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I INTRODUCTION 

In the unitarity triangle, the angle 7 is the phase between the legs Vu,Vu; and V&V;. 
As such, it is the only angle that does not touch on the &l(:; leg. This last combinstion of 
CKM elements enters in the amplitude of BdEid mixing. Therefore, both the o and fl angles, 
which do have V,,,L(~ on one side can be measured by using Bd decays, which, unfortunately, 
do not yield any information on 7. 
Therefore, the analog of the “golden” mode 
traditionally studied in association with the 
angle 0, i.e. Ed + J/$K,, in the case of 
the angle 7 involves the decay of a B, mesa,. 
The mode cited frequently as a probe of 1 is 
thus the decay B. --t PK.. And here lies the 
difficulty associated with 7: its measurement 
involvea the decay of a B, meson into z.n all- 
hadronic final atate with a very small branch- 
ing ratio. For an e+e- collider, this implies 
very small production cross-sections whereas 
for a hadron collider, the backgrounds would 
he formidable while the natural trigger pro- 
vided by the J/+ ia no longer present. More- 

VdVZ 

over, the extraction of the angle 7 from B, --t pK, is not clean because of contributions from 
penguin and reacattering diagrams’,s. 

Thia situation, at least seemingly hopeless, has prompted intense theoretical work in 
search of more suitable decay modes. The result is a host of new possible decay modes. The 
most notable examples, some of which had been proposed prior to the workshop, together 
with the expected branching ratios, are listed in Table 1. Also listed in Table 1 are the 
requirements of each decay mode, i.e. whether a time-dependent analyei. and tagging are 
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required. With the exception of the 8, - J/&decay, all the modes listed have all-hadronic 
final states. Furthermore, these new modes are still not easily triggerable in a hadronic en- 
vironment. Experimentally, this puts severe demands on the trigger, the data acquisition 
system, the acceptance to be covered by the detect&s, and certainly their background rejec- 
tion capabilities 

Table 1. Decay modes for the angle 7, 

Decay Mode 

& * PK. 

B, + D;K+ 

B+ + DpK+ 

B.-,dJd 

Branching 
fraction 

5 x lo-’ 

2 x 10-4 

2 x 10-d 

10-S 

Tagging 
required 

Yes 

Ye5 

NO 

Yes 

Time-Dependent 
Analysis 

Yes 

Yes 

NO 

Yes 

In this paper we summarize the results of a first attempt to study the feasibility 
of using these modes in a hadronic machine. 
configurations have been examined: 

To this end, different accelerator-detector 

1. The “Central Collider” option: a detector such as CDF covering the central rapidity 
(171 < I, 0 > 40”) region of a pp interacction’ at J; = 2 TeV. 

2. The “Forward Collider” option: a detector such as the one envisaged in the COBEX 
and BCD proposals, covering the large rapidity region (1.5 < q < 5.5, 0.3” < 0 < 34”) 
of B pp interaction’ at SSC-type energies. 

3. The “Fixed Target” option: a detectoi such BS the one proposed by the SFT collahora- 
tion with B proton beam on B fixed target at SSC-type energies.” 

The goal of the 7 working group was defined a6 a full comparison of the above three 
different optinns, hoping that at least one of them is sufficient for measurement of the angle 
7. If none of the options could yield a measurement of 7 with sufficiently small errors, 
then the next goal was defined as the description of B fourth option, the “Dream Detector” 
option, i.e. B non-existent, yet feasible, detector-accelerator option that would be needed for 
the measurement of 7, 

Whenever possible, the capabilities of these different approaches have been compared. 
The task of defining B “7” detector option, clearly capable of measuring 7 accurately enough 
for a test of the closedness of the unitarity triangle, very quickly became one of requiring 
extremely large Trigger and Data Acquisition rates to tape. As such, very little has been 
concluded on this front. 

The orgw&ation of this paper is as follows: in section 2 the details of the analysis 
of the D;K+ mode is presented. This is then used to compare the expectations for each 
of the three options. Section 3 contains the same information regarding the B+ + DyK+ 
mode. In section 4, we examine the J/$- I t d re a e modes proposed hy Dunieta. No extensive 
analysis of these modes is attempted, since with the exception of the time-dependent 
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part of the analysis explained in se&on 2 they ace very similar to the Bd + J/$X. 
analysis. Finally, we summarize an unexpected theoretical result thal was obtained in the 
course of the workshop, regarding the meaning of the “measurement of “1” in general. The 
subject is analyzed in detail in review of Ihe subject by Aleksan, Kayser and London in these 
proceedings’. 

2. B, + D;K* 

The study of this mode was first proposed in reference 5. Briefly, the B, can decay 
into both D:K- and D;K+. Therefore, one can observe CP violation in this mode from 
the interference of the two amplitudes for the decay of the B., namely the direct decay and 
that via mixing, or, schematically, 

One can then write” 

Or@, - D:K-) - e.“{l~Rcosr,tf Dsin(-r+Am)sinz.l} 

Br(& - 0, K+) 
(1) 

- em’{lfRcosz,tfDsin(-T-Aa)sinr,t) 

whereR=$$,D=mandp=H;A OL is the strong phase difference between the 
two decays D,+K- and D;K’; IA,1 and IAll me the amplitudes for the B, + D;K+ and 
B, + DtK- respectively. In equation (I) the first sign refers to the B. whereas the second 
sign refers to the Li,. Theoretical expectations yield D zz 0.94. Denoting the decay of the B, 
into either D:K- or D; K+ as B, - D,K an asymmetry is then expected in the quantity 

&r(t) = 
N(B. - DAK) - N(& -) D.K) 

- - DcosAosin~sinr,~ 
N(B. * D.K) + A’(& + D.K) 

visible. 
Depending on the value of the strong phase difference Ao, an asymmetry may he 

This measurement requires knowledge of Ihe flavor of the decaying particle, i.e. 
whether it is a B. or a L7.. This “tagging” of the flavor of the decaying meson can he 
achieved by determining the flavor of the second b-flavored meson in the event. Lepton 
tagging refers to only using events in which the second b decays semileptonically, the sign of 
the lepton thus determining its flavor with a high efficiency. Another possibility arises from 
using kaons from the second b. In either case, Ihe flavor of the meson that decayed into the 
D.K state is then determined and one computes the ratio A. Experimentally, the quantity 
measured is however not AC,. but rather 

A m<a, = AcPD~~,D~.,D,~.I,,D,,.D/;~ 

where the factors 0. are various “dilution factors”. These are: 

1. DM~ : this is the dilution due to the presence of background in the data sample, i.e. 
events not due to B, + D.K decays. If S is the signal and B is the background 

Das = s 
StB 



2. D1,, : this is the dilution due to the mixing of the second b which is used for tagging. 
Using x, the average B mixing parameter (averaged over all b-hadron species) 

DC., = 1 2% 

3. D,,,,,, : this is the d’l t’ I u non due to mistegging. An example of n&tagging is B lepton 
from the second b decay which does not arise from a direct decay of the b but from a 
sequential decay: b + c + 1. Clearly, the sign of the lepton then does not conrespond 
to the sign of the second b. Ifw is the mistagging probability, 

Dm;.,,, = 1 - 2w 

4. D,,, : this is the dilution arising from the resolution in the measurement of the decay 
length6 (and therefore of the decay time t also). 

D,.. = e -&,2 

5. D,<,: this is the dilution arising from the statistics of the CP decay”. Simply put, the 
difference between the particle and antiparticle yields is maximum when the statistics 
on the lower of the two is minimum, and vice-versa. 

-- 

D~it = zr: 
1 + 42: 

The error on A,,,. is given by 6A,,.. = % where N is the total number of 
events observed. Including the background fraction m the events observed, the statistical 
errm on AC,, is then given by 

SAC, = >- 
1 I1 1 1 

Dt., Dm~,o, Dm Dfit d- d= 

where N,,,d is the number of events produced. In the above list of dilutions some terms 
are global, i.e. common to all experiments, while other terms are experiment-dependent. 
Clearly, the &, and D,., are different for the three detector options under consideration. 
Also, since tagging is performed with different PT thresholds, and in home experiments only 
leptons are being owed, whereas in others kaons are &o used, the factor D,;,,., is also 
experiment-dependent. On the other hand, the dilution due to mixing of the tag and the 
fit statistics are common acrow experiments. To facilitate a comparison, we use 2, = 10 
and x = 0.15 in what follows. We then apply the common factor D,,,Djil = 0.5 to alI 
experiments. 

2.1 Time resolution 

Clearly, the resolution on the measurement of the decay length of the B w&s con. 
siderably across the three options. Table 2 lists the measured or expected secondary vertex 
resolution, the average B momentum, the average B decay length and the ratio of the decay 
length to its error for the three options. A B lifetime of 450 pm was assumed. 

Clearly, the fixed-target option benefits greatly from the high boost of the B meson 
in the lab frame, resulting in a negligible iractional error on the decay length, and thus 

essentially no dilution due to this eflect. On the other end of the spectrum, the Central 
Collider option refers to the measured quantities at CDF, and results in a sizable dilution 
of 0.6. These factors are assumed throughout this paper, whenever a time-dependent n., 
analysis is involved. 

Table 2. Decay length resolution and resulting Dilution factor for the three options. 

~(Decay Length) 

< PfJ > (GeV) 

< -p > 

v-1 

L 

~__ 
Zentral Collide, 

(CD’? _ 

60 ,*m 

7-10 

630 - 900 ,mx 

10 - 15 

0.6 

E 

-1 
2.2 Bacl;ground and Mistagging 

‘orward Collider 
(COBEX) ~.__- 

0.15 mm 

45 

i 

I 
4mm 

26 

0.9 

450 

4 cm 

160 

1.0 

With the exception of the CDF calculation, for which real data has been used to 
evaluate the signal to background ratio from the observed D. + &r signal’, the dilutions 
from backgrounds are based on Monte Carlo studies. Aa such, they entail large errors, and 
one should treat these numbers with caution. They are presented in table 3. 

Table 3. Backgrqund and Mistagging fractions and resulting Dilution factor 
for the three options. 

Central Collider Forward Collider Fixed Target 
VW) (COBEX) W-7 

6 0.7 1.0 0.89 

Dmi.t.Je) 0.8 0.85 
(P) 0.8 0.93 
(K) 0.75 

(average) 0.8 0.7 

J 

The Dtig = 1 for COBEX is simply due to the absence of B background calculation. 
CDF and COBEX use the decay chain D. + &.T, .$ + K+K-. SFT uses a host of decay 
modes for the D,, including K’K. These extra modes should have higher backgrounds 
(e.g. due to the large width of the K’). The expected SFT dilutions, especially due to 
backgrounds, may he overly optimistic, due to the absence of data. Overall, however, there 
is not a big difference between the three options with the exception of Kaon tagging. CDF 
doea not quote a fraction due to the lack of a particle identification system. This will result in 
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much smaller tagging rates for the central collider option. COBEX lists a average dilution 
across the lepton and kaon tags. 

The total dilution factor for the three options is thus computed aa DTOT = 
0.17,0.31,0.33 for the three options (CDF, COBEX and SFT respectively). Note that in 
the Forward Collider contribution in these proceedings3, the dilution factor due to tagging 
is equal to D,.,D,;.,., here; this is the difference between the dilutions presented here and 
those in reference 3: the product does yield the same dilution factor, Also note that the 
total dilution factor, ezlracting the contribution due to the time resolution, is approximately 
the same across experiments. The inclusion of a small background fraction in COBEX, for 
example, would yield a number very close to that from CDF - and similarly for the SFT. 

2.3 Signal Ezpectalions 

We now turn to the expected signal. The relevant quantities are (a) the trigger 
effifiency (et+,), (b) the acceptance to the decay products (a), (c)the reconstruction efficiency 
(c,‘.) and (d) the tagging efficiency (et.,). 

A direct comparison of the above factors for the three detector options is not always 
possible due to the overlap between the trigger and acceptance factors. Perhaps the most 
meaningful comparison can be made by examining the product of OL x e,.i9 across options, 
Even then, in some cases the tag is included in the trigger, end thus its efficiency - or at least 
part of it -is sometimes included in the trigger efficiency. Table 4 lists the above factors, and 
also the total efficiency, i.e. the product of the efficiencies listed. The luminosities assumed 
are 5 x 10” cm-zsecc’ at the Tevatron and 10”2cm-2scc-’ at the SSC. 

Table 4. Efliciencies and Expected yield for B, + D,K 

I 0.85 

0.60 

0.11 

1500 J 

In the above, the CDF group has assumed the existence of a high impact parameter 
two-track trigger at level 1. Given the kinematic cuts of Pr > 2 GeV, this translates 
to the low trigger efficiency of zz 0.03. For comparison, the COBEX scheme, which also 
involves B secondary vertex trigger (the actual requirement is inconsistency with B single 
primary vertex) has a trigger efficiency of e 0.05. The SFT group estimates B total trigger 
elliciencyxacceptance of 0.21. Presumably, the factor - 4 superior efficiency is due to SFT 
plans to trigger on very low fir leptons in association with hadrans. The reader is referred 
to reference 4 for details on this subject. Finally, the 100% efficiency for reconstruction at 
CDF is due to the inclusion of the reconstruction requirements in the e,+ x a factor’. 

From Table 4, it can be seen that the expected efficiency for SFT is - 100 times 
better than the CDF and COBEX efficiencies. This is because the SFT group has chosen to 

include factors like the Branching ratio of B --t 1 into the total branching ratio for the decay, 
and not in the acceptance to leptons. A detailed comparison with the other two options is 
thus not possible. Perhaps the bottom line is just. the number of events expected. Clesrly, 
the Central Collider option at FNAL energies is far worse than the Forward and Fixed Target 
options at SSC-type energies. This can be traced to the small tagging efficiency expected in 
a central collider detector. In fact, were it not for this big difference, a CDF-type detector 
would be quite competitive (at least in principle) with the other two alternatives. 

e.4 Error an 1 

Combining the expected number of events with the dilution factors yields the esti- 
mated error on the quantity cos Ansin7. This is listed in table 5. Taken at face value, 
the measurement is hopeless at CDF and - assuming the background estimates and trigger 
efficiencies of SFT are correct - possible with a fixed-target experiment at high energy. 

Table 5. Error on sin-/ from B, - D,K for 10’ set; cos Ao = 1. 

Central Collider Forward Collider Fixed Target 

KW (COBEX) (SW 
I I 

In the cause of the workshop, attention was drawn to the possibility that use of 
higher B resonances (such 8s the E”) or charge carrelslions between the B meson and 
fragmentation tracks could enhance significantly the tagging rate of e. single B meson’. 
Clearly, CDF stands to gain the most from such a possibility. This fact is noted, and no 
further analysis of this possibility is attempted at this point, until more experimental input 

on the feasibility of such B tagging method is received. 
It should be noted that the above analysis does not yield B value for sin7, since the 

strong plwx difference, Ao, is unknown - even though we expect Au - 0. As explained in 
the theoretical contribution to the 7 group', the actual solution for sin7 involves discrete 
ambiguities. Thus, even if one fits the independent B, and & time distributions in (l), there 
remains an ambiguity between Aa and 7. Thus, this decay mode can he used only as long 
as an external means of distinguishing between the two solutions exists. Ideally, one would 
have multiple measurements of sin7 using various decay modes. It is conceivable that these 
extra decay modes can help in determining the correct siny, without the ambiguity with 
cos Aa. 

In conclusion, the proposed designs are at least capable of observing an asymmetry 
in B, + D.K, for values of cos Aa not too small. It should also be noted here that this 
result depends crucially on the assumed value of z, and also on the backgrounds quoted by 
the proponents of the COBEX and SFT proposals. 

3. B* + D,K* 

The details of this decay mode are discussed in the theoretical review of the 7 angle 
in [I). The method was proposed in reference IS]. Briefly, CP violation in B+ + D,K+ 
arises from the interference of the two amplitudes for Bf - i?‘K+ (the favored “right” 
decay mode) and El* -+ D”K+ (the “wrong” i.e. unfavored made). Here, D, refers to B CP 
eigenstate of the D” meson, 88 deduced from, say, the decay D” 4 K+K-. The branching 
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ratios for the two modes differ by a factor 100. Schematically”, 

hA(B+ -3 D;K+) = A(B+ + D”K+) .+ A(B+ + L?‘K+) 

&A(~-- -3 D;K-) = A(B- + D”K-) + A(B- + PK.-) 

where 

A(B+ + D”K+) = ,+,e’~e”” ,,(B+ + fPK+) = Me’“’ 

where, as usual, a,, ~1~ are the strong phases. A similar expression holds for the E-. An 
asymmetry is then expected in the two rates for Et - DTK+ and B- - D;K-: 

lA(B’ - DTK+)f’~ jA(B- + DTK-)I’ = ZM&fssinAasinr 

where Aa := 01, a?. 
Unfortunately, there is still the unmeasurable factor sin Aa - which leads to a discrete 

ambiguity in determining ain7 just like in the B. + D,K case. The question, experimentally, 
is whether one can measure this asymmetry, and to a lesser extent, what the “error” on 7 is, 
given the discrete ambiguity. Once one accounts for the branching ratio of D” mesorw into 
observable final states, such as Ks, and with the assumption that both D” --t T+C and 
D” + K+ K- decays can be used for observing the Bt 4 D, K+ decay, the final branching 
ratios for the “right”, the “CP” and the “wrong” mode are roughly in the ratio 100 : 10 : I. 
Clearly, measurement of the angle 7 will be dominated by the statistics in the “wrong mode”. 

71 
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Figure 1: The error on sin7 as a function of sin7, for COBEX-type ststi&ica. 

%ble 6. Expectations for 0’ - D,K* in 10’ sec. 

Central Collider Forward Collider Fixed Target 

(CW (COBEX) (SW 

NC, 127. 627 1100 

Experimentally, this decay is attractive - compared to B. + D.K - because the B 
is self tagged from its decay products, via the sign of the Kahn in the decay. Given the 
input from the previous section, we expect results roughly similar to the B, + D.K case for 
the fixed target and forward collider options, and a significant enhancement of the expected 
signal for the central collider option. 

This indeed turns out to be the cage, as can be seen in table 6 which lists the expected 
number of eventa for the three options. The number8 listed are the expectations for the CP 
eigenstste, which after all is the most important decay mode, since sn asymmetry has to be 
observed before any attempts at measuring 7 can be made. II can be seen that the gain of a 
factor 50 in CDF (by avoiding the tagging requirement) results in a considerably increased 
event yield. 

None of the groups has included a dilution due to background. With this caveat, an 
asymmetry - dependent on the strong phase difference again - may actually he observed. 
This is shown for the CDF case by explicit calculation of the error on the expected asymmetry 
for various values of sin 7 and sin Ao ‘. As an example, the best case of sin Aa = I and 
sin? = 1 would result in an asymmetry of 0.20, measured with an error of 0.09. 

The error on sin7 is more complicated to calculate, because of the discrete ambiguity. 
A calculation by Avery’ in this workshop yields an error which is dependent on the value 
of siny. This is shown in Figure 1. The calculation assumes the best-case scenario, that in 
which Aa = r/Z. 

4. B. - Jl++ 

It has been suggested by Duniete” that CP violation c&n also he observed in the 
decays B, 4 J/$4. In the Wolfenstein spprotimation,V~V~; has no phase and this decay 
does not exhibit CP violation. Thus, 

B. --t J/$4 

was considered as B good mode to search for CP violation as a sign of new physics, When 
one treats the CKM phases exactly, instead of within the Wolfenstein approximation, and 
assuming unitarity leads to a small CP violation effect given by 

Acp(t) = 21V~l(&Isin7ainz.t 

Clearly, the factor multiplying sin7 is quite small (- 0.03). And ,since it finally represents 
a dilution factor, the statistics required for measurement of 7 with a certain precision ia 
increased by a factor - 1O3. The presence of the J/+ in the final state, however, makes this 
analysis possible: a natural trigger is provided. 

Thia mode, involving a B., again, implies a time-dependent analysis. In addition, 
it requires tagging. The expected yields for CDF are therefore too small to discern an 
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asymmetry (due to the extra factor IO3 required in this mode). The analysis has, however, 
been attempted by the two other options. The expected yields, total dilution factor and 
error on sin7 are shown in table 7. 

Table 7. Expectations for 0, + J/T& in IO’ sec. 

N.Z, 

D,“, 

6(sin 7) 

In determining the values in Table 7, the efficiencies predicted by the COBEX and 
SFT groups have been used. The total dilution factor used diflers from the one cited by 
COBEX3 because a factor 0.71 to account for the missing D,,, dilution in COBEX referred 
to a “d(mix)” in 131~ and a resolution Iactor D,,,, = 0.9 have been applied in order to facilitate 
the comparison. It should bc noted that the SFT group cites a very small mistagging fraction, 
whereas COBEX has no background estimate. The yields listed should therefore be regarded 
as optimistic. To compensate for this, the dilution factor due to 211/,d1 121 was taken to be 

0.03, i.e. on the low side of the expected range for i\?l. Th e estimate on the error on sin 7 
differs from the one in 141. ‘This is probably to the nowinclusion of this extra dilution factor. 

At any rate, the measurement seems to be quite possible at SSC-type energies, over 
B span of 2 - 3 years. In addition, this mode remains an excellent probe of new physics in 
the event that an abnormally high asymmetry is observed. 

Another suggestion by Dun&z has been to use the decay mode Jl$rp. The analysis 
is similar to the one for J/T&+ Th e width of the p will certainly introduce more background. 
In addition, in this case the asymmetry also depends on the angle 0: 

ACP - Id; x = e-ziD I t ret” 
1 + re’7 

where T is in general a complex number with magnitude in the range 0.01 0.10. This 
decay mode clearly suffers from the small dilution factor r and also the dependence on p. A 
preliminary analysis by the SDC group” yields that a measurement, excluding background 
contaminations, etc. which could be significant, will require the equivalent of N 5 SSC years. 

5. Ba + pK, 

This mode is the direct analog of the Bd + J/+X, decay mode for the angle p. 
It requires tagging and a time-dependent analysis. These have been investigated by the 
Forward Collider and Fixed Target groups. The reader is directed to the contributions from 
the Forward Collider and SFT group&‘. 

It should be noted that this decay mode can receive considerable contributions from 
penguin diagrams, thus making extraction of the angle 7 theoretically unclear (one really 
measures B linear combination of the 0 and 7 angles that only theoretical calculations can 
decipher). 

0. Measuring 7 

A closer examination by Aleksan, Kayser and London of what one actually meruures 
in all the decay modes considered so far yielded a host of interesting results’. Briefly stated, 
none of the decay modes examined here actually measures the angle 7 directly, without ref- 
erence to either (a) other angles in the unitarity triangles, or (b) invoking an approximation. 

For example, the B” - r’x- decay probes the angle a via the mixing of B; - B;. 
The asymmetry in B” + *+a- vs p + r+r- decays is proportional to the phase of the 
CKM product VtiiVu,/VtiVti> x &V,b/V,,+&. This angle is 20. The term V,;V,;,/V,,,V,; arises 
from the mixing Bj H &. In B, decays, the equivalent factor is &:&a/V,,& and thus, B. 
decays do not measure the angle 7. 

It is then shown [II that the 8. - D.K decay results in a CP asymmetry which 
is proportional to sin(7 + 0(X’)). Similarly, the B. - pK, decay results in an asymmetry 
proportional to sin 2(y tO(A*)). The 0(X*) terms disappear only upon using the Wolfenatein 
approximation. Thus, in general, the “7” modes do not yield a measurement of 7 hut an 
approximation to it. The Dunieta suggestion of using the J/+4 mode probes the small X2 
angle in the unitarity triangle formed by the unitarity condition applied to the sb row-column 
combination of the CKM matrix: 

K,.v;, t v‘,v,; t i&v,; = 0 

i.e. it corresponds to the measurement of the angle between the sides ri.V,; and V,,V,,. Using 
unitarity, this small angle can be expressed approximately in terms of 1 and the magnitudes 
of certain CKM elements. 

Further theoretical work by Aleksan, Kayser and London has yielded a much more 
general statement regarding measurement of the complete CKM matrix via four angles. This 
work is reviewed in [l] also. 

7. Conclusion 

The angle 7 at least as defined in the Wolfenstein approximation is not completely 
out of reach of current or proposed dedicated B experiments. This conclusion certainly 
depends crucially on the assumed trigger and tagging efficiencies and also on the expected 
backgrounds. The work summarized here represents but a first step in the direction of 
extracting the third angle of the unitsrity triangle. The theoretical developments during 
the workshop have resulted in a clearer understanding of the quantities studied. On the 
experimental side, new decay modes (i.e. in addition to the traditional pK. decay) have 
resulted in expectations for observing CP violation in B. decays which we not unreasonable. 
It is conceivable that B dedicated B experiment can probe a fundamental aspect of the 
Standard Model, the CKM matrix, in multiple ways. In the process, new physics can appear 
anywhere along the line. 
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