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Systematics of Soft Final-State Interactions inB Decays
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By using very general and well established features of soft strong interactions we show, contrary
to conventional expectations, that (i) soft final-state interactions (FSI) do not disappear fomlarge
(i) inelastic rescattering is expected to be the main source of soft FSI phases, and (iii) FSI which
interchange charge and/or flavors are suppressed by a powsy, Gt are quite likely to be significant
atmp = 5 GeV. We briefly discuss the influence of these interactions on test¥afiolation and on
theoretical calculations of weak decays. [S0031-9007(96)01152-0]
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It is notoriously difficult to say anything useful about scattering actually grows with energy. As an example of
final-state interactions in weak decays. Although thethis important energy dependence, we shall demonstrate
final-state interactions are not themselves of fundamentdlelow that the imaginary part of the forward elastic
interest, they are important for some truly interestingamplitude has as'*”7 (n = 0.08) dependence, and, as
aspects o8B decay. For example, many signals of directa consequence, the elastic final-state interaction is roughly
CP violation in B transitions require final-state phases asconstant as a function ofiz. (The small exponeny =
well asCP-violating phases if th€P-odd asymmetry isto 0.08 occurs repeatedly throughout this analysis, but is not
be nonzero [1]. In this paper we shall derive some generah itself of basic significance as our conclusions would be
properties of soft final-state interactions and describe thqualitatively unchanged witly = 0.) We shall then use
implications for theory and phenomenology. this observation as the starting point for a more general

The scattering of hadrons at high energies exhibits @&xploration of the systematics of FSI for largg;. The
two-component structure of “soft” and “hard” scattering. inevitability of our conclusions will be seen to follow
Soft scattering is that which occurs primarily in the forwardrather directly from well established aspects of strong
direction. The transverse momentum is limited, having dnteraction phenomenology.
distribution which falls exponentially with a scale of order  Final-state interactions iR decay involve the rescatter-
0.5 GeV. At higher transverse momentum, ultimately ondng of physical final-state particles. Unitarity of tsema-
encounters the region of hard scattering, which falls only agix, Sts =1, implies that thel” matrix,S =1 + i7T,

a power of the transverse momentum. Collisions involvingobeys

hard scattering are interpreted as interactions between 1

pointlike constituents of the hadrons, the quarks, and DiscTp—; = ;[<f|T|B> — (fIT1|B)]

gluons of QCD. These are calculable in QCD perturbation !
theory and are found to be in good quantitative agreement 1 Z(flTJrlI) U|T|B). 1)

with experiment. Hard scattering is, however, only a very 24

small portion of the total hadronic cross section. Thepg interest are all physical intermediate states which can
much larger soft component at low values of transversgcatter into the final-staté. Among all these, however,
momentum is by far the dominant contribution to high\ye shall first concentrate on just tiaéastic channel and
energy scattering. Although soft hadronic interactionsyemonstrate that elastic rescattering does not disappear in
are generally not calculable from first principles, there isyne jimit of largem. (We stress that we ardtsuggesting
available a wealth of experimental studies [2] and accuratghe elastic channel to be the dominant contribution to
high energy phenomenology [3] on which to base oOulsoft rescattering. Our analysis leads to quite the opposite
study. _ conclusion, that it is the inelastic channels which are most

The modern approach & physics employs as an jmportant.) The elastic channel is especially convenient

organizing principle the fact that th8 mass is very for our discussion because we can use the optical theorem
large compared to the QCD scale. In the context of soft, rigorously connect it to known physics. The optical

final-state interactions (FSI) iB decays, it suggests the {heorem relates the forward invariant amplitu@ to the
question—what is the leading order behavior of soft finalyytg| cross section,

state phases in thegy — <« limit? One perception is that

they might become less and less important as the mass Im Mpp(s,t = 0) = 2kv/s 0 pman ~ 50 p—an»  (2)

of the decaying quark becomes heavier. This is becauseheres is the squared center-of-mass energy aiglthe
roughly speaking, the final-state particles emerge at suckquared momentum transfer.

high momenta that they do not have a chance to rescatter The asymptotic total cross sections are known exper-
[4]. Such an expectation is, however, false because soifinentally to rise slowly with energy. All known cross
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sections can be parametrized by fits of the form [5] In order to arrive most simply at our goal, let us

—x 008 4 y ~0.56_ 3 first consider on]y this imaginary part, and bU|Id_ in fthe
o (s) (S/fv()) . (s/50) . 3) known exponential falloff of the elastic cross sectioryin

wheres, = O(1) GeV is a typical hadronic scale. Thus, (recalling thatt is negative) by writing

the imaginary part of the forward elastic scattering ampli- . . 108 b

tude rises asymptotically as%. This growth withs is iIm My (s, 1) = iBols/s0) e (4)

counterintuitive in that it cannot be generated by a perturit is then an easy task to calculate the contribution of the

bative mechanism at any finite order. In particular, calimaginary part of the elastic amplitude to the unitarity

culations based on the quark model or perturbative QCDelation for a final-stat¢ = a + b with kinematicsp/, +

would completely miss this feature. | Ph = pa + pp» ands = (p, + pp)?, and we find

1 d*p! a3 pl ) / / ¢ \108 T
Disc My — - [ L2 P ) T o v
1.08 . 210.08
i _ _ s 1 iBo(mp
— [ aosme ey (£) " gg, - L IB(mEY
327 ( Je Bo S0 B=f 167 sob \ s¢ B=f ()
where we have usedt = (p, — p.)? = —s(1 — | from Eq. (6) to be almost purely imaginary. This fea-

cos#)/2 and have taken = m3. The integration over ture has been verified experimentally by interference mea-
the angle involving the direction of the intermediate statesurements. There are several next-to-leading trajectories,
is seen to introduce a suppression factor to the final-stateoth those withC = —1 [p(770) and w(782) trajectories]
interaction ofs~! = mz>. [Note that for a final state and those withC = +1 [a,(1320) and f,(1270) trajecto-
like 7 which occurs in a definite angular momentumties]. Roughly, these have, = 0.44, o’ = 0.94 GeV 2
eigenstate{ wave), the final angular integral is the sameand lead collectively to thes ¢ dependence in the
as projecting out th§ wave scattering state. A different asymptotic cross section of Eq. (3). The prefaggdr)
way of understanding the kinematic factorlgfn is that  in Eq. (6) also has known regularities. For the Pomeron,
the S wave component of elastic scattering is a fraction8 is very nearly proportional to the number of quarks at
1/bm3 of the total amplitude.] This is because the softéach vertex, and carries a power law behavior similar to
final-state rescattering can take place only if the interthe electromagnetic form factor. Therefog, in pion-
mediate state has a transverse momenm= 1 GeV  pion scattering can be expressed in terms of the analogous
with respect to the final particle direction. This would proton-proton quantitys,,, as
naively suggest a result consistent with conventional — (22 _ _ 2\2
expectations, i.e., an FSI which falls ag;>. However, Brn(0) = GV Bpplt = 0/ = 1/mp)" ©)
the fact that the forward scattering amplitugowswith ~ The combination of exponential and power lawiepen-
a power of s overcomes this suppression and leads tglence in a generic Regge amplitude gives a unitarity in-
elastic rescattering which does not disappear at large  tegral no longer having an elementary form. However,
In fact, we can make a more detailed estimate of elastithe integration can still be carried out in terms of Eu-
rescattering because the phenomenology of high enerdgr functions. Taking = mp = 25 GeV 2, we obtain for
scattering is well accounted for by Regge theory [6].the Pomeron contribution

Scattering amplitudes are described by the exchanges of : .
Regge trajectories (families of particles of differing spin) Disc M7 [pomeron teMprr (10)
which lead to elastic amplitudes of the form where we find from our computation,

My = EB(t) (s/50)* Ve 702, 6) e =021. (11)
with f_z 1 for charge conjuggtiorf =+l andf =i From this numerical result and from the nature of its
for _C _,_1' Each such trajectory is described by 8derivation, we may anticipate that additional individual
straight line, soft FSI will not be vanishingly small. Moreover, other

a(t) = ay + a't. (7) final states should have elastic-rescattering effects of

comparable size. However, of chief significance is the

The leading trajectory for high energy scattering is
weak dependence of on mjp that we have found—

the Pomeron, havingC = +1,a¢ = 1.08, and o' =

025 GeV-2. Note that since :Ee (|’r1(1%);;)8 )fagtor ir::I the r?urrlﬁratofrf ist_ attenlljate(;fby
) I e In(mp/so) dependence in the effective value
(s/50)8 = (s/50) e Mo/, (8)  [compare Egs. (4) and (8)].

the exponential falloff inz is connected with the slope  The above study of the elastic channel, although in-
«' and the effective slope parametein Eq. (4) thus in-  structive, is far from the whole story. In fact, it suggests
creases logarithmically witlh. Since «( is near unity, the even more significant result that at high ener§igs
the phase of the Pomeron-exchange amplitude is segrhases are generated chiefly by inelastic effectd. a
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physical level, this conclusion is forced on us by the factThe first of the four terms comes from the elastic channel
that the high energy cross section is mostly inelastic. Itig; and is seen to be canceled by the final term, which
also plausible at the analytic level, given that the Pomero@rises from the inelastic channg}. The third term is
elastic amplitude is almost purely imaginary. The point isdominant, being® (\/€), and comes from the inelastic
simply this. Our study of elastic rescattering has yieldecchannel.

a7 -matrix elementT ., = 2ie, which directly gives In this example, we have seen that the phase is given
Sar—ar = 1 — 2€. However, the unitarity of th& ma- by the inelastic scattering with a result of order
trix can be shown to imply that the off-diagonal elements Im Mp_;/ReMp_; ~ JeMY/MY. (17)

must be® (,/€). Sincee is approximately® (m$%) in pow- : .
ers ofmp and numericallye < 1, the inelastic amplitude Clearly, for physicaB .decay, we no longer have a simple
must also be? (mg) and of magnitude/e > e. There is one-parameteS matrix. However, the main feature of
an alternate argument, utilizing the form of the final-statethe above result is expected to remain—that inelastic

unitarity relations, which also shows that inelastic effectsCharme'S cannot vanish because they are required to make

are required to be present. In the limitBfinvariance for the discontinuity real and that the phase is systgmatically
the weak interactions, the discontinuity Di8¢s ., is a of order /e from th?se channels. Of course, with many
real number (up to irrelevant rephasing invariance of th hannels, cancellations or enhancements are possible for

B state). The factor of obtained in the elastic rescatter- he isum of manty C?nmb?t;ﬁns' In "."k??{tg“’?n proce”ss{_, our
ing in Eg. (10) must be compensated for by the inelastj@NdysIs cannot rule out the possibility of cancefiations

rescattering (this effect is made explicit in the example toouPPressing the phase (this would correspond to a small

follow) in order to make the total real. Therefore, the pres-:MSh'n theh 5|mpl;1‘|edbar;1al)1$|s_abO\(/je_). lHoyvever, sihce
ence of inelastic effects is seen to be necessary. we have shown that both elastic and inelastic rescattering
Analysis of the final-state unitarity relations in their ©CCUrs at ordem, and these conclusions survive the
most general form, generallzatlon to multiple channe_ls, we must expect thgt
the final-state phases share this same property, aside
Disc Mp_.;, = lsz_,kaLf“ (12) from possible exceptional cases. In this situation, the
' 29 ‘ generic expectation remains—that inelastic soft final-state
is quite complicated due to the many contributing inter-rescattering arising from Pomeron exchange will generate
mediate states present at thenass. However, it is pos- @ phase which does not vanish in the lange limit.
sible to illustrate the systematics of inelastic scattering by What about nonleading effects? Because the nonlead-
means of a simple two-channel model. This pedagogitnd trajectories involve particles with charge, spin, and net
example involves a two-body final-stafg undergoing flavor quantum numbers, these exchanges differ from the
elastic scattering and a final-stafe which is meant to Pomeron in being able to change these quantum numbers
represent “everything else.” We assume that the elastif) the rescattering process. It is not hard to see that these
amplitude is purely imaginary. Thus, the scattering carinay be significant at the physical valuesmf. For ex-
be described in the one-parameter form ample, the fit to thepp total cross section is

_ ( cos20  isin26 ) _ (21’ Sif 6 sin26 ) a(pp) = [22.7<i>0‘08 + 140<i>0~56}(mb), (18)

i sin26  cos26 sin26  2isirt 6 _ 50 50 .
! ! with so = 1 GeV2. At s = (5.2 GeV)?, the nonleading

(13)  coefficient is a factor of 6 larger than the leading
where, from our elastic-rescattering calculation, we ideneffect, effectively compensating for the 03¢ = my 12
tify sin” @ = €. The unitarity relations become suppression. The subleading terms are then comparable
. i 1 in the elastic forwargpp scattering amplitude. The slope
Disc My-r, i8I 0 My, + 55in20 M-y, ’(14) of the p trajectory and hence the experimental falloff with
t is larger than that of the Pomeron by a factor of nearly 4,
and thus this moderates the integrated rescattering effects.
If we estimate theB coefficient of thep trajectory in
a1 by relating it topp via a factor of8,, = 485, and

DiscMp_;, = 3SiN20 Mp_s, — iSin* 6 Mp_.;, .

Let us denote the real numbefd® ) and M. to be the
decay amplitudes in the limi® — 0. Then an exact

solution to these equations I(? glven. by o then perform the integration over the intermediate state
Mp—y, = COSOM;| + isindM; , (15) momentum, we find

Mp_;, = cOSOMY + ising M) . DiSCMp—rrlp—traj = i€p Mp—r » (19)

As a check, we can insert these solutions back intavith €, = 0.11 — 0.05i. It is likely that the f,(1270)
Eq. (14). Upon doing so and bracketing contributionstrajectory could be somewnhat larger, as it isfp and
from Mp_;, and Mp_.f, separately, we find 7 p scattering. _
Disc My_.;, = % = .’Mgﬁf + 0] Flnal-state_phases. can contribute to weak Qecay phe-
! nomenology in a variety of ways. Here, we briefly con-
+ (2\/23\/1,‘3Lf2 + 2iej\/l§ﬁfl)}. (16) sider two of these, isospin sum rules a@®-violating
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asymmetries. A simple example of an isospin sum ruld' (B~ — K~ 7% — I'(B" — K™ #")
is the following relation betwee® — D7 decay ampli- JElAIA, | sin(p o). (24)
-~ 1A n— @P1).

tudes,

Mg =M, + V2 My, (20)  While this effect will be very difficult to calculate, we see
that inelastic final-state interactions can contribut€
giolating asymmetries at leading orderriry.

The results obtained in this paper must also be accounted
r in any theoretical calculation of weak decay ampli-
tudes. For largenp, there is the hope that one can directly
calculate the weak matrix elements through variants of the
factorization hypothesis or by perturbative QCD. Final-

where M o = M (BT — 7" D), etc. Measurement of
the magnitude of each amplitude via the partial decay rat
allows one to observe the relative final-state phases of th%
different isospin components. Noting that ther final
state inB decay occurs in the isospin stafes= 1/2,3/2,
one can solve for the difference in phase angles,

codd1/2 — 8372) state interactions will impose limits on the accuracy of
[ M. P — 6| Mool? + | Mool suc_:h methods, as no existing technlque' mc!udes the effect

= 4= > = > . of inelastic scattering. There must exist, in every valid
8 [MiolV3IMs 2 + 3| Mol — [ Mol theoretical calculation, a region of the parameter space

(21)  where the nonperturbative Regge physics is manifest. Ar-

The key qualitative property of Pomeron exchange is that ifuments based on local quark-hadron duality do not ac-
is independent of the charge states of the external particlegpunt for these effects of soft physics because the growth
being identical for eactD’#/ final state. However, the Of the scattering amplitude with(for both the leading and
relative sizes of the weak amplitudes can be different irfirst nonleading trajectories) cannot be seen in perturbative
the different channels. Since [cf. Eq. (12)] the final-statecalculations. It remains an intriguing possibility that the
phase involves a product of strong and weak amplitudegissumption of quark-hadron duality can be questioned in
it is possible (but not required) that a nonzero phasé®ther aspects af decay as well. Atany rate, for final-state
difference is generated. interaction studies, one may only hope that the perturbative
CP-violating asymmetries involve comparisonsipf—  and calculable physics is larger than the difficult nonper-
f andB — f. In order to be nonzero, these require twoturbative contributions discussed in this paper.
different pathways to reach the final stateand these two ~ T0 conclude, we have argued that the general features
paths must involve differen€P-violating weak phases Of soft scattering have forced upon us some surprising
and different strong phases. The leading Pomeron phaségnclusions regarding final-state interactions. Most im-
can contribute to such asymmetries if the other conditiongoortantly, the growth of forward scattering with as
are met. Because the strong phase is generated B§quired by the optical theorem and cross section data,
inelastic channels, the relevant pathways would involvdndicates that soft scattering does not decrease for large
B — f directly or B — “multibody” followed by the ms (the dependence would be weak even if total cross
inelastic rescattering, multibody> /. Depending on the Sections were constant in the energy). The structure of
dynamics of weak decay matrix elements, these may picthe elastic rescattering via the Pomeron also indicates that
up different weak phases. As an example, consider th#elasticprocesses are expected to be the leading sources
final state f = K~ #°, which can be generated either Of strong phases. These systematics can be important for
by a standard¥ exchange or by the penguin diagram, the phenomenology a8 decays.
involving different weak phases [7]. For the strong
rescattering, we must also consider a channel to which
K~ 70 scatter inelastically, which we cakin# (although
one can generate this asymmetry by a hard rescatteringl] For example, see Sect. 5 of Chap. XIV in J. F. Donoghue,
DD — Kfﬂ-o, we are Concentrating here on the soft E. Golowich, and BR HoIsFeirDynamics of the Stgn-
physics). TheW-exchange and penguin amplitudes will dard Model (Cambridge University Press, Cambridge,
contribute with different weights t& 7 andKn, so that England, 1992).

in the absence of final-state interactions we expect [2] Fl)i‘;técﬁgﬁ)"" Group, L. Montane al., Phys. Rev. D60,

M(B™ — K 70 = |A|e? = AV ei® + Alei?r, 22) [3] P.V. Landshoff, nQCD—20 Years LatefWorld Scien-
_ i i ; tific, Singapore, 1993).

M(B~ — Knm) = |Ale'® = Ale'® + ADe'?r, [4] For exar?wp?e, see J. B) Bjorken, SLAC Report No. SLAC-
with ¢; # ¢,. If we now model the strong rescattering PUB-5389, 1990; Nucl. Phys. B (Proc. Suppl}, 325
by the two-channel model described above, we havefor (1989).
and B decays [5] A. Donnachie and P.V. Landshoff, Phys. Lett2B6, 227

4 _ 4 (1992).
M(B~ — K~ m) = |Ai]e'? + iVelA,le'?, 23 [6] For example, see P.D.B. Collinfptroduction to Regge
(23) Theory and High Energy Physid€ambridge University

+ ety — —igy o : /= —id,
M (B k") = lAile +ivelAle ’ Press, Cambridge, England, 1977).
This leads to &P-violating decay rate asymmetry [7] Lincoln Wolfenstein, Phys. Rev. B3, 151 (1991).
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