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b— sy confronts B-violating scalar couplings: R-parity violating
supersymmetry or diquarks
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We investigate the possible role that baryon number violating Yukawa interactions may take in the inclusive
decayB— Xgy. The constraints, derived using the experimental results of the CLEO Collaboration, turn out, in
many cases, to be more stringent than the existing bounds.
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The standard moddSM) of the strong, weak, and elec- even in a low energy theory such as the minimal supersym-
tromagnetic interactions is in very good agreement with al-metric standard modeMSSM), albeit in the version with
most all present experimental data, even though a few imbrokenR-parity.
portant predictions have not yet been tested. Still, most A generic diquark is a scalar or vector particle that
physicists would readily admit that the SM cannot be thecouples to a quark current with a net baryon numBer
final theory, both on aesthetic grounds as well as on account 2/3. Clearly, it may transform as eitheiSaJ(3), triplet or
of certain well-founded technical objections. As a result, nu-a sextet. Concentrating on the scaldos reasons mentioned
merous attempts have been and are being made in the quedtove, the generic Yukawa term in the Lagrangian can be
of a more fundamental theory. Experimentally, there haveexpressed as
been two main strategies to probe new physics. On the one
hand, we attempt to directly produce and observe new par-
ticles at high energy colliders. On the other, we look for
virtual effects of such particles and/or interactions in various
low and intermediate energy processes. The déecagpy is  wherei,j denote quark flavorsA denotes the diquark type
an excellent candidate for the latter optiih-14]. Experi-  and P, j reflect the quark chirality. Standard model gauge
mentally, the branching ratio for the inclusive decBy invariance demands that a scalar diquark transform either as
—Xsy has been measured by CLE®5] and ALEPH[16] 3 triplet or as a singlet und&U(2), and that it have & (1)
to be hyperchargeY|=3, 3, 3. The full list of quantum nl:gt;ers

L 4 is presented in Table I. It is clear that the couplings’,
(3.15£0.93 <10 . (CLEO), hi?, h®), andh{” must be symmetric under the exciange
(3.11+1.52X10° (ALEPH). of i andj while h{?, h{®, h{?), andh{®) must be antisym-
@ metric under the same exchange. For the other two sets of

The above are in good agreement with each other and witouplings, vizh(?) andh(?, there is no particular symmetry
the SM prediction[17] of BR(B—Xsy)=(3.29+0.33)  property. Note that the quantum numbers ®f ;¢ allow
X 10~*. While a small window for the contribution of new them to couple to a leptoquarke., a quark-leptoncurrent
physics does remain, this agreement can obviously be use$ well. This implies that these particular diquarks could also
to constrain deviations from the SM. mediate lepton-numbe(iL) violating processes. Clearly, in

In this paper, we investigate the influence that a scalaprder to coexist with non-negligible violating diquark cou-
diquark may have on the above decapiquarks abound in  plings, such leptoquark couplings need to be suppressed se-
many grand unified theoriesvith or without supersymme- Verely so as to prevent rapid proton decay.
try) and even in composite model48]. While vector di- We make a brief interlude here to discuss the MJ38I.
quarks are constrained to be superhédwjth masses of the WhereasB andL are (accidentally preserved in the SMat
scale of breaking of the additional gauge symmetnp such  least in the perturbative contgxtit is not so within the
restrictions apply to the masses of scalar diquarks. ConsdSSM. Supersymmetry and gauge invariance, together with
quently, such particles can be as light as the electroweatoe field content, allow terms in the superpotential that vio-

scale. For example, a diquark like behavior can be foundate eitherB or L [20]. Catastrophic rates for proton decay
can be avoided though by imposing a gloZal symmetry

[21] under which the quark and lepton superfields change by
*Email address: rupa@mri.emet.in a sign, while the Higgs superfields remain invariant. Repre-
"Email address: debchou@mri.ernet.in sentible aR=(—1)%"""25 whereSis the spin of a field,
A brief discussion on the sensitivity of the branching raio  this “R-parity” is positive for the SM fields and negative for
— X,y to scalar diquark-top contribution has been presented in Ref@ll the supersymmetric partners. However, while this sym-

LP=hPGEP pqPp+H.C., @

BR(B—Xgy)=

[17]. metry is useful in preventing phenomenologically unaccept-
2We do not consider the case of nongauged vector diquarks a@ble terms, it has no theoretical foundation and is entiely
such theories are nonrenormalizable. hocin nature. Hence, it is of interest to examine the conse-
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TABLE |. Gauge quantum numbers and Yukawa couplings of scalar diqu&ks<T5;+Y/2).

Diquark type Coupling SU(3).XSU(2). XU(1)y

1 h{(QL)°QL Py (6, 3, - 2)
@, hi(jZ)(aLi)cQLj(bz (3,3,-%
b3 [hi(ja)(aLi)cQLj+Ei(j3)(URi)Cde](D3 (6,1, -3%)
@y [h{P(Qui) QL + R (Uri) 1P 3.1,-%)
Ps hi(jS)(URi)CuRj(I)S (6,1,-%
Ps hi(jﬁ)(URi)cuqu)G 3,1,-9
®7 hi{(dri) “dr;®7 (6,1, %)

s h{P(dr) °dr s (3. 1.3%)

guences of violating this symmetry, not in the least becausquark pairs, a point that is of particular importance in the

it plays a crucial role in the search for supersymmetry. In ourcontext ofR-parity violating supersymmetric models.

study, we shall restrict ourselves to the case where only the There also exist some constraints derived from low en-

B-violating terms are nonzero. Such scenarios can be motergy processes. Third generation couplings, for example, can
vated within a class of supersymmetric grand unified theoriebe constrained from the precision electroweak data at the
(GUT) as well[22]. The corresponding terms in the super- CERN e'e™ collider LEP[24] or, to an extent, by demand-

potential can be parametrized as ing perturbative unitarity to a high scdlg5]. Couplings in-
S volving the first two generations, on the other hand, are
Wk=\{jxUgrDkDR, (3)  constrainedl by the nonobservance of neutron-antineutron

o o oscillations or from an analysis of rare nucleon and meson
where Ui and Dy denote the right-handed up-quark and decays{26,27. While many of these individual bounds are
down-quark superfields, respectively. The couplingg are weak, certain of theiproductsare much more severely con-
antisymmetric under the exchange of the last two indicesstrained by the data on neutral meson mixing @l viola-

The corresponding Lagrangian can then be written in term#on in theK sector[28]. We have displayed the best upper
of the component fields as bound on the relevant individual Yukawa couplings in Table
Il. It is our aim, in this article, to derive analogous, but,
L=\ (ufdSdy +ufdr di+urdfdy)+H.c.  (4)  stronger bounds.
Within the SM, the quark level transitidn— sy is medi-
Thus, a single term in the superpotential correspondisre®  ated, at the lowest order, by electromagnetic penguin dia-
differentdiquark interactions, namely, two of tyg” and ~ grams shown in Figs.(&-1(d). While only the top-quark
one of typehi(jg). diagrams have been shown, for consistency’'s sake, other
The best direct bound on diquark type couplings come§harge 2/3 quarks should also be included. However, these
from the analysis of dijet events by the Collider Detector atcontributions are negligible on two counts the small mix-

Fermilab(CDF) Collaboration[23]. Considering the process INg angles andii) the corresponding loop integrals being
qid;—Pa—0qig;, an exclusion curve in thenf, hi(jA)) suppressed to a great extent due to the smallness of the light
) Al

guark masses. The matrix element for this process is then

plane can be obtained from this data. Two points need to bgoverned by the dipole operator:

noted though. At @p collider like the Tevatron, theu and
dd fluxes are small and hence the bounds obtained are rela-

tiyely weak. This is_ even more so for quarks of t.he second or — —Fstth(%) C?M( mw)gawpw[ my(1+ vs)b.
third generatiorfwhich are relevant for the couplings that we V2 o
are interested in Secondly, such an analysis needs to make )

assumptions regarding the branching fractiondaf into . . )
The QCD corrections to this process are calculated via an

TABLE Il. 1 upper bounds on the individual scalar diquark operator product expansion based on the effective Hamil-

couplings formg, =100 GeV from Refs[24] and[29]. tonian
. e . . 8
Couplings Limits Couplings Limits Hape ﬁv:‘ thE ()0, ©
h{y 0.35 (S 1.12 J2 BhE
h{y 0.89 h3) 111
hy 0.54 N31p 0.50
h$Y 0.60 N33 0.50 3Although many of these analyses have been done for the case of
h(z‘;) 0.66 N3 0.50 R-parity violating models, clearly similar bounds would also apply

to nonsupersymmetric diquark couplings as well.
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FIG. 1. Feynman diagrams that determine the one lbegsy FIG. 2. Feynman diagrams that determine the one lpefsG
decay amplitude. decay amplitude.
which is then evolved from the electroweak scale down to —  Gimp
. ; _ 2
w=uyp through renormalization groupRG) equations. A 1ﬂ(b—>CeVe)—WK(Z)Q(Z)WM : (11)

large correction owes itself to the chromomagnetic operator
b—sG (G being a gluo
( g agluon wherez=mZ/m? and

4G _
- v;;vtb( 33;2) C5V(Mw)s,0,,,GLA ML(1+ vs) Tbg, 9(z2)=1-8z+822—7*—-122%Inz

V2
@)

which arises from the diagrams of Figga2-2(c). The Wil-
son coefficientsC3"(myy) and C3"(my,) can be evaluate
perturbatively[30—32 at them,y scale where the matching
conditions are imposed. The explicit expressions are

is the phase space factor. The analytic expressior (ay,

the one loop QCD correction to the semileptonic decay, can
q befoundin Ref[33]. The explicit dependence am; is thus
removed, while the ratio of the CKM elements in the scaled
decay rate, viz.,

7—5x—8x%  X(3x—2) ViV
SM = =0.976:0.010 12
CM(my,) =x ax—1) " 4()(_1)4Inx : Vo (12
SM 2+5x—x2 3x is much better determined than the individual elements.
Cg™(Mw) =x 8(x—1° 4(x—1)% Inx|, ®) An updated, next to leading ordé¥LO), analysiq 33] of
the B— Xy branching ratio with QED corrections has been
wherex=mZ/mg,. presented in Refl17]. Incorporating both the NLO QCD and
The leading order result for the relevant Wilson coeffi- theeﬁ resummed QED corrections, the Wilson coefficient
cient atu,,, the B-meson scale, is given by C7 (up) in SM can be expanded as
8 _ as(pp) @
Coln) = nlﬁ’z{cw( my) = 3 C3(mw) (1= 7~ 2% CF (1) = Calan) + = =CP )+ 5 CFM ().
232 3
+ za(1—n 1% ) _ . .
513 For brevity’s sake, we do not give here the expressions for

. _ . CM(up) andC¥™(uy,) as these can be found in R¢R3]
with 7= as(mw)/ as(up), calculated using the leadingde-  ang Ref.[17), respectively. The inclusion of the NLO and
pendence Ofiv's, and the pres_ent world average value of theQED corrections in théo—sy decay rate significantly re-
strong coupling constant vizay(mz)=0.118-0.005. To  qyces the large uncertainty present in the LO calculation.
this order, then, From the quark leveb— sy decay rate, it is possible to infer
the B meson inclusive branching ratBR(B— Xgy) by in-
(10 cluding the nonperturbative mf, and 1M corrections.
' These bound state corrections have also been taken into ac-
count in Ref[17].
where « is the fine structure constant. As the above decay Having delineated the formalism, it now remains to cal-
rate suffers from large uncertainties due rig, and the culate the additional contributions due to the possible pres-
Cabibbo-Kobayashi-Masakaw&@KM) matrix elements, itis ence of nonzero diquark couplings. At the one-loop level, the
prudent to normalize it against the measured semileptonionly new contributions tdo— sy andb—sG arise from the
decay rate of thé quark diagrams of Figs. (®-1h) and Figs. 2d)-2(g),

aG,Z:mg

3274

2

I'(b—sy)= VipViCoM ()
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respectively” In the generic case, apart from modifications in
the coefficients 0005 g, two additional operators arise. De-
noted as

- e
O;= WSUWF“V[mb(l— ¥s)1b,

Og= =25 0. G Y my(1—7¢)]b 14
8™ Wsaauv aB[mb( yS)] B ( )

they differ from their SM counterparts only in their chirality
structure>

To keep the analysis simple, we shall assume that only

one diquark multiplet is light and that all the fields within a
multiplet are degenerafewith this simplifying assumption,

the new contributions, at the electroweak scale, are given by

D Nc ., M
C7(my)= 1 1QaF1(Y) + QiFs(Y)Hpls + m_b{QtF4(Y)

—Q<sz(Y)}fb|§},

=p N¢ L M
C7(my)= A {QaF1(y)+ QiF3(y)}rpre + m_b{QtF4(Y)
_Qchz(Y)}'br:},

D _ 1-1 w . M
Cg(my)=A {C®Fl(y)+CtF3(y)}|bls+Hb{ct|:4(y)

—CoFa(y)}rpls

Ca(my)=A 1[{Cq,F1(y) +CiFa(y)}rpre

m
+ i CF () = CaFaly)Hor s

A=—4\2GViVyms,, (15)
where
Fiy)= W[Gyz Iny—2y%-3y?+6y—1],
1 2
Fay)= m[l—y +2yliny],

“Clearly, to this order, none obs s can mediate either of these

PHYSICAL REVIEW D63 075009

TABLE Illl. Values of the coefficientsCq, C;, and chiral
Yukawa couplings for different types of scalar diquarks.

Diquark type Cg C; Iy ls Iy rs
G =52 12 h§i2 hPi2 0 0
o, 1/2 112 0 h@/y2 0 0
Dy —-5/2 12 0 hg " R
D, 12 12  h§Y) hd  RY RO

1 2 3
Fa(y)= W[ZJFW— By +y°+6yiny],
1 2

F4(Y)=2(1—_y)3[3—4Y+y +2Iny], (16)

with y=m2/m3, . The color factoN, is —1 and 2 for triplet

and 6scalar, respectivel\Q; andQg are the charges of top
quark and the diquark, respectively. The color factorsind
Cqo—for the diagrams of Figs.(® and Zg)—are given in
Table III.

Note that, once again, we consider only such contribu-
tions, as involve the top quark. As is easy to ascertain from
Eq. (15), for other quarks in the loop, the corresponding
integrals are too small to be of any consequence. Thus, any
coupling to the diquarksb; g, for example, would not be
constrained to an appreciable degree by radidtickecays.
Furthermore, the diquartb, does not contribute tb—svy
due to the antisymmetric property bf”. In Table Ill, we
also display the relevant chiral Yukawa couplings theb
and s quarks for different choices of the diquark. For our
numerical results, we will assume these couplings to be'real.

In estimating the effects of scalar diquark couplings, it is
useful to consider the ratidd7] &; g with

C2(mw)

CgM( My) ’

&=1+ 17)

and similarly for&g. For the new operator®; and Og, we

define

- C%my)
e 8
T cSMmy) (18

and &g in an analogous fashion. With these definitions, the
B— X4y branching ratio can be written as

BR(B—Xgs¥) =By 8) + (£5+E5)B 1/ 8) + (£5+ €5)Bgg( 0)
+&7BoA )+ EgBog( )

+ (&gt E7€)Brg( 9. (19

processes and hence we shall not consider such fields any further.

5In all of these four operators, contributions proportional to the
strange quark mass have been neglected.

SLarge splittings within a multiplet is disfavored by the elec-
troweak precision data.

"The extension to complex couplings is straightforward. The
imaginary parts, however, can be better constrained from an analy-
sis of theCP violating decay modes.

075009-4



b—sy CONFRONTSB-VIOLATING SCALAR. ..

PHYSICAL REVIEW D 63 075009

10 10 | —
: (b) \ I
7 l ,'I
< 8 . ® \ . o
= = \ \ I} FIG. 3. The partial width for
Z el o6l @@y o — Xy as a function of the prod-
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N @ @) /N Feue served value.
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-1 -0.5 0 0.5 1 -0.012  -0.008 -0.004 0 0.004
Product Product

In a parton level analysis, the photon would be monochro- Of course, the additional operatods, and 68 would in-
matic, with E, = Er;"aX.: my/2. However, once the gluon fluence the RG equations f@; and Cg as well. However,
Bremsstrahlung con'tr'lbutlon is mcIudgd, the photon specsince we are primarily interested in sm@f})’g(mw), it is safe
trum becomes nontrivial and, for experimental purposes, ong, neglect any term in the RG equations involving these par-
needs to make an explicit demand on the photon energyicular coefficients.

namely In the absence of ab-violating coupling, these diquarks
clearly do not influence the semileptonic decay modes of the

B meson. Thus, we may continue to normalize the radiative

where § is the fraction of the spectrum above the cut. TheP-decay againsh— cev, in order to avoid the severe depen-
values forB;; () are listed in Ref[17] for different choices ~dence onm,. In Fig. 3, we plot the branching ratiBR(B

of the renormalization scale,, and the photon energy cutoff —Xsy) in presence of a diquarKmultipley of mass
parameteb. As is well known, some ambiguities exist in the 100 GeV. We continue to work under the assumption that

choice ofu,, which should, typically, lie in the regiom,/2  only one pair of couplings is nonzero. That the curves should
to 2my,. For our analysis, we used the valuesByf(8) for ~ e parabolic in the product of the two couplings in question
wp=m, and 5=0.9 from Ref.[17]. We have checked that IS obvious. To appreciate the fact that many of these curves
the B;;(6)’s for other values of (listed in Ref.[17]) do not have their minimum coincide with the SM value, one needs
alter the bound significantly. to consider the chirality structure of the corresponding di-
Since the new physics becomes operative only above th@uark couplinggsee Table i) For example, combinations
electroweak scale, the additional contributions to the operainvolving either ofh$) orh$} scalar couplings to the strange

tors O; andOg will serve only to change the Wilson coeffi- quark involve only thesy. From Eqgs(15), it is then easy to
cients atmyy . see that the Wilson coefficients; g remain unaltered from

E,>(1— §ET, (20)

TABLE IV. Limits on the scalar diquark couplings famq)i:loo GeV.

Bounds fromB— Xgy

Products
of couplings lo 20

IICY [—1.0-0.85 [-1.1-0.74
[—9.3x1072,5.8< 10 2] [-0.2,0.17

(SN [—1.5X1074,2.4x10° 4] [—3.1X1074,5.1x10™4]
[2.3x10 3,2.7x10 %] [2.1x10 3,2.9x10 %]

RERG) [-0.12,0.12 [—0.18,0.18

h{Yhsy [-8.0x102,0.13 [—0.16,0.26

[1.3,1.35 [1.1,1.

h{RLY [—1.8x10 3,1.8x10° %] [—2.6x10 %,2.6x10°%]

F@h [—7.7%10 % —6.6x10 3] [-8.1x107 % -5.8<10 7]
[—6.6xX10°4,4.2x1074] [—1.4x10%,8.6x10 %]

RURY [—0.35,0.35% [-0.51,0.51
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@ 12 — v B) FIG. 4. The partial width for
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337732
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/
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[e)}

)
\
S}

their SM value. Consequently, the new contribution aidds F‘(sé)ﬁ(sé) are equivalent to those on the prodiéf,\ 3. For
coherentlywith the SM amplitude. For the rest of the com- g5ch of these couplings, the bestlividual bound comes
binations, though, the interference term is nonnegligiblefrom the precision measurements at theole [24,29, and
leading to a shift in the minimum. Hence, urlllke those for gmounts tON 0, N33<0.50 at the Ir level for squark
the first set of combinationgones involvingh$®), the  masses of 100 GeV. We thus do not do very well as far as
branching ratios corresponding to these sets are in agreemetis particular combination is concerned. This can be attrib-
with the experimental numbers fotwo non-contiguous uted to both the chirality and the color structure of the op-
ranges of the product. erator, each of which is “unfavorable” as far the—sy

In each of Egs(15), the second term, whenever allowed, decay is concerned. For most of the other combinations
is clearly the dominant piece. This enhancement by the facthough, we dosignificantly betterthan the product of indi-
tor of m;/m, comes into play only when the diquark cou- vidual boundd24].
plings to the bottom and the strange quarks have pieces with In our effort to compare with the results available in the
opposite chirality. In other words, for a diquark of the type literature, we have, until now, held the diquark mass to be
@5 (or ®,), the simultaneous presence of both the allowedl00 GeV and varied the strength of its coupling. In reality,
types of couplings is severely constrained by the dat@on though, a diquark is more likely to be somewhat heavier. For
—Xgy. the sake of completeness, we next investigate the depen-

In Table IV, we capture the essence of Fig. 3 in the formdence on the diquark ma¢Big. 4), while holding the prod-
of actual limits that can be set on such products of couplingsuct fixed. As is expected, the extra contribution falls off with
for a diquark mass of 100 GeV. Understandably, the 2 m,,. The falloff is somewhat slower tham,? [see the ex-
bounds are weaker than therlones. Similarly, the color- pressions forF;(y) in Eq. (16)] and the effects persist till
sextet couplings are more severely constrained than th@,~3 TeV. The different rates of falloff are governed by
color-triplet ones. As discus;ed above, for a few of the prodihe dominanf;(y) in each case. The case for the combina-
ucts there ara)nﬁ? noncontiguous bands allowed. For thg,, R3n(3) jooks somewhat nontrivial. However, the shape
combinationhzg'hs;', though, the second windooth at s j,6t"3 "consequence of accidental cancellations between
the 1o and 27 levels lies close to the perturbative limit and, yarious terms of Eq(19). As the extent of these cancella-
hence, is phenomenologically uninteresting. tions depend crucially on the value of the diquark couplings,

As discussed earlieh is analogous to the trilinear not much should be read into the shape in general or the
R-parity violating coupling)\{}k. Thus the constraints on minimum in particular. The two dependencesy( and cou-

1 0.01

06 F 0.006
s FIG. 5. The region of the pa-
cq 02 o8 0:002 : rameter space allowed by the
f S data when all other couplings are
&7 =" 0,002 set to zero. The lightly shaded

S
[

area agrees with the data at 1
level, whereas the encompassing

-0.006 | i darker region agrees av2

0.6

_0.01 1 1 1 1 1 1 1
100 300 500 700 900

m¢3 (GeV)
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pling strength that we have studied can be combined to rulescalar diquark mediated diagram yield promising effects.
out parts of the parameter space. In Fig. 5, we exhibit this foThe precise measurement of this branching ratio at the up-
two particular combinations. In each figure, the shaded reeomingB factories in near future and the reduction of theo-
gions of the parameter space are in agreement with the exetical uncertainty will only improve our limits on the prod-
perimental results at the designated level. Rgfh{y), the  uct of different scalar diquark and/oR-parity violating
second allowed region is beyond the perturbative limit. couplings.

In summary, we have studied the effects of the scalar
diquark and/omR-parity violating coupling to the branching D. Choudhury acknowledges the Department of Science
ratio B— Xsy. Amongst the possible new contributions, the and Technology, India, for financial support.
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