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Motivated by the presence of nearby thresholds in other baryon-meson channdlswi#ndS= -1, we
investigate whether thd 7 scattering phase shifts at a center-of-mass energy equal 8 thass could be
larger than suggested by lowest-order chiral perturbation theory. Within a coupled-cKamagtix approach,
we find that theSwave phase shift could be as large-ag°.
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I. INTRODUCTION performed in Ref[6], where it was foundwithin a leading-
order calculation in the relativistic thegrihat 6s=1.2° and
The CP-violating observableA, in weak nonleptonic hy- §p,=—1.7°. Leading-orde(in heavy-baryon chiral perturba-
peron decays of the forrB— B’ 7 depends on the strong- tion theory calculations of thé\ 7 [8] andE 7 [9] scattering
rescattering phases of the final stilg. At leading order, phase shifts have also been carried out. They suggest that the

this asymmetry is given by smallness ofSs at lowest order in chiral perturbation theory
) (xPT) is mostly a kinematic effect associated with the small
A=—tan(és— dp)sin($s— ¢p), (D) pion-momentum available iE — A .

Given the two very different results fais in A 7 scatter-
g, it is important to estimate the effect of physics not
present in the leading-ordg/PT calculation. A first attempt

where 65 and 6p (¢ and ¢p) are the strong-rescattering in
(weak phases in theS and P-wave components, respec-
tively, of the decay amplitude. Currently the HyperCP @ ™ . . : ; .
(E871) experiment at Fermilab is in the process of measurin 0 |r_1vest|gate this question was car_ned out in R0].

this CP-violating observable through the asymmetry sum heir approach was to look for possible resonant enhance-
A(A)+A(E) in the chain of decayE —Am—pmr [2] ments. To this effect, they considered the nearest resonance
Calculation of this observable, therefore, requires knowledg'ith ghel correct quantum numbers, t¥(1750) with |

of both the phase shifts foi scattering at the\ mass and —1J =2z - Although the parameters of this resonance are
those forA scattering at the€ mass. The former phase not well known, the authors of Ref10] allowed them to
shifts have been extracted from experim@ibeit with large ~ Vary in a reasonable range to conclude that the contribution
errorg [3], but there is no experimental data for the latter. © s from this source was not more than about 0.5°.

An early calculatior{4] of the A 7 scattering phase shifts In this paper we explore the possibility of an enhar]cement
at mz indicated that theSwave phase shift was large, the i ds due to the presence of nearby thresholds in other
result being ss= —18.7° and 8p=—2.7°. If correct, this baryon-meson channels with the same quantum numbers. In
would suggest thaE P violation in both decay& — A 7 and particulgr, we wish to check the role of tBevaves, 7 cha_n-
A— p could yield similar contributions to the measurementnel, which has a threshold only 10 MeV abowe . It is
of E871, making a theoretical prediction harder. More re-known from the Weinberg-Tomozawa theorem that the scat-
cently, this calculation has been repeated in the context dffing length in this channel is very attractijel]. To inves-
heavy-baryon chiral perturbation theory, with very differenttigate this issue, we present two separate estimates. For the
results. At leading order, it was found in Ré] that o5 first one, we will take the point of view that any such effects
=0 andsp= —1.7°. The implication of this result is that the €an be parametrized by next-to-leading-order terms in chiral
CP-violating observable in E871 is probably dominated byPerturbation theory. The authors of RgL2] have recently
CP violation in A — par. The vanishing ofSs in this calcu-  Studied the coupled-channel problem for tBe—1,1=1
lation results from the heavy-baryon limit. An estimate of Paryon-meson system, within a certain model, and have pa-

relativistic corrections to the heavy-baryon result has beef@Metrized their results in terms of specific values for the
coupling constants in the heavy-baryon chiral Lagrangian up

*Email address: jtandean@pa.uky.edu
"Email address: athomas@physics.adelaide.edu.au IWe have redone this estimate and obtained the same result, but
*Email address: valencia@iastate.edu with &5 having the opposite sigfv].
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to the next-to-leading ord¢r®(p?)]. We employ these val- L=LO+ 3 2

ues for the coupling constants in our first estimate. For our

second estimate, we simply use leading-orgleil to derive  where the superscript refers to the chiral order. The first term

all the amplitudes in th&= —1, I =1 baryon-meson system s given by[13]

and employ &-matrix formalism to incorporate the effects

of unitarity in the coupled-channel problem. — . —
ty P P L®=(B, iv-DB,)+2D(B,SA, B,})

Il. ©(P?) HEAVY-BARYON CHIRAL LAGRANGIAN +2F(B, S A, ,B,]) @)

v>v JUR)

We write the chiral Lagrangian for the strong interaction
of the lightest(octe) baryons up to ordep? in heavy-baryon — with (- --Y=Tr(---). The second term can be written in the
xPT as the sum of two terms: most general form agl2,14]

L@=L£@+bp(B,{x+ ,By})+be(B,[x+ ,B,1)+bo{x+)(B,By) +2dp(B,{(v - A)2,B,}) +2de(B,[ (v-4)2,B,])

+2do(B,B,){(v-A)%) +2d:(B,v- A)(v- AB,) +29p(B,{.A- A,B,}) + 2gr(B,[ A- A,B,]) +20(B,B,)( A A)

+29.(B,.A)- (\AB,)+2hp(B,io- {.AX.A,B,})+2he(B,io-[ AX A,B,])+2h (B io X A)- (AB,), (4
where
=t <B [D?~(v-D)*IB, B[S SIII[ A, A,].B ]>— <<B S, D{v-AB,})+(B,Si{v- A D,B,}))
iF — _ 5 D2
_m_0(<BvSvD[UAlBu]>+<BvS:)L[UA!D,uBU]>) <B [(U A) B ]>_ <B {U A{U A B }}>
2
- Z_rnO(Bv[U'A![U'A!Bv]]> (5)
|
is the 1m, (leading relativisti¢ correction to the leading- The total amplitude for\ 7— A 77, up to orderp?, is de-

order Lagrangian at ordgr?, with m, being the octet-baryon rived from the diagrams in Fig. 4In the center-of-mass
mass in the chiral limit. The constants d, g andh are  (c.m) frame, it is given by
free parametergin addition to the familiarD and F) that

occur at this order, and we will obtain their values from the 2m, D2 K4 4bp,
model of Ref.[12]. In these formulasB, is the usual X3 My —fr)(f 3me —k*+ — +(T+4bo)m2
matrix containing the(velocity dependent octet-baryon 3E

fields,v the baryon velocityS, the spin operator, and (2do o |e2s D2 3(K’ - k)2— k¢
3 7053 3mE?

(5& fT gT& g)_ +O(§D3) 2D2 My — My 29D
+""k(T—Ez—‘T‘29°)

ks

_¢tpg2 et 2 25
X+ =EM2ET+ em2e j%ngk

E, Kk+k-k'
my 2mgE;

Xis (7)

m

2 1 2 4
=2Me— grziede Mt + O(e%), (6)
wherey; (x;s) is the Pauli spinor of the initiaffinal) A, and
k (k") is the three-momentum of the initiéinal) pion. The
where ¢ is the 3x3 matrix for the octet of pseudo-scalar
bosons,f=f_=92.4 MeV is the pion-decay constant, and

=diag(m?,mZ,2mg —m?) the pseudo-scalar mass ma- 2at this order there are no loop contributions. The latter begin at
trix in the isospin limit. O(p%).
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xl ! ! Sx? N ! : 3ol pTe

| | Pl | i o=l .. | j >
———or— e —e—o0—0+— —e 00— . . ° TEIMRLYA

; ; e ; : St FIG. 2. Diagrams foB¢—B' ¢’ in theJ=% channel at leading
o ¥ —o—  —~o——s ot — order in yPT, including decuplet-baryon contributions. A dashed
FIG. 1. Diagrams fol 7— A 7 up to ordemp?. A dashedsolid) line denotes a meson field, and a singdeuble solid-line denotes

line denotes a piofoctet baryop field. The baryon in the interme- &N Octet-baryoridecuplet-baryonfield. Vertices are generated by
diate states i€. Solid and open vertices are generateddy’ in £®in Eq. (14).
Eq. (3) and £ @ in Eq. (4), respectively.

which are suggested by various tree- and loop-leyelr
partial-wave amplitudes are then extracted using standarchlculations[13,17), as well as the results of Rgf12], we

techniques, and one finds, in thd=13 channel, find the following ranges for the phase shifts:
9 ~M D? 2 ou2 L 450 by | m? —3.0°<8s<+0.4°, —35°<dp<—12° (13
T 4af2ys|3Mg| 7 3E2 3
The contributions of the lowest-order terms to these numbers
_(ZdD 2 )E2 ® e 8P =0 and —1.7°<s{)<—0.4°. The I, terms, es-
3 0)=m pecially in theS wave, give small corrections; 0.06°< 85

<—0.01° and—0.4°<85<—0.1°. Therefore, the rest of
4D2/ ZEfT_ k2 ms —my the p? terms in theSwave generate the bulk &k, and those
9E \1+ 2MoE >E ) in the P wave are comparable to the lowest-order term in
m g m their contribution tosp .

2
FP)_ —kmy
Am 47Tf2\/§

2 It is useful to compare the result above with the leading-
- §(gD+3go)}. (9)  order result of Ref.[5]. In that calculation, the spif-
decuplet-baryon degrees of freedom are also included in the

For our numerical calculation, we will adopt the param-Chlral Lagrangian, so that, at leading ord#g],

eter values provided by Ref12]. In that work, the chiral o o

Lagrangianf in Eq. (2) was used as a starting point for £(1)=<Bviv-DBU>+2D(BUSQL{AM,BU})
co_nstruc_ting a coupled-channel potential model to study _ — _
NK—NK,A 7,37 and other measured processes. We em- +2F(B,S{TA, B, 1)~ Tyiv-DT,,+AmT;T,,
loy in particular the parameter values extracted in : = — —
ployin pariicuiarthe p vales ex In G} +C(TEALB, + B, A, TH) + 2HTES, - AT,,, (14)

v

D=0.782, my=0.869 GeV,
where T/ represents the baryon-decuplet fields; is the

bo=-0.320 GeV'!, bp=0.066 GeV?!, decuplet-baryon mass in the chiral limit, adan=m;—m.
(10) The resulting amplitude foA 7— A 7 in the J=3 channel
do=-0.996 GeV?!, dp=0.512 GeVl, receives nonzero contributions from the last three diagrams

in Fig. 2 and is given by
go=—1.492 GeV!, gp=0.320 GeVl

sD*  3D?
\/g—mz Eﬂ'_EA+mE

Thus with\/'s=mz and|k|=0.137 GeV, we obtain, for the M —ZmAXTk~k’
L channel, the phase shifts f2 Af

8g=—2.5° Op=—-3.3°. (11 ic2 2m, ip2
- Xit = xiio-k' Xk
Of course, the parameters in E@.0) are not known pre- E,.—Ej\+mgx f \/5 ms
cisely. If we allow them to take the following ranges of i Lo
values(in the same units as befgre 3D 1 C
0.4<D<0.8, 0.K<my<1.2, T AR BT EAT My
—0.6<by<—-0.3, 0.0Xxby<0.08, theX andX* being the intermediate baryons. This result, at
(12) orderp?, actually contains some contributions from the chi-
—1.0<dpg<—0.7, 0.3<dp<0.6, ral Lagrangian of ordep? which are implicit in the denomi-
nators. The partial-wave amplitudes in the 3 channel are
—-1.5<ge<—1.0, 0.3gp<0.5, then
3See, e.g., Ref15]. 4For hadronic fields, we follow the notation of RELS].
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—K2m ip? ip? cently shown to be important in the caseNK interactions
& =0, fF=—wvn1 + [19]
Ame AT a2 s\ Js—my  En—Extm ) : .
meys % 7 SAT TR In order to estimate the impact on ther channel of the
1 42 others coupled to it, we employ l&-matrix approach. This
5 C . . .
_ method guarantees that the resulting partial-wave amplitudes
(16) . o : :
E,—Ex+Msx« satisfy unitarity exactly. We follow the formalism described

in Ref. [15]. For theK-matrix elements, we will make the
Consequently, using/s= mz and the tree-level valugD simplest approximation and use only the partial-wave ampli-
=0.8 andC=1.7, we find for theJ=% channel the phase tudes at leading order iyPT, obtained fromZ ™) in Eq.

shifts (14).
The relevant partial waves can be extracted by choosing
8s=0, OSp=—1.5°. (17)  the five isospin states
If chiral-symmetric massemy=my=1.15 GeV andms« [Am,I=1)=|A=m"),
=m;=1.38 GeV are used instead, we obtap=—1.0°. In
each of theseS, values, roughly—2° arises from the two 1
diagrams involving th&, and about+ 0.8° comes from the |Sml=1)=—(37")— |3~ #%),
diagram containing th&* . One can see that the value of the \/5
3, contribution is compatible with thes{" range quoted
above. However, th&* contribution is opposite in sign to |NK| =1)=—|nK"),
all the O(p?) contributions todp that we have estimated
using the Lagrangian in E@4). This suggests that there are [29,1=1)=|2"7),
additional contributions beyond that of th&" which can be
expected to be significant. |EK,I=1)=—|E KO, (18)

In Ref. [6], the baryons are not treated as heavy and the
phase shifts are computed using the relativistic version of th&@he phase convention here is consistent with the structure of
lowest-order Lagrangian in Eq14). We have repeated the the ¢ andB, matrices.
calculation (with D=0.8 and C=1.7) and found &g The lowest-ordeSwave amplitude foB¢$—B' ¢’ with
=—1.2° anddp=—1.7°, which agrees with the result of S=—1 andl=1 is derived from the first diagram in Fig. 2
Ref. [6], except thatds has the opposite sighln 55 here, and, in the c.m. frame, has the form
only —0.1° is generated by thE-mediated diagrams, with
the rest,—1.1°, coming from th&* -mediated diagram. We E,+E,
can see that th® contribution is comparable to th&§ val- fEBS;;,B’(/)’: ~Caypgr VmBmB/JTng, (19
ues in theO(p?) heavy-baryon estimate. In contrast, the ’T
dominantX* contribution is roughly only half of thejs whereCgy 54=Cay g4 - Using the isospin states above,
value in theO(p?) heavy-baryon result, although the two gne obtains. ’
have the same sign. This again suggests that other contribu-
tions in addition to that of th&* may be important. In the 3
wave, theS and 3* contributions todp are —2.7° and CarAae=CArnss=0, Cprrnk= \/; Carzy=0,
+1.0°, respectively, and so these are similar to tki¥ip?!)
heavy-baryon counterparts. 3
Camzk= \/; Csrsa==2, Cspnk=—1,
. K-MATRIX APPROACH

The SUB3) picture that we have implies that ther state Csr3,=0, Cynzx=+1, (20)

is coupled to the state¥ 7, NK, X7, and EK with S=

—1 andl=1. Thus theA 7 scattering can be treated as a Co e — 1 Crow = \/: Cro e =0
problem with five coupled channels. Although.&=mz all NK.NK 1OUNKEy 2’ TNKEKTS
the inelastic channels are below threshold, they may signifi-

cantly affect the elastic one through unitarity constraints. The 3

inclusion of such kinematically closed channels has been re- Cs;3,=0, Cs,zk= \[E Czk,zxk=—1.

The resultingK matrix is written as
SThese are extracted from hyperon semileptonic dedeysch

also giveF=0.5) and the strong decayis—B ¢, respectively. _ ( Koo Koc) 21)
5We have checked that expanding the part of the amplitude arising Keo Ko’

from the diagrams up to ordgu? does lead to th®? terms in the s

heavy-baryor®(p?) amplitude in Eq(7). where, Witth¢>,B'¢'Efé;,s/¢f ,

014005-4
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fA7T,27T 0 T T T T T T
fAmNK : P
— T _ K | i)
KOO_ fA‘IT,AﬂT’ KCO_ KOC_ fAﬂ',Ev; , -10 r \J ]
wa,EK _ f
$ -20 |
fsese fsank fsmsy, fsnzc g
Kom faknk faks,  fakzk § _30 _
on,Er] on,EK
fEK,EK —40 F
T
- ch* (22)
the subscripts “0” and “c” referring, respectively, to open B T T
and closed channels gs=mz . The unitarized>-wave am- V3 (GeV)
plitude for A w— A 7 is then given byf15] o ) )
FIG. 3. Swave phase shift ih 7 scattering as a function of the
K e?ids_ 1 center-of-mass energy. The dotted lines mark the thresholds of the
0= ‘ K= 2iky ] (23) =@, NK, X7, and EK channels, respectivelyNote that mg
Qo A =1.32 GeV is just 10 MeV below th& 7 threshold)
where The leading-ordeP-wave amplitude foB¢— B’ ¢’ with

S=—1 andl =1 is derived from the last three diagrams in

— i i -1
Kr=Koo IKod 1 710K o) "G o, Fig. 2. In the c.m. frame, it§=3 component can be written

. - in the form
qQo=0A x> qC:dlangW!qNK!qﬁn’qEK)! (24)
Kyl|Kyr [ VmMgmg:
with dg,=|Ksg|, the magnitude of the particle three- f(BFZ,Bw:_DM,Bw' "’HS‘;LZ\/EB B (26)

momentum inB¢$— B¢ scattering in the c.m. frame. We
note thatT,, not only satisfies elastic unitarity exactly, but _ .
also reproduces the lowest-ordgPT amplitudef,, ,, "WNeré Dery s=Dagpryr, and k, (kg is the three-
(which happens to vanish in tH&wave casgas the chiral Momentum of the initialfinal) meson. We have collected in
limit is approached. We further note that the diagonal eleth® Appendix the expressions fBig,, g/ ¢/ clorrespondnjg to
ments ofq, are purely imaginary at/s=msz, their corre- the five coupled 'channels. T®W3V6J25 phase shlft in
sponding channels being below threshold. It follows that thel 7— A 7 Scattering at/s=mz is then calculated using the

Swave phase shift i\ 7— A7 scattering at\s= ms is same method as ir) tHie@wave case. The result f@ =0.8,
calculated to be F=0.5, andC=1.7 is

Ss=tan (g, K)=—7.3°. (25) 5p=0.2°, 27)

. — ... Where isospin-symmetric masses have been used for the in-
If we drop the heaviek » and ZK channels, the phase shift termediate baryons. If chiral-symmetric masses,

is reduced in slzé @52 N o?Iy the2K channel is =1.15 GeV andn;=1.38 GeV are used for the intermedi-
dropped, we find insteads=—3.6°. These numbers are g

i . ate baryons, the result is instead
consistent with the fact that ther state has nonzei®wave

couplings at leading order only to tHéK and EK states. 8p=0.5°. (28
Interestingly, the last two numbergg~ —3°, are similar to
the 65 in Eq. (11), calculated usingPT at ordep? with the ~ We have found that dropping one or more of the inelastic
parameter values from RéfL2], in which the heavier chan- channels would not change these numbers dramatically in
nels were not explicitly considered. In Fig. 3 we show thesize, yielding a phase shift within the rangel.5°<édp
real part of 55 (which becomes complex above ther <-0.4°.
threshold as a function of the center-of-mass energy, with  As in theSwave case, we have not included contributions
all the four inelastic channels contributing. from theB@ ¢’ states in ouP-wave K matrix. Neither have

We remark here that we have not included contributionsve considered states with only one decuplet baryon and no
from the B¢’ states in outk matrix as they are not ex- meson in thes channel as they havé=3, but they were
pected to be dominant, only entering at the two-loop level inincluded as intermediate states in the 3 u channel. Be-
xPT. Similarly, with the lowest-order vertices that we have,yond the simplest approximation that we have made, one
there are noSwave couplings to states with a decuplet could add contributions from heavier states, such as those
baryon and a pseudo-scalar meson. with one decuplet baryon and one pseudo-scalar meson, as

014005-5
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well as those with heavier resonances. The neglect of heaviegliffer by a factor of almost 10. This further suggests that
states is taken as part of the uncertainty of our estimate. there could be a rather large uncertainty in these predictions.
We are led to conclude that until we have an experimental
result for 5 as guidance, it is not really possible to prefer
IV. CONCLUSION one model over another. What is interesting at this stage is
that there is at least one modghe simpleK matrix) which

We have studied the\w scattering phase shifts afs suggests that the phase shift can be larger than the predic-
=mgz beyond leading order in chiral perturbation theory. tions of chiral perturbation theory.

With next-to-leading-ordeyPT, we find results that are con-

sistent within factors of 2 with the lowest-order phase shifts.

Within a K-matrix approach, we find that unitarity effects ACKNOWLEDGMENTS

from coupled channels enhance tlsewave phase shift,

which could be as large as7°, but they do not change the ~ The work of J.T. and G.V. was supported in part by the
P-wave phase shift significantly. The lar§ewave value is DOE under contract DE-FG02-01ER41155. The work of J.T.
driven mostly by couplings to the heavier channels. Since th#as also supported by DOE under contract DE-FGO02-
two approaches do not incorporate exactly the same physic86ER40989. This work was also supported in part by the
their results may be combined to indicate tha?.3°<65  Australian Research Council. G.V. thanks the Special Re-
<+0.4° and —3.5°<8p<+0.5°, leading to—7.8°<8s  Search Center for the Subatomic Structure of Matter at the
— 8p<+3.9°. Our results also indicate that more-refined fu-University of Adelaide for their hospitality and partial sup-
ture calculations withyPT as a starting point should include Port. We thank S. Gardner, K.B. Luk, S. Pakvasa, and M.J.

the effects of coupled channels, as has been done iN Khe Savage for discussions.

case[12,19,2Q. Finally, it is possible to extract these phase

shifts from experiment. We expect E871 to present results in

the near future from their analysis of polarization

— A7 decays. For the five coupled channels considered here, one ob-
Note addedAfter this paper was submitted for publica- tains

tion, Ref.[21] appeared. Using dispersion relations in a rela-

tivistic chiral unitary approach based on coupled channels,

APPENDIX

its authors obtained €5s<1.1° and claimed that our iD? iD? ic?
K-matrix result should not be trusted. DamAn= - + ,
T s—my Ea"ErmMs E\—E,—my«

All of the existing perturbative PT) calculations consis-
tently predict a smalbs. The question of whether this phase
shift can be large is motivated by the implications that this
would have for experiments searching ©P violation. The

. e ) i o 4 4 4
ultimate and definitive resolution of this question lies in ex- —_DF — DF 2
periment, and we hope that E871 can shed some light on this 5 J6 . 36 . 9.6
issue in the near future. At present, speculation on a possible YA#rss= "= = e
large contribution tad involves models beyond chiral per- Vs=ms  Ey—Er-my Ey-Ef-ms
turbation theory, so that it is very difficult to estimate an
uncertainty. We have presentedamnatrix result which sug-

(A1)

gests thatds could be as large as 7°, but we cannot esti- _ \ED(D—F) L(D2+4DF+3F2)
mate reliably the uncertainty in this number. The authors of B 3 36
Ref.[21] agree that our calculation is technically correct, and DamNk= Jo— My - E,—EL—my '

so their conclusion that our large result should not be trusted
is only a statement of their preference for their model over a
simpleK matrix. They justify this preference from fitting, in

. — gDZ ZD2
Ref. [20], to the data in theNK, S, and A7 channels. Daps,— $ + o ,
However, a simple look at some of their resulisg. 2 of =7 Js—mg Ex—E,—my

Ref. [20]) indicates that not all of the data are well repro-

duced by their model, and this suggests to us that the result-

ing 85 could have a large uncertainty. Furthermore, in our 2 1 ) )
K-matrix calculation the largest contribution s arises - \@D(D+F) ﬁ(D —4DF+3F9)
from the ZK channel, and we currently have no way of Dy, k= _

knowing whether the model of Rg21] reproduces the scat- = Js—mg Ex—Ex—mz
tering amplitudes for this channel. Finally, in RE€21] two

values fordg are presented, corresponding to two different 4
parameter sets in their model. It is amazing that whereas the ﬁc

two sets lead to minimal differences in the description of the -,
scattering amplitudes of Ref20], their predictions fordg Er—Ex— Mz«
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CAN THE A7 SCATTERING PHASE SHIFTS BE LARGE?
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=N s—my Ex—Ex—my
EE—E,Q—mA'
4 DF 4 DF 4 c?
5 V6 3.6 9.6
Smin - , ; ,
K \/g—mz EE_En_mE EE_En—mE*
5 _—2(D+F)F  3(D*-F?)
PECT s-my  Ex—Eq—mg
4
a2
ZYC
-, (A2)
EE—E,Q—mE*
D—-F)?
_( ) (A3)

D K, =
NK,NK \/g_mz
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— 3 D(D-F) (D?—4DF +3F?)
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is (D?—9F?)
En—Ex—my

{D>-F?)
EN—Ek—mE

DZ_ F2

Dnk k=
NK,EK \/g_ mE

2
% C?
+,—,
EN_EK_mE*

2

9

CZ

— +
EE_E;]—mE EE_E;]_mE*

22
sD

D =
.37y \/5_ ms

212
sD

—6(D2+4DF+3F2)
18

Es—E—ms
—, (Ad)
EE - E|,<_ Mz

4
§C?

Ez—Eqx—mg’

5 ~ D?+2DF+F?
EK,EK \/g_mz

where \s=Eg+ E, and E;,, is the energy ofg in the final
state.
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