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Abstract. Examples are given of some current questions in b physics to which LHC experiments may
provide answers. These include (i) the precise determination of parameters of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix; (ii) measurements of CKM phases using B decays to CP eigenstates; (iii) the
search for direct CP asymmetries in B decays; (iv) rare radiative B decays; (v) the study of B, properties
and decays, (vi) excited states of B and Bs mesons, and (vii) the search for heavier quarks which could

mix with the b quark.

PACS. 1 1.30.Er — 11.30.Hv — 13.25.Hw — 14.40.Nd

1 Introduction

The Large Hadron Collider (LHC) will permit the explo-
ration of physics at unprecedented energy scales toward
the end of this decade, but it will also produce b quarks
more copiously than any other accelerator. If the hadrons
containing these quarks can be identified, many questions
we now face can be addressed, while undoubtedly others
will arise. In this talk T would like to give some examples
of current questions in b physics to which we would like
answers. Others may well be more timely in the LHC era.
In Sect. 2 we review information on weak quark tran-
sitions as encoded in the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. We then discuss CP asymmetries in B de-
cays to CP eigenstates (Sect.[) and to self-tagging modes
(“direct asymmetries,” Sect. H). Rare radiative B decays,
mentioned briefly in Sect. Bl provide useful information on
possible new physics. Hadron colliders such as the LHC are
the tool of choice for the study of strange B (Bs) prop-
erties and decays (Sect. [6). Excited states of B and B
mesons, for which there have been interesting parallel de-
velopments in the charm sector, are discussed in Sect. [7]
The search for heavier quarks which which could mix with
the b quark is noted in Sect. Bl while Sect. [ concludes.

2 Weak quark transitions

The relative strengths of charge-changing weak quark
transitions are illustrated in Fig. [[l This pattern is one
of the central mysteries of particle physics, along with the
values of the quark masses. We shall not address its deeper
origin here, but will seek better knowledge of strengths
and phases of the transitions, to see whether all weak phe-

nomena including CP violation can be described satisfac-
torily via this pattern.

2.1 The CKM matrix

The interactions in Fig. [0l may be parametrized by a
unitary 3 x 3 matrix, the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. A convenient form [II[2], unitary to suffi-
ciently high order in a small quantity A, is

1—)‘72 A 2A)\?’(p—in)
Vekm = - -2 AN , (1)
AN (1 — p— i) —AN? 1

where p = p(1 — /\72) and 7 = n(1 — )‘72) The columns
refer to d, s,b and the rows to u,c,t. The parameter A =
0.224 [2] is sin 0., where 0. is the Cabibbo angle. The value
|Vep| =~ 0.041, obtained from b — ¢ decays, indicates A ~
0.82, while |V, /Vep| >~ 0.09, obtained from b — u decays,
implies (p24n?)'/? ~ 0.4. We shall generally use the CKM
parameters quoted in [3].

2.2 The unitarity triangle

The unitarity of the CKM matrix implies that the scalar
product of any column with the complex conjugate of
any other column is zero; for example, V', Vg + V3 Ve +
ViyVia = 0. If one divides by —V; V.4, this relation be-
comes equivalent to a triangle in the complex p+i7 plane,
with vertices at (0,0) (angle ¢3 = 7), (1,0) (angle ¢y = 3),
and (p,7) (angle ¢2 = ). The triangle has unit base and
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Fig. 1. Pattern of charge-changing weak transitions among quarks. Solid lines: relative strength 1; dashed lines: relative strength
0.22; dot-dashed lines: relative strength 0.04; dotted lines: relative strength < 0.01. Breadths of horizontal lines denote estimated

errors for masses
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Fig. 2. The unitarity triangle

its other two sides are p + i) = —(V,5,Vua/ Vi Vea) (0ppo-
site 1 = ) and 1 — p — i = —(V;3Via/ V5 Vea) (opposite
¢3 = 7). The result is shown in Fig.

In addition to the direct measurements of CKM pa-
rameters mentioned above, flavor-changing loop diagrams
provide a number of indirect constraints. CP-violating

K* &' mixing is dominated by the second-order-weak
virtual transition sd — ds with virtual t# and WTW ™ in-
termediate states, and thus constrains Im(V,%) ~ 7j(1— p),

leading to a hyperbola in the (p,7) plane. BB’ mixing
is similarly dominated by ¢ and W+W ™ in the loop di-
agram for bd — db, and thus constrains |V;4| and hence
|1 — p — i7j|. By comparing B,—B and BB’ mixing,
one can reduce dependence on unknown matrix elements
and learn a lower limit on |V;5/V;4| or an upper limit on
|1 —p—i7|. The range of parameters allowed at 95% c.1. [3]
is 0.08 < p < 0.34, 0.25 < 77 < 0.43 (but see, e.g., [4] for
more a more optimistic view of our present knowledge).

3 B decays to CP eigenstates

One can learn CKM phases from decays of neutral B
mesons to CP eigenstates f, where CP|f) = &f|f), & =
+1. As a result of B B" mixing, a state which is B? at
proper time ¢ = 0 will evolve into one, denoted B°(t),
which is a mixture of B® and B'. Thus there will be one
pathway to the final state f from B° through the ampli-
tude A and another from B' through the amplitude A,
which acquires an additional phase 2¢; = 23 through the
mixing. The interference of these two amplitudes can dif-
fer in the decays BY(t) — f and Eo(t) — f, leading to a
time-integrated rate asymmetry

@B = f)-I(B" = f)

F(EO — )+ (B — f) ®

Acp =

as well as to time-dependent rates

I'BO(t
{ F{Bogt; : ﬂ } ~ e*Ft[liFAf cos AmtF Sy sin Amt]
(3)
where
A2 -1 2Tm\ CnigA
= = — = w_ 4
f |)\|2+1 P f |)\|2+1 ) A € A ) ()

where 87 4- A3 < 1. More details may be found in [5,6]. T
now note some specific cases.
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3.1 B® - J/¢Ks and ¢, = 3

For this decay one has A/A ~ §1/vrs = —1. One finds
that the time-integrated asymmetry Acp is proportional
to sin(2¢1) = sin(23). Using this and related decays in-
volving the same b — 3c¢ subprocess, BaBar [7] finds
sin(28) = 0.741 £ 0.067 £ 0.033 while Belle [§] finds
0.719 4+ 0.074 + 0.035. The two values agree with each
other; the world average [9] is sin(23) = 0.734 £+ 0.054,
consistent with other determinations [3,4}10].

32B° > ntn~ and ¢ =

Here two amplitudes contribute to the decay: a “tree” T
and a “penguin” P. The decay amplitudes are

A= —(|T|e" +|Ple?) , A= —(|T|e”"+|Ple®) , (5)

where § is the relative P/T strong phase. The asymme-
try Agp would be proportional to sin(2«) if the penguin
amplitude could be neglected. However, one must account
for its contribution.

An isospin analysis [11] of B decays to nt7—, 770,
and 707Y separates the contributions of decays involv-
ing I = 0 and I = 2 final states. Information can then
be obtained on both strong and weak phases. Since the
branching ratio of B° to 7%7° may be very small, of or-
der 107°, I shall discuss instead methods [T2,13] in which
flavor SU(3) symmetry is used to estimate the penguin
contribution [14l[15][16].

The tree amplitude for B(= bd) — 77~ involves
b — wta, with the spectator d quark combining with
@ to form a 7. Its magnitude is |T'|; its weak phase is
Arg(V5) = ~; by convention its strong phase is 0. The
penguin amplitude involves the flavor structure b — d,
with the final dd pair fragmenting into 777 ~. Its mag-
nitude is |P|. The dominant ¢ contribution in the loop
diagram for b — d can be integrated out and the unitarity
relation ViqV,j = —VeaVy — VudVy), used. The V,,4V5, con-
tribution can be absorbed into a redefinition of the tree
amplitude, after which the weak phase of the penguin am-
plitude is 0 (mod ). By definition, its strong phase is 0.

The time-dependent asymmetries Sy and A, specify
both 7 (or & = 71— —7) and ¢, if one has an independent
estimate of |P/T|. One may obtain |P| from B* — K™
using flavor SU(3) [14,15[17] and |T| from B —— wlv us-
ing factorization [I8]. An alternative method [I3L[I6] uses
the measured ratio of the B* — K%zt and B® — nt7n~
branching ratios to constrain |P/T|. T shall discuss the
first method.

In addition to Sy and A,x, a useful quantity is the
ratio of the B — 777~ branching ratio B(rTn~) (aver-
aged over B and EO) to that due to the tree amplitude
alone:

B(rtm) 2

Rﬂ—ﬂ- ==
B(W+7T_)‘tree

P
=142|=
+2| 7

- (6)

§cosy+| L
COS 0 COSs —
T
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Table 1. Values of Sy and A, quoted by BaBar and Belle
and their averages. Here we have applied scale factors S =
v/ x? = (2.31,1.24) to the errors for Srr and A, respectively

Quantity BaBar [19)] Belle [20] Average
Srr 0.024+0.344+0.05 —1.23+0.4173%8  —0.49+0.61
Azrr 0.30+£0.25+0.04 0.77+0.27 £0.08 0.51 +0.23
One also has
: i . PP
RynSpr = sin2a + 2 T cosdsin(f —a) — T sin28
o (7)
RynArr = —2|P/T|sindsiny . (8)

The value of (§ is specified to within a few degrees; we shall
take it to have its central value of 23.6°. The value of | P/T|
(updating [12/[13]) is 0.28 £0.06. Taking the central value,
one can plot trajectories in the (Syx, Axr) plane as § is
allowed to vary from —7 to 7.

The experimental situation regarding the time-
dependent asymmetries is not yet settled. As shown in
Table [I, BaBar [19] and Belle [20] obtain very different
values, especially for S;,. Even if this conflict were to be
resolved, however, there is a possibility of a discrete am-
biguity, since curves for different values of « intersect one
another. The discrete ambiguity may be resolved with the
help of R, = 0.6240.28, but the error is still too large to
be helpful. At present values of ¢ = a > 90° are favored,
but with large uncertainty. It is not yet settled whether
Arr # 0, corresponding to “direct” CP violation.

3.3 B - ¢Kg vs. B® — J/$Ks

In B — ¢Kg, governed by the b — 5 penguin amplitude,
the standard model predicts the same CP asymmetries
as in those processes (like B® — J/¢Kg) governed by
b — 5cc. In both cases the weak phase is expected to be
0 (mod ), so the indirect CP asymmetry should be gov-

erned by BB’ mixing and thus should be proportional
to sin 2(3. There should be no direct CP asymmetries (i.e.,
A =~ 0) in either case. This is true for B — J/YK; A
is consistent with zero in the neutral mode, while the di-
rect CP asymmetry is consistent with zero in the charged
mode [7]. However, a different result for B — ¢Kg could
point to new physics in the b — § penguin amplitude [21].

The experimental asymmetries in B® — ¢Kg [2223]
are shown in Table[2. For Ak there is a substantial dis-
crepancy between BaBar and Belle. The value of Syk,
which should equal sin 25 = 0.734 £ 0.054 in the standard
model, is about 2.7¢ away from it. If the amplitudes for
B? — ¢K" and BT — ¢K™ are equal (true in many ap-
proaches), the time-integrated CP asymmetry Acp in the
charged mode should equal A4k .. The BaBar Collabora-
tion [24] has recently reported Acp = 0.039+0.086+0.011.

Many proposals for new physics can account for the
departure of Sy k¢ from its expected value of sin 23 [25]. A
method similar to that [12}[13] used in analyzing B® — 77
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Table 2. Values of Syxy and Agky quoted by BaBar and Belle and their averages. Here we have applied a scale factor of

VX% = 2.29 to the error on Agxg

Quantity BaBar [22] Belle [23] Average
SsKg —0.18 £0.51 £0.07 —-0.73+0.64+0.22 —-0.38£0.41
Asr g 0.80 £0.38 £ 0.12 —0.56 £ 0.41 £ 0.16 0.19 £0.68

for extracting a new physics amplitude has been developed
in collaboration with Cheng-Wei Chiang [26]. One uses the
measured values of Sy, and Ak and the ratio

_ B(B" — ¢Kj)
Rokg = =

= 142rcospcosd+r? | (9)
B(B® = ¢Ks)lsta

where 7 is the ratio of the magnitude of the new amplitude
to the one in the standard model, and ¢ and § are their
relative weak and strong phases. For any values of Ryx,
¢, and 4, [@) can be solved for the amplitude ratio r and
one then calculates

RyrsSpxs =sin 283 + 2r cos 6 sin(26 — ¢)+r? sin 2(8—¢)
(10)
(11)

The ¢Kg branching ratio in the standard model is cal-
culated using the penguin amplitude from BT — K*Oxt
and an estimate of electroweak penguin corrections. It was
found [26] that Ryxs = 1.0 £0.2.

Various regions of (¢,d) can reproduce the observed
values of Sy, and Agx. As errors on the observables
shrink, so will the allowed regions. However, there will
always be a solution for some ¢ and J as long as R remains
compatible with 1. (The allowed regions of ¢ and § are
restricted if R # 1 [26].) Typical values of r are of order
1; one generally needs to invoke new-physics amplitudes
comparable to those in the standard model.

The above scenario envisions new physics entirely in
B% — ¢KY and not in Bt — K*O7t. An alternative is
that new physics contributes to the b — 5 penguin ampli-
tude and thus appears in both decays. Here it is convenient
to define a ratio

RyrxsAprs =2rsingsind.

I'(B° — ¢KY)

R =
I'(Bt — K*Ogt)

; (12)

where I' denotes a partial width averaged over a pro-
cess and its CP conjugate. Present data indicate R’ =
0.7840.17. The B® — ¢ K amplitude contains a contribu-
tion from both the gluonic and electroweak penguin terms,
while Bt — K*7* contains only the former. Any depar-
ture from the expected ratio of the electroweak to gluonic
penguin amplitudes would signify new physics. Again, the
central value of S would suggest this to be the case [20],
but one must wait until the discrepancy with the standard
model becomes more significant. At present both the de-
cays B" - Kg(KTK™)cp—+ and B® — 5/ Kg display CP
asymmetries consistent with standard expectations.

3.4 B° - Ks(K+K_)Cp:+

The Belle Collaboration [23] finds that for KK~ not in
the ¢ peak, most of the decay B® — KgK+ K~ involves
even CP for the K™K~ system (£x+ - = +1). It is found
that

—Exri-Skri- = 049+043 40117033 (13)
Agsr- = —0.40+0.33 £ 0.101990 | (14)

where the third set of errors arise from uncertainty in the
fraction of the CP-odd component. Independent estimates
of this fraction have been performed in [27] and [2§]. The
quantity —€g+ - Sk+ k- should equal sin 23 in the stan-
dard model, but additional non-penguin contributions can
lead this quantity to range between 0.2 and 1.0 [28].

3.5 B — n’K (charged and neutral modes)

At present neither the rate nor the CP asymmetry in
B — 1K present a significant challenge to the standard
model. The rate can be reproduced with the help of a
modest contribution from a “flavor-singlet penguin” am-
plitude, the need for which was pointed out [29] prior to
the observation of this decay. One only needs to boost
the standard penguin amplitude’s contribution by about
50% via the flavor-singlet term in order to explain the
observed rate [30,B1l32/[33]. (An alternative treatment
[34] finds an enhanced standard-penguin contribution to
B — n'K.) The CP asymmetry is not a problem; the
ordinary and singlet penguin amplitudes are expected to
have the same weak phase Arg(V;iVi,) ~ m and hence
one expects Syrg ~ sin2f, A, ks ~ 0. The experimen-
tal situation is shown in Table Bl The value of S,k is
consistent with the standard model expectation at the 1o
level, while A,k is consistent with zero.

The singlet penguin amplitude may contribute else-
where in B decays. It is a possible source of a low-effective-
mass pp enhancement [35] in BT — ppK ™ [36].

4 Direct CP asymmetries

Decays such as B — K7 (with the exception of B® —
K%7%) are self-tagging, i.e., their final states indicate the
flavor of the decaying state. For example, the K ™7~ final
state is expected to originate purely from a B° and not

from a B'. Since such self-tagging decays do not involve a
CP eigenstate, they involve both weak and strong phases.
Several methods permit one to separate these from one
another. We give some examples.
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Table 3. Values of S,/ and A, gk, quoted by BaBar and Belle and their averages. Here we have applied scale factors
S =+/x% = (1.48,1.15) to the errors for S,/ x, and A,k , respectively

Quantity BaBar [22] Belle [23] Average
SyKs 0.02+0.34+0.03  0.76+0.36705%  0.3740.37
Aykg  —0.104£0.224+0.03 0.26+0.224+0.03 0.08+0.18

41 B° > Ktn— vs. Bt > KOxt

The decay BY — K%zt is a pure penguin (P) process,
while the amplitude for B® — K+7~ is proportional to
P+T, where T is a (strangeness-changing) tree amplitude.
The ratio T'/P has magnitude r, weak phase v + 7, and
strong phase d. The ratio Ry of these two rates (averaged
over a process and its CP conjugate) is
_I'(B"—= K*tn™) 9 .
Ry = T(B+ = Kort) 1—2rcosvycosd+r- >sin“y
(15)
where the inequality holds for any r and 6. For Ry < 1
this inequality can be used to impose a useful constraint
on 7y [B7]. On the basis of branching ratios [38,39,40] sum-
marized in [41] and using the B*/BO lifetime ratio from
[42], one finds Ry = 0.99 % 0.09, which is consistent with
1 and does not permit application of the bound. However,
using additional information on r and the CP asymmetry
in B® — K*7~, one can obtain a constraint on ~ [12,43].
The CP asymmetry Acp (2) can be written for BY —
K*n~ as

B’ - K-t - I(B° - K+n)
2I(BY — K+7—)
2rsinysin §

Ry

.ACP(KJWT*)

(16)

One may eliminate ¢ between this equation and (I&)
and plot Ry as a function of « for the allowed range of
Acp(K*7n™). The value of r, based on present branching
and arguments given in [T24T43]), is r = 0.17 £ 0.04.
The latest BaBar and Belle data imply Acp(Ktn™) =
—0.09+0.04 [33], leading us to take |[Acp(KT77)| < 0.13
at the 1o level. Curves for Acp = 0 and |Acp| = 0.13
(the K+t~ final state is to be understood) are shown in
Fig. Bl The lower limit » = 0.13 is used to generate these
curves since the limit on v will be the most conservative.

At the 1o level, using the constraints that Ry must lie
between 0.90 and 1.08 and |Acp| must lie between zero

and 0.13, one can establish that < 60°. No bound can
be obtained at the 95% confidence level, however. Despite
the impressive improvement in experimental precision (a
factor of 2 decrease in errors since the analysis of [12]),
further data are needed in order for a useful constraint to
be obtained.

42 Bt - Kt#%vs. Bt —» KOx*t

The comparison of rates for BT — Kt7% and Bt —
K% also can give information on . The amplitude for

Bt — K7*r0 is proportional to P + T + C, where C
is a color-suppressed amplitude. Originally it was sug-
gested that this amplitude be compared with P from
Bt — K%t and T+C taken from Bt — 77" using fla-
vor SU(3) [44] using a triangle construction to determine
~. However, electroweak penguin amplitudes contribute
significantly in the T+ C term [45]. It was noted subse-
quently [46] that since the T'+ C amplitude corresponds
to isospin I(Km) = 3/2 for the final state, the strong-
interaction phase of its EWP contribution is the same as
that of the rest of the T'+ C' amplitude, permitting the
calculation of the EWP correction.

New data on branching ratios and CP asymmetries
permit an update of previous analyses [12)46]. One makes
use of the quantities (see [33] for values)

_ 2T(B* — K+n0)

I'(Bt — KOrt)
+7r2(1 = 26pw cosy + 0%y,) = 1.30 £ 0.15

=1-—2r,cosé,. (cosy — dgw)
(17)

27, sin d. sin
R,

where r. = [(T'+ C)/P| = 0.20 £ 0.02, and J. is a strong
phase, eliminated by combining ([[7) and (I8). One must
also use an estimate [46] of the electroweak penguin pa-
rameter dgw = 0.65 & 0.15. One obtains the most conser-
vative (i.e., weakest) bound on + for the maximum values
of r. and dgw [12]. The resulting plot is shown in Fig. [l
One obtains a bound at the 1o level very similar to that in

Acp(Ktr%) = =0.035+0.071 , (18)

the previous case: ~y % 58°. The bound is actually set by
the curve for zero CP asymmetry, as emphasized in [46].

43 BTt — 7ty

The possibility that several different amplitudes could
contribute to B* — 7wy, thereby leading to the possi-
bility of a large direct CP asymmetry, has been recog-
nized for some time [17,29/80l47,[48]. Contributions can
arise from a tree amplitude (color-favored plus color-
suppressed) T + C', whose magnitude is estimated to be
\/2/3 that occurring in BT — 7t7% a penguin ampli-
tude P, obtained via flavor SU(3) from BT — K%z, and
a singlet penguin amplitude S, obtained from B — ' K.

In Table @ we summarize branching ratios and CP
asymmetries obtained for the decay BT — 77 by CLEO
[49], BaBar [50], and Belle [39]. We assume that the S and
P amplitudes have the same weak and strong phases. The
equality of their weak phases is quite likely, while tests
exist for the latter assumption [33].
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Fig. 3. Behavior of Ry for r = 0.13 and Acp(KT7~) = 0 (dashed curves) or |Acp(KTn7)| = 0.13 (solid curve) as a function
of the weak phase ~. Horizontal dashed lines denote 1o experimental limits on Rg, while dot-dashed lines denote 95% c.l.
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Fig. 4. Behavior of R, for r. = 0.22 (1o upper limit) and Acp(KT7%) = 0 (dashed curves) or |[Acp(KT7%)| = 0.11 (solid curve)
as a function of the weak phase . Horizontal dashed lines denote +10 experimental limits on R., while dotdashed lines denote
95% c.l. (£1.960) limits. Upper branches of curves correspond to cosd.(cosy — dgw) < 0, while lower branches correspond to
cos dc(cosy —dpw) > 0. Here we have taken dgw = 0.80 (its 1o upper limit), which leads to the most conservative bound on

If the amplitude A for a process receives two contri- The CP-averaged decay rate is proportional to a3 + a3 +
butions with differing strong and weak phases, one can 2ajas cos ¢ cosd, while the CP asymmetry is
write

o - o A 2a1as sin ¢ sin §
A=ay+aee” | A=ay+age e . (19) “r- a3 + a3 + 2a1a; cos ¢ cos

(20)
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Table 4. Branching ratios and CP asymmetries for B~ 7Ty

B (10~°) Acp
CLEO [49] 1.272% (< 5.7) -
BaBar [50)] 42759403 —0.5155%
Belle [39] 521394+ 0.6 .
Average 41409 —0.517920
|T + C|* alone 3.5 0
|P + S|? alone 1.9 0

In the case of BY — 7ty the rates and CP asymme-
try suggest that |sin ¢ sind| > | cos ¢ cos d|. Details of this
pattern and its implications for other processes are de-
scribed in [33]. It is predicted there that B(BT — ntn’) =
(2.740.7) x 1076 (below current upper bounds) and that
Acp(ntny) = —0.57 +0.23.

5 Rare radiative B decays

A number of processes in which a B or B decays to final
states with photons or lepton pairs are particularly sensi-
tive to non-standard physics. An example is By — u™pu—,
for which the standard model predicts B(Bs; — puTpu~) =
(3.1 &£ 1.4) x 107° [51]. Charged Higgs boson exchanges
or other effects could enhance this branching ratio sig-
nificantly while respecting the constraint associated with
the branching ratio for b — s7, which appears compatible
with standard model predictions. For a good discussion of
this process and of B — X170~ see [52], as well as several
presentations at the present conference [53]. In the latter
decay the forward-backward asymmetries exhibit interest-
ing behavior as a function of m(£*¢~), with signs and a
characteristic zero in the standard model which can be
different in variant theories.

6 B, properties and decays
6.1 B,—B, mixing

The ratio of the B, B, mixing amplitude Am, to the
BB’ mixing amplitude Amy (Bg = BP) is given by

2

Vis ~ 48 x 2F1

Via

2
Ams - fBSBBs 7nBS

2
deBBd de

A (21)

Here fp,, are meson decay constants, while Bp, are
numbers of order 1 expressing the degree to which the
mixing amplitude can be calculated by saturating with
vacuum intermediate states. The latest lattice estimate of

the ratio &€ = (fB./fB,)\/Bp./Bp, is 1.21 + 0.04 £ 0.05

[54]. We have taken a generous range

[Via| = AN3|1 — p— i = (0.8 £0.2)AN3  (22)
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with |Vis| = AX? and A = 0.22. With [42] Am, = 0.503 £
0.007 ps~—! one then predicts
Amg = 24 ps~! x 2% (23)

The lower portion of this range is already excluded by the
bound [42]

Amg > 14.4 ps~t (95% c.l.) (24)
When Amy is measured it is likely to be known fairly well
immediately, and will constrain p significantly.

6.2 Decays to CP eigenstates

6.2.1 B, — J/vé, J/vm, ...

Since the weak phase in b — écs is expected to be
zero while that of B,~B, mixing is expected to be very
small [in the parametrization of (1) an imaginary part
Im(V;s) = —AX*n was not written explicitly], one expects
CP asymmetries to be only a few percent in the standard
model for those B decays dominated by this quark sub-
process. The By — J/¥¢ final state is not a CP eigenstate
but the even and odd CP components can be separated us-
ing an angular analysis. The final states of By — J/vn and
Bs — J/¢n' are CP-even so no such analysis is needed.

6.22 B, > KtK~ vs. BO - ntn—

A comparison of time-dependent asymmetries in By —
K*tK~ and B° — ntn~ [55] allows one to separate out
strong and weak phases and relative tree and penguin con-
tributions. In By, — K+t K~ the b — 5 penguin amplitude
is dominant, while the strangeness-changing tree ampli-
tude b — wus is subsidiary. In B® — 77~ it is the
other way around: The b — uud tree amplitude domi-
nates, while the b — d penguin is Cabibbo-suppressed.
The U-spin subgroup of SU(3), which interchanges s and
d quarks, relates each amplitude in one process to that in
the other aside from the CKM factors.

6.2.3 B,, B® —» K+n—

A potential problem with B, = KTK~ and B® — ntn~
is that the mass peaks will overlap with one another if an-
alyzed in terms of the same final state (e.g., 7*7) [56].
Thus, in the absence of good particle identification, a vari-
ant on this scheme employing the decays B° — Ktzn~
and By — K~ 7" (also related to one another by U-spin)
may be useful [57]. For these final states, kinematic sep-
aration may be easier. A further variant is to study the
time-dependence of B, — K1 K~ while normalizing the

penguin amplitude using By — KK’ bS]
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6.3 Other SU(3) relations

The U-spin subgroup of SU(3) allows one to relate many
other B decays besides those mentioned above to corre-
sponding By decays [59]. Particularly useful are relations
between CP-violating rate differences. One thus will have
the opportunity to perform many tests of flavor SU(3) and
to learn a great deal more about final-state phase patterns
when a variety of B, decays can be studied.

7 Excited states
7.1 Flavor tagging for neutral B mesons

One promising method for tagging the flavor of a neutral
B meson is to study the charge of the leading light hadron
accompanying the fragmentation of the heavy quark. This
method was initially proposed by Ali and Barreiro [60]
to identify the flavor of a By via the charge of the ac-
companying kaon. It was utilized in [61l[62] to distinguish

B%s from B”’s. An initial b will fragment into a B’ by
“dressing” itself with a d. The accompanying d, if incor-
porated into a charged pion, will end up in a #~. Thus a

. . =0 .
7~ is more likely to be “near” a B than to a B? in phase

space. This correlation between 7~ and B’ (and the cor-
responding correlation between 7+ and B°) is also what
one would expect on the basis of non-exotic resonance for-
mation. Thus the study of the resonance spectrum of the
excited B mesons which can decay to B+ 7 or B* + 7
is of special interest [63]. The lowest such mesons are the
P-wave levels of a b antiquark and a light (u or d) quark.

7.2 Surprise: Excited D, state below DK threshold

A new sensation has been reported by the BaBar Collab-
oration [64] and confirmed by CLEO [65]. Partial infor-
mation on the P-wave levels of a charmed quark ¢ and
an antistrange § consists of candidates for J = 1 and
J = 2 states at 2535 and 2572 MeV [66]. These levels
have narrow widths and are behaving as would be ex-
pected if the spin of the § and the orbital angular momen-
tum were coupled up to j = 3/2. (One expects j-j rather
than L-S coupling in a light-heavy system [67,[68.69].) If
the j = 1/2 states were fairly close to these in mass one
would then expect another J = 1 state and a J = 0 state
somewhere above 2500 MeV. Instead, a candidate for a
J = 0 ¢5 state has been found around 2317 MeV, with the
second J = 1 level around 2463 MeV. Both are narrow,
since they are too light to decay respectively to DK or
D*K. They decay instead via the isospin-violating tran-
sitions Dg0(2317) — Dsm® and Dy;1(2463) — D70, They
are either candidates for D) K molecules [70], or indica-
tions of a broken chiral symmetry which places them as
positive-parity partners of the Dy and D} negative-parity
¢§ ground states [71]. Indeed, the mass splittings between
the parity partners appear to be exactly as predicted ten
years ago [(2]. Potential-based quarkonium models have a
hard time accommodating such low masses [73}[74,[75],
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There should exist non-strange j = 1/2 07 and 1T
states, lower in mass than the j = 3/2 states at 2422
and 2459 MeV [66] but quite broad since their respective

Br and B« channels will be open. The study of such
states will be of great interest since the properties of the
corresponding B-flavored states will be useful in tagging
the flavor of neutral B mesons, as noted in the previous
subsection.

7.3 Narrow positive-parity states below P(*)K
threshold?

If a strange antiquark can bind to a charmed quark in both
negative- and positive-parity states, the same must be true
for a strange antiquark and a b quark. One should then ex-
pect to see narrow J- = 01 and 17 states with the quan-
tum numbers of BK and B" K but below those respective
thresholds. They should decay to B 7" and E:ﬂ'o, respec-
tively. To see such decays one will need a multi-purpose
detector with good charged particle and 7° identification!

Such detectors are envisioned for both the Tevatron [76]
and the LHC [71].

8 Exotic Q = —1/3 quarks

Might there be heavier quarks visible at hadron colliders?
At present we have evidence for three families of quarks
and leptons belonging to 16-dimensional multiplets of the
grand unified group SO(10) (counting right-handed neu-
trinos as a reasonable explanation of the observed oscil-
lations between different flavors of neutrinos). Now, just
as SO(10) was pieced together from multiplets of SU(5)
with dimensions 1, 5, and 10, we can imagine a still larger
grand unified group whose smallest representation con-
tains the 16-dimensional SO(10) spinor. Such a group is
the exceptional group Eg [78]. Its smallest representa-
tion, of dimension 27, contains a 16-dimensional spinor,
a 10-dimensional vector, and a singlet of SO(10). The 10-
dimensional vector contains vector-like isosinglet quarks
“h? and antiquarks h of charge @Q = +1/3 and isodoublet
leptons. The SO(10) singlets are candidates for sterile neu-
trinos, one for each family.

The new exotic h quarks can mix with the b quark
and push its mass down with respect to the top quark
[79]. Troy Andre and I are currently looking at signatures
of hh production in hadron colliders, with an eye to either
setting lower mass limits or seeing such quarks through
their decays to Z + b, W 4 ¢, and possibly Higgs + b. The
Z, for example, would be identified by its decays to v,
(T4~ or jet + jet, while the Higgs boson would show up
through its bb decay if it were far enough below WTW
threshold.

9 Summary

The process BY — J/1#Kg has provided spectacular con-
firmation of the Kobayashi-Maskawa theory of CP viola-
tion, measuring 3 to a few degrees. Now one is entering
the territory of more difficult measurements.
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The decay B® — n7n~ has great potential for giving
useful information on . One needs either a measurement
of B(B® — 707%) [11], probably at the 10~¢ level (present
limits [38,39]40] are several times that), or a better esti-
mate of the tree amplitude from B — 7lv [I8]. Indeed,
such an estimate has been presented recently [80]. The
BaBar and Belle experimental CP asymmetries [19,20]
will eventually converge to one another, as did the initial
measurements of sin 23 using B — J/¢Kg.

The B — ¢Ks decay can display new physics via spe-
cial b — §s§ operators or effects on the b — 5 penguin.
Some features of any new amplitude can be extracted
from the data in a model-independent way if one uses
both rate and asymmetry information [26]. While the ef-
fective value of sin23 in B® — ¢Kg seems to differ from
its expected value by more than 20, CP asymmetries in
B — Ks(KTK™)cp=y do not seem anomalous.

The rate for B — n' Kg is not a problem for the stan-
dard model if one allows for a modest flavor-singlet pen-
guin contribution in addition to the standard penguin am-
plitude. The CP asymmetries for this process are in ac-
cord with the expectations of the standard model at the
1o level or better. Effects of the singlet penguin amplitude
may also be visible elsewhere, for example in Bt — ppKT.

Various ratios of B — K rates, when combined with
information on CP asymmetries, show promise for con-
straining phases in the CKM matrix. These tests have
shown a steady improvement in accuracy since the asym-
metric B factories have been operating. One expects fur-
ther progress as instantaneous and accumulated ete™ lu-
minosities increase, and as hadron colliders begin to pro-
vide important contributions. The decays B* — 717 and
BT — ntn/ show promise for displaying large CP asym-
metries [33] since they involve contributions of different
amplitudes with comparable magnitudes.

Rare decays of nonstrange and strange B’s involving
photons or lepton pairs are beginning to be studied in de-
tail, and the LHC will be able to look for the rare and
interesting By, — puTu~ decay which can greatly exceed
its standard model value in some theories. In the near
term the prospects for learning about the B,—B¢ mixing
amplitude are good. One hopes that this will be an early
prize of Run II at the Tevatron. The study of CP viola-
tion and branching ratios in B, decays will be an almost
exclusive province of hadron colliders, whose potentiali-
ties will be limited only by the versatility of detectors.
Surprises in spectroscopy, as illustrated by the low-lying
positive-parity ¢s candidiates, still can occur, and one is
sure to find more surprises at the Tevatron and the LHC.
Finally, one can search for objects related to the proper-
ties of b quarks, such as the exotic isosinglet quarks h,
with improved sensitivity in Run IT of the Tevatron and
with greatly expanded reach at the LHC.
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