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The gluino-induced contributions to the deday- sy are investigated in supersymmetric frameworks with
generic sources of flavor violation. It is shown that, when QCD corrections are taken into account, the relevant
operator basis of the standard model effective Hamiltonian gets enlarged to dontaagnetic and chromo-
magnetic operators with a factor ef and weighted by a quark mass, or m., (ii) magnetic and chromo-
magnetic operators of lower dimensionality, also containigg and (iii ) four-quark operators weighted by a
factor aﬁ. Numerical results are given, showing the effects of the leading order QCD corrections on the
inclusive branching ratio fob—sy. Constraints on supersymmetric sources of flavor violation are derived.

PACS numbd(s): 12.60.Jv, 12.38.Bx, 13.25.Hw

[. INTRODUCTION exception comes from the dechy- sy, the least rare flavor-
Processes involving flavor changing neutral currédRtS-  and chirality-violating process in thB system. It has been
NC’s) provide invaluable guidelines for supersymmetric detected, but the precision of the experimental measurement
model building. The experimental measurements of the ratesf its rate is not very high at the moment. Nevertheless, this
for these processes, or the upper limits set on them, imposeeasurement already has the effect of carving out some re-
in general a reduction of the large number and size of pagions in the space of free parameters of most of the models
rameters in the soft supersymmetry-breaking terms present in the above classesee for exampl8]; for a recent analy-
these models. Among these processes, those involving trasis, sed9] and references thergiriThey also drastically con-
sitions between first- and second-generation quarks, namestrain several somewhat tuned realizations of models in these
FCNC processes in th€ system, are considered as the mostclasse§10,11]. Once the precision in the experimental mea-
formidable tools to shape viable supersymmetric flavor modsurement has increased, this decay will undoubtedly gain ef-
els. Moreover, the tight experimental bounds on some flavorficiency in selecting the viable regions of the parameter
diagonal transitions, such as the electric dipole moment o$pace in the above classes of models and it may help dis-
the electron and of the neutron, as wellgs 2, help con- criminating among the models by then proposed. It is, there-
strain soft terms inducing chirality violations. fore, important to get ready reliable calculations of this de-
Several supersymmetric models have so far emerged, witbay rate, i.e., calculations in which theoretical uncertainties
specific solutions to the chiral-flavor problem. Among themare reduced as much as possible, and which are general
are two classes of models in which the dynamics of flavorenough to be applied to generic supersymmetric models.
sets in above the supersymmetry breaking scale and in which The experimental situation is, at present, as follows. The
the subsequent flavor problem is destroyed by the mechaLEPH Collaboration at the CER* e~ collider LEP reports
nisms of communicating supersymmetry breaking to the exa value of the inclusive deca§— Xy of [12]
perimentally accessible sector. They are known as minimal
supergravity models, MSUGRA, i.e. minimal supersymmet- BR(B—Xgy)=(3.11+0.80+0.72 X 104 (1)
ric standard models in which supergravity is the mediator
between the supersymmetry-breaking sector and the visibligom a sample ob hadrons at th& resonance. The CLEO
sector [1], and gauge-mediated supersymmetry-breakingCollaboration at the Cornell Electron Storage RIZESR
models(GMSBS [2], in which the communication between has a statistically and systematically more precise result,
the two sectors is realized by gauge interactions. In othepased on 3.8 10° BB events[13],
classes of models, particular flavor symmetries are intro-
duced, which link quarks and squarks: models in which an BR(B— Xsy)=(3.15+0.35+0.32:0.26 X 1074, (2)
alignment of squarks and quarks is assurfigddand models
in which the solution to the flavor problem is obtained by but quotes a still very large intervgl3],
advocating heavy first- and second-generation squdrk].

In the latter, the splitting between squarks of first and second 2X 10 < BR(§—> Xey)<4.5x10 4, 3)
generation and those belonging to the third generation relies
on aU(2) flavor symmetny[5,7]. as the range of acceptable values of branching ratios.

Neutral flavor transitions involving third-generation  Theoretically, the rate for this decay, characterized by its
quarks do not yet pose serious threats to these models. Ofage QCD contributions, practically as large as the purely
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electroweak onefl4], is known with high accuracy in the Among these, flavor-violating scalar mass terms and tri-
standard mode{SM). It has been calculated up to the next- linear terms induce a flavor nondiagonal vertex gluino-
to-leading ordeNLO) in QCD, using the formalism of ef- quark-squark. This is generically assumed to provide the
fective Hamiltoniang15]. Results for LO and NLO calcula- dominant contributions to quark-flavor transitions thanks to
tions and for power corrections can be found[i6-18, its large couplinggs. Therefore, it is often taken as the only
[19_23, and[24]1 respective|y_ The resu“ing theoretical ac- contribution to these transitiOIﬁQS], and in particular to the
curacy is rather astonishing: the inclusion of the NLO QCDP— sy decay, when attempting to obtain order-of-magnitude
corrections reduces the large scale dependences that atBPer bounds on flavor-violating terms in the scalar potential
present at LO £25%) to a mere percent uncertainty, oncel27:28. Once the constraints coming from experimental
the value of the parameters to be input in this calculation ignéasurements are imposed, however, the gluino contribution

fixed. This accuracy, however, is obtained through large an®f reduced to values such that the SM and the other super-

accidental numerical cancellations among different contribu—Symmetrlc contributions can no longer be neglected. Any LO

tions to the NLO corrections and a subsequent cancellatiofaind NLO calculation of thé— sy rate in generic supersym-

of scale dependencg®3,25. The same accuracy, indeed, is metric models should then include all possible contributions.
e ’ ’ The gluino contribution presents some peculiar features,

not obtained for the NLO calculation of the rate BR( |ejated to the implementation of QCD corrections, that have
— Xsy) in simple extensions of the SM, such as models thaf,o; peen detected so far. As already mentioned, the decay
differ from the SM by the addition of two or more doublets ,_, s, involves a quark-flavor violation as well as chirality
to the Higgs sectof23]. violation. The first is directly related to the flavor violation in
The calculation of BRB— Xy) within supersymmetric the virtual sfermions exchanged in the loop. The second can
models is still far from this level of sophistication. There arepe obtained as in the SM, through a chirality flip in the
several contributions to the amplitude of this decay, usually,yternalb quark, and it is signaled by its mass, . It can
identified by the particles exchanged in the loop. Besides thgisq pe induced by sfermion mass terms originating from
W™ —t-quark andH™~t-quark contributions, there are also yjjinear soft supersymmetry-breaking terms. These mass
the chargino, gluino and neutralino contributions, respeciarms differ from fermionic mass terms by two units of
tively mediated by the exchange of chargino—up-squarksg charge under &(1)g symmetry. The corred® charge for
gluino—down-squarks and neutralino—down-squarks. - Allnis s transition is then restored through the insertion of
these contributions were calculated in R¢26] within o gluino massn; in the gluino propagator. The two differ-
MSUGRA; their analytic expressions apply naturally 10 g “mechanisms producing chirality violation are well

GMgBd ;nodhels a}lsol. _The fm;:lusmn of QCD co?rjrec'uons known. They give rise to operators of different dimensional-
needed for the calculation of the rate, was assume@ahto i \yhen generating the effective Hamiltonian used to in-

follow the SM pattern. No dedicated study of this deca .

. P . Y Yclude QCD corrections to tHe— sy decay. Indeedy, the
exists for the supersymmetric models mentioned above W'tlfhass of one of the heavy fields exchanged in the loop, is
specific flavor symmetries. A calculation of BR{-Xsy)  naturally incorporated in the Wilson coefficient of the corre-
induced solely by the gluino contribution has been persponding magnetic operator, which is now of dimension

formed in[27,28 for a generic supersymmetric model, but five [e g§ (EU,WPRb) F,.]. On the contraryﬁb, the run-

no QCD correctpns were_mcluded. ning mass of one light field, with a full dynamics below the
A NLO analysis of BRB— Xsy) was recently performed matching scale, is naturally included in the definition of a

E\lzl%for a ipecific s(;J_persymmetTiC caghe Elt;)(;]f)es_llgﬁhdi_ng magnetic operator, which is of dimensionsix

matching conditions are also given . This is — T

valid in a class of models where the only source of flavor[e imb(w“ PRb) F 0]

violation at the electroweak scale is that of the SM, encode%Iu

in the Cabibbo-Kobayashi-Maskaw&KM) matrix. It ap-

plies to MSUGRA and GMSB modelén which the same

Moreover, the presence of the strong coupliagin the

ino contribution immediately sparks off the question of

whether this coupling should be included in the definition of

; the gluino-induced operators or in the corresponding Wilson
features are assumed/obtained at the messengej Soiye coefficients. Both choices are, in principle, acceptable. It can

when the amount of flavar ViOIaﬂon' generated radiativelybe observed, however, as will be discussed in Sec. Il, that the
between the supersymmetry—brea!(mg scale and the ele'fﬁfst option does not require a modification of the program of
troweak scale, can be neglegted with respect to that mdupel plementation of QCD corrections established in the SM
by the CKM matrix. It applies, therefore, to the case in

which onlv the lightest ston eigenstate contributes to theaSe" In particular, the anomalous dimension matrix starts at
y g P €9 der g and is used up to ordekg (ag) in a LO (NLO)

chargino-mediated loop and all other squarks and gluino arg’ ; . : >

heavy enough to be decoupled at the electroweak scale. fffalculatlon. The mcluspn .Of thes coupllng n th? operators
cannot be used in particular directions of parameter space Jfposes a necessary d|st|nct|on_of tﬁe dimensiarg|uino-

the above listed models in which quantum effects induce 4nduced magnetic operators g my (so**Pgb) F ,, from
gluino contribution[31] as large as the chargino or the SM the SM magnetic operat@/16m7> m, (so*’Pgb) Fuv. Asit
contribution [11,32. Nor can it be used as a model- will be seen in Sec. Il, a set of new four-fermion operators,
discriminator tool, able to constrain the potentially largeinduced by gluino exchanges, is also needed.

sources of flavor violation typical of generic supersymmetric These features single out the gluino contribution to the
models. decayb—sy as one that necessarily requires a dedicated
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study of the implementation of QCD corrections already at (LO): Gg(agl)N, (N=0,1,...),
the LO in QCD, before including chargino and neutralino
contributions and higher-order QCD corrections. In Sec. ll, (NLO): Gg ag(asl)N,

the list of operators induced by gluino-mediated loops is

given together with the list of those needed for the SM conwhereGg. is the Fermi constant.

tribution. The number of operators depends on the sources of The resummation of these corrections is usually achieved

flavor violation that are present in the particular supersymy making use of the formalism of effective Hamiltonians,

metric model considered. In an attempt to reach the level ofombined with renormalization-group techniques. The

generality advocated above, no restriction is made on thaeeeded effective Hamiltonian is obtained by integrating out

possible sources of flavor violation in the sfermion sectorthe heavy degrees of freedom, i.e., the top-quark and\the

These are surveyed in Sec. lll. Also shown is the direct conboson. It is usually expressed as

nection between flavor-violating sources and operators gen-

erated, emphasizing the differences between the analysis in a 4Gg

generic supersymmetric model and the typical MSUGRA- eff=—thbV§;Z Ci(n)Oi(u), (4)

inspired analyses. The Wilson coefficients at the matching '

scale for the Hamiltonian generated by gluino Contributionswherevtb andV,. are elements of the Cabibbo-Kobayashi-
. . . S yashi

are given in Sec. IV. They are calculated using the maSSMaskawa(CKM) matrix. The Wilson coefficient€; contain

eigenstate formalism, the most appropriate to deal with dif-
fe?ent off-diagonal terms in thgpsfgrmion mass matrixa” dependence on the heavy degrees of freedom, whereas the

squared, of priori unknown size. These coefficients evolve gez;?tgﬁaiizsg?jgcnallgTal?]el)is d?\r/]ilgé(-jrri]r?tooi)vicr)agl);zsr:;
down to the low-scaleu,, independently of the usual SM Current-current o ergtors and gluonic penguin o eratolrs
coefficients, since there is no mixing between SM an P 9 peng P

gluino-induced operators. The anomalous-dimension matri 18]
governing this evolution at the LO in QCD and the resulting
analytic expressions for the low-scale Wilson coefficients is
given in Sec. V. In Sec. VI, an expression for the LO rate _ _
BR(B— Xs7), due to the SM and the gluino-induced Wilson Op=(sy,PLC) (cy*P.b),

coefficients, is derived. Numerical evaluations of the branch-

ing ratio are shown in Sec. VII, when only one or at most (e P

two off-diagonal elements in the down-squark mass matrix Os (SY“PLb)é (ar"a).

squared are non-vanishing. As already mentioned, the decay (5)
b—svy can be realistically used as a tool to select viable
supersymmetric flavor models only when all contributions to

BR(B—Xsy) are included. The numerical evaluations of
Sec. VII, therefore, have only the purpose of illustrating the
effect of the LO QCD corrections, as well as the interplay _ _
between SM and gluino contributions to the branching ratio. @52(57#%)’,,'303)2 (ay*y"y"q),
Strictly speaking, they give results that are valid only in par- a

ticular directions of the parameter space of generic super-

symmetric models, and provide, in general, some intermedi- @ngyﬂmTapr)z (Qy*y"y*Taq),
ate results of an ongoing, more complete analysis. q

w

O1=(sy,T2P.C) (CY TP b),

04=<§maPLb>§ (qQy“T.q),

whereT? (a=1,8) areSU(3) color generators;

Il. ORDERING THE QCD PERTURBATIVE EXPANSION Magnetic operators, with chi.rality violation signaled by
AND THE EFFECTIVE HAMILTONIAN the presence of the-quark mass:

In the SM, rareB-meson decays are induced by loops in

which W bosons and up-type quarks propagate. The most 07:16 zab(l’«) (sa""Pgb) F .,
important corrections are due to exchanges of light particles, m
gluons and light quarks, which give rise to powers of the (6)
large logarithmic factot. =log(m@/n,).
The decay amplitude fdo— sy obtains large logarithms = s Eb(ﬂ) (ga,wTapr) wa’

L only from loops with gluons. This implies at least one 1672
factor of ag for each large logarithm. Since the two scales

m, andMy are far apartl. is a large number and these terms wheregs ande are the strong and electromagnetic coupling
need to be resummed: powers @fL are resummed at the constants. Both sets of operators, those in Egjsand in(6)
LO, terms of the formag(acL)N are obtained at the NLO. are of dimensiorsix.

Thus, the corrections to the decay amplitude are classified It is by now well known that a consistent calculation for

according to b—sy at LO (or NLO) precision requires three steps:
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(1) a matching calculation of the full standard model boson, also gluinos and squarks, give risextocorrections
theory with the effective theory at the scale= w, to order  to the Wilson coefficients iﬂi‘é\?f (at the matching scale
a? (or ay) for Wilson coefficients, wherg,, denotes a scale  Such contributions can be omitted in a LO calculation, but
of orderM,y or m;; they have to be taken into account at the NLO level.

(2) a renormalization group treatment of the Wilson coef- As far as the gluino-induced contribution to the decay
ficients using the anomalous-dimension matrix to ordér amplitudeb— sy is concerned, the aim is to resum the fol-
(or ag); lowing terms:

(3) a calculation of the operator matrix elements at the
scaleu =y, to ordera? (or o), wherepu, denotes a scale

of orderm,,. . N
. . NLO): L))",
That matters can be somewhat different is illustrated by ( )i asas(ad)

the decayp—s I'l. The effective Hamiltoniait4) contains in respectively, at the leading and next-to-leading order.

(LO): ag(asl)N, (N=0,1,...),

this case two additional operators: While H ¢, is unambiguous, it is a matter of convention
5 whether theag factors, peculiar to the gluino exchange,
e = T should be put into the definition of operators or into the
=——(sy,P.b) (1 y*), ) . o
Os 2 (57,PLO) (1771) Wilson coefficients. In analogy to the dechy-sl*I~ dis-

7 cussed above, it is convenient to distribute the factoraof
between operators and Wilson coefficients in such a way that
e2 __ o the first two of the three steps in the program for the SM
O10= —— (s7,PLb) (1 ¥*ysl). calculation also apply to the gluino-induced contribution.
167 .. . 1. e ]
This implies one factor otrg in the definition of the mag
It turns out that in this case, the operafdy mixes intoOyq at net!c.z_and chromomagnetic operators an_d a f.aaﬁ)nn the'
loop: th iccin O be closed to f | d definition of the four-quark operators. With this convention,
one loop: the paicc n & c.an € CfEe o form f"‘ 0P, aN0 the matching calculation and the evolution down to the low
an off-shell photon producing a pdit can be radiated from  scaley,, of the Wilson coefficients are organized exactly in
a quark line. The first large logarithin= |09(TT\29/_MW) arises  the same way as in the SM. The anomalous-dimension ma-
without the exchange of gluons. This possibility has no cor4rix, indeed, has the canonical expansiondg and starts
respondence in the— sy case. Consequer’LtIy, the decay am-with a term proportional ta} . The last of the three steps in
plitude is ordered acgordlng tGeL (asl)™ at the LO in  the program of the SM calculation requires now an obvious
QCD andGeasL (asl)™ at the NLO. To achieve technically modification: the calculation of the matrix elements has to be
the resummation of these terms, it is convenient to redeflngerformed at ordetrs anda? at the LO and NLO precision.
magnetic, chromomagnetic and Iep.ton-palr operatdrs  with this organization of QCD corrections, the SM Hamil-
Og, Oy, and O, and the corresponding coefficients as fo"tonianHﬁ’ff in Eq. (4) and the gluino-induced or# g, un-

lows [34]: dergo separate renormalization, which facilitates all consid-
5 2 erations.
0= 16m O C”e""—ic (i=7 10. (8) The effective Hamiltoniark %, , is further split i
i - 2 i i - 2 i ey . effs pltlntOtWO
9s 6m parts:

This redefinition allows us to proceed according to the above ~
three steps when calculating the amplitude of the dezay HgffZEi Ci,é(#)@i,a(MHZi > Cﬁg(#)@ﬁg(ﬂ),
—s |1 [34]. In particular, the one-loop mixing of the opera- K (10)
tor O, with the operatoi0 g°" appears formally a®(as).
In supersymmetric models, where the gluino—quark-where the indexq runs over all light quarkg|=u,d,c,s,b.
squark vertex can be flavor violating, the exchange of gluinaThe operators contributing to the first part are
and squarks in the loop gives contribution to the debay =~ Magnetic operators, with chirality violation coming from
—sy. Various combinations of the gluino—quark—squarkthe b-quark mass:
vertex lead to|A(B)|=|A(S)|=1 magnetic and chromo- — _
magnetic operatorgof O;-type, Og-type) with an explicit ~ Ozpg=€ G(u) My(u) (ST*"Prb) F .,
factor ag, and to four-quark operators, with a fact@i. The o o
complete effective Hamiltonian can then be split in two(’);b’5=e i(,u) my(u) (sa*’Pb) F,,,
terms:
- Ogo 3= 2(p) My() (Sa#"T3Pgb) G2,
oM M © 8b.g= Is() Is(m) Mp() ( rRD) G,

Ogpz= 2(w) My(p) (So* T3P b) G2, 11
whereH gt is the SM effective Hamiltonian in Eq4) and ang ~ 9sl i) O5(41) Molpe) (S0 LD) Gy (1

H 3 originates after integrating out squarks and gluinos.of dimensionsix, as the SM operators. A contribution to the
Note that “mixed” diagrams, which contain, besidesa  magnetic operato©y, 5 is shown in Fig. 1. In this and the
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EL /, \\ gL I~)R // \\ gL
\
i ® i
bp  bL g SL br g SL
FIG. 1. Diagram mediating the—sy decay through gluino FIG. 2. Contribution toO-5 5 from the insertion of the gluino
exchange and contributing to the operatds, ;. A contribution to ~ mass and of a scalar mass term simultaneously violating chirality
the primed operato®,, - is obtained by exchanging— R. and flavor. A contribution td97§a is obtained through the inter-
. changelL —R.
following diagrams, only the first in the series of possible
. . L A : 4 — —
insertions of chiral-flavor-violating scalar mass terms is Oizbzgs(ﬂ)(sa'yuprﬁ) (9g7*PLAa),

drawn. This has the advantage of showing pictorially the
correlation among supersymmetric sources of flavor viola-

a' __ 4 - o

tion and the generation of operators contributing to the ef- 012,9 9s(1) (8. ¥,Prbg) (A57*PrAa),
fective Hamiltonian(10). Nevertheless, the actual calcula- (14)
tions presented in this paper are performed using squark qa 4 — —
mass eigenstates, i.e. resumming over all possible scalar 0139 9s(m)(sy,.PLb) (ay*Pra),
mass insertions. . .

Magnetic operators in which the chirality-violating pa- Oggg—gi(,u)(SmPRb) (qy*PLa),
rameter is the gluino massg, included in the corresponding
Wilson coefficients: 149—95(,@)(%7#'3 bﬁ)(qﬁ')’MPRq ),

O Y
Orgz=e &(w) (sa**Pgb) F,,, O = 68(1) (5., Prbg) (A7*PL ),

2 P
O?Eé_e %(w) (ST*'PLD)F where color indices are omitted for color-singlet currents.
(12  They arise from box diagrams through the exchange of two

gluinos and from penguin diagrams through the exchange of

Ogg5=9s(1) 2() (so*'T?Pgb) G2, a gluino and a gluon. A typical penguin diagram is shown in
o Fig. 4. According to their Lorentz structure, these operators
Oéﬁézgs("’“) gﬁ(,u) (so**T2P_b) GZV. will be called hereafter vector four-quark operators.

Four-quark operators with scalar and tensor Lorentz struc-
Notice that these operators have dimendiog i.e. dimen- ture:
sionality lower than that of all remaining operators, of di-
mensionsix. Diagrams generating these operators are shown ng—gS(,u)(sPRb) (qPRq)
in Figs. 2 and 3.
Magnetic operators, with chirality violation signaled by

= P.b) (qP
the presence of the-quark mass: 159 =g3(w)(SPLb) (GPLa),

Orc5=€ B(p) M) (S0#"Peb) F . Oleg = 95()(5uPRDs) (9Pl
O} 5=€ B(p) Mo(p) (ST**PLb)F,, Os5=94(1)(S.PLbg) (A5PLAL),
Ose3=0s(1) G2(12) Me( 1) (0#'T2Pgb) G2, 0,5=94(1)(sPrb) (QPL0),
Ope5=9s(1) (1) Me( ) (So*" TP b) wa(i3) O ==g(w)(SPLb) (qPRa),

= PRrbg) (4P
The origin of these will become clear after discussing the 189 =031 (SaPr p) (qﬁ L),

second term in Eq(10). This contains

Four-quark operators with vector Lorentz structure: 189—95(,@(5 PLbg) (asPRAL),
0113=94(w)(57,PLb) (qy*PLa), Oz = g%(1) (50, Prb) (40" Pra),
O?.l,g gg(ﬂ)(gyMPRb) (EYMPRQ), 199_ gS(M)(SO-MvP b) (qO.MVPLq)
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FIG. 3. Contributions ta@)5 5 from the insertion of the gluino mass and distinct chirality- and flavor-violating scalar mass terms. In the
approximatiormg= 0, the second diagram requires trilinear terms not linked to Yukawa couplings. The analogous contriblmg\bsaoe
obtained through the interchange- R.

O305=95(14)(S40,,PRDg) (A0 PrAL), Of5=O35 - Therefore, these vector four-quark operators
become relevant only at the NLO precision.
q' 4 — — We end this section with a comment on the definition of
Ozogzgs(“)(sa‘TWPLbﬁ) (0po*"PLAy), the strong coupling constant used in the various steps of the
(19  calculation. In the full theory, which consists here of the SM
and gluino—down-squark sectors of a supersymmetric model,
which are induced by box diagrams only and through theall particles contribute to the running of this coupling, indi-
exchange of two gluinos. Examples of box diagrams argated by the symbalg(x). In order to perform the matching
sketched in Figs. 5. In the following, the operat($) will  \yith the effective theory, where only the five light quarks
be called scalar-tensor four-quark operators. Notice that, fogyrvive, all the heavy particles have to be decoupled. The
differentq’s, (9215—(9305 are in general distinct sets of op- strong coupling constant in this regime, indicateddagu),
erators. differs fromg(x) by logarithmic terms signaling the decou-
The four-quark operators in Eq&l4) and (15 are for-  pling of the heavy particles:
mally of higher order in the strong coupling than the mag-
netic and chromomagnetic operat¢id)—(13). As it will be @s(M)ng(M) [1+gz(,u)(decoupling logs)].  (16)
explicitly shown in Sec. IV, the scalar-tensor operators S
O3~ 5 Mix at one loop into the magnetic and chromo- At NLO precision, these decoupling terms have to be taken

magnetic operators. Given this fact, the necessity of includintg account explicitly. At LO precision, howevag,(x) and
ing O7c5 and O g in the operator basis becomes clear im-g (/) can be identified andy(y) is here always understood
mediately: some of the operatof3].z, ..., O3z With 4 to be the modified minimal subtraction schen\S) strong
=c mix into Ozc5 and Og. 5. Such mixing terms can be coupling at the renormalization scale, running with five
calculated by considering the one-loop matrix elementslavors.

(s7/07;|b) and(sgO{[b) (i=15,...,20), respectively.

In principle, also operators lik€, 5, O7q5 and O3 are IIl. SOURCES OF FLAVOR VIOLATION

induced in an analogous way. These operators, however, are ) . )

weighted bym,, my andm, and are vanishing in the ap- Supersymmetric mode!s contain all sources of flavor vio-

proximation used heren,=my=m.=0. lation present in a two Higgs dou_blet model of type I, i.e.
Due to these mixing effects, the scalar-tensor operatorthe vertices with a charged bosan:;—d, ;-W" anduy ;-

have to be included in a LO calculation for the decay ampli-dg ;—H ", Ugi—d, i—H™" (i,j=1,2,3). Once the electroweak

tude. The remaining four-quark operators with vector strucsymmetry is broken, a rotation in flavor spd&a]

ture 0215—0(1‘45 (and the corresponding primed operajors

do not mix at one loop neither into the magnetic and chro- D °=V4D, U°=V, U, D°°=UgD® U°°=Uj U,

momagnetic operators nor into the four-quark operators 17

£va of all matter superfields in the superpotential

BL / NT) W=—D;* %(hg);jQ;’Hg+ U7 °(hy);;Q"Hy— mH¢H,,
! N (18

br 7] SL brings fermions from the current -eigenstate basis
{dP,up ,d},ux} to their mass eigenstate basis
{dL ,U|_ ldR !UR}:

dE:VddL s UE:VUUL s d%: Udde U%: UUUR,
FIG. 4. Penguin diagram contributing to the operatds. (29
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GL &Gr Gr 4R GrL
— X

FIG. 5. Diagrams contributing to the opera-
tors (15). In the two upper diagrams, the quark

(squark g (g) can be of up- or down-type and
the flavor violation on the lower squark line, not
explicitly indicated, can be realized through a di-
rect flavor-chiral transitiofisee Fig. 2 or through
distinct chirality and flavor transitionésee Fig.
3). In the lower diagrams, the down-type quaik
is ab- or ans-quark if a single flavor violation is
allowed in the squark lines.

b, SR bz

d;g,

R
N —

Y ép

b, SR

and the scalar superpartners to the bgdlsU,D°,U°¢. terms of the Weyl spinok; and has massy;=M3. Notice
Through this rotation, the Yukawa matrichg and h, are  that, for the trilinear termﬁ\d,indéf’Bf", no proportional-
reduced to their diagonal forfmy andh, : ity to the Yukawa couplings is assumed. These trilinear sca-
lar terms are left completely general and may also represent
non-holomorphic ones, of the typ€, ;; H{; e} DCo discussed
in [36].
(20) Thus, in the interaction basis

,035,035,0¢%°* ,Q5°* ,Q5°*), often denoted also as
Tree-level mixing terms among quarks of different genera(Ql Q2 Q3 2 3 )
tions are due to the misalignment o and Vy; all the (a1, a2, ng, qu’ ng, 0 s), the squared-mass matrix

above vert|ce$1L, —d, ,—W anduLI dg H, Upd, - for a squark of flavof has the form
H* (i,j=1, 2 ,3) are weighted by the elements of the CKM 2 2
matrix V=V/Vy. The supersymmetric counterpart of these E(mf’ Pt Dr (Mm%, LR)+Frir

vertices, u_ ;—D;-W*, u_;-Df*-H*, ug;-D;-H", are (M3, LR+ Frre Mm% et Firrt Dt rR
also proportlonal td/,, in the I|m|t of unbroken supersym- (22
metry.

To illustrate the sources of flavor violation that may be The term mf LL IS mQ, for both, up- and down-type

present in Supersymmetrlc models in addition to those ensquarks mf RR is m for a down- type Squark annh~ for

gode:j |rr]1 the CKbM matrix, |th|s mstrucgve to consider |fn an up-type squark The off-diagonalx® block matnx
etail the contributions to the squared-mass matrix o f _niS A v, for a down squarkA ¥ v, for an up-type one.

sq_uark of flavof. The fe'?‘“on between off-diagonal terms |n The two vacuum expectation values are chosen to be real.
this squared-mass matrix and the type of operators mducmb should be stressed that, dlfferently from?> and
f, LL

the decayp— s, will then become clear. Since present col-
lider limits give indications that the squark masses are Iarge'?1f re the off-diagonal X3 matnxmf LR IS not HerTlt—
than those of the corresponding quarks, the largest entries [N 1N Other words, it isAq ; # Adj; as well asAy j; # A
the squark mass matrices squared must come from the soft 1heD-term contribution®;, | andDj g to the squared-
potential, directly linked to the mechanism of supersymme Mass matrix22),
try breaking. When restricted to the terms relevant to squark
masses and quark-flavor transitions, the soft potential can be Dt LL,rr=C0S 28 MZ(T{— Q¢ Sir? Oy 1, (23
expressed in terms of the current eigenstates scalar fields as
_ o 5 are diagonal in flavor space.
VoD QP * méijQ}’Jr D{ °* m3 IJDC °+U7°* my ”U“J The explicit form for theF-term contributions can be ob-
tained from scalar quartic couplings arising from the super-
potential (18):

R ; my ;
(ha)ii=(UghgVy)ii= , (hyi=(UlhVy)ii=

1 o
+| = 5Makshs+Aq ;Ha QDS °

VeDuiDP* (hihy); DP+v3Df °(hghl); DS °*

MOorco -
FAuHL QU R . ) —(uo, By BEC* +He)+02 TP (hfhy); T?
In Eq. (21), m%, mzb, andmztJ are Hermitian matrices. The +05 07 ()05 °* = (nogUP*h{ 08 °* +H.c.).
gluinog, a four-component Majorana spinor, is expressed in (24

075005-7
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The rotation(17) reducesF¢, andF; rg to their diagonal triceshy andh,. Being loop-induced, this source of flavor

form violation is, in general, smal[26], but it becomes non-
negligible for large values of tgh [32]. By this reasoning it
m3.D*D;, m2,0*0;, m3,D°*D¢, m?,Us*0°, becomes clear that, while a contribution to the operégy;
can arise from an off-diagonal term mixing the second- and
as well asF¢ g (Frr =Ffg) tO third-generation left squarksr(; | ),3, as shown in Fig. 1,

no contribution tOO;b,E is possible in the MSUGRA and
GMSB models. The same holds for all other primed opera-
itrors. These operators may nevertheless acquire non-
vanishing contributions in more general models, in which,
Jor example, there exists an off-diagonal termzo( RR)23-

— p(mgtanB)DFBF* . — u(mycotB)UFUS* .

Therefore, once up- and down-quarks are brought to the
mass eigenstate basis through the rotatidr, the only

sources of flavor violation in the squark sector arise from th A . ;
d Also vanishing, in MSUGRA and GMSB models, is the

off-diagonal terms in the soft mass matrica , M3 ar, S . :

9 1 S . . 8 LL> T RR contribution to the operato®;;3 coming from a left-right
and 'y, g~ Their origin, as their magnitude, is a model- mixing element (% | R)23. A contribution to this operator
dependent matter based on the interplay between the dynam- 9 d, LR)23- p

ics of flavor and that dictating the breaking of supersymme—can’. howe\{er, be |nduged2, even |n2these models, by intergen-
rational mixing terms im’ |, , (M )23, and the flavor-

try. In general, however, they give rise to large fIavor-quarke_ ) - :
transitions at the loop level, through large couplings of glui-diagonal left-right term ify | g)ss. In the mass-insertion
nos to quarks and squarks belonging to different generationéormalism, often used for the calculation of supersymmetric
One very drastic approach to this supersymmetric flavofontributions to FCNC processeg38], the first non-
problem is that of MSUGRA. In this modébr class of mod-  vanishing contribution 100z is then generated by the
ely the soft potential(21) is characterized at some high double insertion shov_vn in thg first diagram of .F|g. 3.1t W|II_
scale, typically a grand unification scale, by the universality®® shown later that, in generic supersymmetric models, this

of the scalar masses: contribution to O;55 turns out to give the strongest con-
straint on % | )23, When reasonable values aft; | g) 3
Mg =My =Mp;;=Mmé;; (25)  are chosen.

As advocated in the Introduction, the aim of this paper is
and the proportionality of the trilinear terms to the Yukawato provide a calculation as general as possible of the gluino

couplings, through a universal paramefer contribution to the decap—svy, i.e. a calculation that ap-
plies to supersymmetric models with the most general soft
Agij=Ahgij; Auij=Ahy; . (26)  terms. The QCD-corrected branching ratio for this decay can

o S then be used to constrain the size of the off-diagonal ele-
At this high scale, the only source of flavor violation is con- nants of the mass matricafBZd’ w mzd’ ~r, and mzd’ R

tained in the superpotential, indicating that the breaking Okjnce different operators contribute to this decay, with dif-
supersymmetry occurs at a scale where the dynamics of flgrent numerical impact on its rate, some of these flavor-

vor has already taken place. _ _ _ violating terms may turn out to be poorly constrained. Thus,

An elegant solution to the flavor problem is obtained inyiyen the generality of such a calculation, it is convenient to
GMSB models, in which the signal of supersymmetry breéakyg|y on the mass eigenstate formalism, which remains valid
ing is transmitted to the visible sector of fiel@, U°, D°,  even when the intergenerational mixing elements are large.
Hi,H,, etc., by flavor-blind gauge interactions. In theseThe procedure used follows closely Rdf37,26. The diago-
models, at the scale of supersymmetry breaking, all matricesalization of the two &6 squark mass matrices squared
in Eq. (25) are diagonal, although different, and the Common (2 and M2 vyields the eigenvaluesng and n? (k
value of A in Eq. (26) is set to zero. G T

In both MSUGRA and GMSB models, sources of flavor =1, ... ,6). Thecorresponding mass eigenstateg,and dy

violation in the scalar sector are generated radiatively at thék=1, . . . ,6) arerelated to the fieldsi |, Ug; andd,, dg;
electroweak scale through the scalar quartic couplings profj=1,...,3) as

portional to Yukawa matrices. A simple inspection shows

that intergenerational mixing terms due to only one type of U r=T1rU, d g=T} &4, (27)

Yukawa matrix, get eliminated by the rotati¢h7): no off-

diagonal terms are therefore possmlenﬁ rrinthese mod- e the four matriceE, r and'p,  are 6x3 mixing

els. On the cgntrary, flavor-violating terms are not rotateqytrices. The gluino-quark-squark vertices are explicitly
away in them’ || sector in which radiative contributions given in Ref.[26].

arise from quartic scalar couplings proportional to both ma-

IV. WILSON COEFFICIENTS AT THE ELECTROWEAK

_ o _ SCALE
INo new symbols are introduced to indicate the unknown matrices

m% |, M} gg, andm? g after the rotation(17). Notice, how- At the matching scalewy, the non-vanishing Wilson co-
ever, thatm? |, andm? |, , equal before this rotation, are now efficients for the SM operators in Eqe5) and (6) are, at
related agn?, | =Vmj V" leading order inag
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Colw) =
Cip ):X‘—W[—8x3 +3x2, 4+ 12X, —
7\Mw 24(th_1)4 tw tw tw
+(18x2, — 12y IN Xy ],
Co(p )=X‘—W(—x3 +6X2,— 3Ky — 2
8L AW 8(th—1)4 tw tw tw
— B6XpIN Xiw) (28

with Xy =m/M3, .
Among the coefficients arising from the virtual exchange

of a gluino at the matching scale, the non-vanishing onés argy|uj

Cobg(1w) =~ =z <Fth’LF’5LkS>F2<xgdk>
dk

Craglmw) =M c<R>E 2<r T8 Fa(xgq),
dk

(29

in the case of magnetic operators and

6
1
Capglmw) =~ Z _2 (P TE{IC(R)

—zqe)]Fz(xgdk)—%C(G>Fl<xgdk>}.

6

>

1
z(F
M3,

Cega(w)= I'E*){[C(R)

16772

—1C(G)IFa(Xgq) — 1C(G)Fa(Xgq)},
(30

PHYSICAL REVIEW D 62 075005

Compared to the SM, there is a larger number of magnetic
and chromomagnetic operators with different chirality and
dimensionality. The different chiralities are due to the fact
that the gluino couples both to left- and right-handed quarks
and the associated squarks. In contrast,\theas only left-
handed couplings and therefore right-handed fields only arise
if their masses are not neglected; usually oimgromomag-
netic operators with right-handed quarks are included.
Similarly, the occurence dthromgmagnetic operators with
differing dimensions can also be understood from the chiral-
ity structure of the gluino couplings. Some of the new opera-
tors differ from the SM(chromgmagnetic operators only by
an additional factog?. These were introduced as additional
operators for practical reasons.

Penguin diagrams mediated by the virtual exchange of a
ino and a gluon yield non-vanishing coefficients only for

Oq

the operatorg)’ 149'

11,g

C‘L;,(uw) 2 (r Tk {[C(R)

- %C(G)]Fe(xgdk) +3C(G)F5(Xga)},

6

LY ok
1672 K=1 m3
k

—3C(G)IFe(Xgq,) + 2C(G)Fs(Xgg)},

Clop(rw) =~ T5L9{C(R)

139(/‘LW) Cllg(/LW)

Clig(kw)=Clyz(nw), (31)

as well as coefﬁcients for the corresponding primed opera-

tors, (’)ng 0149 which can be obtained from those in Eq.

(31) by mterchangmg“ . These coefficients are ac-
tually independent of the quark label
Box diagrams, with exchange of two virtual gluinos

in the case of chromomagnetic operators. The coeff|C|ent§,e|d the following contributions to the Coefﬁc'en@;ﬂg

Crg.5(mw) and Cgy5(uw) are of higher dimensionality to
compensate the lower dimensionality of the correspondin

. . 2 2
operators. The ratiogyq _are now defined ag;q = ma/mak;
the Casimir factorsC(R) and C(G) are, respectively,
C(R)=4/3 and C(G)=3; and the functionsF;(x), i
=1,...,4, argyiven in Appendix A. The Wilson coefficients

of the corresponding primed operators are obtained through

the interchangdl.—T'}), in Eqgs.(29) and(30). The coef-

ficients of the magnetic and chromomagnetic operators, pro-
portional to thec-quark mass, vanish at the matching scale at

lowest order inag.

’The linear combination Cap5(w) O7p 5(1w)
+Crg3(mw) O7gg(mw)  coincides  with  the  expression
8C7(w) O7(w) given in the literaturgsee e.g[26,39), where
05 is the standard model operator.

&145 :

6

>

2
m= k,h=1
9

Clig(kw) = T8 T3 IIs gy
119 Mw 36 DL

1672

X [G(Xdkg inhg) - Zuz(xdkg 1thg)]

qdlz(r TEIHIered)

X [7G(Xdkg anhg) +4F(Xdkg athg)] )
3Note that these diagrams are finite and all the manipulations

needed to eliminate the charge conjugation matrices in the crossed
topologies shown in Figs. 5 are well defined.
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6
1 1 1
Cizg(ﬂw):@ 2 kél 1—2(TIBbL T TELre) Cleg(hw) = o2 F % ( (MRS
5k
X[7G(Xg,g:Xg,g) T 4F (X4 g Xq,0)] X (THLITER) F(Xg,g:Xq,0)
1
+ 5qd§5(rll(3bL rsre (r'y KT L) + 5qd9 (TRTEL)
X[G(Xdkgquhg)_ZOF(Xdkgnthg)]]n X(F* kq )F(Xdkgithg)]
q - 1 1 § 1 Kb * ksy /% hq c! ~( )= ! i Fkb F* ks)
C135(MW)_@EM:1 —1gToL oG I'ye) 17g AW = T2 mg DR
5k
h h
X[5G(Xdg Xq,g) ~ F(Xa g Xq,g)] X(TERTQL) G(Xyg.Xq,g)
S kb 1* hs 1 kb * hs * kq
+ 5qd1_2(FDLFDL qd3 (FD RFDL )(F L)
><(F* kap qu)G(Xdkgvthg)]! X[G(Xdkgathg)+7F(Xdkg-thg)]]a
11 ' ke (s b ) = = % _5( s ks)
14g(lu'W)___2 hz )(F ) 18’g Pw 167 2 ma k,h=1 6
hah
X[G(Xq g Xq ) + TF (Xg,g:Xq 0)] X(THRT L) G(Xg,g:Xq,g)
11
+ 5qd36( T50) Sqdg (FkbRF* ER' TG
X(T'§ quhq RIG (X g 7thg)]! (32 [5G (Xgyg Xayg) ~F(Xag ’thg)]]’
with the corresponding primed coefficients obtained through ()= 11 i B E(F ks
the interchangd’g, T}z andI'$, < T'{g. Notice that the 19g MW= e it | 8
symbol 3,4 is the Kronecker delta, equal to one wheis the g
down-quark and zero whepis a different quark. I;oq d, X (F* hap qu) F(xdkg ,thg)
also, the subscan in the two combinationsI(g “T'q)
and g R hap R,) has to be identified witlD, typlcal of a (F r'% hs)
down- type squark exchanged in the box diagram. The box- qd12
diagram function$s(x,y) andF(x,y) are explicitly listed in
Appendix A.. . N . . . ><(F* kap )F(Xdkgathg)J
The remaining coefﬁuent@ —C20 , in mass insertion
language, are characterized by an odd numbér-éR inser- 6
tions in each squark line. In the mass-eigenstate basis used Co () = 1 i D 3 2Tk Ts ks
for squarks in this analysis, they are 20g HW ™ g2 mg kfZ1 (8" PR
6 * hq
() = 1 1 11(rkb [x ks X(T'g LT o) F(Xg g:Xg,g)
15g\Hw 1672 mg |18 DR!DL
hs
Oqdar (F R[50
X(TE 1T E%R) F(Xa g Xq,0) 36
qd3 (Fkb F* hS) (F* kq qu)F(Xdkg 5thg)} . (33)
The considerations made for the coefficie(@8) hold also
(1“6 'Eqr‘ R)F(xdkg ,thg)] here: the corresponding primed coefficients are obtained
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through the interchangek, —~T'l; and Fi FQR, and flavorq) 20 four-quark operators. The anomalous-dimension
dqq @lways vanishes, except fa=d. Under renormaliza- matrix y;; 5 is then a 11X 112 matrix. It turns out, however,
tion, the operators corresponding to the coeffici€B8 mix  that primed and non-primed operators do not mix. This re-
with the magnetic and chromomagnetic operators in Egsduces the problem to the evaluation of two identical 56
(11) and (13) by undergoing a chirality flip proportional to x 56 matrices.

mg. Therefore, onlyg=b and g=c can contribute to the Moreover, given their lower dimensionality, the

decayb—sy in the approximation of massless light quarks §imension-five operator®;55, Og5, and Ol =, O}

79.9° 89,9’
made here. do not mix with dimension-six magnetic operators. The 4

X 4 submatrix for these operators is a block-diagonal matrix
with 22 blocks. The block corresponding @755, Ogg g
V. WILSON COEFFICIENTS AT THE DECAY SCALE s

‘As already mentioned in Sec. Il, the two tertig}; and

HIs in the effective Hamiltonian(9) undergo separate
renormalization. The anomalous-dimension matrix of the SM

operatorsO,—0g and the evolution of the corresponding 18 0
Wilson coefficients to the decay scate, are very well vig=| 32 50|(i,j=79,89), (37)
known and can be found if23]. “9 3

The evolution of the gluino-induced Wilson coefficients
Cig from the matching scalg,, down to the low-energy
scaleuy, is described by the renormalization group equation:

and differs from the known mixing matrix of the SM opera-
d tors O; and Og just by anomalous dimensions of the explicit
M@Ci,azcj,ﬁ(ﬂ) Vi g()- (34 massm, and of the couplingy? in the definition of the op-
erators.
In general, the structure of the remaining>884 matrix,
corresponding to the four-quark operatoré)iqa @
The usual perturbative expansion for the initial conditions of_ 11,...20;q=u,d,c,s,b), magnetic operators(y’)mg,
the Wilson coefficients, O7¢5. and the chromomagnetic operat@s, 5, Ogc. IS
rather complicated. The fact that in a LO calculation only the
coefficientsC;, 5 and C,. 5 (and corresponding primed co-
efficienty are needed at the low scalg,, however, simpli-
CI g( pw) -+, (35  fies the analysis considerably. Among the four-quark opera-
tors, only those with scalar-tensor Lorentz structure,@i‘%
(i=15,...,20), mix into the magnetic and chromomagnetic
operators at orderas. The vector operators[(’)ﬂa (i
=11, ...,14)] on the other hand mix neither into the mag-
netic and chromomagnetic operators nor into the scalar-
tensor four-quark operator§The scalar-tensor operators,
however, mix into the vector four-quark operatpiBhis im-
plies that the presence of the four-quark operators with vec-
tor structure is completely irrelevant for the evolution of the
coefficients of the magnetic operators. The observation that
the scalar-tensor operators with the labemmix into 043
and Ogq5, Wwith the sameqg, together with the fact that
is possible thanks to the choice of including appropriatescalar-tensor operators mix among themselves in a flavor-
powers ofgg(u) into the definition of the operatoxs; 5, as  diagonal way, further simplifies the situation. It is indeed
discussed in Sec. Il. Since no NLO results are presented ipossible to restrict the problem at the LO level to the calcu-
this paper, the symboy;; g(,u) will be used in the following lation of two 8x8 matrices, i.e. the two matrices corre-
to indicate the LO quantityy ~(,u) Similarly the Wilson sponding to the operatorsO?.~, 0%~ % - 09 -

ag( MW)

Cigiw) = Clglpw) +—5

as well as for the elements of; 5(u),

_oo_as(m) o ad(p) 36
7ji,g(M)_ - ’yji’a'i‘ (477)2')/“‘5-1-...’ (36)

159’169 17g'~18g9"
coefficientsC; 5 will be |nd|cat|ngC 5 as already under- O‘jgg (’)20g 074,5+08q5, for g=b andg=c.
stood in the previous sections. The indicepin Egs. (35 For the caseq=Dh, the result of such a calculation, in

and(36) run over all gluino-induced operators: 12 magneticwhich the anomalous dimensions due to the explicit powers
and chromomagnetic operators and 5 tintese for each of the couplinga, are again included, is
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m N
a4 0 0 O 1 -1 1 1
3 3 3
1 7
-6 9_8 0O 0 —— —— -1 0
3 2 6
44
0 0 — O 0 0 0 0
3
98
0 0 -6 3 0 0 0 0
{vigh= - . (38)
16 —48 0 O 36 0 3 4
20
—-24 -—-56 0 O 6 18 3 -8
0 0 0 O 0 0 26 0
0 0 0 O 0 0 32 14
9 3
n u

The anomalous-dimension matrix corresponding to the gasediffers from the previous one in the submatrix responsible
for mixing of the four-quark operators into the magnetic and chromomagnetic operators:

[ ] |

44 1
— 0 0 O — -1 0 0

3 3

98 1 7
-6 — 0O 0 —=- —— 0 0
3 2 6
44
0 0 — O 0 0 0 0
3
0 0 -6 98 0 0 0 0
Yvigt= 3 : (39
16 —48 0 0O 36 0 -16 0
16
—24 —56 0 O 6 18 -3 8
0 0 0 O 0 0 26
32 74
0 0 0 O 0 0 = =
| | 9 3 u
|
Using the anomalous dimensions matri¢&%), (38) and Ceg3(1n) = 7725/2308§,§(Mw)- (40)

(39), the renormalization group equati¢®4) can be solved
by the standard procedure, described, for example, in Ref.
[40], using the Wilson coefficient€; 5(uw) given in Sec.
IV as initial conditions. The integration of E¢34) for C3 5

andCgj 5 Yields the following expressions for these Wilson Here and in  the following, » denotes the ratio

coefficients at the low scalgy, - as(puw)! as(pmp). The low-scale Wilson coefficients for the
b corresponding primed operators are obtained by replacing in
Crx(1p) = 727"2C 7 2 w) Eq. (40) all the unprimed coefficients with primed ones. The
79.9 MBI 799w same holds for the following coefficients.
8 The Wilson coefficients of the dimension-six operators
+3 (7%= 77729 Cagg ), P

Crpg andCgp, 5 are at low scale:
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Cop5(ip) = 7°%22Cop 5 1w) ., 162m%ay(u)| 1,
C7:_ C7b~(ﬂb)+_c7~~(ﬂb)
8 G ViV & m, 799
— (937123 39123 - F Vb Vis
+3(77 7 gb,g(Mw)

. (45)

IRLTSN

+Ran (b)), my, ~7eg 0

~ 7 ~ Notice that, at the leading logarithmic level, it is not possible
Cén,g(1n) = 723 Cap g w) + Rep,g( ) 4D o distinguish between the pole massasandm, from the
corresponding running quantities at the scagor m.. In

The remainder functionBy7, 5(p) andRep 5(1p) are given  he following, these mass parameters are always treated as
in Appendix B. They turn out to be numerically very small pole masses.

with respect to the other terms on the right-hand sides of Eq.
(41). Notice that, in the approximationR;,3(up) VII. NUMERICAL RESULTS
=~ Repg(1p) =0, the low-scale coefficient€p5(up) and Numerical re.dictions for the QCD-corrected branchin

Cabg(up) are simply obtained through the integration of Eq. neal p ) ) 9
(34) with the anomalous dimension matrix; 5 reduced to ~ atio BR(B— Xsy) induced by gluino-squark exchange can

O and Ogy 5. convenient to select one possible source of flavor violation in
Ifignally thég coefficientsCr. 3( 1) and Cgeg(sp) for- the squark sector at a time and assume that all the remaining

mally have the same expressiong, () andCey (1), ~ ONES are vanishing. . o,

when the indices @ and & are replaced by @and &. Also Following Ref. [28], all diagonal entries inmY |, ,

. . . . . 2 2 i

in this case, the functiorR; 5( ) andRg. 5(uy), listed in - Maq rr, @NAMY, gg are set to be equal and their common
Appendix B, are numerically small. In the approximation value is denoted byr‘ﬁ. The branching ratio can then be
R7c3(1b) =Rgcg(mp) =0, the coefficientsC,.5(up) and  studied as a function of only one off-diagonal element in

Cgc,a(,ub).v.anish identically, ;ince the correspon_ding Wil- m2 . andm? g, Normalized tom%, i.e. as a function of
son coefficients at the matching scale are vanishing. one of the elements

VI. BRANCHING RATIO (M3, L) (M%, rR)ij
- BLLii=—— 5 Srrij=—— 5, (i#]) (46)
The branching ratio BRE— X;y) can be expressed as My M
o I'(b—sy) and/or of one diagonal or off-diagonal element of the 3
BR(B—Xsy)=—F—BRsL, (42)  matricesm? | g, M% g, again normalized tmng:
SL ’ '
i ileptoni (MG, LR)j (M3, R,
where BR;, = (10.49+0.46)% is the measured semileptonic v d LRI —~ d.RUj
. N . . 5LR i 2 ’ RL,ij 2 . (47)
branching ratio. To the relevant order i, the semilep- ’ m; ’ my

tonic decay width is given by
The corresponding off-diagonal entries in the up-squark
mass matrix squared, relevant for the contributions coming
: (43 from the gluino-induced four-quark operatdi) and (15)
are set to be equal to those in the down-squark mass matrix
squared. Among the four-quark operators, only the scalar-
tensor operator§l5) contribute to BRB—Xgvy), at LO in
QCD. Their effect is negligible and the above restriction is
not likely to produce an unnatural reduction of their contri-
(I&5]2+|E22), (a4  bution. Indeed, due to their proportionality EELIERS, the
3274 operatoriQﬂ~g (i=15,...,20) are generated always together
R . with O755 and Ogg 5. As will be discussed later, the latter
whereC; andC; can be expressed in terms of the SM andare the numerically important operators and the corrections
gluino-induced Wilson coefficients evolved down to the de-induced, e.g., byOg; 5 on the Wilson coefficenC- 5( )
cay scaleuy, as completely overshadow the effect of the four-quark operators
Oiqa. These induce corrections of the Wilson coefficient
16V2 7 g pup) 1 C 3(up) of the numerically less relevant operat©¥j ;
| Coa(mn) + -Crgg(up) that are genericall dbyaf t th
Ge Vi Vi m, are g y suppressed by a actog, (mg) at the
amplitude level. Analogously, the primed scalar-tensor op-

SL™

mp GZ [Vepl? [ Mg
19272

m;

where the phase-space functigz) is g(z)=1—8z+8z°
—27*—127%1logz The decay width fob— sy reads

5 ~2 %2
my Gg |ViyVie© a
F(b S'y)= b F| th ts|

67:_

+Col ), eratorg@ ?’5 (i=15,...,20) are al.so expected to have a very
small impact on the decay amplitude. The vector four-quark

me B
+ m_b C7c,g( /U'b)
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(<]

operators, on the other hand, can be generated without the
simultaneous generation Gl 5 and Ogy 5 and no suppres-
sion factor (n,/mg) is present in this case. Therefore, the
vector four-quark operators, although entering at NLO only,
are in general expected to have a larger impact on the decay
amplitude than the scalar-tensor four-quark operators. In the
context of a NLO analysis, one should actually check if the
assumption of equal off-diagonal entries in the up- and
down-squark mass matrices squared is not an oversimplifi-
cation, affecting the generality of the numerical results.

As for the remaining entries in the squark mass matrices
squared, thé terms are calculated using,=91.18 GeV, 0.5 1 1.5 2
sir? 4,=0.2316, and ta=2; theF termsF; | andFgg, X
usingmpy=3 GeV andm,= 175 GeV, in the approximation of
vanishing lighter quark masses, wherégs p=F g =0 is tion of x=mZ/m?, obtained when the only source of flavor viola-
assumed. It is obvious that all the information gained . . ) -

] ) — tion is & 3 (see texy, fixed to the value 0.01, fom;=500 GeV.
through the numerical evaluation of BR{Xsy) on the  The solid line shows the branching ratio at the LO in QCD, for
size of (mzd,LR)33 can be extended to the combination ,, =4.8 GeV andu,=M,y; the two dotted lines indicate the range
(mzdy rtFfLr)3z and [(m2OL LR)T+ FirLlsz In realistic  of variation of the branching ratio whem, spans the interval 2.4—
cases, in whichu# 0. For the diagonal entrmg, the value 9.6 GeV. Also shown are the values of BR{ Xsy) when no QCD
m;=500GeV is in general used. Moreover, it is imposedcorrections are included and the explicit facta( ) in the gluino-
that the eigenvalues of the twox@® up- and down-squark induced oper_ators is evaluated at 4.8 GeMshed lingor at M,y
mass matrices are larger than 150 GeV for all values ofthe (dot-dashed ling
ratios scanned. The value of 150 GeV is here taken as an
average model-independent lower limit on squark masse#nass, for a given value af;, n; =500 GeV. Also shown is
which can be inferred from direct searches of squarks athe range of variation of the branching ratio, delimited by

1 1 1 I 1 1 Ll Ll I Ll Ll Ll Ll I Ll T T T
gluino only |
- O1p2s=0.01 -+

-~

BR(B —> X, 7) * 10*
[4V]

(=]

FIG. 6. Gluino-induced branching ratio Bﬁbxsy) as a func-

hadron colliders. dotted lines, obtained when the low-energy scajgspans
Finally, the remaining parameter needed to determine théhe interval 2.4—-9.6 GeV. The matching scalg, is here
branching ratio is fixed to My,. As can be seen, the theoretical estimate of

BR(B—Xyy) is still largely uncertain { +=25%). An ex-
traction of bounds 0| | ,3andd| g .3 more precise than just
(48 an order of magnitude would require, therefore, the inclusion
of NLO QCD corrections. It should be noticed, however, that
the inclusion of corrections at the LO has already removed
wheremy is the gluino mass. the large ambiguity on the value to be assigned to the factor

In the following, the SM contribution to BRR—Xsy) is, ~ @s(x) in the gluino-induced magnetic operatdfsl)—(13).
in general, added to the gluino contribution: possible conBefore adding QCD corrections, the scale in this factor can
straints on the flavor-violating sources in the squark sectogssume all values fromy, to w\y. The corresponding values
should be extracted, keeping into account that the SM confor BR(B— X4y) for the two extreme choices ¢f are indi-
tribution already successfully saturates the experimental rezated in Figs. 6 and 7 by the dot-dashed lines=(My) and
sult for this branching rati¢12,13. As already stressed in the dashed linesy(=4.8 GeV): the branching ratio is virtu-
Sec. |, this analysis applies to particular directions of theally unknown. The choicee=M,, gives values for the non-
supersymmetric parameter space, in which charged Higgs,
chargino, and neutralino contributions can be safely ne-
glected with respect to the gluino and SM contributions.
Moreover, it should also be mentioned that the bounds dis-
cussed in this section of\ | 53, Srr23: OLR 23, anddg| 23,
obtained in these particular directions of parameter space,
have to be understood in an indicative sense, since they are
extracted ignoring the error of the theoretical calculation.

It is useful to isolate the gluino contribution when illus-
trating the impact of the LO QCD corrections on the gluino-
induced Hamiltonian. In Figs. 6 and 7, indicated by solid
lines, are shown the values of the QCD-corrected branching e Lo b L]
ratio obtained, respectively, when ondyg o3 and 6, | 3 are 0.5 1 1.5 R
non-vanishing. Their values are fixed in the two figures as X
follows: &) g 23=0.01 ands| | ,3=0.5. The branching ratio is FIG. 7. Same as in Fig. 6 when ondyy ,3is non-vanishing and
plotted as a function ok, i.e. as a function of the gluino fixed to the value 0.5.

T
EVES

PV T 1T T 17 7 17 1T 1T 7 1770 T 177
ST | T

S~ gluino only

. 811.25=0.5

[

o
T T TTT1T]Z
Ll

BR(B —> X, 7) * 108
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1 I 1L 1 I 1| 1 I 1 1 I 1L 1 I 1| 1 I 1| 1 I 1| 1 I 1

-0.04 -002 O

6 RL,23

0.02 0.04

FIG. 8. Dependence of the QCD-corrected branching ratio FIG. 9. Same as in Fig. 8, whefy| 3 is the only source of
BR(B— X,y), obtained from the SM and gluino contributions, on flavor violation for the gluino contribution. The paramexes fixed
the parametew, g »3, When (md Lr)23 is the only non-vanishing to O. 3 (short-dashed line 0.5 (long-dashed ling 1 (solid ling), 2
off-diagonal element in the down-squark mass matrlx squared Thedot-dashed ling
branching ratio is shown for different values o malma, with
m; =500 GeV: 0.3(short-dashed ling 0.5 (long-dashed ling 1  value: there are no small values &f, ,; for which the total
(solid ling), and 2(dot-dashed ling Low and matching scales are branching ratio falls off the band allowed by the CLEO mea-
up=4.8GeV anduy=M,y. surement.

Much weaker is the dependence of EB%XSy) on

QCD-corrected BRE—Xsy) relatively close to the band SLL 23 if (M% )23 is the only off-diagonal element in the
obtained for the QCD-corrected result, in the case shown Ir@jown Squark mass matrix squared. This dependence is illus-
Fig. 7, when onlys,, »3 is non-vanishing. Finding a corre- trated in Fig. 10 for different choices ok and my
sponding value of that minimizes the QCD corrections in =500 GeV. The gluino-squark loop generates in this case
the case studied in Fig. 6, when ondyg >3 is different from  only the dimension-six operat@?;;, 3 and the gluino contri-
zero, depends strongly on the valuexof bution interferes constructively with the SM contribution for

The results in Figs. 6 and 7 also show that the operatopositive &, ,3. Notice that the mass insertion approxima-
Oz gives much smaller contributions to BR@XSy) tion, given the large values af, | ,3 allowed by the experi-
than the operata®; ; 9 Indeed, the branching ratio obtained mental measurement, cannot be used in this case to obtain a
through O7b'§; only is typically suppressed by a factor reliable estimate of BRE— X.y), whereas it is an excellent
(my/mg)?, with respect to that obtained frofy 5, if simi-  approximation of the complete calculation in the cases
jar values ofd | »3and g »3 are chosen. Analogous consid- shown in Figs. 8 and 9. For completeness, also the case in
erations hold forO andO e . The elementsj g3 and  which the only off-diagonal element in the down-squark
SrL 23 are therefore expected to be the flavor-violating pa-mass matrix squared is in the right-right sectan A rR)23
rameters most efficiently constrained by the measurement of 0, is shown in Fig. 11. The inclusive branching ratio, plot-
BR(B— X<y). ted versus the relevant paramei®ir,3, is now obtained

In Fig. 8, the dependence of B§(—>Xsy) is shown as a from the incoherent sum of the SM and gluino contributions

function of 6, g,3 when this is the only flavor-violating
source. The two horizontal lines correspond to the minimum
and maximum values, 210 4 and 4.5<10 *, allowed by

the CLEO measurement. The branching ratio is obtained by
adding the SM and the gluino contribution calculated for
different choices ofx, and a fixed value ofmg: nmy
=500 GeV. The values of the gluino mass corresponding to
the choicesx=0.3, 0.5, 1, 2 aremz=274, 354, 500,
707 GeV. The branching ratio is plotted in this figure for
fixed values of the two scalesu,=4.8GeV and uy
=M. The gluino contribution interferes constructively
with the SM for negative values af, 3, Which are then 0_1 ! '_(I)tl) = (I) = '0|5' — 1
more sharply constrained than the positive values. Overall, ’ 5 )

this parameter cannot exceed the per cent level. No interfer- LL23

ence with the SM is present whéa, ,3is the only source of FIG. 10. Same as in Fig. 8, wheh s is the only source of
flavor violation, as shown in Fig. 9. The results obtained forflavor violation for the gluino contribution. The different lines cor-
BR(BHXSy) are then symmetric arounék, ,3=0 and the respond to:x=0.3 (short-dashed line 0.5 (long-dashed ling 1
constraints on|dg, 24 are upper bounds on its absolute (solid line), 2 (dot-dashed line

T T T T I T T T T I T T T T I T T T Il I
L SM+gluino _f
I : /Z

2]

"~

BR(B -> X, 7) * 10
fa\)
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T T T T SM value of the branching ratio, at the LO in QCD, is the
SM+gluino - value at which all curves meet fo$ | ,;=0. The short-

2]

I
T P

dashed line is obtained fon(zd’ LR)33=Mg My, , Which corre-

sponds to a relatively large trilinear coupling in models in

r’—i which the trilinear term in the soft potential is proportional to

A the Yukawa couplings. The corresponding maximally al-

S izl lowed value ofd | ,3 already is, in this case, considerably

smaller than that obtained when only the operafyy, 3 is

present. Larger values @ g 33 obviously induce even more

L 1 stringent constraints 08| ,3.

ol Lo L by Two obvious lessons can be learned out of this analysis.
-1 -0.5 0 0.5 1 First, in directions of the supersymmetric parameter space in

0 . _
RR.23 which other contributions to BR— X.y) cannot be ne-
FIG. 11. Same as in Fig. 8, whefkgas is the only source of glected, some of the constraints derived here may be invali-
flavor violation for the gluino contribution. The values xtorre- ~ dated by possible interferences among different contribu-
sponding to the different lines are: O(3hort-dashed line 0.5  tions. Anillustration of this is provided by the comparison of
(long-dashed ling 1 (solid line), 2 (dot-dashed ling the bounds imposed by BB Xsy) 0n 6 g3 and g, »3,
which are different precisely because contributions from

and shows conspicuous deviation from the SM result only>M-gluino interferences are possible in one case, but not in
for very large values 0Brg2s. the other. The second lesson stems from the observation that

As already observed, among the operat@ls,; and  different operators contributing to BR(->Xy) have very
0755, the second one has the stronger impact on BR( different numerical relevance. Because of this, it is not nec-
—>><57)- It is then legitimate to question whethéy ; may essarily true that the strongest constraint on a chiral-flavor-
not provide a stronger constraint @ ,s. SinceOgj re- violating sfermion mass term can be derived from the opera-
quires a chirality flip within the loop, then at least an addi-OF that is generated by it in the most straightforward way.
tional off-diagonal element different from zero is needed in1 N€refore, one cannot but end this section by stressing again
the left-left sector of the down-squark mass matrix squaredtN® importance of analyses as complete as possible, when
Indeed, the flavor-conserving left-right mixing term att€mpting to use thb— sy decay as a model-building tool,
(M2, | r)ss together with (2 )23 can also generate the constraining the soft supersymmetry-breaking terms.

operatorO7g5; see the first diagram in Fig. 3. The corre-

[\

BR(B -> X, 7) * 10

sponding branching ratio is shown in Fig. 12, as a function of VIIL. SUMMARY
O\ o3 for different choices o 33. The value of the diag-
onal entries in the squark mass matrixnig= 500 GeV and Gluino-mediated contributions to FCNC processes are

mg is determined by the choice=0.3. As in the previous useful probes of chiral-flavor-violating soft breaking terms.
plots, low and matching scales are fixedias=4.8 GeV and They are in general cleaner than chargino contributions,
uw=M,y. Both parameters, 33 and 8| ,3 are chosen to which are sensitive also to the CKM matrix, responsible for
be positive. The solid line in this figure, obtained @y 33 flavor violation in the SM and in two Higgs doublet models
=0, then coincides with the short-dashed line in Fig. 10. Thd2HDMs). Since they come with a couplings, they are
usually rather large. Whether they are indeed much larger
than chargino contributions is a model-dependent issue.
The presence of the couplings makes these contribu-
tions also particularly interesting for FCNC processes in
which QCD corrections play as important a role as the purely
electroweak contributions. Exemplary among these pro-
cesses is the decdy—sy. A specific analysis of the imple-
mentation of QCD corrections for the gluino contribution to
this decay is required. This paper is devoted to precisely this

IIIIIIIIIII/II/VIIIIII

2]

"~

BR(B -> X, 7) * 10

2 L i issue: it shows how to QCD-correct the gluino contribution
- SM+gluino 1 to the decayb—sy, using the formalism of the effective
0‘,.,||.,|.,,||,,|,,,' Hamiltonian.
0 02 0.4 0.6 0.8 1 It is shown here that, contrary to the common belief,
Ors20 gluino contributions require an enlargement of the standard

basis of operators needed to desciibe transitions in the
FIG. 12. BRB— Xsy) VS 8,1 23, Whendy ,;andd qzzarethe  SM and 2HDM's. In the SM, the calculation at the LO in

only sources of chiral-flavor violation. The dependencespnzis ~ QCD includes all terms of the typé aglog(My/my)1",
shown for different values 0, g 33: O (solid line), 0.006 (short- ~ Whereas the calculation at the NLO resums all terms

dashed ling 0.01 (dot-dashed ling 0.1 (long-dashed line The  ag adog(M3/m)]N. The program of implementation of
value ofx=mé/m¢ is fixed at 0.3 andrg to 500 GeV. QCD corrections in the SM requires that at each order in
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QCD, e.g. LO or NLO, the anomalous-dimension matrix of o2[ aJog(M/m,) N for the gluino-induced operators, versus
the SM operators is calculated at a higher ordewinthan  the contributionsGgag agdog(My/my)]N coming from the
the matching conditions and the matrix elements. This iSSM set of operators.

because in the SM, at a certain order in QCD, no other op- A complete LO analysis for the branching ratio of the

erator can mix into the magnetic  operator inclusive decayB— X¢y coming from SM and gluino-
[e/(1672)] (so“Pgb) F ., without the exchange of a vir- induced contributions is presented in this paper. The full
tual gluon. The situation is different in the case of gluinoanomalous-dimension matrix for gluino-induced operators is
contributions. Gluino-induced magnetic operators acquirealculated and a simple expression for the branching ratio is
corrections as in the SM, when an additional virtual gluon isgiven. The gluino-induced Wilson coefficients are also listed.
exchanged. Moreover, as in the SM, also gluino-induced hey are obtained from the evaluation of one-loop diagrams
chromomagnetic operators mix into the gluino-induced magmediated by the exchange of gluino and squarks. The mass
netic ones after the on-shell gluon is connected to a quarRigenstate formalism is adopted as the most suitable for su-
line and an additional photon is radiated. Both operators geR€rsymmetric models with different sources of flavor viola-
first non-vanishing contributions at the matching scale at ortion and witha priori large flavor-violating mass terms.
der «g, and give QCD-corrected contributions of type A numerical analysis for the inclusive branching ratio
a?log(M&/m@). Gluino-induced four-quark operators with BR(B—Xsy) due to SM and gluino-induced contributions is
first non-vanishing contributions at the matching scale ofPresented. The QCD corrections to the gluino-induced con-
O(a?), however, can mix into the magnetic operatorstributions are found to be even more crucial than in the SM
through the connection of two of the external quark lines andase- The non-corrected contributions to the inclusive decay
the emission of an on-shell photon, giving therefore also corB— Xy, in fact, suffer from a severe source of uncertainty
rections of typex? log(M3/mf). As not all logarithms are due that has no counterpart in the SM. At the zeroth order in
to gluon exchange, their systematic resummation is more inQCD, there is no prescription to fix the scale of the overall
volved as in the SM. factor a§ in the final expression of the branching ratio, in-
A solution to this problem has been proposed in this patrinsically due to gluino exchanges: it can range from the
per. The couplingsys and «? intrinsically connected with matching scale~M,y to the low-scale~m,. Once QCD
the gluino exchange are respectively factorized out in the€orrections are added, the bulk of this ambiguity is removed:
definition of magnetic and chromomagnetic operators and othis factor ofa? has to be evaluated at a low scalemy),
operators originating from box diagrams. With this defini- although the exact value of this scale remains unknown. A
tion, all gluino-induced operators are distinguished from thesimilar uncertainty is due to the fact that the matching scale
standard set of operators in the effective Hamiltonian in-s only known to be ofo(My,). Thus, the LO branching ratio
duced by SM and 2HDMs. In particular, the magnetic operastill suffers from matching- and low-scale uncertainties simi-
tor O;=[(e/(1672)] my, (Sc*"Pgb) F,, is now distinct lar ir_1 size to those in the SM resu_lts. _ o
from the gluino-induced one Om3 I_:ln_ally, we conc_lude_ by recalling that this analy5|s is
=eg§ my (sc“*Pgb) F,,. This in tum has to be distin- vztalld in part!culahr. dr:reﬁtlonsdo;_the suEersymmetgc patraTj—
guished from the lower dimensionality operatdb;gg goer:trsi‘t?:tcic?r’\;nc\;vn Ige cr:]earge Iggs, chargind and neutralino
>~ u» , , glected. In spite of the still large the-
=€ g, (so*"Pgb) F,,,, induced at the matching scale by a retical error, it provides bounds on the different sources of
loop diagram in which chiral-flavor violation is provided, for fiayor violation that are present in these directions of param-
example, by the insertion Qf a Igft-rlght mass term In theeter space. Further studies are called for to include NLO
squark propagator and the insertion of a gluino mass in thegntriputions as well as all the remaining supersymmetric
gluino propagator. Completely new are the four-quark operaggntributions.
tors, such a59‘1‘55=g§(u)(sPLb) (qP_q), with an explicit
factor g2. In total, the inclusion of gluino contributions re-
quires 56 new operators and another additional 56 with op- ACKNOWLEDGMENTS
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equation yields, at first non-vanishing order, terms all of the it of the theory group at CALTECH where part of this
type[ alog(My,/my,)T". The analogy with the LO SM contri- .o \was done.

butions is now clear. It is this first non-vanishing order that is

classified as LO gluino contributions. Thus, gluino ex-

changes induce terms of the typ@[aslog(MW/mo)]'N at'the APPENDIX A: EUNCTIONS

LO in QCD, to be compared to the LO SM contributions of

the type Gg[ agogMy/my)JN. The generalization to the Listed below are the loop functions appearing in the co-
NLO is obvious: it will yield contributions efficients(29) and(30):
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(x3—6x%+3x+2+6xlogXx),

Falx)= 12(x—1)*

Fo(x)= (2x3+3x2—6x+ 1—6x%logXx),

12(x—1)*

Fa(x)= (x?>—4x+3+2logx),

2(x—1)3

F4(x):;(x2—1—2x logx); (A1)
2(x

_1)3

those originated by the calculation of penguin diagrases
coefficients(31)]:

Fe(x)= ! [7x3—36x%+45x— 16

36(x—
+(18x—12)logx],

PHYSICAL REVIEW D62 075005

Fo(X)=————(—11x3+ 18>~ 9x+ 2
X S
+6x3logx); (A2)
and finally, the box-diagram functions:
F(xy) 1 | xlogx 1 ( )
X1 = - —(X— )
Y “Y[l(x-1? x-1 Y
G0xy) 1 | x%logx 1 ( ) A3)
X,y)= - —(X—=y)|.
Y (x—1)2 x-1 Y

APPENDIX B: WILSON COEFFICIENT REMAINDERS

The effect of the four-quark operatof$5) on the evolu-
tion of the Wilson coefficient relative to the magnetic and
chromomagnetic operatod1)—(13) is encoded in the re-
mainder functionsR7q 5(up) andRgq 5(xp) (q=Db,c) listed
below:

o 3 g, 34005241 1000| 67
7b,5(Mp) = m( 1t 2)+m 1 2)+m 118% 15g(Mw)
595 27749241 320| 31
T\ ~ 33276911 92) ~ —gg1g516 (d17d2) T 17795 7780 169(“‘”)
g, TA3L24 0 48 10|
| o773l e 668203 (17 d2) ~ 7705 T 5gds | Cooglaw)
7oL,  lsssnal o 224 206 | o
+| 57730t d2) — —peasoa (di=dy) — 77 dst =5ds | Copg(mw), (BY)
391241 25
R8b,§(ﬂb): + 45308 (d d2) 188(d1+d2 2d3) ]_SQ(IU’W)
20241 2 X
| = S (G1=0o) +4—7<d1+d2—2d3)) Coosl i)
231241 9 ]
+ - S ( d)+4—7(d1+d2_2d3))clgb(ﬂw)
702241 42 ]
- 11327 7257 (di—d )+4_7(d1+d2_2d3)) CZOQ(MW), (B2)
o [ 275 39119241 576 _
7e5(10) = | ~ 33576 911 d2) * 579576 (A1 d2) F 57750
1273 25037241 2
~ 33276094 ds) ~ —go19516 (44 )+ 577308 | Casg(kw)
“oo 7205241 2624 5267
33276 917 92) * 3579516 (917 d2) ~ gz1gts ™ 33576 44T ds)
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85147241 4 g 1528 1528
~ 8019516 (447 ds) T 577306 Cieg(rw)
) 373 i 17843241 ; 4800OI 3087 g 48119241 iy
~ 7730917 02) ~ —geasgg (017 da) ~ 577adaT Soa(datds) — —grasgg (dads)
) 11720d o o 1 i 28481241 g
2773 6| Ca5(1w) 7773917 d2) ~ —gpggg (dimd2)
7360d . 907 o - 11091241 ] 3544 3544 53
~ 7739 5773(datds) 668203 \J47ds) T 57730s Coog( 1w, (B3
25 391,241 216 13 73241
Recg(10) =| — 37011 d2) + —gopre(d1=da) + 5omadat o5 (ds+ds) — o5 (ds—d 5))0555(;%)
1 did 10\/241 353 5 20,241 NP
9 231./241 1800 27 393./241 .
+ +&f(d1+d2) T 52654 —55a55 (d1— 2)_ﬁd3+ 1_18(d4+d5) "‘m( 4_d5))C195(MW)
1 351,241 2760 153,241 .

where the factorsl;—dg are given by
dl: 77(47+ V“?Tl)/Z?,, d2: 77(477 \s‘?Tl)IZS, d3= 7737/23,

d,= (2% \241)/23 dg= 72 \241)/23 dg= 72923 (B5)

Notice that in Eqs(B1),(B2) there is no dependence @17Q(MW) and Clgg(l/«w) as there is no dependence 65179(#\,\,)
andclgg(,uw) in Egs.(B3),(B4). By inspecting the two anomalous-dimension matrices in Bf$.and(39), it is easy to see

that the two operator@l7g (’)285 do not mix with the remaining one(§15g Oieg Oggg (’)gog 01475 Osq in either of

the two casesy=b andq=c.

[1] A.H. Chamseddine, R. Arnowitt, and P. Nath, Phys. Rev. Lett. [8] F.M. Borzumati, M. Drees, and M. Nojiri, Phys. Rev. 11,
49, 970(1982; R. Barbieri, S. Ferrara, and C.A. Savoy, Phys. 341 (1995.
Lett. 1198 343(1982; L.J. Hall, J. Lykken, and S. Weinberg,  [9] T. Goto, Y. Okada, and Y. Shimizu, Phys. Rev5B, 094006

Phys. Rev. D27, 2359(1983. (1998.
[2] M. Dine, W. Fischler, and M. Srednicki, Nucl. PhyB189  [1g] F. Borzumati, M. Olechowski, and S. Pokorski, Phys. Lett. B
575 (1981); S. Dimopoulos and S. Rabybid. B192 353 349, 311(1995.

(1981); L. Alvarez-Gaume M. Claudson, and M. Wisebid. [11] F.M. Borzumati, hep-ph/9702307.

B207, 96 (1982; M. Dine and A.E. Nelson, Phys. Rev. 48, .
1277(1993: M. Dine, A.E. Nelson, and Y. Shirmaibid. 51. [12] ,(6\1L9I;I;H Collaboration, R. Baratet al., Phys. Lett. B429 169

ﬁgZ %922;8'\/('-155897 A.E. Nelson, Y. Nir, and Y. Shirman, 1.5 o 5 collaboration, S. Ahmedt al, CLEO CONF 99-10,
.93, : hep-ex/9908022.

[3] M. Leurer, Y. Nir, and N. Seiberg, Nucl. Phy8398 319 o i )
[14] S. Bertolini, F. Borzumati, and A. Masiero, Phys. Rev. Lett.

(1993; B420, 468 (1994). . ,
[4] M. Dine, R.G. Leigh, and A. Kagan, Phys. Rev.48, 4269 59, 180 (1987; N.G. Deshpande, P. Lo, J. Trampetic, G.

(1993; S. Dimopoulos and G.F. Giudice, Phys. Lett.3B7, Eilam, and P. Singeipid. 59, 183 (1987.

573(1995. [15] H. Politzer, Phys. Rep., Phys. Lett4C, 130 (1974; A.l.
[5] A. Pomarol and D. Tommasini, Nucl. PhyB466, 3 (1996. Vainshtein, V.I. Zakharov, V.A. Novikov, and M.A. Shifman,
[6] A.G. Cohen, D.B. Kaplan, and A.E. Nelson, Phys. Let8&8 Nucl. Phys.B120, 120(197%; Phys. Rev. D18, 2583(1978;

588(1996. 19, 2815E) (1979.

[7] R. Barbieri, G. Dvali, and L.J. Hall, Phys. Lett. B77, 76 [16] B. Grinstein, R. Springer, and M.B. Wise, Phys. Lett282,

(1996. 138(1988; Nucl. Phys.B339 269(1990.

075005-19



BORZUMATI, GREUB, HURTH, AND WYLER PHYSICAL REVIEW D62 075005

[17] AJ. Buras, M. Jamin, M.E. Lautenbacher, and P.H. Weisz, 402, 178(1997; A.K. Grant, A.G. Morgan, S. Nussinov, and
Nucl. Phys.B370, 69 (1992; B375, 501 (1992 (Addendun); R.D. Peccei, Phys. Rev. b6, 3151(1997; G. Buchalla, G.
M. Ciuchini, E. Franco, G. Martinelli, L. Reina, and L. Silves- Isidori, and S.J. Rey, Nucl. PhyB511, 594 (1998.
trini, Phys. Lett. B316, 127(1993; M. Ciuchini, E. Franco, L.  [25] A.L. Kagan and M. Neubert, Eur. Phys. J.7C5 (1999.
Reina, and L. Silvestrini, Nucl. Phy8421, 41 (1994); M. [26] S. Bertolini, F. Borzumati, A. Masiero, and G. Ridolfi, Nucl.
Ciuchini, E. Franco, G. Martinelli, and L. Reina, Phys. Lett. B Phys.B353 591 (1991).
301, 263 (1993; 334, 137 (1994; Nucl. Phys.B415 403 [27] S. Bertolini, F. Borzumati, and A. Masiero, Phys. Lett1B2,

(1994; M. Misiak, ibid. B393 23 (1993; B439 461(E) 437 (1987).
(1995; G. Cella, G. Curci, G. Ricciardi, and A. VicerPhys.  [28] F. Gabbiani, E. Gabrielli, A. Masiero, and L. Silvestrini, Nucl.
Lett. B 325 227 (1994); Nucl. Phys.B431, 417 (1994; A.J. Phys.B477, 321(1996.
Buras, M. Misiak, M. Munz, and S. Pokorskibid. B424, 374 [29] M. Ciuchini, G. Degrassi, P. Gambino, and G.F. Giudice,
(1994). Nucl. Phys.B534, 3 (1998.
[18] M. Misiak and M. Minz, Phys. Lett. B344, 308(1995. [30] C. Bobeth, M. Misiak, and J. Urban, Nucl. PhyB567, 153
[19] A. Ali and C. Greub, Z. Phys. @19, 431 (199)); 60, 433 (2000.
(1993; Phys. Lett. B259, 182 (1991); 361, 146 (1995; N. [31] J.F. Donoghue, H.P. Nilles, and D. Wyler, Phys. La28B
Pott, Phys. Rev. 34, 938(1996. 55(1983.
[20] K. Chetyrkin, M. Misiak, and M. Muaz, Phys. Lett. B100, 206 [32] F. Borzumati, Z. Phys. &3, 291 (1994).
(1997; Nucl. Phys.B518 473(1998. [33] See for example, J.S. Hagelin, S. Kelley, and T. Tanaka, Nucl.
[21] K. Adel and Y.P. Yao, Phys. Rev. [@9, 4945 (19949; C. Phys.B415, 293 (1994.
Greub and T. Hurthjbid. 56, 2934 (1997); A.J. Buras, A.  [34] M. Misiak, Nucl. Phys.B393 23 (1993; B439, 461 (1995;
Kwiatkowski, and N. Pott, Phys. Lett. B14, 157 (1997); A.J. Buras and M. Moz, Phys. Rev. 52, 186(1995.
Nucl. Phys.B517, 353 (1998; M. Ciuchini, G. Degrassi, P. [35] L.J. Hall, V.A. Kostelecki, and S. Raby, Nucl. PhyB267,
Gambino, and G.F. Giudicéyid. B527, 21 (1998. 415(1986.
[22] C. Greub, T. Hurth, and D. Wyler, Phys. Lett. 80 385 [36] F. Borzumati, G.R. Farrar, N. Polonsky, and S. Thomas, Nucl.
(1996; Phys. Rev. Db4, 3350(1996. Phys.B555 53 (1999; hep-ph/9712428; hep-ph/9805314.
[23] F.M. Borzumati and C. Greub, Phys. Rev. 58, 074004 [37] J.M. Gerard, W. Grimus, A. Raychaudhuri, and G. Zoupanos,
(1998; 59, 057501(1999; hep-ph/9810240. Phys. Lett.140B, 349(1984.
[24] A. Falk, M. Luke, and M. Savage, Phys. Rev.49, 3367 [38] M. Dougan, B. Grinstein, and L. Hall, Nucl. PhyB255, 413
(19949; L.1. Bigi, M. Shifman, N.G. Uraltsev, and A.l. Vainsh- (1985.
tein, Phys. Rev. Letf71, 496(1993; A.V. Manohar and M.B.  [39] P. Cho, M. Misisak, and D. Wyler, Phys. Rev. &4, 3329
Wise, Phys. Rev. 39, 1310(1994; A. Falk, M. Luke, and M. (1996.
Savage,bid. 53, 2491(1996; M.B. Voloshin, Phys. Lett. B [40] G. Buchalla, A.J. Buras, and M.E. Lautenbacher, Rev. Mod.
397, 295(1997); Z. Ligeti, L. Randall, and M.B. Wiseibid. Phys.68, 1125(1996.

075005-20



