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The very large number of bottom hadrons to be produced in future high 

energy ha&on colliders would provide a golden opportunity for a detailed study 

of B physics. Naturally, most interest lies in rare processes that are sensitive to 

New Physics, namely CP violating asymmetries* and Flavor Changing Neutral 

Current decays. We have set to ourselves the following goals: 

. Review B physics capabilities at existing accelerator facilities, i.e. CLEO, 

LEP, SLC and Tevatron, by the year 2000; 

l Identify generic channels that can probe new physics; 

. Single out specific channels that seem especially promising for hadron col- 

liders; 

. Make a “back of the envelope” estimate of possible number of detected 

events, hardware required and possible background. 

We emphasize, however, that a detailed Monte Carlo program is needed to 

provide more definitive answers: we have mainly tried to point out channels that 

justify such a detailed study. 

* We have not studied CP asymmeuiea that would measure the angler a, 0 and 7 of tke 
unitarity tdangle - those have been invcetigated by other working groups in this workshop. 
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1. B PHYSICS EXPERIMENTS 

The CLEO experiment is an e+e- machine running at the T(4.7) reso- 

name. At present, it has 4 x 1O6 B-mesons. The number will rise to 2 x IO’ at 

phase II of the experiment and 6 x IO7 at phase III. The hadrons produced are 

exclusively Ed and B. mesons (about 50% each), The production is coherent. 

There is no B vertex information. D vertex information will be available at the 

later phase. The experiment has reasonable K - r separation. The produced 

B-mesons are essentially at rest, and the resulting events isotropic. 

The LEP experiment is an e+e- machine operating at the Z resonance. 

It will have 4 x lo6 hadronic events at each of its four detectors: with l?&rh.d N 

0.22, this means about 2 x 10’ bottom hadrons. The bottom hadrons consist of 

an incoherent mix of B,, Bd, B,, B, and bottom baryons. The vertex ability is 

limited to 7 .k 5 - 6. Of the four detectors, only DELPHI has I( - li separation. 

The B-jets we high momentum and thus well defined. 

The SLC experiment is an e+e- machine operating at the Z resonance. 

It will have (at best) 10’ hadronic events. and thus 4 x lo5 bottom hadrons. 

The bottom hadrons consist of an incoherent mix of B., Bd, B., B, and bottom 

baryons. The vertex ability is good. It has good K - II separation. The B-jets 

are high momentum and thus well defined. 

The Tevatron experiment is a pp collider running at B CMS energy of 

2 TeV. At present, it has 10” bottom hadrons in acceptance region. By the 

year 2000 it will have about 10” bottom hadrons in the collider mode. The 

bottom hadrons consist of an incoherent mix of B., Bd, B,, B, and bottom 

baryons. It has vertex ability. It has no K - ir separation. The B-jets are high 

momentum and thus well defined. 

We now turn to the potential capability of the SSC/LHC. 

In the collider mode with a 4n detector, the cross section for bottom 

production is about 1% of the total cross section. Thus we expect about 2 x 

10’ B’slsec or 2 x 1013 B’s/year. In the central region we expect 5 x 1O’1 

B’sfyear. The bottom hadrons consist of an incoherent mix of B.. Bd, B,, B, 

and bottom baryons. The machine should be capable of vertex tagging. It would 

have no K - II separation. 

In the collider mode with a forward detector, and assuming C zz 

103’ cm-’ see-‘. we expect about 5 Y IO” B’s/year. Other features are as for 

the 4s detector, except that the forward detector would have I< - in separation. 

In the Axed target mode, we expect IO’ interactions/set, which would 

yield 2 x 10” B’sJyear. The special features are good acceptance, good vertex 

definition and K - n separation. 

Finally, we present some figures of merit for different detectors. 

Table 1. Detectors 

2. THEORY OF RARE PROCESSES 

We chose to concentrate our study in three directions: 

(i) CP asymmetries in neutral B decays into final CP eigenstates that are 

predicted to be (close to) zero in the Standard Model. We call these “clean 

zeros”. 

(ii) Rare decays with two final charged leptons. 

(iii) CP asymmetries in charged B-mesons and baryons. 
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We now briefly discuss the Standard Model predictions for, a~ well 85 the 

prospects of New Physics in each of these three classes. 

Clean Zeros in the CP asymmetries are predicted within the Standard 

Model for three c&es of B, decays. More precisely. some of these =Ymme- 

tries measure sin24’ (II where 

vc,v:s O’rsrg -~ 
[ I l&v,; 

(01) 

The angle 0’ is thus an angle in the unitarity triangle formed by products of 

elements from the second and third columns. The constraints on the length of 

the sides of this triangle imply 

(sinZ@( < 0.05 (v) (siny(. (02) 

these three classes of asymmetries are given in Table 2. 

The predictions for CP asymmetries in B, decays are sensitive to New Physics 

(for a detailed discussion and a guide to the literature. see 121) with 

(i) Significant new contributions to FCNC: 

(ii) New sources for CP violation 

Examples for extensions of the SM where large deviations from the SM pre. 

dictions are possible ate 

a. Non-minimal SUSY models, where squark-gluino box diagrams may con. 

tribute significantly to B,-L?, mixing with new phases in the quark-squark- 

gluino mixing matrix; 

b. Multi scalar models without Natural Flavor Conservation, where scalar- 

mediated tree diagrami contribute to B, - B, mixing with new phases in 

the flavor changing Yukawa couplings; 

c. Models with SU(Z)-singlet down-like quarks, where Z-mediated tree di- 

agrams contribute to B. - B, mixing with new phases in the fermionic 

Z couplings; 

d. Fourth quark generation, where box diagrams with t’ may contribute sig- 

Table 2. CP asymmetries in B, decays. nificantly to B. - L?, mixing with new phases in the 4 Y 4 quark mixing 

matrix. 

In these models, the asymmetries in Table 2 may be large or even maximal, 

instead of the zero asymmetry predicted by the Standard Model. 

Thus, it is not only interesting to check whether hadron colliders can measure 

the few percent asymmetries allowed by the Standard Model. Inst~ead, we are 

interested in whether large asymmetries, of order 0.3, can be discovered in future 

hadron colliders. 

Rare decays with two BnaI charged leptons proceed, within the Stan- 

dard Model, via electraweak penguin diagrams and box diagrams. In addition, 

there are impartsnt long-distance contributions to B -t X@+p- which m&e jt 

difficult to give an exact prediction, 

The prediction for the i - 3s~ processes is based on the assumption that 

penguin diagrams with virtual u and c quarks are equal, up to the different 

CKM combinations. In reality, this is likely to be violated by B few percent. 
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Inclusive modes, with Standard Model predicted short-distance rates of 

BR(B .+ X,p+@-)s~ =(3.5 - 14.0) x lo+, 

BR(B -.+ X~/L+/I-)S~ =(1.5 - 6.0) x lo-‘, 
(03) 

are very difficult to measure in hadron colliders. Instead, we focus on various 

exclusive modes. Our estimate for the Standard Model predictions for these 

modes is (for Standard Model branching ratio calculations, see e.g. 131 for b - 

spbt, [4] for El, --t TT and 15) for B, -+ ,+): 

BR(B + Kp+p-) - 1O-6. 

BR(B - “p+p-) - 5 x IO-‘. 

BR(B, - T+T-) - 4 x IO-‘, 

BR(B, + p+p-) m 2 x lo-‘. 

The precise branching ratios depend on the mass of the top quark 

(64) 

Examples of extensions of the Standard Model that could significantiy affect 

these predictions are (for a detailed discussion and a guide to the literature. 

see (6)): 

(I. SUSY and multi-scalar models. The extra charged scalars contribute through 

penguin and box diagrams with the Standard Model W-boson replaced by 

charged scalars. The extra neutral scalars contribute through penguin di- 

agrams with the Standard Model Z-boson replaced by neutral scalars; 

b. Models with extra SLI(Z)-singlet d own-like quarks, where Z-mediated tree 

diagrams contribute; 

c. Multi-scalar models with no Natural Flavor Conservation, where scalar 

mediated tree diagrams contribute; 

d. Fourth generation quarks contribute through box diagrams with virtual 1’; 

e. Anomalous WWZ couplings affect the electroweak penguin diagrams; 

f. Extended Technicolor models predict flavor changing Z couplings and four- 

fermi operators that affect the decays; 

9. Leptoquarks may mediate the decays at tree level. 

Thus, new physics may significantly enhance the rate. However, the experi- 

mental bound from UAl 171, 

BR(B - XP+~-) 5 5 x lo-‘, (65) 

makes it unlikely that the enhancement is by more than one order of magnitude 

(except, maybe, the mode with final tau-leptons). 

The question that we pose here is, then, whether hadron colliders can measure 

decay rates that are e.t the Standard Model level or, at most, ten times higher. 

Direct CP Violation may be observed in the decays of charged B-mesons 

or bottom baryons. We focus on decays dominated by (strong or electromagnetic) 

penguin diagrams. Theoretically, the asymmetries are difficult to calculate be- 

cause of large hadronic uncertainties (see e.g. [Sl). In Table 3 we list examples 

of modes that might exhibit CP asymmetries: 

Table 3. Direct CP violation in bottom hadrons decays 

398 



We emphasize that the calculation of the Standard Model predictions for the 

asymmetries ncp(SM), might be wrong by a factor of a few in either direction. 

There is very little theoretical study of the possible effects of New Physics on 

these asymmetries. However, it is likely that interesting effects arise in extensions 

of the Standard Model where there are new significant contributions to these 

decays. Two examples would be: 

a. Models with SU(Z)-singlet down-like quarks; where these decays get con- 

tributions from Z-mediated tree diagrams; 

b. Fourth quark generation, where penguin diagrams with t’ contribute 

Th e question that we ask here is, then, whether asymmetries of order 

10~20% (which can still be accommodated within the Standard Model) or higher 

(signalling new physics) can be detected. 

3. CLEAN ZEROS 

For most measurements of CP asymmetries in B, decays, it is important to 

have the following two features: 

(i) A good mass resolution that would allow B, - Bd separation. This is 

required because the same final hadronic state would correspond to diffwenl 

CP asymmetries in B, and Bd decays. 

(ii) A good length/momentum resolution. One needs to make a time dependent 

measurement, so that the required resolution depends on the yet-unknown 

mass difference in the B, system, z, (x8 = 2n corresponds to 1 oscilla- 

tion/lifetime). For example, if the resolution is A.r 5 0.1 (no p depen- 

dence) and if to have a measurement of the asymmetry we need to resolve 

l/4 oscillation, then the measurement is possible only if I” 5 15. 

Below we evaluate the feasibility of these measurements with the SFT spec- 

trometer in the fixed target mode of the SSC. We take the number of B.‘s pro-, 

duced to be 3.4 x 10g/year. 

The decay 8. - $4 can be detected through $ + p+p- or e+e- and 

$ -+ K+K-. The properties of the SFT spectrometer that we assume are: 

a. Acceptance for I”P + KK + p = 0.3; 

b. t(+ for 2 muons with fi 2 1 GeV = 0.8; 

c. stag with e, p and K = 0.8; 

d. ever, (2 vertices =+ (0.7)‘) = 0.5; 

e. etec = (0.95)” = 0.8. 

Thus, et,t(SFT) = 0.08, giving about 15000 events/year This may allow a 

measurement of the asymmetry at the level of B few percent. 

For this mode, B, - Bd separation is not important, because it is highly 

suppressed in Bd decays. To suppress background, we propose: (i) minimum bias 

requirement of 2~ with fi > 1 GeV and P 2 20 GeV suppresses background like 

lo-” (simulation w&s done); (ii) mass reconstruction of $ with mu = 10 MeV. 

The decay 8. + $Ks can be detected through ti - p+,,- or e+e- and 

KS + &-. As for the previous mode, we estimate et.t(SFT) = 0.08, giving 

about 400 events/year. This may allow a measurement of the asymmetry at the 

level of 10% or so. For this mode, B, - Bs separation is crucial, because most 

events would come from Bd with an asymmetry of sin2fi. 

The decay Ba + 64 can be detected when both 4 + K+I(-. The properties 

of the SFT spectrometer that we assume are: 

a. Acceptance for K+K-, K+K- + other p = 0.3; 

b. c,rig for the other (e,,~) with P 2 20 GeV, Pr > 1.5 Gel/ = 0.1; 

c. CR/K = 0.8, ever, = 0.5. cre< = 0.7. 

Thus, ftol(SFT) = 0.08, giving about 60 events/year. This may allow a 

measurement of the asymmetry at the level of 20% or so. For this mode, B. - Bd 

is not important because it is highly suppressed in Bd decays. However, BS the 
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final state is I<+Ii-Ii+li?, one needs to trigger on the other B. To suppress 

background. we propose: (i) minimum bins requirement of 61 with 12 2 1.5 GeV 

rejects background like 6 x IO-‘; (G) mass reconstruction of @ and mass of 8, 

with 0~ = 13 MeV can dramatically suppress background (but simulation is 

needed). 

4. FCNC DECAYS 

(i) B* + Ii*p+v-. 

We consider the collider mode with a 4ir detector. The trigger is 2~ or 2e and 

some 4 cut, so that the triggering efficiency is c,,ig - 0.1. The reconstruction 

efficiency is - 0.8 for each of the final particles, so that erec - (0.8)3 - 0.5. We 

estimate the vertex efficiency at fucll - 0.8. The total efficiency is then 

eo, = ct,ig x crec v Cue,, i;i 4 x 10-Z. (06) 

At the Tevatron. with 10” B’s, of which 3 x 10” are B*, the Standard Model 

branching ratio of - IO@ leads to 

Ne,,, - eo, x BR(B* --t I<*,I+~-) x iv,. - 1200. (07) 

The question of background is very important here. The dominant back- 

ground is likely to come from B 4 Dpu- with the subsequent D + K@v. The 

branching ratios are approximately 0.1 and 0.03, respectively, so that the overall 

branching ratio is approximately 3 x 10-j. We envisage the following handles to 

suppress this background: 

a. Kinematic fit to K@p (E,, - E,, y 0) would suppress the background by 

- 10-z. 

b. B - D vertex separation would suppress the background by - 10-l. 

c. Requiring M(Kfi) # M(D) would suppress the background by - 10-l 

Altogether, the background may be suppressed to the level of 3 x 10w7. We 

conclude then the the decay B* -+ K*p+p- can probably be measured at the 

Standard Model level of lo-‘. 

(ii) B* --t ~*JL+~-, 

The crucial point about observing this mode is that we need to have r/K sep- 

aration for B*. This would probably require forward detector. We estimate 

G/K - 0.1. This adds to the factor 20 suppression in the branching ratio, com- 

pared to the K-mode: 

N ev,t *ct.,, x BR(B* + r*@+p-) x Ng* x crjK - 6. (‘38) 

We conclude that sensitivity to the Standard Model rate is unlikely to be achieved. 

We note, however, that B’ - H’~+P- might have better prospects of being 

measured. No r/K separation is needed, but the large number of photons may 

pose a problem. We estimate that N ws may be 3-5 times larger than in the 

charged mode: N.,t, - 20 - 30 for the Standard Model rate. 

We expect the main background to come (similarly to the final Kahn case) 

from B + Dpv and the subsequent D + ?~JLY (with branching ratio - 3 x 1O-3). 

Using the sane cuts aa in the final kaon mode, the background can be suppressed 

to below signal. 

(iii) B, + T+T-. 

We considered the possibility to detect the r-lepton through either its leptonic 

decay or its decay to three charged pions. First, we studied the TT - ep+v’s case. 

The advantage is that this mode is self triggering. We estimate the efficiency in 

detecting the p*eF with a PT cut to be c - 0.1. Thus, we expect at the Tevatron 

NW. - c,.,, x BR(B, - r+r-) x Ng, x BR(~+T- --t ,L*?X) - 24. (09) 

However, we find that hackground constitutes a major problem. The dominant 

background comes from B, - D.rv (with branching ratio - 3 x 10m3) and 
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the subsequent D, + TV (with branching ratio- lo-*). There are not many 

handles over this background, as its topology is similar to the signal. With the 

estimated branching ratio of 3 x 1O-5, we find it hard to see how it can be pushed 

below lo-‘, still above the Standard Model branching ratio for 8, - T+T-. 

Second, we study the r + 3a XY modes. The dominant background comes 

from B, + D,Tv, and the subsequent 7 + 3ir XV and D, + 3 prong (about 

20%, mainly KXn). A rough estimate gives w - 150. We see two 

ways to suppress this background: (a) I< identification, which would require 

K/T separation, and (b) use B, + r+~- kinematics. There are 3 vertices and, 

therefore, 12 constraints. There are also 12 unknown parameters (3 for the 

momentum of each of the two neutrinos, 3 for the moments. of B,, r+ and r-, 

and 3 for {x, y, z J of t,he 8, decay). One can then make a O-C fit which may 

give some handles. This would be hard, and a detailed Monte Carla is needed to 

evaluate the feasibility of this method, 

(iv) B. --t fi+fi-. 

The Standard Model branching ratio is tiny, of order 2 x lo-? For this mode 

(unlike the r~mode), we expect the number of events to be the limiting factor and 

not the background. With good 6m,, determination, one could use m,,, = mg 

and vertexing to eliminate background, To estimate the number of events, we 

take a 471 detector in the SSC, with - 8 x 10” B,‘s/year, and assume trigger 

efficiency of etrig - 0.01: 

NM. - etrig x BR(B, + fi+w-) x Ne. - 16. (0101 

This is hard, but the situation might be better with a forward detector. 

5. DIRECT CP VIOLATION 

We have studied CP asymmetries in various B*? A* and =:a decays. Typically, 

the Standard Model predicts asymmetries of order a few percent (with relatively 

large uncertainties). These modes are self-tagging. They would probably require 

an independent trigger. ICJlr separation would be helpful (it may be useful to 

consider K trigger). For the baryonic modes. we need to normalize to standard 

modes in p - p collisions. The best mode is probably A&~ 4 A$, with X, - px- 

and + + P+P- (BR - 4 x 1O-5). 

(i) b - s-(. 

For B detailed discussion of CP asymmetries in this mode, see ref. 191. CLEO 

has measured the exclusive mode [lo]: BR(B - K’y) = (4.5 + 1.5 f 0.9) x 

lo@. The eventual expectations for measurement of the inclusive branching 

ratio (dominated by background) are an upper bound of 1.2 x IO-‘. if no signal is 

observed, and a 10% accuracy measurement, if signal is observed at the Standard 

Model rate, BR(B + X.7) = (3 - 5) x lo-‘. 

Can hadron machines be competitive? A Monte Carlo study of this mode 

has been carried out at UCLA [II]. An energy resolution of 3 and an angular 

resolution of 1 mrd for 7’s are assumed. The signal is extracted by applying TO 

and 7 mass cuts. For the region I+ 2 3.6 GeV the background is completely 

suppressed but the signal is still statistically significant. 

(ii) B- - K-(K+K-)+; B- + K-(K+T-)~.a. 

We study the CP asymmetries in the B- --t I<-d, 4 + K.kK- mode (BR - 

lo@, acp - 0.005), and in the B- -+ K-K”, K” --t K+a- mode (BR - 

5 x lo-‘, acp - 0.05). 

To estimate the efficiency, we use the following SFT numbers: 

bl -accept. x 4,ig x evcrt x tree x ‘X,” 

-0.3 x 0.2 x (0.7)3 x (0.95)3 x (0.9)J 5 0.02. 

The total number of events is then 

(011) 

N.vt8((K-K+)mK-) .-.eto, x BR(B- - dK-) x Ng- x BR($ --t K-K+) 

-1000. 
uw 
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Similarly, 

N,“,,((Ic-?r+)fpoI<-) - 50. (0131 

However, K/r separation is critical. For L1- + qU-, there is background 

from B- + @mm (with opposite o~p!), and we need B factor of 10 rejection. For 

B- + K’OK-, there is background from B- 4 t?“r-, and we need a factor of 

400 rejection. 

(iii) Bottom Baryon Decays. 

For a detailed discussion of CP asymmetries in baryon decays, see ref. [12]. 

The modes Aa + PI<- and As - Ap’ have branching ratios of order 10e5 and 

CP asymmetries of order a few percent, To estimate the number of events, we 

take the fraction of bottom baryons to be 0.1 of the bottom hadrons, etrig - lo@, 

erec N 0.5 and trert - 0.5. The number of events, as fraction of total b’s, is then 

N& 
b _ hadrons - ctoL x BRA --t PK-) x (~d~d - 2.5 x w’o, (014) 

so that at the SDC we expect 1250 events. 

Suppression of background can be achieved by 

a. Secondary vertex, 

b. Kinematics (Am = 25 MeV), 

e. Particle ID (in s&x detectors). 

This would make this measurement essentially background-free. 

For Aa - (pz-),,(K+n-)~.a, we estimate the number of events, as fraction 

of total b’s: 

b -;av;;on, - ctotxBR(b + AK”) x BR(A + p”) x BR(K” t K+n-) 

x(N,,./Na) - lo-‘“, 
(015) 

so that we expect about 500 events in the SDC. This mode is probably relatively 

background free. 

For Ei + (pz-),+(Ii+Ii-)(. we estimate the number of events, as fraction of 

total b’s: 

b -;,v;;on, - rt.,xBR(% - A+) x BR(A - px) x BR(4 + Ii’li-) 
(OlG) 

x(Nz,/Na) - lo-“. 

(where we estimate Et/A& - 0.1) so that we expect ahout 50 events iu the SDC. 

For :: * (PT-)A(P+P-I#, we estimate thr number of events, as fraction of 

total b’s: 

NW,. b _ hadrons - c,,,xBR(E:a + Aly) x BR(A - PT) x BR(ti -#+/I-) 
(017) 

x(Nz,/Na) - 7 x 10-O. 

We need to add a factor to account for self triggering (by two muons and some 

I+ cut). We estimate this extra factor to be 0.1%. reducing the above estimate 

to 7 x 10-12. We then expect 35 events for the SDC. 

An opt&l lrigger would help with these modes 

6. CONCLUSIONS 

Hadron colliders are capable of investigating aspects of B physics where high 

statistics is a necessity and background is easily rejected. Among the “clean 

zeros” in CP asymmetries in B, decays, the B, + $4 mode seems promising for 

hadron colliders. Among flavor changing decays with two final charged leptons, 

the B -+ Kp+p- mode seems to be experimentally most feasible. For the ob- 

servation of direct CP violation, the B- + dI<- and As -a pK- modes seem 

promising. A detailed Monte Carlo investigation of these and other modes is well 

worth performing. 
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