ¢p3), (32)

[,/ Bs, \2 B!
AT, = (u) [0.0797 +0.0278 238

0.21 GeV By,
By
~0.0181 2B ]cos(¢§M + B, (33)
BB

Now the uncertainties in the coefficients are considerably
larger than in the case of the mass differences, but they are
still less than about 15%. The dominant theoretical error of
the coefficients comes from the renormalization scale wu
followed by the CKM factors. One encounters matrix
elements of higher-dimensional operators in these expres-
sions, denoted by By, which have a power suppression
parametrized by m}"". The general (assuming unitarity of
the 3 X 3 quark mixing matrix) expression for the semi-
leptonic CP asymmetries reads

q q : SM + A
10%al = [a Im(A >+ b,Im (A”> ]—sm((i)q (154)’
s A A 1A,
(34)

with A =V, Vi - The coefficients a, b, ¢ read [12,51]

B
ay = 9.2905 + 0.2973 55, +0.2830 28
Bg, Bp, '
B Br.s,
a, = 9.4432 + 0.2904 >« + 0.2650
fBBx BX
B
b, = 0.0720 + 0.0184 5 + 0.0408 =281 (35)
Bj, By,
B s Brs,
b, = 0.0732 + 0.0180 —>2 + 0.0395
BB,. B\.

= —46.8169 — 17.0083 @/ By 9.2818 Brs
B, BB :

again with uncertainties in the coefficients of less than
15%. The dominant one comes from the renormalization
scale w; followed by the CKM factors. For the semilep-
tonic CP asymmetries in the B, system we can also
write [51]
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= I:cd + ad(ccjsl'g — 1)

o pA
n bd<cos2ﬂ _ 2cos,B n 1)]sm¢d

—10*a¢

R? R, 1Al
sinf3 sin2 sinB)]cosq&ﬁ
+ + -2
[ad Rt bd( th Rt |Ad| R (36)

where we have written the (p, 7)) dependence in terms
of the angle B of the unitarity triangle and the side

N

The mixing-induced CP asymmetries in By, — J/ K
and B, — J/ ¢ are very important to constrain ¢, and
¢, respectively. For the latter mode an angular analysis
is needed to separate the different CP components [72].
The mixing-induced CP asymmetries in the two modes
determine

sin(¢4 +2B) and @2 —28,. (37)

Here the angle B, is defined as positive:
ViV,
By = — arg(—f—tb) = (0.01818 £ 0.00085.  (38)
Vc“s Vcb

[This should be compared with B = arg(—V;,V,/
:d cb) ~ (.38. ]3
The measured value |€x"| implies the following relation
among the CKM elements:

. m?
125 107 = By [V, V2, Pag Ine (175
w

* \2 m%
+Iml(V, VAT
w

72 2
+ ZIm(VIVV;decszdAC[)ncr (mc i ):I

M3, M3,
(39)
Here the number on the LHS originates from
12 2AMy |e”
125 x 10~7 = 12V2mAM leg (40)

2 2
GFmeKMW Ke

The peculiar hierarchy of the CKM elements in Eq. (39)
enhances the sensitivity to the imaginary part of
A¢. Expanding to lowest nonvanishing order in the
Wolfenstein parameter A shows

It should be emphasized that the Tevatron experiments,
which have presented first determinations of ¢2 — 28, from
tagged analyses [28,29], also use the notation ¢, and S, but
with a slightly different meaning. Comparing the notation of
Refs. [28,29] with our notation one gets

¢D0 ¢: - 2:83’ _2:8§':DF = ¢5A - 2:83
References [28,29] have neglected 23, in the relation between
AT’y and ¢, in Eq. (3). This is justified in view of the large
experimental errors and the smallness of 23;.
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Im[(V,VE)?A¥] = —2A2A° ReA§ + A2 ImA,
Im[(V,,V5)2A%] = 24*A1°(1 — p)7 ReAl.
+ A*A1[(1 — p)? — 5] ImA%,
2Im(V, ViV Vi, A = 242057 ReAY
+ 2A%225(1 — p) ImA¢. 41)

AMy is dominated by physics from low scales. The
short-distance contribution is dominated by the charm-
charm contribution involving the QCD coefficient 7.
[44]. There is an additional long-distance contribution
from box diagrams with two internal up quarks, which
cannot be calculated reliably. For instance, one could
attribute an uncertainty of order 100% to the theory pre-
diction of AMy and try to extract a constraint on |A§|
from AM . While A§ is very sensitive to any kind of new
physics which distinguishes between the first and second
quark generations, we will see in Sec. IID that in MFV
scenarios all effects on A¢ are totally negligible. In an
unspecified non-MFV scenario both €x and AMy are
useless, because ASS, AY, and A¥ are uncorrelated with
any other observable entering the global fit of the unitarity
triangle, while in MFV scenarios AM is standard-model-
like. Therefore we do not consider AM any further.

D. Three scenarios

After having introduced our parametrization of new
physics in terms of the A parameters in Egs. (17) and
(39), we can now discuss the three different physics sce-
narios which we consider in this article. The common
feature of all scenarios is the assumption that all relevant
effects of new physics are captured by the A parameters.
As long as one only considers the quantities entering the
global fit of the unitarity triangle in conjunction with the
observables of B,-B; mixing, this property is fulfilled in
many realistic extensions of the standard model.* However,
once a specific model is studied, often other quantities
(unrelated to the global fit of the unitarity triangle) con-
strain the parameter space; prominent examples are
branching ratios of rare decays such as B(B — X,vy) and
B(B; — " u). Such effects cannot be included in a
model-independent approach like ours. Still, we will see
that interesting bounds on the A parameters can be found
within the broad classes of models defined by our three
scenarios. In any specific model covered by our scenarios,
the constraints on the A parameters can only be stronger,
but not weaker than those presented in this paper.

Two scenarios involve the MFV hypothesis. The notion
of MFV means that all flavor-violation stems from the

“A notable exception are models with large couplings of a
light charged-Higgs boson to down-type fermion. In such models
B(B — 71v,), which we assume to be standard-model-like, is
modified. Another exception are models with a nonunitary 3 X 3
CKM matrix, e.g with new fermion generations.
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Yukawa sector. It is usually implied that all flavor-
changing transitions in the quark sector are solely governed
by the CKM matrix, while flavor-changing transitions in
the lepton sector come with elements of the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix. Strictly speak-
ing, this conclusion is only valid if MFV is invoked at or
below the GUT scale. If MFV is built into a GUT model at
a higher scale, it is well possible that imprints of the PMNS
matrix can be found in FCNC processes of quarks. Indeed,
the articles in Ref. [13] discuss supersymmetric GUT
models with flavor-blind soft supersymmetry-breaking
terms near the Planck scale. The renormalization group
evolution involving the large top Yukawa coupling then
induces FCNC transitions between right-handed bottom
and strange quarks at low energies. In our analysis this
situation is a very special case of scenario I discussed
below.

1. Scenario I: Non-MFV

In this scenario, we do not assume anything about the
flavor structure of the New-Physics interaction. Since here
A¢, A¢, and A% are unrelated to other parameters, we can
neither derive any constraints on these parameters nor use
€k in the global fit. While A, and A are a priori indepen-
dent, the allowed ranges for these parameters are never-
theless correlated through the global fit and the unitarity
constraints on the CKM matrix. This can be qualitatively
understood as follows. Consider a value for |A | which
exhausts the range allowed by the hadronic uncertainties
in AM,. The good theoretical control over the ratio
AM ,;/AM, then fixes |V,4]?|A,| quite precisely. The global

fit of the unitarity triangle further constrains |V,,| «

V(1 = p)* + 1%, so that a posteriori the allowed ranges
for |A,| and |A,| become correlated. Also the flavor-mixed

CP-asymmetry ay measured at the Tevatron experiments
correlates the parameters A, and A,.

2. Scenario I1: MFV with small bottom Yukawa coupling

We adopt the symmetry-based definition of MFV of
Ref. [4] to discuss our two other scenarios. Ignoring the
lepton sector here, the starting point is the [U(3)]® flavor
symmetry of the gauge sector of the standard model, which
entails the flavor-blindness of this sector. The gauge part
of the Lagrangian is invariant under independent unitary
rotations of the left-handed quark doublets Q) (where
i =1,2,3 labels the generation), and the right-handed
quark singlets d% and uf in flavor space. In the standard
model the [U(3)]® flavor symmetry is broken by the
Yukawa interactions. This symmetry breaking permits dis-
criminating flavor quantum numbers, quark masses and
flavor-changing transitions. Within the standard model
only the top Yukawa coupling y, is large, all other
Yukawa couplings are small or even tiny. These small
parameters pose a challenge to generic extensions of
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the standard model. This challenge is met by the MFV
hypothesis which extends the standard model assuming
that the only sources of [U(3)]? flavor symmetry breaking
remain the Yukawa couplings. Specifying to the familiar
basis of mass eigenstates, we list the following consequen-
ces of the MFV hypothesis:

(i) Any flavor-changing transition is governed by the
same CKM elements as in the standard model.

(i1) Any chirality flip gg — ¢; is proportional to the
Yukawa coupling y, (and, by Hermiticity of the
Lagrangian, any g, — g flip is proportional to y).

(iii)) Any flavor-changing transition of a right-handed
quark involves a factor of the corresponding
Yukawa coupling.

(iv) FCNC transitions have the same pattern of GIM
cancellations as in the standard model.

For example, properties (i) and (iii) imply that any by —
sg transition is of the form V, V55 v, vi f(Iy. % s % lysI?]),
where f is some function of [y, ,|>. The actual power
of Yukawa couplings in the contribution from a given
Feynman diagram is determined by the number of chirality
flips through property (ii). Property (iv) ensures that
any possible contribution proportional to V.V, is GIM-
suppressed, i.e. proportional to |y.|?, and negligible as in
the standard model.

However, we deviate in one important aspect from
Ref. [4]. We explicitly allow for CP-violating phases
which do not originate from the Yukawa sector, i.e., we
proceed as in Ref. [5]. CP violation is an interference
phenomenon and involves the differences from other-
wise unphysical phases. In order to avoid new