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Possibility of large lifetime differences in neutral B meson systems
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We investigate new physics models that can increase the lifetime differences in the Bq-Bq systems
(g = d, s) above their standard model values. If both B, as well as B, can decay to a final state through
flavor dependent new physics interactions, the so-called Grossman bound may be evaded. As examples,
we consider the scalar leptoquark model and A”-type R-parity violating supersymmetry. We find that
models with a scalar leptoquark can enhance AI', /T’ all the way up to its experimental upper bound and
AT ;/T'; to as much as ~2.5%, at the same time allowing the CP violating phase 3, to vary between —45°
and 20°. R-parity violating supersymmetry models cannot enhance the lifetime differences significantly,
but can enhance the value of B up to ~ = 20°. This may bring the values of AT, / T, as well as B, within
the measurement capabilities of B factories and the B physics experiment at the Large Hadron Collider
(LHCb). We also obtain bounds on combinations of these new physics couplings, and predict enhanced

branching ratios of By/; — 7777,
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L. INTRODUCTION

The standard model (SM) has been successful in ex-
plaining almost all the observations at the accelerator ex-
periments so far, which makes it a challenge to look for
signals of new physics. Apart from the direct searches for
new particles at colliders, tests of the low energy predic-
tions of the SM can also provide indirect signatures of the
physics beyond the standard model (BSM). In the domain
of flavor physics, in particular, such low energy observ-
ables include the branching ratios of various B decay
modes, the extent of CP violation in these decays, as
well as the oscillation parameters of neutral B meson
systems [1]. The data from the B factories and the
Tevatron have already played a crucial role in constraining
the nature and extent of BSM physics.

In this paper we shall concentrate on the oscillation
parameters in the B,;-B,; as well as B,-B, systems. For
convenience, we shall refer to the labels d and s collec-
tively as g. The average lifetimes f‘q =T +T,0)/2,
mass differences AM, = M,y — M, , lifetime differences
ATy =T, — Ty, as well as CP asymmetries sin2f3,
with BM = arg[—(V},V.,,)/(V};,V,,)] offer incisive probes
of new physics. Here the labels L and H stand, respec-
tively, for the light and heavy mass eigenstates in the
neutral B, system. The values of I'j, Am,, and sin28,
have already been measured to an accuracy of better than
~5% [2—-4] and play an important role in constraining any
new physics. The remaining quantities, on the other hand,
currently have large errors and their accurate measure-
ments act as tests of the SM. The value of sin2f,, for
example, which is predicted to be = —0.03 in the SM, can
be enhanced significantly with many BSM physics models
[5] and a measurement in excess of the SM prediction
would vouch for the presence of new physics.
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The SM predicts the lifetime differences in the B, and
B, system to be [6] Al,/T;=(0.41*5%)% and
AT /T, = (14.7 = 6.0)%, respectively, Al'; being sup-
pressed with respect to AT, by a factor of ~|V,,;/V,,|> =
0.05. The measurement of the latter is within the capability
of LHCb, whereas that of the former is very difficult even
at the super-B factories due to its extremely small value.
The large theoretical uncertainties in the SM predictions
for these two quantities make them rather unsuitable for the
detection of BSM physics, unless such physics changes the
value of AI';/T’, beyond the SM uncertainties. The so-
called “Grossman theorem” states that new physics can
only decrease the value of AT’ [7], and the result extended
to the B, system [8] implies that AT'; can increase at the
most by 20% with BSM contributions. This would seem to
make the measurements of AT rather unappealing from
the point of view of detecting new physics.

However, the Grossman theorem, and its extension men-
tioned above, are applicable only when the BSM physics
contributes to the dispersive part M, of the Bq—Bq mixing
amplitude, and not to its absorptive part I'j,,. This is true
for most of the BSM models, in particular, the minimal
flavor violation (MFV) models [9] where the CP violation
emerges only from the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. Even in non-MFV models, if the mixing
box diagram contains only heavy degrees of freedom, BSM
physics cannot contribute to I'j;,. Such models include
R-parity conserving supersymmetry, models with universal
extra dimensions, little Higgs models, two-Higgs doublet
models, etc. On the other hand, there are well-motivated
models where the B,-B, mixing box diagram contains two
light degrees of freedom, resulting in an absorptive ampli-
tude. We will discuss two such examples in this paper:
(i) models with a scalar leptoquark, and (ii) R-parity vio-
lating (RPV) supersymmetry. These models can have fla-
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vor dependent couplings of light known particles with one
heavy new particle (squark or leptoquark), and hence can
contribute to I';,,. This paves the way for an evasion of the
Grossman bound, and potentially high lifetime differences
in both the B, and B, systems. We emphasize that these
models are chosen just as examples and by no means
exhaust the list of all such possible models.

The new physics couplings also contribute to the mixing
amplitudes (hence the mass splittings AM, between the
stationary states and the CP asymmetries), and to decay
rates. As a consequence, the BSM parameter space is
severely constrained by these data. In spite of these con-
straints, we show that these BSM models can indeed
enhance the lifetime difference in the B up to its current
experimental limit, obtained from the angular analysis of
B, — J /¢ decays [10,11]. In the B, system, the value of
AT';/T'; can become as much as 2.5% and hence come
within the capabilities of the B factories [12]. As a bonus,
the mixing-induced CP asymmetry sin2$, can be en-
hanced by an order of magnitude from its small SM value.
As an important byproduct, we also obtain limits on the
couplings of the BSM models considered above, and pre-
dict enhanced branching ratios for decay channels corre-
lated with the enhanced lifetime differences.

The rest of the paper is organized as follows. In Sec. 1I,
we clarify the definitions, methodology, and approxima-
tions used to calculate the SM as well as BSM contribu-
tions to My,, and I'j,. In Sec. IIl, we present our
numerical results, which give us limits on the new physics
couplings, as well as the enhancements of lifetime differ-
ences, By, and rates of correlated decay modes of B,.
Section IV summarizes our findings and discusses their
implications for B physics experiments.

II. THE FORMALISM
A. The standard model

The effective Hamiltonian for the Bq-Bq system in the
flavor basis, with CPT conservation, is given by

Mll _L.Fll M12 _iFIZ
H... = *q 2 *q q 2 q . 1
off <M12q =50, Mg — 5T 1

With the approximation |I'j,,| << [M,|, which is valid
for the B, as well as the B, system, we have [§]

AMq = 2|M12q|’
2Re(M,, T, ) )
AT, =~ M = 2|T 5| cos®,,
|M12q|

where @, is the phase difference between M,, and I';,,.
This in fact demonstrates the Grossman theorem for B,:
since ®; = 0 in the SM, as long as there is no BSM
contribution to I'j,; itself, the value of AT’ will always
decrease due to the cosine factor in (2).
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We now indicate the methodology of our calculations. In

the SM, the dispersive part of the B,-B, mixing amplitude
is given by [13]

G% y
MY, = 155 15, M, B, 13, M, (Vi, Vi *So(x), ()

where G is the Fermi constant, My is the mass of particle
X, and Vj;s are the CKM matrix elements. The short
distance behavior is contained in % B,> which incorporates

the QCD corrections, and in the Inami-Lim function

dx — 11x* + x3 3x3Inx
S = — , 4
T AR T g )
with x, for a fermion f defined by
xp = my/Mj,. (%)

The decay constant f B, and the bag factor B B, take care of
the hadronic matrix element

<Bq|(54)va(BQ)va|Bq> = (8/3)M%qf12;q33q: (6)
with the wave function for the B, meson normalized as
2MBq|M12q| = (B,|H|B,). (7

The absorptive part of the B,-B, mixing amplitude in
the SM, to leading order in QCD, is given by [13,14]

B Gtf3,Bs,Mp

rsMo) _ L(VE Ve ?miF(e),  (8)

129 8

m2 2 m2
_ _ flq1_ ="
F(f) =41 4m127<1 3 m?) &)

for a fermion f. The next-to-leading order (NLO) QCD
corrections and the 1/m; corrections modify the value of
I'5 [15] as well as I'y,,; [8] in the SM by ~30%. The
current theoretical status of AI',/I'; has been summarized
in [6].

In the presence of any BSM contribution, we have

— M BSM — T'SM BSM
My, = Miy, + My, Ly, =T, T (10)

where

In our numerical analysis in Sec. III, we use the SM
predictions [6] that include the NLO QCD and 1/m,
corrections, however for 5™ we only use the leading

order contributions F]fZSqM(O). Note that the QCD corrections

are expected to be different for SM and BSM operators
since the mediating boson for the latter case is a color
triplet. The 1/m,, corrections are also expected to differ
since the light degrees of freedom that flow inside the
mixing box are different too. While it is desirable to have
an idea of these corrections, in this work we will just
assume that these corrections are likely to introduce an
error of ~30% in our calculations. Since our final results
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claim enhancements of up to 5 times over the lifetime
differences in the SM, and the BSM model calculations
themselves depend on the unknown masses of the new
particles, the higher order corrections would not change
the conclusions qualitatively.

B. Leptoquark models

Leptoquarks are color-triplet objects that couple to
quarks and leptons. They occur generically in grand unified
theories (GUTs) [16], composite models [17], and
superstring-inspired E, models [18]. Model-independent
constraints on their properties are available [19], and the
prospects of their discovery at the LHC have also been
studied [20]. We shall restrict ourselves to scalar lepto-
quarks that are singlets under the SU(2); gauge group of
the SM. This is because vector or SU(2); nonsinglet
leptoquarks tend to couple directly to neutrinos, hence
we expect that their couplings are tightly constrained
from the neutrino mass and mixing data. This makes any
significant effect on the Bq—Bq system unlikely.

The relevant interaction term for a scalar leptoquark S,
is of the form

Lq = Ayd<gerSo + He, (11)

where dp and ey stand for the right-handed down-type
quarks and right-handed charged leptons, respectively,
and i, j are generation indices that run from 1 to 3. The
couplings A;; can in general be complex, and some of them
may vanish depending on any flavor symmetries involved.

When A3, and A3; are nonzero, the interaction (11)
generates an effective four-fermion (S + P) ® (S + P) in-
teraction leading to b — st 7. This will contribute to
B;-B, mixing (with 7 and S° flowing inside the box), to the
leptonic decay B, — 77 7, and to the semileptonic decays
B, — X,7" 77 The relevant quantity here is the coupling
product

hLQ(b — S’T+7'7) = A§2A33, (12)

such that hyg(b— s7777)/(8M5,) is the effective
leptoquark coupling equivalent to (Gp/+/2) VgV, or
(Gr/2)V},V,, in the SM.

By changing the leptonic index from 3 to 2, one gets the

second generation leptoquark that canleadto b — su™ ™
with the relevant coupling product

hig(b — st u™) = A3 A0 (13)

In addition to B -B; mixing, the coupling hyq(b —
st ) contributes also to By — u*u~ and B, —
X, " ™. The upper bound on the branching ratio of B, —
ut u™ constrains this coupling product severely, as will be
seen in Sec. III. One can also have mixed leptonic indices,
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giving rise to the channel b — s7* u~ for example, which
we will not discuss here. One expects the first generation
leptoquarks to be heavier, from the Tevatron and HERA
data [21], so the couplings of the first generation lepto-
quarks are highly constrained, and we do not consider them
in this paper. However, note that the bounds are, in general,
dependent on the quantum numbers of the leptoquarks.
The B,-B,; mixing is modified by the coupling product

h’LQ(b — dT+T_) = /\;1)\33,
hig(b — du™ n™) = A3 A

(14)

The former combination hyo(b — d7*77) affects B; —
777~ and B; — X,;71 7", whereas the latter affects B, —
prpu” and By — Xqputp

In terms of the coupling products Ay g, the contributions
of the leptoquarks to the B,-B, mixing is given by

Bglb— gt €")

My = >

MBqﬁqulzj’qBBqSO(x€)’

T2
it 3847 Mg, (15)
h2o(b— g€te)
o — — = Mg, [} Bg miF(€),
124 e:zw 256mM}, «/ BB h
where the function Sj(x) is
~ 1+x 2xlogx
S = , 16
O(X) (1 — x)z (1 — x)3 ( )

and F(f) is as given in (9). While calculating the limits on
the new physics parameter space, we assume that at a time,
only one of hjo(b— g7 77) and hio(b — qu™u™) is
nonvanishing, so that the right-hand side of each of the
equations in (15) has only one term.

As noted above, leptoquarks contribute to the leptonic
decay B, — €€~ . In the SM, this decay rate is extremely
small [22]: BR(B,— u*u™) = 1.1 X 1071°, BR(B, —
7v77) = 3.1 X 1078 We therefore approximate the
branching fraction of B, — £* £~ by only the leptoquark
contribution [23]:

|hLQ(b —_— q€+€7)|2 f%qM%q m_%
1287 Mg, Iy, Mg,

q

2
m
X |1 —4—L, 17
\ Méq (17)

The presence of leptoquarks may be detected through the
measurement of such an enhanced branching fraction. On
the other hand, upper bounds on these branching fractions
constrain the leptoquark coupling products discussed
above.

BR(B, — (" (") =
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C. R-parity violating supersymmetry (RPV SUSY)

R-parity is the discrete symmetry defined as R =
(—1)3B+L*25 where B, L, and S are, respectively, baryon
number, lepton number, and spin of a particle. R equals 1
for all SM particles and —1 for all superparticles. Though
R-parity is conserved ad hoc in a large class of super-
symmetric models, one can write R-parity violating terms
respecting Lorentz and gauge invariance. These terms can
violate either B or L, but not both, since that will lead to
uncontrollably large proton decay rate. In this work, we
consider only the B-violating terms. Most of the
L-violating A’-type couplings are highly constrained [24],
in particular, from neutrino masses [25], K-K and B;-B,
mixing [26], and AM, measurement [27]; so their contri-
bution to the lifetime differences is expected to be small.

Consider the B-violating term in the superpotential

W = eaﬂ‘y)tglijz?aDjC‘BDiy’ (18)

where «, 3, y are color indices. The couplings )\Z.k are in
general complex, and are antisymmetric in the last two
generation indices j and k, i.e., A;}k = — Al ;- In terms of
the component fields, this can give rise to terms in the
Lagrangian that are of the form

€apy MinlliadipPrdiy O €apyAjyiliaPrdi,dig, (19)

where Pp = (1 + v5)/2. As j # k, the only possible com-

&

binations responsible for By -B; mixing are A/;Al}5. For
B,-B; mixing, the relevant combination is Alb3A%;.
Various coupling products A”A" are already constrained
from low energy experiments [24,28]. As usual, we con-
sider only one product to be nonzero at a time. This also
helps us avoid the tight constraints coming from, say,
K°-K° mixing.

Let us first consider B,-B; mixing. The A” couplings
with i =1 are highly constrained to be at most
~0O(10"*~1077) from n-7 oscillation and double nucleon
decay [29]. Though there is no significant bound on the i =
2 couplings, the corresponding coupling products, if com-
parable with the SM, would contribute and modify b —
ccs processes. Just to avoid this consequence, we do not
consider the i = 2 couplings any further and move to

S _____b S _____b
i d
d|__----17" t
e d t .
b t S b d S
L = e —=
FIG. 1. B,-B, mixing diagrams with RPV SUSY. Note that

only the first diagram gives an absorptive part. To get the total
amplitude, one must also include the crossed boxes.
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nonzero values of i = 3 couplings. This leads to two new
mixing diagrams as shown in Fig. 1: one with internal d
quarks and 7 squarks, and the other with internal ¢ quarks
and d squarks. While both these diagrams contribute to
M,,,, only the former has an absorptive contribution that
goes towards I'j,,. This leads to

RPV _ hipy(b — s)

12 192772M§R MBﬁBxf%sBBs(go(xz) + So(xa)),

20)
R (b — 5) (
Ff;v(o) - _ 711?8”]”& My, f%x By miF(d),
qr
where
hgpy(b — 5) = A§/T3)‘/3I12 ey

is the relevant coupling product in RPV SUSY, while the
factors Sy(x) and F(d/s) are as given in (9) and (16),
respectively. We have assumed the relevant squarks, 7
and dp, to be degenerate in mass.

The coupling product hgpy(b — s) also contributes to
nonleptonic B decays taking place via b — dds, like BT —
K#*, Bt - K*'#° B,— K°#Z°, B,— ¢7°, B,—
7t~ and their CP conjugate decays. The decay rates
depend on the coherent sum of the SM and the BSM
amplitudes. The former is calculated in the naive factori-
zation model [30]. However, considering the uncertainties
in any such calculation, we have been slightly conserva-
tive: the form factors are not directly taken from [30] but
fitted so that even without the BSM part, the pure SM
expectation of the branching ratio is consistent with the
data. This means that the branching ratio data may not be
used for claiming the presence of BSM physics; it can, at
best, constrain the parameter space from above. The BSM
part is computed with some further simplifying assump-
tions. We assume the strong phase difference to be zero
between the SM and the BSM amplitudes. However, since
the weak phase of the BSM coupling is varied over its full
range, this effect is offset for B* decays. We have also not
taken into account the mixing between the RPV operators
and the SM operators between the scales My, and m,;. The
dominant effect, which is just a multiplicative renormal-
ization of the RPV operator, can be taken into account by
redefining the couplings so that their values are calculated
at the scale m;, and not at the high scale (thus, one should
be careful in using the constraints on the couplings; to get
the constraints at a higher scale, one must run them
upwards).

The B,-B, system may be analyzed in an analogous
manner, simply with the interchange d < s. With the naive
factorization approximation, the mixing amplitude has the
dispersive and the absorptive parts
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RPV _ h%Pv(b —d)

12d 1927T2M§ MBdﬁB,,f%dBBd(SO(xt) + So(xy)),

22)
oy (b — d) (
RPV(0) _ RPV
Iy =~ 12877M3R MBdf%;dBBdm%F(S),
where the coupling product involved is
hrpy(b — d) = A533A%,, 23)

and the notation used is the same as in the B,-B; case. One
may note that in a number of well-motivated models, the
lighter stop may be significantly lighter than the other
squarks. In this case, the value of AI'; (AI';) would be
higher than the one computed here.

The coupling product hgpy(b — d) also contributes to
the nonleptonic b — s5d decay channels like B™0 —
70¢. Indeed, the measurement of BR(B* — ¢ ™) pro-
vides the strongest constraint on |Agpy(b — d)|.

Note that the relations for RPV SUSY contain a relative
factor of 2 compared to the leptoquark case; this is due to
the fact that in RPV, the effective |AB| = 1 Hamiltonian
contribution to b — dds (b — s5d) in the B, (B,) system
contains two terms, which come from the contraction of
two color e-factors in (19): €,4:€400 = 6paOce — OpeOeca
where 0 is the Kronecker delta function.

ITII. NUMERICAL RESULTS

In this section we shall numerically evaluate the allowed
values of AT, /I, and sin2 3, in the framework of the BSM
models considered in the previous section, applying the
constraints from current measurements. Unless otherwise
mentioned, all numbers are taken from [31]. The average
lifetimes of B, mesons,

I, = (0.653 = 0.004) ps~',
T, = (0.682 =+ 0.027) ps~,

(24)

are not affected much by the BSM physics. The measured
values of the mass differences are

AM, = (0.507 = 0.004) ps~",

(25)
AM; = (17.33352 £ 0.07) ps— .

The value of sin2 3, in the SM, obtained from a fit that does
not involve B;-B,; mixing, is [4]
sin2B5M = 0.752 + 0.040, (26)

whereas the CP asymmetry in the B,-B, system is mea-
sured, from charmonium modes, to be [4]

sin28; = 0.674 =+ 0.026. 27)

We constrain the BSM physics by requiring sin2 8, to lie in
this interval. The current limits on the values of AT', and
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B, [4,31,32],
AT AT
S =0.206701%  —2=0.009 = 0.037,
Ly ' Ly (28)

B, = —0.79 = 0.56,

though very weak, are also included for consistency. In
particular, it will be seen that in a model with third gen-
eration leptoquark, the possible value of AT',/T";, which
should lie in (—0.01, 0.51) at 95% C.L." [31], is bounded
only by the experimental limit.

We also use the values of the bag factors [4,33]

For[Bs, =223 =35 MeV,
f5.A[Bs. = 262 + 35 MeV,

and the short distance factors

So(x,) = 2.327 = 0.044. (30)

(29)

M8, = np, = 0.55,
The relevant CKM elements are

[Vl = 8.54(28) X 1073, |V,,| = 40.96(61) X 1073,
(31)

while the other elements are taken to be fixed at their
central values. For leptonic decays, we use fp = fp, =
200 MeV.

To constrain the BSM effects, we present our results
taking the SM contribution to AI'; to be A’y = (0.096 =
0.039) ps™! and AT, = (26.7 £6.1) X 107* ps~! [6].
The SM theoretical uncertainty is about 30% for AT’y and
about 25% for AT, so one must be careful in interpreting
the results. Only when the values of AI', in the presence of
BSM physics exceed the SM calculations beyond their
upper limit, including the large error bars, can the presence
of new physics be claimed. As will be seen in the follow-
ing, it is indeed possible in the scalar leptoquark model
with a third generation leptoquark.

The new physics models are parametrized by the mag-
nitude of the relevant coupling product hggy and its weak
phase. We vary these two as free parameters and scan the
parameter space, taking the SM parameters to have
Gaussian distributions with the means and standard devia-
tions as given above. We require the calculated quantities
to be within the 95% C.L. (20) intervals of the experimen-
tal measurements, where such a measurement is available
(e.g. AM,, AT',). Whenever only an upper bound is avail-

!The likelihood distribution of AT',/T, is extremely skewed
[31], so that the upper limit of the confidence interval is rather
high compared to the naive 20 estimate. Note that we have used
the Heavy Flavor Averaging Group (HFAG) limits obtained from
a fit to only the direct measurements of the lifetime difference. If
combined with the lifetimes obtained from flavor specific modes
and B, — K"K, the 95% C.L. upper bound on AT,/T’; will
decrease to 0.25 [31].
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able (e.g. some branching ratios), we require the calculated
quantities to be within the 90% C.L. interval, since these
are the quoted limits [31].

A. Leptoquark

As pointed out in Sec. IIB, the couplings that may
enhance AT, /I, also tend to enhance the branching ratio
B, — ¢"€~, where ¢ is the charged lepton of the corre-
sponding leptoquark generation. The limits coming from
the measurements of these decay modes therefore con-
strain the allowed ranges of BSM parameters. The relevant
branching ratios are [31]

BR(B, — utu™)<23X1078,
BR(B, — 7777)<4.1 X 1073,
BR(B,— u ™) <75%x1078

(32)

The leptoquark mass is taken to be 100 GeV.

The severe constraints on B, — ut T restricts
the coupling products of the second generation leptoquark
to |hLQ(b—’d,U/+ILL_)| <4 X 10_4 and |hLQ(b_)
st ) <6 X 1074, as a consequence there is no sig-
nificant enhancement in either AI',/I'; or B;. Since the
couplings of the third generation leptoquark are not so
severely restricted, it is possible to enhance the values of
these quantities.

We show in Fig. 2 our results in the B system with the
third generation leptoquark. We display the allowed values
of the phase of the coupling product, arg[hq(b—

360

300

240

180
120

Arg (hiq) [deg]

60

lﬁs Edeg]

-60

0 002 004 006 008
[hial

PHYSICAL REVIEW D 76, 054005 (2007)

stt77)], as well as the allowed values of AIL' /T, B,
and BR(B; — 7" 77), as functions of the magnitude of
the coupling product, | o(b — s7*77)|. We observe the
following:

(i) The major constraints on the parameter space of /g
arise from the AM, measurement (25). The allowed
parameter space is not continuous, but has small
islands at higher values of |hql|. This is due to the
constructive (destructive) interference between the
SM and the BSM amplitudes for AM,, which forbids
(allows) some values of arg(h;g) with the AM;
measurements.

(ii) The value of AT';/I; is bounded from above only by
the current experimental limit (28), which is more
than 3 times the central value predicted by the SM,
and more than 50 away from it even when the
theoretical uncertainties are included. If indeed a
third generation leptoquark of mass ~100 GeV is
present, the measurement of AI',/I'; is literally
around the corner, perhaps even possible at the
Tevatron [34].

(iii)) The value of B, can become as high as 20° or as
low as —45°, which makes its measurement with
the decay modes like B, — J/¢n"), or through the
angular distributions of B, — J/¢ [10] or B, —
DI¥p;® 117, easily feasible at the B factories or
at the LHC experiments [35].

(iv) A large value of AT',/T, is also accompanied by a
large branching ratio B, — 7+ 7, which may be
enhanced to as much as 18%. Currently no mea-

0 002 004 006 008
lhiql

FIG. 2 (color online). The allowed values of the phase of the coupling product, arg[A; (b — s7t77)], as well as the corresponding
allowed values of AT';/T';, B, and BR(B; — 77 77) as functions of the magnitude of the coupling product, |A;o(b — s7*77)|. The
mass of the leptoquark is taken to be 100 GeV. Note that we have used the 95% C.L. bounds on AI';/T’; from only its direct

measurements.

054005-6



POSSIBILITY OF LARGE LIFETIME DIFFERENCES IN ...

360 prem

Arg (hig) [deg]

Binbio s oot + o s
o iy e ‘ ‘

0 0003 0.006 0.009 0012 0.015
[higl

FIG. 3 (color online).
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The left panel shows the allowed parameter space of the phase and magnitude of the coupling product

hiq(b — d7*77). The right panel shows the allowed values of AT';/T'; along with their correlation with BR(B; — 77 77). The mass

of the leptoquark has been taken to be 100 GeV.

surement of this decay channel is available, how-
ever if it indeed has such a large decay rate, its
measurement would also indicate a large value of
AT,

Analogous results with the B;-B, system are displayed
in Fig. 3, where we show the allowed parameter space of
the magnitude and phase of Ay o(b — d€*€7), as well as
the corresponding allowed AT, /T"; values and their corre-
lations with BR(B; — 77 77). Here, the mass difference
AM, as well as the well measured value of sin28, (27)
restrict the leptoquark coupling. It may be seen from the
figure that:

(1) A rather specific value of the relative phase between
the SM and the BSM amplitudes allows one to obey
the experimental constraints while at the same time
allowing for the value of AI';/I"; as high as 2.5%.

(i1) Such a high lifetime difference also comes in con-
junction with a B; — 7% 7~ branching ratio as high

as 0.4%, which is just below the current experimen-
tal upper bound.

Thus, the mediation due to a third generation scalar
leptoquark is able to increase AI';/T'; to a value large
enough to be measurable at the B factories [12]. This
should be a strong motivation for trying to measure this
quantity in the B, system. At the same time, the measure-
ment of BR(B; — 7% 77) should also be able to indicate
whether AI';/I'; is significant or not.

360
300
240
180
120

Arg (hgpy) [deg]

60

."o +

0.04 0.06 0.08

| hgey |

0 0.02

FIG. 4 (color online).

B. R-parity violating supersymmetry

The R-parity violating couplings that may enhance
AT, /T, also tend to enhance the branching ratios B, —
¢ and Bt — K°7", ¢7". The relevant measurements
are [31]

BR(B* — ¢7") < 0.24 X 1079,
BR(B* — K%7") = (23.1 = 1.0) X 1079,
BR(B? — ¢7¥) < 0.28 X 107°.

(33)

Taking all squarks to be degenerate at 300 GeV, the values
of AI'y/I'y and B, consistent with the above branching
ratios and the AM; measurement are shown in Fig. 4. Note
that for the form factor in the BY — K%7" mode, we use
the value of the form factor that reproduces the central
value of the BR(B* — K7 ") measurement in (33) with
naive factorization, i.e. we assume that the current mea-
surement shows no new physics effects. This makes our
new physics estimates rather conservative.

Clearly, the value of AT',/I'; in this scenario does not
increase much beyond its SM value. However, the CP
violating phase [, may be enhanced to as much as
*20°, making the CP violation observable through the

decay modes B, — J/¥¢p, B, — D:(*)D;(*), or B, —
I/ [34].

. Bs [deg]

0.06

0.04
| hgey |

0 0.02 0.08

The left panel shows the allowed parameter space of the phase and the magnitude of the coupling product

hrpy (D — s). The right panel shows the allowed values of B, as a function of |Agpy (b — s)|. The masses of the right-handed squarks

fz and dy have been taken to be 300 GeV.
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Note that at large |hgpy|, values of arg(hgpy) = 0 are
preferred, whereas arg(hgpy) = 7 is strongly disfavored.
This indicates that for arg(hgpy) = 0 (), the SM and RPV
amplitudes to AM; interfere destructively (constructively).
This is because the effective four-Fermi Hamiltonian for
the R-parity violation model comes with an opposite sign
to that of the SM Hamiltonian. This may be explained as
follows. The (S — P) X (S + P) interaction in the RPV
SUSY gives —(1/2)(V 4+ A) X (V — A) under Fierz reor-
dering, and when the charge-conjugated spinors are re-
placed by ordinary spinors, a flip of their positions,
which also changes the V — A Lorentz structure to V +
A, gives another negative sign. On top of that, the internal
propagator is scalar and not a vector gauge particle, which
introduces another negative sign in the amplitude. The
BSM contribution thus has a net negative sign compared
to the SM value, when the relative weak phase between the
two amplitudes is zero.

The RPV SUSY scenario does not give rise to any
significant new physics effects in the B, — B, system,
since the CP violating phase (3, is also well measured,
and in combination with the limit on BR(B — ¢ ), con-
strains the new physics parameter space severely.

IV. SUMMARY AND CONCLUSIONS

We have studied models with (i) scalar leptoquark and
(i1) R-parity violating supersymmetry as examples of BSM
physics that may enhance the values of the lifetime differ-
ences AI',/T"; as well as AT";/T" ;. Such an enhancement is
possible since the new couplings in these models are flavor
dependent, and there are additional light degrees of free-
dom in the Bq—Bq mixing box diagram. The latter contrib-
ute to I'j5,, thus enabling the evasion of the so-called
Grossman bound, so that the lifetime differences can be
higher. Since the values of AI')/I'; in the SM have un-
certainties of ~30%, we look for enhancements of O(1), so
that such a large AT',/I', would be a clean signal of new
physics.

We summarize our results in Table I. Let us point out the
salient features that emerge from our analysis.

TABLE I.

®

(ii)

PHYSICAL REVIEW D 76, 054005 (2007)

Among the models considered here, only the third
generation leptoquark model predicts a large en-
hancement of AI',/T", over the SM range. In this
model, the value of AT',/I"; can be as high as 0.51,
which is restricted by the current experimental
95% C.L. bound from direct measurements.
Improvements in the AI';/I'; measurements will
hence either detect new physics of this kind, or
will bound the coupling product A3,A;; in this
model.

An enhancement of a factor of up to 5 is also
possible for AT';/T"; in the models with the third
generation leptoquark. Whereas the SM prediction
for this quantity is ~0.4%, making its measurement
extremely difficult and rather unappealing,
AT ;/T; ~ 2.5% is within the capability of the B
factories. Limiting the value of AI';/I"; from above
also translates to bounding the coupling product
A3, A33 in this model.

(iii) The enhancement in AT', /T, is correlated with an

(iv)

)

enhancement of B, — 7777, Thus, looking for 7
pairs in BABAR, Belle, and LHCb is of major
importance. With the current constraints on all the
parameters in the third generation leptoquark
model, the branching ratio of B, — 777~ (B; —
7777) can be as high as 18% (0.4%). Though an
extremely difficult measurement, the gains from
the analysis of this decay are significant.

The mixing-induced phase B, of the B,-B, system
can be large with the third generation leptoquark as
well as with the RPV SUSY: |B,| can become as
high as 45° in the leptoquark model and up to 20°
in RPV SUSY. Currently there is almost no con-
straint on 3, but improved measurements, if they
do not detect new physics through CP-violating
signals in B, — J/¢$, B, — D;“'D; ™ or B, —
J/ym"), can further squeeze the parameter space
for BSM physics.

Clearly, while non-MFV models are essential for
enhancing AI', /T, not all of them serve the pur-

Allowed values of the magnitude of the coupling product, |hggy|, in the models considered in the text. The weak phase of

hgsm is taken to vary in the entire range 0-277. We also give the allowed values of the lifetime differences and CP phase along with the
decay modes whose rates have strong correlations with the enhancement of the lifetime difference.

Model |hggpm| bound AT, /T, range B, range Related branching ratios
BS_BS

LQ, 2nd gen. 6X 1074 (—0.01, 0.35) ~—1° BR(B, = u ") <75x 1078
LQ, 3rd gen. 0.07 (—0.01,0.51) (—45°,20°) BR(B, — 7+ 1) — 18%
RPV SUSY 0.065 (—0.01, 0.35) (—20°,20°) BR(B— Km) =23 X 107
B,-By [in %]

LQ, 2nd gen. 4% 107 (0.1, 0.5) ~ B, (exp) BR(B, — u*u~) <23 X 1078
LQ, 3rd gen. 0.012 (—0.5,2.5) ~ B, (exp) BR(B, — 7" 77) — 0.4%
RPV SUSY 32X 1072 0.1, 0.5) ~ B, (exp) BR(B, — ) <0.25 X 10
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pose. Among the models we have considered, while
the third generation leptoquark models give large
AT, /T, enhancement, the second generation lepto-
quark models fail to do so because of severe con-
straints on their parameter space. The RPV SUSY
model, on the other hand, does not have as tightly
constrained couplings, but the structure of the new
physics contributions is such that though B, can be
enhanced, the value of AFq / I‘q cannot be increased.
The three scenarios considered by us thus represent
three different facets of non-MFV models.

Our analysis uses naive factorization, and computes I';,
only to leading order. In RPV SUSY, we neglect the
renormalization group running of the Wilson coefficients
and the mixing of the RPV operator with the others.
However, since we claim AT, /I’ enhancements of up to
a factor of 5, and since there are anyway uncertainties in
the model predictions due to the unknown masses of
leptoquarks or squarks, improved calculations that take
care of the above lacunae are not expected to change the
conclusions qualitatively. We also take the strong phase
difference between the SM and the BSM contributions to
the hadronic decays to be vanishing. However, since the
CP violation in hadronic decays does not play any role in

PHYSICAL REVIEW D 76, 054005 (2007)

our analysis, and we fit the hadronic decay form factors to
the measured rates, this assumption has no impact on the
predicted enhancement of A", /T",.

Large values of AI', are possible only in a special class
of models that have flavor dependent couplings and light
degrees of freedom in the Bq—Eq mixing box diagram. In
addition, the enhancement in AFq /T 4 comes coupled with
an enhancement in some correlated decay rates and CP
asymmetries. Hence, a measurement of large AT’y would
point one towards very specific sources of new physics.
Efforts towards the measurement of AT’ and AT';, as well
as the decay rates like B, — 7" 7~ are therefore highly
encouraged; they may open the door to a rich
phenomenology.
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