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We consider the origin of new phases in the supersymmetric grand unification model, and show how
significant new contributions arise from the gluino mediated diagram. We then present a more general
model independent analysis of various modesBoflecays suggested previously for measurement of
the Cabibbo-Kobayashi-Maskawa phases and point out what they really measure. It is, in principle,
possible to separate out all the phases. [S0031-9007(96)01716-4]

PACS numbers: 13.20.He, 12.10.Dm, 12.15.Hh, 12.60.Jv

We consider the origin of newCP violating phases vor violating processes in both quark and lepton sectors.
from physics beyond the standard model (SM) and theiConsequently, lepton flavor violating processes such as
effect on various measurements of Cabbibo-Kobayashix — ey put bounds on the parameter space along with
Maskawa (CKM) phases, B8, andy proposed previ- b — sy [12]. For models with the intermediate gauge
ously [1-4]. Among new sources @P violation are symmetry breaking scales, the soft terms can be universal
multi-Higgs models [5], the left-right model [6], and su- even at the grand unified theory (GUT) scale and still give
persymmetry. In this paper we focus on supersymmetryise to these effects. The superpotential for the Yukawa
which is very attractive from a grand unification view- sector at the weak scale for the SO(10) grand unifica-
point and provides many new sources @P violation.  tion, or for the grand unifying model with an intermediate
One obvious source is the complex soft terms. Even whescale, can be written as [7—-9,11]
these are taken to be real, unification of right-handed o o
fields, such as the left-handed ones, can lead to a new W = QAUH, + QV*A,S*VID H,
source ofCP violation. qu gxample, a group such as + E”VEXLSZV(T;LHI, 1)
SO(10) [7—9] or models with intermediate gauge groups
[10,11] such assU(2); X SU@2)z X SU4)., SU(2); X  whereV is the CKM matrix, Vg is the CKM matrix at
SU@2)z X SU@3). X U(1)g—; have these extra phases. the GUT scale (for intermediate gauge symmetry breaking
Supersymmetric contributions with new phases can be amodels, G is replaced byl to denote the intermediate
large as the SM in th8-B mixing and loop processes that scale), andS is the diagonal phase matrix with two
lead tob — sqgq. independent phases. The phases in the right-handed

In this paper we make the first complete calculationmixing matrix for the down type quarks and down type
of the gluino contribution toAmp in a supersymme- squarks can give rise to new phasesAmp and Amg
try (SUSY) grand unifiedSO(10) theory. This calcu- through the gluino contribution.
lation can easily be extended to the models with the The existing calculation [13] foAmpg using the GUT
intermediate gauge symmetry breaking scale considered imodel usually assumes that the soft terms are universal at
Refs. [10,11]. This calculation has been done previouslghe GUT scalg~10'® GeV). Under that assumption, it
by assuming same masses for the SUSY particles only fas found that charged Higgs has the dominant contribution.
the low tanB scenario [8]. We consider two scenarios: But, with the universal boundary condition taken at the
(i) where the Yukawa couplings are unified (i.e., largePlanck or string scale, there can be a large contribution
tanB scenario) and (ii) a low tag scenario. We show from the gluino mediated diagram due to the fact that the
how the new contributions are large and can affect the infields that belong to the third generation have different
terpretation of the measurement of CKM phases. We themasses compared to the other generation at the GUT
discuss the specifiB-decay modes needed to extract thescale because of the effect of the large top Yukawa
CKM phases even in the presence of new physics. Thisoupling which gives rise to the nontrivial CKM-like
discussion actually uses a model independent analysis thatixing matrix in the right-handed sector. We first consider
is valid in almost any kind of departure from the SM. the large tarB solution. In order to have a realistic fermion

Since the soft SUSY breaking terms are gravity in-spectrum and the mixing parameters in the largegtan
duced, we shall assume them to be universal at the scatase, we use a maximally predictive texture developed in
2.4 X 10'® GeV (M,) which is the reduced Planck scale. Ref. [14]. We will look at a scenario wherg,(Mg) =
For simplicity we also assume the soft terms to be reall and tanB = 57.15, which givesm, = 182 GeV and
It has been shown that a grand unified model based om, = 4.43 GeV. For the small tag scenario we have
S0O(10), which we will use in this paper, gives rise to fla-used A;,(Ms) = 1.25 and tan3 = 2. Above the GUT
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scale, we use one-loop renormalization group equationgluino contribution to theb — sy is also large [12,17].
(RGEs) for the soft terms and the Yukawa couplings [8].From the graph, one can see that, for the scalar mass (or
Below the GUT scale, we will use the one-loop RGEs inthe right-handed slepton masga) = 1 TeV and for the
matrix form in the3 X 3 generation space for the Yukawa gaugino massn;,» = 140 GeV (or the gluino mass=
couplings and soft SUSY breaking parameters as found id05 GeV), the SUSY contribution is small (less thad%)
Refs. [13,15]. compared to the SM in the large t8nscenario. Inthe low
We calculateAmp using gluino contribution and com- tang scenario, for the gaugino maas,, = 200 GeV (or
pare it with the SM result. We have done the calculation irthe gluino mass=578 GeV) and for the scalar mass (or
SO(10), though this calculation can easily be generalizethe right-handed slepton masg) = 200 GeV, the SUSY
to the models with the intermediate scale and other grandontribution becomes small (less than 20%) compared to
unifying models. We use the expression fomg given the SM. For a complete SUSY calculation, there could
in Ref. [16] (modified for the purpose at°-B° mixing),  be contributions from charged Higgs, chargino, and neu-
because these expressions use the squark mass eigenstegno. The charged Higgs contribution does not change
basis derived from the fub X 6 mass matrices. We plot significantly with the new boundary condition and has been
the ratio Amp,,, /Amg,, as a function ofu for differ- ~ found to be comparable to, or even greater than, the SM
ent values of the gaugino masdes, ») in Fig. 1 for the  contribution when the soft SUSY breaking terms are taken
large tanB case, wheren, is 1 TeV for the entire plot. at the GUT scale [13]. Also, this contribution does not
The gluino mass is related to the gaugino mass by th#volve any right-handed down type quark-squark mixing,
relation m; = (ay/ag)min. We takeay(M;) = 0.121 so that it has the same phase structure as SM. Chargino
andag = 1/23.9 and the scale for grand unification to be and neutralino contributions are usually small [13,18] and
Mg = 2 X 10' GeV. Also, in this scenario, we have have no effect on the CKM measurements.
three variablesm, (the universal scalar massj,,, (the The soft terms (e.gA and/oru) can also be complex.
universal gaugino mass), amef, (throughout our analy- In that case one can get phasesAmjp even without
sis, we will assume the trilinear soft SUSY breaking scalagrand unification. The complex terms in the mass matrix
couplingA® = 0 at the Planck scale). The upper and lowerfor the squarks and sleptons are then responsible for the
ends of each curve correspond to the upper and lower lim?eW phases which are somewhat restricted by the edm
its of theD term, respectively. As mentioned in Ref. [12], of electron or neutron [19], however, large phases can
the parameter space with, less than 1 TeV, as well as appear when the scalar masses are in the TeV range
w > 0, is restricted by the flavor changing neutral currents[20]. There could also be an induced phasetidue to
In Fig. 2 (small tarB case) we plot(= Amg_ . /Amp,,) the phase in the Yukawa sector through renormalization,
as a function of the gaugino mags, ,) for different val-  even whenA is real at the GUT scale. The phase
ues of the scalar masses, where tang is assumed to be induced is really small and gives rise to the edm of
2 andu < 0. In the plot we have used the absolute valueelectron well within the experimental limit for squarks
of Amp,. We restrict ourselves to the parameter space a@nd gluino masse® (100 GeV) [21]. It is possible to
lowed by the other flavor changing decays. We also makget comparableAmg, and Amg from supersymmetric
sure thatu is less than 800 GeV to avoid fine tuning. In contribution with new phases [22] in a model based on the
both figures the SUSY contribution can be comparable téninimal supersymmetric SM with right-handed mixing
the SM. As a matter of fact, in this parameter space thé&natrix in the up sector.
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FIG. 1. Plots ofr(= Amg,,,,/Ams,) as a function ofu for ~ FIG. 2. Plots ofr(= Amsg,,,,/Ams,) as a function of the
different values of the gaugino masges ;). The scalar mass gaugino massm, ;) for different values of the scalar masses
mo = 1 TeV for the entire plot. mo.
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The contribution to thé\mp,  can be parametrized as Im A Im[<1> <1> <E>}
Amp, = Asm + Bsusy + Csusye'?, p/BAP/K\A

—sin2B + ¢p, + dk). (6)

Amp, = Ag, V) V3 e )

To make the analysis a most general one we have included o ]
Bsusy Which has the same phase structuredgg. In  Note that the modeé — ccs has a negligible penguin
our example, forAmy,, the box diagram with the LRLR ~ contribution. In the SM this measurement yields(38).
structure (helicities of the fermions in the external legsSimilarly, B; — ¢, ¢n would yield ¢ while in the SM
with L = left and R= right) has the mixing structure there is noasymmetry. Inrows (2)and (4) we have pure
|V.al?ei®, and the RRRR type of box diagram has theP€nguin processes — sE_s_andb — dds, respectively.
mixing structureVe2® in the diagonal quark mass basis These could have an additional weak phégg,, Or ¢,
with just b squark in the loop, where arises from the porrespondlng to each process. Inrow (2) the wgak phases
matrix S. Note that, even if¢ is 0, both the RRRR N Bs andB, are the sameb,, because they arise from
type and LRLR type still have different phase structuredh® same quark subprocess. The processes in row (3) are
compared to the SM. As a matter of fact, any contributiordenerally not suitable, as both tree and penguin amplitudes
from beyond the SM, including multi-Higgs models and make comparable contrlbutlons to the final states. In row
left-right models, can be written as aboved,ei®s 5) tree_amphtude dominates, and, although the mo'd('es
originates from the combination of the SM contribution &€ Cabibbo suppressed, they are useful. In row (6) it is
and the new contribution. Similarly, we have fBg-B, assumed that in _the SM top contribution dominates in the
andk — K mixing the following: loop. The contributions from charm and up quarks are
B 20 i B 200 ik expected to be about 10% over most of the allowed range
Amp, = Ap Vi Vipe'®,  Amg = AgV Vege'™ . (3) [24]. Inrow (7) tree contribution dominates, and the small
Expressions for/p for each of these mesons are now penguin admixture can be removed using isospin analysis
[2]. Row (8) has processes dominated by tree diagrams,

<1> = <V’b_‘/’4{>e*i¢sj, and, even though the mod¥ K * is not aCP eigenstate, an

P /B, VibVij analysis of this mode can be used to determij8]. The

<g> _ <Vc*de>e_i¢K @) chargedB decay modeD? K* can be used alternatively,
plk Vea V¥ ) based on the same type of analysis.

It is clear from the Table I that fromB; decays we can
where j =d or s. In general, ¢p, ¢5, and ¢x  extract the combinatiop + ¢5,/2 and ¢, dpene, and
are unrelated. These phases are so defined that thgy From B, decays it is possible to measu#; , ¢k,
are additional to the phases present in the SM, ang,.,,, G peng» @Ndy, and the combinatio + ¢/, /2.
can be treated as separate observables. The charggdwever, combining both measurements, it is possible, in
Higgs mediated box diagram haS = 0, and CKM  principle, to extract all phases separately. Thisand
measurements are unaltered. However, in our calculation; are determined and can be solved. Since all the
C is nonzero (the LRLR type and the RRRR type) andmeasurements involve sine of some angle, there exists
will affect CKM phase measurements. some ambiguity in determination of a definite angle.

We shall analyze the differen€P eigenstates that However, the analysis involved in the procd¥sk*(892)
have been suggested, and consider carefully what phasmss in principle, expected to determine the definite value
the measurements now yield. Our assumption for decay, if, in addition, one studies the exclusive processes
amplitudes is that, while the tree amplitudes have thes, — D°X° (X° is K*#7~, K* 7~ #°, etc.) to remove
SM phases, any loop process could have an additionaliscrete ambiguity [3].
unknown phase arising from beyond the standard model. We recall that, in the SM with three generations, the

Thus for penguin amplitudes we have sum of three CKM phases, 8, andy must be equal to
7. In order to check the validity of this unique feature,
A/A = (A/A)spe P, (5) one would measure the CKM phases, for instance, through

B, decay modes such asr, K5 and DK *(892) which
where ¢ ., is a phase in addition to SM phase. Theare preferred experimentally and would yield 8, and
results of our analysis are presented in a convenieng, respectively, in the SM. However, as we can see from
tabular form (Table I) modeled after a similar table Table I, these modes would actually measare- (8 +
in the SM given in [23]. Some of the modes havey + ¢3,/2), B + (¢p, + ¢k)/2, and y, respectively.
also been discussed in Ref. [8], where only the SUSYThe sum of these three angles would give+ ¢x/2
grand unification contributions are retained. Further, thevhich can be a good indication for new physics unlégs
analysis is essentially model independent, as these neturns out to be small. Even in case the experiments show
measurable phases can arise in any model beyond the Shite sum of these angles to ke there is still room left for

In row (1) we consideB,; — ¥ Ks. This mode which extra physics because of the possible existencggfor
is tree dominated has Iigiven by ¢ .. Another interesting case is the multi-Higgs models,
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TABLE I. B decay modes for measuringP angles.

Quark process B, modes B, angles B, modes B, angles
(1) b — ccs U Ks B + (¢p, + dx)/2 g, ¥, ¢5,/2
D{Dg
(2) b — s5s b K B+ (d’Bd + ¢k + ¢peng)/2 o (¢B3- + (lspeng)/z
(3) b — uus WOKs,pOKS (157T0,K+K7
4) b — dds 7°Ks, p°Ks KK’ (5, T Pheng)/2
) b — ced D*D~ ., y7°, B+ ¢5,/2 UKy (¢5, + Pk)/2
DD’
(6) b — ssd KK’ (hB; + Pheng)/2 DK B+ (¢x + dp, + Dpeny)/2
(7 b — uud, A, TP, m— B+ v+ $5,/2) p°Ks, m°Ks vy + (5, + dk)/2
ddd ma
@8) b — ciis, DLpK*(892) y Dep
ucs (DepK™)
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