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The forward-backward asymmetry Agg in B— K*¢* ¢~ decay is a sensitive probe of new physics.
Previous studies have focused on the sensitivity in the position of the zero. However, the effective Wilson
coefficients (short distance effective couplings) are in principle complex, as illustrated by B — p€* ¢~
decay within the standard model. Allowing for this, but keeping the B — K*y and K*¢*{~ rate
constraints, we find the landscape for Az (B — K*€7€~) to be far richer than from entertaining just
sign flips. The complex nature of effective Wilson coefficients can be explored by future high statistics

experiments.
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L. INTRODUCTION

It was pointed out 20 years ago [1] that the effective bsZ
coupling is enhanced by large m,, which turns out to
dominate b — s€€~ (B — X, €€ ") decay. The effective
bsy coupling gives a low g> = m?, peak in the differential
rate [2], while Z and y induced amplitudes interfere across
the g2 spectrum. One such effect is the asymmetry A g [3]
between forward and backward moving €* versus the B
meson direction in the €* €~ frame.

The first measurement of Apg in B— K€"~ decay
was recently reported [4,5]. The results are consistent with
the standard model (SM), rule out the wrong handed €€~
current, but with only ~100 signal events, a sign flip of the
bsy coupling is still allowed. However, taking the mea-
sured inclusive b — sy and s€* £~ rates together, the last
point is disfavored [6].

With the advent of LHC in 2008, we expect a dramatic
increase in statistics. A simulation study by the LHCb
experiment shows that ~7700 B — K*€*{~ events are
expected with 2 fb~! data [7]. How useful is Agg as a
probe for new physics (NP)? We point out that the sensi-
tivity of A g to NP is greater than previously thought. The
complexity of the associated effective Wilson coefficients
can be probed by d A g /dq? with early LHC data, without
measuring CP violation.

II. STANDARD MODEL AND MFV
The quark level decay amplitude is [1,8],

Gra _ -
Moo = —ﬁV:svcb{cgff[syﬂLb][eyﬂe]

+ Clo[EVMLb][EVM yst]

m . . _
—27”C%ff[fz%q”Rb][we]}, (1)
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where s = g%, and we normalize by mg, e.g. § = s/m3.
We factor out V.V, instead of V;.V,,, which has the
advantage of being the product of Cabibbo-Kobayashi-
Maskawa (CKM) elements that are already measured,
and real by standard convention [9]. Short distance phys-
ics, including within SM, are isolated in the Wilson coef-
ficients ST, CSff, and C),.

For B — K*€*€~, hadronic matrix elements of quark
bilinears give well-defined B — K* form factors. In
Eq. (1), Cff and Cy are at my scale, with C; receiving
large additive contributions from other Wilson coefficients
through operator mixing [10], Cf = &,C; + &Cg +
Z?=1 &£,C,, where §¢; are QCD evolution factors.
However, CS(8) = Co + Y(5) is also a function of the
dilepton mass through Y(3) [8] that depends on long dis-
tance (cc) effects.

Within the SM, V};V,, is almost real in the standard
phase convention, and the Wilson coefficients CS, Co,
and Cyy are real up to higher order corrections, with
CS(5) becoming very slightly complex through Y(3).
The “minimal flavor violation” (MFV) scenario [11] as-
serts that there are no further sources of flavor and CP
violation, other than what is already present in the SM.
Many popular extensions of the SM, such as a minimal
supersymmetric SM [12] or two Higgs doublet models
[13], follow this pattern. Thus, numerical studies of A g
in the literature often use nearly real Wilson coefficients.
See e.g. [14,15]. Because of its relative insensitivity [8,16]
to form factors, one focus has been the sensitivity of the
zero to NP. The experimental studies have followed by
considering only possible sign flips of real coefficients
[4,5], or sensitivities to the zero [7].

III. RATHER COMPLEX WILSON
COEFFICIENTS?

As Eq. (1) is a quantum amplitude, however, one cannot
assert a priori that CSt, CSff, and C), should be close to
real, especially when the NP of interest could be CP
violating (CPV). It is an experimental question.
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In fact, currently there are hints [17] for “anomalies’ in
time-dependent and direct CPV measurements of b — sgq
transitions. One possible explanation is NP in b — sgq
electroweak penguins [18], which are the hadronic cousins
of b — s€* €. Thus, despite their near reality in SM or
with MFV, whether C¢f, C¢, and Cjy of Eq. (1) are
actually real in nature should be tested by experiment rather
than by fiat. The experimental test may come in just a few
years.

In the following section, we explore how much A g can
differ from the SM by allowing the Wilson coefficients of
Eq. (1) to be complex. Constraints such as decay rates, of
course, should be respected, and one should check whether
models exist where C;, Co, and C; are complex. We find,
even keeping the SM operator basis, the impact of complex
Wilson coefficients is large, hence the usual MFV scenario
may be too strong an assumption. We will comment on
enlarging operator basis in the discussion section.

Our insight comes as follows. Part of the impetus for
MFYV is the good agreement between theory and experi-
ment for inclusive b — sy, which provides a stringent
constraint on NP. However, while depending on the exis-
tence of the top quark, B(b — s7y) depends very little on
the precise value of m;,, so long that it is large. For m, in the
range of 150 to 300 GeV, the b — s7 rate changes by only
~30%. In contrast, the b — s€* ¢~ rate depends very
sensitively on m, through the effective bsZ coupling,
changing by a factor of ~4 in the same m; range. Thus,
extra heavy quarks could mimic MFV in b — sy, but
impact on b — s€*€~ beyond MFV. The extra heavy
quarks could be SM-like, such as the 4th generation, or
vectorlike quarks that mix with the top.

Let us take the 4th generation as an example. It was
recently pointed out that a 4th generation may not be as
constrained by electroweak precision measurements as
previously thought [19]. It is known that B(b — sy) is
not sensitive to ¢ unless |V Vy,| is very large [20].
However, “hard” amplitudes such as b — s€* €~ would
be sensitive to V7 V,;, for any m, # m, [1]. Since V} V,,
should be in general complex [21], so would the Wilson
coefficients. Thus, the 4th generation is an existence proof
of deviation from MFV in b — s€* €.

It should be further noted that the three [56][€€] terms in
Eq. (1) are four fermion operators. The possible new
physics underlying them is precisely what we wish to probe
at B factories and at the LHC. Hence, these coefficients
should be kept as full parameters to be probed, which
should in principle be complex. Thus, despite the apparent
success of MFV, we find the usual assumption of near
reality of the Wilson coefficients is unfounded. When
sufficient data comes, the experiments are well advised to
keep these parameters complex in doing their fit, enlarging
the scope at little extra cost.

We remark that the possibility of complex Wilson co-
efficients has been considered in the literature, and some
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attempts to study the associated phenomenology have been
made, see e.g. [22,23]. These have tended to be, however,
coefficient by coefficient studies, with emphasis often
towards the zero of the forward-backward asymmetry; or,
emphasis has been placed on further observables. To the
best of our knowledge, a systematic study on the impact of
such complexities on the forward-backward asymmetry by
combining branching ratio constraints, has not been pur-
sued. We emphasize that our interest is in possible large
complexities in the Wilson coefficients arising from new
physics at short distance, not the very small complexity
already present in the SM due to higher order effects or
resonance contributions.

IV. NUMERICAL EXAMPLES

In this study we shall keep the operator set as in Eq. (1),
since this is what the experiments are already using, but
allow the Wilson coefficients to be complex. We will com-
ment on enlarging the operator basis later. Although in-
clusive b — s€* €~ (and b — s7) is theoretically cleaner,
it may be less feasible at the LHC. Further, experimental
studies of inclusive processes usually apply cuts that com-
plicate theoretical correspondence. We therefore discuss
the experimentally more accessible B — K*¢*€~ (and
B — K*v). The b — s rate constrains |CSf|, and we shall
take a one sigma experimental range [9] for B(B — K*y).
Likewise, exclusive B(B — K*€€~) constrains C&f, C&ff|
and C;,. Since measurements are not yet precise enough,
we use only the one sigma experimental range of the
integrated rate. With high statistics in the future, one could
also fit the differential dB/dS§ rate, which is more
powerful.

Our main focus is Apg in exclusive B— K€€~
decay. Assuming the form factors are real, we have

dA ) n .
TFB o {Re(Cg“ CrVA, + "y Re(CSTC:)[(VT,)
S S
+ (Ale]}, @
where (VTz)_ = VT2(1 - I’hK*), (A1T1)+ = AlTl(l +

fig<), and V, A;, T; are form factors [8]. We use the
light-cone sum rule (LCSR) [24] form factors in our nu-
merical analysis. In Eq. (2) we have exhibited only the
dependence on CS, C,y, and CS, since it is customary to
plot d A g /d$ which is normalized by the differential rate
dl'/ds. The zero of Apg is often considered quite stable
against form factor variations [8,16].
The Wilson coefficients are parametrized as

C;(My) = C§M(MW)(1 + Age'd), 3)
Co(My) = CSM(MW)(I + Age'®), 4
Cio(My) = CM(My)(1 + Agei®o), (5)
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with A; = 0 corresponding to the SM. As indicated, these
Wilson coefficients are evaluated at the My, scale, then
evolved down to the mp scale to be used in Eq. (2). We do
not include any complexity from other Wilson coefficients.
The tree-level C; and C, are unchanged by NP, but as a
simplifying assumption, we ignore possible NP induced
complexities through the gluonic C;5_4 and Cg coefficients,
which enter C%ff and Cgff through operator mixing and long
distance effects. In practice, this should not change our
point.

We remark that, although the general form of parame-
trization in Egs. (3)—(5), C;(1 + A,e'?i), gives back the SM
result for A; = 0, this does not mean that when effective
Wilson coefficients are of SM strength, they must have
(close to) zero phase. For A; = — cos¢;, the effective
Wilson coefficients would be of the same magnitude as
SM, but with nontrivial phase —2¢;.

A. New physics through bsZ and bsy couplings

Let us first illustrate with a SM-like framework, i.e.
viewing B — K*¢*¢~ as induced by effective bsZ and
bsvy couplings (and box diagrams). We then expect

b = o = ¢, (6)

in Egs. (4) and (5), and one effectively has the parameters
A, A;, ¢, and ¢4, which covers the usual case of the wrong
sign C%ff. The 4th generation also belongs to this scenario,
with V7 Vs, bringing in complexity. Thus, Eq. (6) repre-
sents a broad class of models.

We plot d Agg/ds and dB/d$ in Figs. 1(a) and 1(b),
respectively, for SM and 4th generation model (SM4). For
SM4, we take the CKM parameters which yield the correct
B,-B, mixing [25], predict large time-dependent CPV in B
decay, as well as accommodating [18] the NP hints in CPV
in b — sgq decays. Thus, there is good motivation for
keeping interest in the 4th generation in the study of b —
s transitions. Note that the zero of d Agg/d5 has shifted by
a significant amount, with only a small positive value
below the zero. While the latter could be obscured by
form factor dependence, these effects are due to the en-
richment of (mostly) the ¢ phase. For larger §, one has

AEAnglo,

~ 02} 9
= 01
%
d 0
|E -0.1
<
-c|g—0.2
-03

0 01 02 03 04 05 06 0.7
§
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little difference in d A g /d$ from the SM, as the effect of
CS" has damped away, while C§T and Cy carry almost the
same phase. The general appearance of dB/dS$ for the SM
and SM4 is very similar.

A broader range is actually allowed by Eq. (6). Keeping
B — K*y and K*€* €~ rates in 10 experimental range, the
range of variation allowed by Eq. (6) is shown in Fig. 1 as
the shaded area, which is just for illustration and should not
be taken as precise boundaries. For instance, we see that
below the SM zero, dj_ZlFB /d$ could even vanish, while the
shaded region for dB/d5 in Fig. 1(b) just reflects the lo
constraints on B — K*y and K*¢*€¢~. d’B/dS$ should also
be fitted in the future, where formulas can be found, e.g. in
Ref. [8], but it depends on the overall scale of B — K*
form factors.

We illustrate the power of early LHC data with the
2 fb~! study of LHCb, where ~7700 reconstructed B —
K*€* €~ events are expected. We take the simulated errors
[7] (with signal events generated according to the SM) for
dJ_ZlFB /d$ from three bins, one around the SM zero, one
below, and one above, and plot also in Fig. 1(a) to guide the
eye. It should be clear that our suggestion can be tested
early on in the LHC era

B. General SM-like four-quark operators

The narrow, long “tail” at § = 0.3 for dJ_ZlFB/df in
Fig. 1(a) reflects the ‘“symmetry” imposed by Eq. (6),
which we now loosen. Even if we keep the operator basis
as in Eq. (1), treating these as 4-fermion interactions aris-
ing from possible NP at short distance (for instance, Z’
models [15]), one should keep the full generality of
Egs. (3)—(5). We proceed to explore the parameter space
as before, keeping B — K*y and K*¢*{~ within 1o con-
straint. Indeed we find much richer possibilities than
Figs. 1(a) and 1(b). Besides the SM and SM4, which are
cases a and b, respectively, as in Fig. 1, we illustrate in
Figs. 2(a) and 2(b) the further cases of ¢, d, and e. The A;
and ¢; values are given in Table 1.

Case d has the wrong sign C,, while case e has the sign
flip in both C&f and C) (equivalent to the wrong sign Co).
Both are already ruled out [4]. The case of flipping only the

N
[T

BR(B-K*I*17)x10%
- o

o
[

4
ds

0
0 01 02 03 04 05 06 07
§

FIG. 1 (color online). d Apg/d§ and dB/ds for B— K*€* ¢~ . The shaded region is allowed by Eq. (6), and cases a (solid line) and
b (dashed line) are the SM and SM4, respectively. The three crosses correspond to three representative simulated data points from a

2 tb~! study [7] of the LHCb experiment.
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FIG. 2 (color online). dAgg/ds and dB/ds for B— K*€* ¢~
allowing all Wilson coefficients to be complex as in Egs. (3)—(5).
The (simulated) data points are as in Fig. 1.

sign of C$, ruled out by rate constraints [6], is not plotted.
Such scenarios have been considered in the literature,
which we give to illustrate the versatility of Egs. (3)—(5).
Though ruled out, case e is illuminating. Without complex
phases, the large effects still survive rate constraints to give
a stronger low ¢? peak in Fig. 2(b) that lies outside the
shaded region of Fig. 1(b). This is because Eq. (6) no
longer holds. Similar cases may exist that remain to be
probed.

An interesting new scenario is illustrated by case c,
where dB/d$ and the zero of d Apg/d$ are hard to dis-
tinguish from the SM, but d Apz/d$ above the zero
reaches only half the SM value. Thus, a measurement of

TABLE I. Parameter values for cases b—e in Fig. 2. The SM
(case a) has A; = 0. The last column gives direct CP violation in
b — sy, where “—" is given for cases d and e, which are
already ruled out. In our numerics [10], we use CS" =~ 0.67C; —

0.18, with C; = —0.20, Co ~ 2.1, and C,( = —4.4 at My, scale.

Case A, Ay Ay P P b9 Acpb—sy)
b -02 —-09 -09 65° 65° 65° 2%
[¢ —-0.5 1 —0.5 90° 270° 0 5%
d 0 -1.5 =20 O 35° 0 —
e —48 —-12 —-22 0 0 0 —
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the zero does not pin down Cy. The scenario can be tested
already with 1 ab~! data at B factories expected by 2008. If
such phenomena are discovered with, e.g. LHCb data, it
would imply NP that feed the (EyMLb)(f y#{) and
5y MLb)((? v#y5{) operators differently.

We mark the simulated errors from the 2 fb~! study at
LHCb as before on Fig. 2(a), illustrating its power. The
actual possibilities are far richer. The shaded area of
Fig. 1(a) illustrates that, even with Eq. (6) imposed, a broad
range is allowed for § <0.2. With the full freedom of
Egs. (3)—(5), the region allowed by rate constraint would
likely cover a large part of Fig. 2(a), which is up to
experiment to explore. One should keep the effective
Wilson coefficients of Eq. (1) complex and use the general
parametrization of Egs. (3)—(5) to fit for A; and ¢;. Finite
&, implies violation of MFYV.

V. DISCUSSION AND CONCLUSION

Although d Ag/ds by itself is a real measure, if fitting
for complex Wilson coefficients uncovers CP violating
phases, large direct CP violation could be implied. We
give the expected A p(b — s7y) in the last column of
Table I. Cases d and e are already ruled out, hence marked
as “—” in the table. The sizable A p in cases b (SM4)
and c are not inconsistent with current data [9], which has
an error of 4%, but can be probed at a future Super B
factory.

Our suggestion of keeping the Wilson coefficients com-
plex is not just for NP. Even within the SM, for the CKM
suppressed decay B — p€* €™, one already expects [26]
complex effective couplings from the wu-quark and top
contributions, as seen in Fig. 3 where we show B —
K*€* €~ in the SM for comparison. The difference proba-
bly cannot be probed by 2 fb~! data at LHCb, as one
expects less than 200 B — p€* €~ events with larger back-
ground. It can be tested with a larger data set.

We offer some remarks before closing. We have focused
on Agg for exclusive B— K*€"€~, mostly because of
experimental accessibility, and with an upgrade of statis-

0.2 \
W B-SK 11

0 01 02 03 04 05 06 0.7
S

FIG. 3. dAgg/ds for B— p€*€¢~ and K*¢* ¢~ in the SM.
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tics imminent. Our discussion, starting with Eq. (1), clearly
applies to the inclusive case as well. Second, it is usually
stressed that the zero of A gy is insensitive to form factors.
With NP sensitivities now going beyond the zero, form
factor issues would have to be considered. The combined
progress from form factor models, lattice, as well as ex-
perimental studies of B — pf» would be needed. Third,
while the 4th generation model provides a good example,
our approach is general for any NP that does not generate
new operators. The study of b — s transitions is still in its
infancy, and is the least constrained. Imposing MFV may
be overstretching our experience from other areas of flavor
violation. It is up to experiment to reveal what may be in
store for us, and A g is an excellent probe. Four, whether
to allow C;, Cy, and C;, to be complex, or to extend to
opposite chirality operators, does bring in the issue of NP
model dependence [27]. We have advocated the former
with 4th generation as a model example. Z' models can
also be another example, but in principle allow also new
operators. Note that, by allowing C;, Cy, and C;, to be
complex, one already covers a rather large range of Agg
(Fig. 2). Enlarging the operator set, the Wilson coefficients
should still be allowed complex, and the most general case
would have 10 operators [22] hence 20 parameters. A fit to
A g only would not be profitable, and other measurables,
such as B; — u™ u~ for scalar operators, and K* polar-

PHYSICAL REVIEW D 77, 014016 (2008)

ization for right-handed currents, should be employed. The
optimal approach will be explored in a subsequent work.
But Eq. (1) is already used by experiment, so making a
complex parameter fit can be done readily. Finally, the
1 ab™! final data at B factories would only give limited
improvement on the existing result. The next round of
major improvement would come from LHC. A Super B
factory upgrade would be necessary to bring back compet-
itiveness of e e~ machines, allowing one to study also the
inclusive mode.

In summary, we have explored the CP conserving con-
sequences of complex Wilson coefficients on the forward-
backward asymmetry Apg in B— K*¢*€~ decay. The
possibilities are much broader than the usual consideration
of sign flips under the minimal flavor violation framework.
In view of hints of CP violation anomalies in b — sqg
decays, the large increase in statistics with the advent of
LHC would make Ay one of the cleanest probes for new
physics in the near future.

ACKNOWLEDGMENTS

We thank A. Buras, B. Grinstein, P. Koppenburg, Z.
Ligeti, and I. Stewart for discussions. This work is sup-
ported in part by NSC 95-2119-M-002-037, NSC 95-2811-
M-002-031, and NCTS of Taiwan.

[1] W.S. Hou, R.S. Willey, and A. Soni, Phys. Rev. Lett. 58,
1608 (1987).

[2] G.W.S. Hou, Int. J. Mod. Phys. A 2, 1245 (1987).

[3] A. Ali, T. Mannel, and T. Morozumi, Phys. Lett. B 273,
505 (1991).

[4] A. Ishikawa et al. (Belle Collaboration), Phys. Rev. Lett.
96, 251801 (2006).

[5] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 73,
092001 (2006), measures A g consistent with Ref. [4].

[6] P. Gambino, U. Haisch, and M. Misiak, Phys. Rev. Lett.
94, 061803 (2005).

[7] J. Dickens (LHCb Collaboration), in Proceedings of the
CKM 2006 Workshop, Nagoya, Japan, 2006 (unpub-
lished),  http://agenda.hepl.phys.nagoya-u.ac.jp/getFile.
py/access?contribld=18&sessionld=9&resId=0&
materialld=slides&confld=6; J. Dickens, V. Gibson, C.
Lazzeroni, and M. Patel, Report No. CERN-LHCB-
2007-039.

[8] A. Alj, P. Ball, L. T. Handoko, and G. Hiller, Phys. Rev. D
61, 074024 (2000).

[91 W.M. Yao et al. (Particle Data Group), J. Phys. G 33, 1
(2006).

[10] We use partial NLO for our numerics, where some small
terms, such as a mild s dependence of CS, are dropped.
Parameters are as in H. M. Asatrian, K. Bieri, C. Greub, A.
Hovhannisyan, Phys. Rev. D 66, 094013 (2002).

[11] Seee.g. A.J. Buras, Acta Phys. Pol. B 34, 5615 (2003); B.
Grinstein, in Proceedings of the CKM 2006 Workshop,
Nagoya, Japan, 2006 (unpublished), http://agenda.hepl.
phys.nagoya-u.ac.jp/getFile.py/access?contribld=9&
sessionld=1&resld=0&materialld=slides&confld=11 and
the references therein.

[12] See e.g. S. Bertolini, F. Borzumati, A. Masiero, and G.
Ridolfi, Nucl. Phys. B353, 591 (1991).

[13] S.L. Glashow and S. Weinberg, Phys. Rev. D 15, 1958
(1977), using the term ‘““Natural Flavor Conservation.”

[14] A. Ali, E. Lunghi, C. Greub, and G. Hiller, Phys. Rev. D
66, 034002 (2002).

[15] G. Buchalla, G. Hiller, and G. Isidori, Phys. Rev. D 63,
014015 (2000). Starting with a framework similar to ours,
these authors quickly focus on real Wilson coefficients.

[16] G. Burdman, Phys. Rev. D 57, 4254 (1998); M. Beneke
and T. Feldman, Nucl. Phys. B612, 25 (2001).

[17] See webpage of (Heavy Flavor Averaging Group), http://
www.slac.stanford.edu/xorg/hfag.

[18] W.S. Hou, M. Nagashima, and A. Soddu, Phys. Rev. Lett.
95, 141601 (2005); W.S. Hou, H.n. Li, S. Mishima, and
M. Nagashima, ibid. 98, 131801 (2007).

[19] G.D. Kribs, T. Plehn, M. Spannowsky, and T. M. P. Tait,
Phys. Rev. D 76, 075016 (2007).

[20] W.S. Hou, A. Soni, and H. Steger, Phys. Lett. B 192, 441
(1987).

014016-5



WEI-SHU HOU, ARTYOM HOVHANNISYAN, AND NAMIT MAHAJAN PHYSICAL REVIEW D 77, 014016 (2008)

(21]
(22]

(23]

A. Arhrib and W.S. Hou, Eur. Phys. J. C 27, 555 (2003).
S. Fukae, C.S. Kim, T. Morozumi, and T. Yoshikawa,
Phys. Rev. D 59, 074013 (1999); T.M. Aliev, C.S. Kim,
and Y.G. Kim, Phys. Rev. D 62, 014026 (2000). The
authors considered the most general operator structure
and complex coefficients.

For an incomplete list see: F. Kriiger and J. C. Romao,
Phys. Rev. D 62, 034020 (2000); F. Kriiger and E. Lunghi,

Phys. Rev. D 63, 014013 (2000); A.S. Cornell and N.
Gaur, J. High Energy Phys. 02 (2005) 005.
[24] P. Ball and R. Zwicky, Phys. Rev. D 71, 014029 (2005).
[25] W.S. Hou, M. Nagashima, and A. Soddu, Phys. Rev. D 76,
016004 (2007).
[26] F. Kriiger and L. M. Sehgal, Phys. Rev. D 56, 5452 (1997).
[27] K.S.M. Lee, Z. Ligeti, I. W. Stewart, and F.J. Tackmann,
Phys. Rev. D 75, 034016 (2007).

014016-6



