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Proton stability seems to constrain rather strongly any baryon number violating process. We
investigate the possibility of baryon number violating processes involving right-handed dynamics or
higher generation quarks. Our results strongly suggest that there will be no possibility to observe
baryon number violation in 7 or higher generation quark decays, at any future machine.

PACS numbers:

I. INTRODUCTION

Proton decay was suggested 30 years ago as a means to
probe physics at very high energy scale, such as [1] Grand
Unified Theories (GUT). Baryon number violation is also
a key ingredient [2] to understand the baryon asymmetry
of our Universe. Experimental search for proton decay
has yielded [3] only limits so far, albeit very stringent
ones, and improvement requires huge underground facil-
ities.

More recently, in an attempt to solve the hierarchy
problem M], a new scenario has been proposed, which
assumes the existence of large compactified extra dimen-
sions. It has been observed that, having no test of gravity
below the millimeter scale, the radius of compactifica-
tion can be much larger than Mglink, provided the extra
dimensions are accessible only to gravitational interac-
tions. Standard Model fields are instead localized on a
three-dimensional wall whose inverse thickness L~! can
be of order TeV. Denoting by V,, the volume of the ex-
tra space, with n number of compact extra dimensions,
and by M the fundamental scale of gravity, the observed
Plank mass is given by Mglank = M"*+2V,. By asking
that n > 2, the fundamental scale M could be close to
the electroweak scale.

In this new scenario, proton stability could be problem-
atic. It is not possible anymore to request that the gauge
bosons which mediate baryon number violating (BNV)
processes to be super massive. A new mechanism has
been suggested in Ref. [3] where leptons and quarks are
localized at two different positions in the extra space.
The four-dimensional effective coupling of the higher di-
mension operators responsible for proton decay are then
suppressed by the small overlap of the quark and lepton
wave-functions along the extra dimensions.

It has also been proposed [d] that by localizing differ-
ent generations, and at the same time placing left and
right components at different positions along the extra
space, one can obtain in a natural way quark mass ma-
trices which reproduce a realistic mass spectrum and the
quark mixing matrix. In Ref. [6] it has been shown
that a split fermion scenario, disfavored by constraints
on flavor changing neutral currents (FCNC) mediated by
Kaluza-Klein gauge bosons, is still possible if the three-
dimensional wall has inverse thickness L= > 100 TeV.
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Having these scenarios in mind, it is reasonable to
ask if BNV processes involving higher generations, or
right handed components, could be faster than the pro-
cesses involving the first generation, which we know to
be strongly suppressed. One can imagine an extra space
geography where the second and third generation quarks
have big overlap with the leptons while the first genera-
tion quarks are still sufficiently far away from the lepton
localization position.

It is therefore important to give an estimate of how
fast BNV processes involving higher generations could
be, and how left or right handed dynamics may affect
them. In Ref. [1] it was suggested that one can estimate
BNV 7 decay branching ratio by using proton decay con-
straints. Applying the same approach, we estimate BNV
processes involving higher generations.

Let us write down all possible dimension six operators
that violate baryon number, but respect the symmetries
of the Standard Model (SM) |4, 9]:

Ol = (A ruppr) (@ erliar) €apr€is, (1)
Ofra = (Tnarison)(Eerlar) apmeis, (2)
szi)cd = (Gaar3i0L) (Tiyerl1dL) €apyEijeris (3)
0%y = (@aar@iovr) @y liar) €aps

x(7€)ij (T mein, (4)
Oy = (duruppr) (ierlar) €aps, (5)
Ofna = (urusor)(dSeplar) €ass, (6)

where a, 8, are color indices, i,j are SU(2) indices,
a,b,c,d are family indices, and €,g, €;; are totally an-
tisymmetric [L0]. From Egs. ([)-@) one can build the
effective interaction

Z C(gzzdoabcd7 (7)

n=1

by introducing the coefficients cm

abc
—2. The coefficients Cabc 4 are model dependent quanti-

ties which are sensitive to high energy scales. We shall
give a model independent estimate of the Cﬁ?fc)d coefli-
cients by using experimental limits on nucleon decays.

, of dimension d =
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The structure of this paper is as follows. In section II
we estimate BNV 7 decay branching ratios by using pro-
ton decay constraints. In section IIT we apply the same
approach to higher generation quarks and consider BNV
processes mediated by tree diagrams. In section IV we
show that loop diagrams give much stronger constraints.
In section V we estimate BNV D and B meson decays.
Our conclusions follow.

II. BNV OPERATORS AND r DECAYS

We start by analyzing BNV processes involving 7,
which are intuitively very intriguing. The fact that the
proton cannot decay into 7 but only into v, implies
that BNV decays involving left-handed 7 are highly con-
strained, but for right-handed 7, BNV processes could
be in principle faster. However, following Marciano [1],
by considering processes with virtual 7, as for example
p — “virtual™ — v (Fig. 1), one can also strongly
constrain 7 decays involving right-handed 7. So far the
search for 7= — pr®, pn, prn°, pr¥n, py 111, 112, 13] and
A(A)7~ [13] decay modes has given only upper limits.

Let us calculate explicitly the process of Fig. 1 when
the BNV vertex involves right-handed 7. We use the chi-
ral Lagrangian obtained from the operators of Eqs. (@),
@) and (@). Each operator transforms under SUL(3)x
SUR(3) like (3,3), hence the AB = 1 Lagrangian is

oy (Clhar Tr OEBRET + CF,, TrOEBRET) m, (8

where £ = exp(iM/fr) with M and B the pseudo-
Goldstone boson and octet baryon fields, respectively,
and CE = CE _ are effective couplings for opera-
tors in Egqs. @), @) and @). The matrices O and
O project out AS = 0 and 1 terms [14, [1d]. The
strong interaction parameter oy, is defined by the rela-
tion (Ol€agydarUBRU~L|ID) = pupr. A recent lattice
calculation gives [16] o, = —0.015 GeV?, applicable for
proton decay. The BNV vertex in Fig. 1 corresponds to
ap,CR . 7opg from Eq. @), with o, now at 7 scale. A

straightforward calculation gives the decay rate

2
7 |Cu

uwudt
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with G the Fermi coupling constant. From the experi-
mental limit 7(p — v7T) > 25 x 1030 years, one can now
constrain Cf , and obtain

CER . <6.1x10718 TevV~2, (10)
where we have applied the same value for «;, as in proton
decay.

Using Eq. (), the general SUL(3)x SUg(3) invariant
chiral Lagrangian involving the M and B fields [14], and
the 7 width 3], we obtain the branching ratios,

B(r —pr°) £ 1.6x107*|Ch P, (11)

B(r —pK% < 7.5 x107°|CE |, (12)

B(r —Ar7) S 1.3x1074|CE |2, (13)

where CE O  are in TeV™? units. Substituting
Eq. () in Eq. ([ one obtains

B(t — pr%) $5.9 x 107%. (14)

The other two modes involving a strange quark depend
on the effective coupling C . which corresponds to the
—iay/ frCE  7eprK°T term from Eq. @), with a;, again
at 7 scale. Considering the process p — K%tv.v, of
Fig. 2, and using 7 > 0.6-103° years for the semi-inclusive
process p — e+ anything, one obtains

CR . <1.8x1071 TeV ™2, (15)
where again we have applied the same value for oy, as in
proton decay. Substituting now Eq. (@) in Eq. (&) and
Eq. (@) we also obtain

B(r — pK")
B(r — Ar7)

1.4x 1073, (16)

S
< 23x107%. (17)

One can generate 7 — py, L1+ decays from Eq. () by
radiating a photon off the external lines in the effective
T — P, 1 transitions, which are analogous to p — £77.
Direct radiation from the transition vertex would involve
higher dimension operators, hence suppressed. The ra-
diative process should be down by a power of dte, /7 com-
pared to the modes we have just discussed. Indeed, we
find the branching fraction,

Bt —py) S28x 1077 |CE 2 <1.0x 1074

We see that BNV 7 decays are extremely suppressed,
and it is unlikely that we will ever observe them at any
future machine. We now turn to BNV processes involving
higher generation quarks.



I Ciyepe COUPLING FROM n — (trtn n~

In the previous section we showed how Marciano’s sug-
gestion of considering virtual 7 in proton decays can be
used to constrain C , and CE . By analogy one can
then constrain any coupling Cgpeq through nucleon de-
cays, where now the family indices a, b, ¢ and d can
belong to any generation.

As an example, we give in Fig. 3 the tree diagram
for n — €7 (p1)7T (p2)7~ (p3)m~ (ps) induced by a Cipe
coupling, where £+ could be e or u*. As internal states
all possible combinations are allowed, where a b (t) quark
propagator can be replaced by a d or s (u or ¢) quark.
The amplitude will then be a combination of terms each
proportional to a different Cypeq.

As we are interested in giving only an order of magni-
tude estimate, we can use 7(n — e™ (") + anything) >
0.6(12) x 103 years to constrain the Cypeq’s by assuming
each time that only one single term dominates. Taking
for example the term proportional to Cype as the domi-
nant contribution and considering for simplicity only the

effect of nggé, the amplitude can be written as

(5) _ Gil7
n—lrrmw T 2\/5
(Crmmm ] [@pa(1 + 95)b°] (bRt rtRCR]

[dBs(1 + 75)t°] [#pa(1 — 75)d] [n).  (18)

Using the matrix element (0|u°d°d|n) = «, ¥, we obtain

MDYV anC),

n—lrmrm
tr (P2pa) UnP3(1+v5)ve, (19)

* 5
ViV Cl),

mbmf

where we have neglected the internal quark momenta py,
p: and p} (all of O(1 GeV)) with respect to mp(1 GeV)
and my(1 GeV).

It is clear from Eq. ([[@) that the process n —
(trta~w~ is highly suppressed, depending on the 6th
power of Gr and the 18th power of the Cabibbo pa-
rameter A. Further suppression comes from four body
phase space and the hadronic parameter «,,. Thus, the
experimental constraint 7(n — et (u™) + anything) >
0.6(12) x 1039 years can be satisfied without requiring the

effective coupling C’Sgg to be very small. In fact Cgfgé can
be huge. We obtain for the n — {77~ 7~ rate the fol-
lowing estimate

r®

n—elrmmw

[TeV] ~ 4 1077 7, (20)

FIG. 3: n — 7r+7r77fe+(,u+) generated by Clipe.

which gives
c®) < 101 Tey 2 (21)
ttbe ~ :

Obviously, the upper limit in Eq. @) is much higher
than what could be realistic, but it would still seemingly
suggest that BNV processes like t — bbIW ~¢* could take
place rather quickly. Assuming now that Og}e can give
the dominant contribution, from Eq. (@) it is clear that
the constraint on Cy.pe is also very loose, and we obtain
the rough estimate

Vid me B
td e < 107 TeV 2, (22)

cd Tt

Cieve ~ Crive

Decays like t — ébl* could then easily compete with SM
top decays making LHC a BNV machine.

Before getting carried away, we remind ourselves that
the above discussion of Fig. 3 is just an example. What
we need to do is to identify the fastest possible process
generated by BNV involving higher generation quarks. It
is clear that we need to reduce the powers of Gg or A.
We now turn to what we feel is the best process in the
next section.

IV.  Ciy(epe COUPLING FROM n — or’

The process n — £TaTn~ 7~ in Fig. 3 is highly sup-
pressed, because for each tree level virtual W emission,
there is one power of G suppression. It is clear that a
diagram involving W emission at loop level will be less
suppressed. In Fig. 4 we give the two-loop radiative cor-
rections for the process n — 7,70 involving Cyp,; similar
diagrams describe two-loop radiative corrections for the
process n — Ve, H?TO with 7 replaced by e and . The am-
plitude for the process n — 7,70 at tree level is propor-
tional to Cygqr,.. When radiative corrections are consid-
ered, Cy 44y, mixes with all the other couplings including
Cupr- Knowing that Cyq4q,. is already constrained from
the tree level calculation, we obtain a rough estimate of
Clpr by just isolating the contribution to the amplitude
given by the diagrams of Fig. 4. We find in this way the
most stringent constraint on Cf;gcw- A very similar ap-
proach has been used in Ref. [17] to constrain the gauge
couplings of an SU(2); x SU(2), extension of the Stan-
dard Model. This theory can in fact give rise to baryon
and lepton number violating processes via the instanton
transition associated with the extended gauge group.

FIG. 4: n — v, m° generated by Ciipr.



Again we are interested only in order of magnitude
results, and it is therefore unnecessary to sum up all am-
plitudes coming from different operators. Let us assume

for example that Cttgbz gives the dominant contribution
by considering only the effect of the operator Ottbz in-

volving left-handed components. The amplitude for the
first diagram in Fig. 4 gives

4 4
3) _ =2 o) /dkldkz
Mﬂ‘ﬂ?ﬂ'o 64 td “ttbl (271’)4(271')4
e (7| [ (1= 7°)d]

07— 3, 03 — )
[dy® (1 + ")t [y (1 + 7°)b°]
[ev” (1 — ")) b tLt5lL) [n). (23)

Using the matrix element (7°|a¢d®d|n) = apnx 0y, [18], and
after some simplifications, we get
Mosomo = —2GEMiy ViV oy CLp),

/ Ak d'ky tr [y B (1 =)
(2m)*(2m)* (kF — M) (k3 — M)
ﬁn'}/aﬂspl”ﬂt(l —5)y
(g —mZ) (7 —m?) (> — m7)(p7 —m3)

where ki and ko are the momenta of the internal W
bosons, and py, pt, p; and p; are the momenta of internal
quarks and lepton.

Note that our BNV interactions are of four fermion in-
teraction form, hence not renormalizable. The two loops
integral in Eq. ([24)) is ultraviolet divergent. To obtain a
finite result we can introduce a cut-off scale A where we
assume our effective theory will break down. Setting all
the external momenta to zero we obtain

* 3
Mn—>1771'0 = -2 G%‘Mé[/ ub‘/t?i Qnx Ct(tb)é
TWer [Tty [yt (1 = 4P)]
7771'7(1’7&)'707”(1 - ’75)1)11 ) (25)

where I(W20 ig defined as

4 a1.B
[@ef = / d”k; . 2ki k; .
(2m)* (k7 —m2) (ki — mj

with (mg, mp) respectively (my¢, mg) and (mp, mi). The
integral I(V*% has logarithmic dependence in the cut-off
scale A plus corrections of order A=2 [17]. Setting the
scale A = 10 TeV, and considering only the contribu-

oz =gy 29

tion to the amplitude coming from nggé, we obtain the
following rough estimate for the n — vr¥ rate
r®

n— om0 [TGV] S 107 38|Cttbe|2 (27)
where C(tbz is measured in TeV~2. Using the exper-
imental lower limit on the n — 7® partial lifetime,
Thoomo > 112 x 1039 years, we obtain

) <107 Tev—2, (28)

tthe ~

One can follow the same approach for the operator
OL}), which involves only right-handed fields [19], allow-

ing for a weaker constraint on C’Sgg
) <1071 Tev—2, (29)

Assuming now that Ot(zz gives the dominant contribution
and using Eqs. () and Z3) we obtain

3) 3) Via I(mpy, my) _ _
Ot(cbé Ot(tbfvd I(mbamc) 5 10 10 TeV 27 (30)
with I(mg, mp) defined by I%°(m,, my) = g*P1(mg, mp),
and

5 5) Via my Is(mp, my)

0 ~ cfp e ot

= <107 Tev™2, (31
Yy me Is(mp, me) ™ ¢ (8

where

[ dk 1
b= | o ®

From Eq. 1) we expect t — ¢b{T can have at most a
branching ratio

B(t — ebt™) ~ 107°1C0) 12 < 10727, (33)

where Ct(fb)e is in TeV 2. This excludes any possibility
for discovering BNV top decays at future colliders.

V. D AND B DECAYS

In this section we will give rough estimates for BNV
D and B meson decay branching ratios. Following the
arguments of the previous sections for BNV 7 and top
quark decays we expect BNV D and B processes to be
also very suppressed. Nevertheless we will still try to give
some directions for a possible search.

We start by considering D decays. We first note that,
to allow for a baryon in the final state, 7 lepton is forbid-
den, hence we consider only ¢ — ¢*5u, ¢+du processes
with £ = e, . These lead to the decays Dt — Al (ZOKJF
has more background) and D — L+¢*+ 54+, The Dt
mode has some advantage because it has a longer lifetime
and cleaner signature. Since we are not concerned with
hadronic effects, we emulate the Lagrangian for 7 decay,
Eq. @), which is itself inspired by the chiral Lagrangian
for proton decay. Assuming that hadronic factors are of
the same order of magnitude, we find the Lagrangian for
D meson decays of interest,

_ 2 ~
DO(EJ}%CKR) + \/;D+( %KR)

where we omit a common iap/fp factor and we have
used the short notation CF and CR respectively for C% ,

CED(pGlR) + CF (34)




and CF From this we obtain the branching ratios,

ucst *
B(DT —ReT) < 3.9x1074CE2, (35)
B(D® —¥F0) S 3.1x 1074CE[Z,  (36)
B(D° - pT) < 1.1 x107*|CE]2, (37)

where the C’s are in units of TeV~2, and we have set
ap S ap. These single baryon plus lepton final states
are rather distinct, but have so far never been searched
for. In fact, baryon number conservation instructs one
to consider baryon pair in final state, which is kinemat-
ically forbidden. Thus, baryons in D decay final states
have commonly been ignored. D decay to final states
containing a baryon, however, only probes baryon num-
ber violation in second and first generations.

We do not consider D, decays, as it offers no special ad-
vantage as a probe. We mention, however, the A, baryon,
where the process A, — 7T K allows for 7 in final state.
The process in principle probes cus — 71 interaction.
However, experimental study poses a problem. Not only
would A. be hadronically produced, having a 7 in the
final state does not allow for full reconstruction. For this
reason, we shall drop 7 from consideration even if it is
kinematically allowed in decay final state. For a rough
estimate of the branching ratios in Eq. ), ([Bd) and

B3), we use for CE _, and CE ,, respectively CE  and
CE . from Eq. ([H) and () obtaining

B(D" — Att) < 1.3 x 1072, (38)

B(D’ — £t < 1.0x107%, (39)

B(D® —pft) < 4.0 x 107%. (40)

We now turn to the B system. Having dropped 7 from
the final state, the transitions of interest are b — ccl,
cul, uul, where £ = 1, e. In a way, b — pcc is analogous
to b — §ss, as far as generation counting is concerned.
This provides some extra motivation, as CP violation in
B — ¢Kg could be hinting at presence of new physics.
One can in principle have the double charmed baryon
Z.c in final state, i.e. B®t — =1, t+¢~. The =7, state is
seen [2(] in AF K~ 7" channel, although it still needs to
be confirmed. By analogy with DT — KT+ which
has ~ 9% rate, we expect B(E}, — AF K~ 7") could be of
order 20%. Since the cc system is generated from b — cc/
transition with nonrelativistic motion, there should be
little suppression in the B — Z.. form factor. Again,
we make analogy with 7 — A7r~, D — A¢* couplings of
Egs. @) and (@), and estimate the branching ratio as,

BBt — =L ) <1.0x 1074 |CE, 2. (41)
The equivalent ap_.z,, factor is set to oy, value. Using
Eq. () we obtain
) Via my Is(me, my)

ol ~cC

— <1072 TeV ™2, (42
cebp tebr chd Me Is(mc, mu) ~ € ’ ( )

and from Eqs. @) and (@) we can estimate B(B%+ —
=httg=) < 1.0 x 10728,

Although =.. decay is likely dominated by only a few
channels, its reconstruction is still a problem. Typical A,
decay modes are a few percent, so one would be limited
by A. reconstruction efficiency. Perhaps one can also
consider double charm (AC = 2) final states such as
Bt — D*t D%/~ which is quite close to threshold, but
would be stunning if seen: proton, ¢~ and (slow) 7+ from
B vertex, while one has two D, rather than DD, tags.
One could also consider the modes B — A} D)0+~
Again, it would be hard to set a bound on the effective
coupling, but can be searched for.

For b — cuf generated processes such as B — A/~
estimation becomes unreliable because of relatively large
energy release [21], and the A, would be in relativistic
motion in the B decay frame. But if we continue with
our approach, the branching ratio is,

B(B® — Af¢™) < 1.1x 1074 |CE, 1% (43)

C

where ap_,p, < oy is applied. The suppression from
af_x,/a; could be as large as 100, if one compares the
observed B — A.p rate [22] with that of D¥7~. This
would give B(BY — AFf¢™) < 4 x 1073% if one applies
the bound of Eq. (IH).

What may be more reasonable for the B system, in
view of the large available energy, is to adopt an inclusive
approach. Note that b — cuf~ bears some similarity
with the usual b — &, except for the wrong charge
combination for ¢/~ vs &% arising from b decay (plus
replacing v by u quark). With b-tagging, one searches
for B — AF¢~ X, with no missing energy. If this can be
properly achieved, it can be equated with the inclusive
b — cul~ branching ratio,

B — cul™) =4.0 x 1072 |CE,,|?, (44)

C

and derive a more stringent bound. Applying the bound
of Eq. ([[H), we find B(b — cul™) < 1.3 x 10727, We re-
mark that for b — cul~, because of unequal flavor index,
the O? operator of Eq. (@) contributes.

For inclusive b — wul~ transitions, we get,

B(b— uul™) =7.4x10"2|CE | (45)

U

Exclusive search for B — p¢~ can be done, but would
not be profitable as this mode would be highly form fac-
tor suppressed. This is because of the large energy re-
lease [21] and highly relativistic proton motion. However,
what one should search for is B — pf~ X with b-tagging,
where pf~ has the wrong charge combination and come
from the B decay vertex. Charm veto for semileptonic
decays should be applied. The study would probably be
background limited due to mistag and vertex resolutions,
but certainly should be pursued. The limit from Eq. (@),
after applying the bound of Eq. [[H), is 2.4 x 10727,

VI. CONCLUSION

We have used experimental data on nucleon decays to
give an estimate of BNV couplings involving higher gen-



eration leptons and quarks. Using an approach very sim-
ilar to the one proposed by Marciano to infer very small
branching ratio for BNV 7 decays, we find that BNV vi-
olation processes involving higher generation quarks are
also extremely suppressed.

Despite our findings, we believe it is still worthy to
look for BNV processes in 7, charm, B, and maybe in
the future in top decays. Although we find that all BNV
processes involving 7 and higher generation quarks are
too strongly suppressed by proton stability, such that
there seems no hope for observation at any future ma-

chine, redundancy is very important. In this vein, we
note that the CLEO Collaboration performed 7~ — pn°,
pn, pron®, prOn, py [12] search after the remark made
by Marciano. The search has been extended recently to

7~ — A(A)7~ [13] by the Belle Collaboration.
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