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Using the effective Lagrangian approach we compute the dominant for
tan 8 > 1 supersymmetric contributions to the leptonic decay rates of BS’S
mesons. We point out that in this limit the C'P violating asymmetries
measured in the decays B(BY) — 7~ 71 can be interesting probes of the
complex phases of the MSSM parameters and/or the Vi, element of the
CKM matrix.

PACS numbers: 11.30.Hv, 12.15.Ji, 12.15.Mm, 12.60.Jv

1.

The Minimal Supersymmetric Standard Model (MSSM) with large ra-
tio vg/v1 = tan B of vacuum expectation values of the two Higgs doublets
attracts recently a renewed attention. Apart from being theoretically inter-
esting (large tan g is needed to unify all third generation Yukawa couplings
at the GUT scale) and leading rather naturally to mass values of the Higgs
boson h® consistent with the lower limit from LEP, the MSSM with large
tan B can also easily reproduce the recently measured [1] value of the muon
anomalous magnetic moment which is by 2.6 0 larger than the value pre-
dicted in the Standard Model (SM) [2].

Truly spectacular effects of large tan 8 can, however, be expected to
show up in B-physics where the predictions of the MSSM can differ signifi-
cantly from those of the SM due to the enhancement of the b-quark Yukawa
coupling constant. Particularly interesting in this context are such flavour
changing neutral current (FCNC) processes, like B0 — 71", for which the
SM predicts very low rates. In the MSSM, there are new pos&ble contribu-
tions to the FCNC processes which for large tan 8 can dominate over the
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SM ones. Firstly, the effects of the CKM mixing can be amplified through
loops involving the charged Higgs boson H' and, even more, charginos and
squarks. Secondly, the sfermion sector of the MSSM can in general be a
new (independent of the CKM mixing matrix) source of FCNC processes: If
squark mass matrices are not appropriately aligned with the corresponding
quark mass matrices then the gluino couplings become flavour violating!
leading to rather large rates of various FCNC processes. The requirement
that the successful predictions of the SM are not spoiled puts some con-
straints on the MSSM parameter space: If the CKM mixing matrix is the
only source of FCNC processes then existing experimental data impose some
correlations on masses and composition of charginos and top squarks with
the mass of the charged Higgs boson [3,4]. These correlations, which become
weaker with growing sparticle masses, depend in part on the element V4 of
the CKM matrix which is not directly measured [3,4]. Simultaneously, the
same data severely constrain those flavour violating entries of the squark
(and slepton) mass matrices which cause transitions between the first two
generations; other entries are, however, considerably less constrained [4,5].

In this note we report on the recent complete one-loop calculation [6] of
the Bg’s — p~pT decay branching fraction in the MSSM. This calculation
extends previous works [8,9] by analysing also the case of flavour mixing in-
duced by squark mass matrices. We concentrate here on the most interesting
large tan S regime of the MSSM in which the Bg,s — p~put decay amplitude
is dominated by the neutral Higgs boson “penguin” diagrams [9] and derive
approximate formulae which are most useful for qualitative understanding
of the dominant effects in the large tan g regime.

Compared to the original publication [6] we improve here the correla-
tion of the predicted rates for Bgs — p~pt decay with BR(B — X4v)
by incorporating the latest refinements (NLO corrections along with the re-
summation of the terms enhanced for by tan g factors) in computing the
latter quantity. Finally, following the recent suggestion [7], we comment on
possible effects of C'P violation in the Bg,s — 7777 decay.

2.
The Bg, o — 71" decay amplitude has the following general form
—iA(B2 4 — I71T) = a(ky) (ay® +b) v(ks), (1)

where u, v are the spinors of the outgoing leptons and the factors a and b
can be expressed in terms of the Wilson coefficients of the standard effective

! The same is true for the neutralino vertices. Also the chargino couplings are no longer
proportional to the CKM matrix elements.
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Hamiltonian for the |AB| = 1 processes evaluated at some hadronic scale?
Kh ~ !

a = %{le [CIYL — Crr + CRRp — Cl\z/L]
2

Mg, - s s S S
ey [CPr, — CPr + Crr — Cri] } ;
2

f M
b = %Wil [CEL +Cir — Cig — CIS{L] ) (2)

where CXY and C’§(Y are the Wilson coefficients of the (d, JYuPxdp) (BY"Pyl,)
and (djPxdr)(IgPyla) operators, respectively, and the constants fg, for
I=d, s, are the only sources of the theoretical uncertainty.

SM particles contribute only to CY} (the WHW ™~ box and Z° penguin)
and to CY (the Z° penguin) yielding [10] (see also [11])

GFa
aZfBzmlmAtIY(iEt), b=0, (3)
%

where \jy = V3V and Y (2;) = 0.997 (for m;(m;) = 166 GeV). This gives

BR(BS—Wu*):2.7x109<7(35)>< fs. )2<|Vt5|>2’ (4)

1.49 ps ) \200MeV ) \ 0.040
- _ By) fn 2 (Vi \?
BR(RB° ) =8 1011 7(Ba d ‘
R(Bg = p7) =87 10 == Tosmev ) \ 00008 (5)

The tan 8 enhanced contribution of the charged scalar H* present in
the Higgs sector of the MSSM enters through the W*HT box diagram and
through the neutral Higgs boson penguin diagrams (all these contribution
appear in CPp and CP; (for AB = 1) or C§; and Ciy (for AB = —1)
Wilson coefficients). In the limit tan 8 > 1 these effects have been cor-
rectly computed within the general Two Higgs Doublet Model of type II
(2HDM(II)) in [12]. The same result applies to the MSSM charged Higgs
boson (the derivation is even simpler owing to the fact that in this model
for M4 > My only the heavier scalar H? and the pseudoscalar A° couple to
the charged leptons, and My &~ My4). One gets [12]

Gra M}, log(r)
H_ _ cHyp _ F B 2 108
(5 a = (5 b = fBIml\/iTs%/VAtl Y(.’L't) — M—%jtan /8 - 1 , (6)

2 In the case of the vector operators the QCD running of their Wilson coefficients CV
is trivial, i.e. CV(un) = CV(Mz); for the scalar operators the running is C°(up) =
[ms (pn ) /my (Mz)]C® (M) so that the explicit factor 1/my(ur) in Eq. (2) is cancelled.
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where r = M2, /m?. In the 2HDM(II) this result is now not particularly in-
teresting because the recent computation of BR(B — X,v) [13] together
with the new CLEO experimental result for this process [14] BR(B —
Xvy) =(2.8540.35stat+0.22sys)x10~* set the bound Mpy+ 2 470 GeV
(valid for tan 8 2 5) [13,15]. Thus, in order to enhance the B0 — upt am-
plitude significantly one would need tan 8 > 50 which does not look realistic.
On the other hand, although in the MSSM the positive contribution of H™
to the b — sy decay amplitude can be compensated by the contribution of
sparticles — in which case the effects of HT could still enhance BY ds M put
by approximately one order of magnitude even for tan 8 =~ m;/my [6,12] —
the sfermion sector contribution is then much more important. As we show,
in contrast to the H+ contribution which grows as tan* 3, the chargino /stop
and — in the case of flavour violation introduced by squark mass matrices
— also the gluino/sbottom contributions grow as tan® 3.

3.

In the case of the so-called minimal flavour violation (the CKM matrix as
the only source of the FCNC processes) the formulae describing the super-
symmetric contribution to the BY ds ~uT decay amplitude for tan 8 2 30
can be derived by considering the limit in which all soft SUSY breaking pa-
rameters, except for the ones which determine the Higgs potential, are much
larger than the electroweak scale. In this limit which allows to work in the
symmetric phase of the theory (i.e. with v; = 0) and in which sfermions still
have definite chirality, we can construct the effective theory by integrating
out sparticles (but not the Higgs fields) [9,16,17]. Threshold corrections
shown in Fig. 1 give then rise to the effective Yukawa interactions of the

| |
| |
) \
| |
A A
/ N\ / N\
/ \ / \
/ \ / \
» 1 » 1
/ c / c \
/ K QL\ // K QL \\
ar H, H, djy 41 H, H, dj

Fig.1. Diagrams giving rise to Al Yy and A/)Yy, respectively, in the construction
of the effective theory.
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down-type quarks summarised by
Lo = —eij (Ya+ AgYa)" Hiqld®” — (AYa)"" H"qld*” +he.,  (7)

where I,J are the generation indices and we work in the language of two-
component Weyl spinors. After diagonalizing the resulting fermion mass
matrices one gets from (7) the neutral Higgs boson interactions of the form:

1
5 tan B d5 (ALY dr (H® +iA°%) 4 hec. (8)

(A! Yy denotes the correction A, Yy in the basis in which the original Yukawa
couplings are diagonal). Explicit evaluation of the first diagram in Fig. 1
(AqY,; does not contribute to the flavour changing neutral Higgs boson in-
teractions) gives

ﬁint ~

1 e?
= 1672 Atr 5 \/—
where A; is the top squark mixing parameter and C is the standard three

point loop function®. In the case of BY decay (i.e. for J = 3, I = 2)
Egs. (8),(9) lead to:

(AL Yy

d" tan BA; " Co(me,, Mz, , Mj,), (9)

Gra M2 m?

§%a =06 = fg,my Ais | —=2-—L
1 fars2, " | 8ME, M3,

tan® BATnme, Co| . (10)

The origin of the tan® 8 factor is as follows: there are tan /3 factors both in
Eq. (8) and in Eq. (9) and the third one comes from couplings of A° and H°
Higgs bosons to the charged lepton pair. It is also important that the effects
of charginos are significant only if the scale of the extended Higgs sector (set
by M,) is close to the electroweak scale.

Fig. 2 shows predictions of the MSSM for BR(BY — u*pu~) for differ-
ent parameters of the model. Sharp dependence on the stop mixing angle
0; o< —A; is clearly seen. The results are not very sensitive to the chargino
composition (the ratio Ma/p); it is the mass of the lighter chargino which
is important. It is also remarkable that the chargino/stop contribution de-
scribed by Egs. (9),(10) does not vanish when all sparticle mass parameters
are scaled uniformly: M; — AM; , m¢, — Amc;, p — Ap, Ay = AA;.

3 In this approach charginos are pure electroweak eigenstates: higgsino with mass
me, = |p| and wino with mass me, = |Ma|; it is the higgsino that contributes to
A Yy. Full diagrammatic calculation shows then that the replacement |p| — mc,
extends the domain of applicability of the approximate formula (10); the factor n
keeps then track of the phase of the u* parameter.
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el My=500 GeV]

BR(B, —> u u)
BR(B, —> & u)

M,=200 GeV]

71 S —— T4 S ——
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Fig.2. BR(B? — p~pt) as a function of the stop mixing angle 6; for tan 3 =
50, the lighter chargino mass 100 GeV, M> = 10p and two different values of
M. Solid, dashed and dotted lines correspond to (Mjz,, M;,) equal to (240, 500),
(400, 700) and (300, 850) GeV, respectively.

To check the correlation of the prediction for BR(B;{ g = popT) with
the results for BR(B — X,7y) we have performed two different scans over the
MSSM parameter space corresponding to two different scenarios for which
there exist formulae allowing to compute BR(B — X,v) in the large tan
regime. In Figs. 3(a)-(d) we have taken the following parameter ranges:
500 < mg, < 1200 GeV, 0.5 < [My/u| < 5, 0.6 < Mj /mc, < 3,1 <
M; /M;, < 3 and —40° < 6; < 40° whereas in Figs. 3(e) and (f) we have
used 100 < me; < 200 GeV, 2 < |[Ma/p| < 6, mg = 3.5M>, 100 < M;, <
220 GeV, 0.7 < Mj /mg < 3 and —15° < 6; < 15°. We have also rejected
all points for which Apsquarks > 6 X 10~*. For computing BR(B — X,v) we
used the routine based on the recent calculation [13] and incorporated the
charged Higgs and supersymmetric contributions following the prescriptions
of Ref. [20] appropriate for large tan 8 and all sparticles heavy and of Refs.
[20,22] appropriate for the case of light one (mostly right-handed) stop and
one chargino (mostly higgsino). The results of the scans, shown in Fig. 3
demonstrate that the the CLEO result for BR(B — X,7y) does not eliminate
the points corresponding to the largest values of BR(B? ; — p~ ™) although
certain correlation of the MSSM predictions for these two processes can be
seen in the plots. The BR(Bg,d — pu~pt) in the case of one light stop are
generically smaller than in the case of all sparticles heavy because of the
presence of one large mass in the Cj function in Eq. (10).
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Fig.3. BR(B = X,v) versus BR(BY ; = p~ ™) for tan § = 50, M4 = 200 GeV in
panels (a), (b) and (e), (f), and tan 8 = 50, M4 = 400 GeV in panel (c) and (d).
Panels (a)—(d) correspond to the case of heavy sparticles 2 O(500 GeV). Panels

(e)—(f) correspond to the case of light stop and chargino.

Limits from CLEO

on BR(B — X;v) and on BR(B) — p~pu™) are also shown by solid lines. In
panel (a) points corresponding to BR(BY — p~u") exceeding this limit have been

eliminated.
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The predictions for BR(BY — putu™) are obtained from Eq. (10) with A
replaced by Ay In principle, as mentioned in Section 1, the CKM element
Viq is not directly measured, and for each set of the MSSM parameters it
should be consistently determined by fitting the MSSM predictions to the
experimental results for the Bg — Bg mass difference and the e parameter
[3,4]. We have done this (in Fig. 3(e) and (f)) by applying the approximate
prescription of Refs. [21] (which takes into account only the contribution
of stops and chargino through the standard (V — A) x (V — A) effective
operator). It should be clear however, that for heavy sparticles the effects
of chargino/stop loops in BY — BY mixing and in ek are negligible and | V4|
assumes its SM value.

4.

Effects of the flavour violation in the squark mass matrices can be com-
puted in the same effective Lagrangian approach as described in the previous
section. It is convenient to work in the so-called mass insertion 5| approx-
imation in which the off-diagonal entries of the squark mass matrices are
treated as additional (bilinear) interactions of squarks. One then finds ad-
ditional contributions to the quantity A! Yy arising from (dominant because
of the strong coupling constant) diagrams shown in Fig. 4:

e
= 16723% Jasy

m JI

)JI 1 8,

(ALY tan Bu*mgDo(Mp, Mp, Mp, mg)

JI My,
RR 37, | (11)

where g, is the strong coupling constant, mj is the gluino mass, (M%)ﬁ and

(MQD)I‘Q% are the off-diagonal entries of the left-left and right-right blocks
of the down-type squark mass squared matrix. In the four point function Dy
we have taken for simplicity a common value Mp for all down-type squarks.
In the case of B® decays (i.e. J =3, I = s,d) Eq. (11) leads to:

Gra M32 ,s% 3 .
—————=—g;—tan 8°m; Dy
\/§7TSI2/V Mﬁ 3 5 62 9

x [t (MB)y, + 1 (Mb) (12)

and 69b is obtained by changing + to — in the square bracket.
It is important that the contribution of gluinos depends only on the LL

and RR mass insertions (5I]3L(RR))I 3= Mp? (M%)ii(RR) which unlike the

insertions (60g) are not so severely constrained [4, 5]:

5Ga = fBIml

|(5I]3L(RR))31| < 0.2 x (Mp/1 TeV), |(5LDL(RR))32| <30 x (Mp/1 TeV)?.
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Fig.4. Additional contributions to A!Yy. Crosses on squark lines denote bilinear
flavour changing mass insertions.

As is clear from Eq. (12), the effects of nonzero mass insertions, similarly
to those of charginos, are proportional to tan® j3 /Mi and do not vanish if all
supersymmetric mass parameters are scaled uniformly (provided the value
of the insertion is kept fixed). It is also important that because the 31
and 32 insertions are a priori unrelated, the rates of leptonic decays of
Bg and BY induced by flavour violation in squark mass matrices are not
correlated and can even be comparable. We have checked [6] that respecting
all existing bounds BR(BY — p~p™) induced by gluino exchange can be
as large as 107 — 107, whereas BR(Bg — ppuT) can easily exceed the
CLEO bound [18] (in which case CLEO eliminates these points of the MSSM
parameter space).

5.

Finally, we comment on possible effects of C'P violation in the B® — [ =1+
decay. We follow the formalism developed in Ref. [7]. Since the decay
amplitude does not involve any strong phases, there can be no direct C'P
violation. It can however be seen in the interference of mixing and decays
provided one is able to measure separately the decay rates into two possible
helicity final states |I; ;") and |lgl}) which are mutually CP conjugate.
Using the standard formalism [23] and defining the “physical” |B8h(t)) and

|th(t)) states as

IBY (1) = g4 ()] B + (g) 0_ ()| B,

IB% (1)) = g+ ()| B + (g) g_ (1B (13)
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where ¢ and p have the standard meaning and*
—iMpt, —Lt t
g+(t) = e "Bl 2" cos [AMB§] ,
—iMpt_~L¢ . . t
g—(t) = e "B%e™ 2" { sin [AMBE] (14)

one easily computes various C'P asymmetries. For simplicity we consider
here only the time integrated asymmetries A

I th(th(t) =) = [ th(th(t) — Ixlg)

_ _ : 15
AT B, ® S ) e B0 o )
and As obtained by interchanging LL and RR in Eq. (15). One finds:
B La? (A = Ar|72) — 2Im (AL — ARY) (16)
C 2422+ L2 (D)2 4 Dr|2) - 2Im (O + A5 Y)
(As is obtained by the interchange Ar, > Ar) where z = AMp/I" and
_qAL q Ar
A AR = ———. 17
L= MM 1
The amplitudes Ap,r) = (li + |BO) = (I, r®)h (R)|BO) are given
in terms of the coefﬁments a and b deﬁned in Eq (1) as
m2 m2
AL, =a+b Ql Ar =a—b Ql
M M
b f1- 27 Ay (19
AL =a+by/1 - —L, Arp=a—b 1——. 18
Mg Mg
Because there is no direct C'P violation the following relations hold:
a=a*, b= —b" (19)
These relations imply |Arg)| = |Agrr,)| which we have used in arriving at
Eq. (16). Also, it follows that
Ar - <ﬁ) (20)
Ar Ar

4 For simplicity we set here A" = 0.
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so if |¢/p| = 1 the formulae for the asymmetries A; and A, simplify to

—2zImy, _ —2zImAg
2+ 22+ a2 A 7 24 a2+ a2

Ay = (21)

The maximal possible value of the asymmetry is A}9)* = (2+z2)~"1/2. Thus,
for BY mesons Aq 9 < 5% and we will, therefore, concentrate on Bg mesons
for which the maximum of A is ~ 63%.

In the SM the asymmetries A2 are very small because to a very good
accuracy q/p = /A and Apm)/Arm) < Ajp/Air so that TmAg gy ~ 0.
Any observed asymmetry would be, therefore, a clean signal for physics
beyond the SM. If in the MSSM the CKM matrix is the only source of both,
FCNC and CP violation, then the same argument as for the SM applies and
the asymmetry is very small. There are, however, other possibilities. Since
for a measurement of the asymmetry a decent statics is needed, we consider
here only the situations described in the two preceding sections in which the
MSSM predicts BR(BY — 1717) much larger than does the SM.

Suppose first that there is no flavour violation in the squark mass ma-
trices but the product A;u has a C'P violating phase ¢. We further assume
for simplicity that sparticles are heavy enough so that their contribution to
the B} — BY mixing is very small so that q/p ~ Aj;/Air just as in the SM.
(For such heavy sparticles the constraints on C'P violating phases from the

electron and neutron electric dipole moments are not very restrictive [24].)
Using Egs. (10),(19),(18),(17) one finds

2 2
1—f1- T 14+ /1
P YT S S A P, L —— (22)
4m? am?
1+ y/1- 5 1-y/1- 5%

s.e. in this limiting situation the asymmetry is independent of the MSSM
parameters except for the phase ¢ of the product Asu. It is clear that for
p~pT final state both asymmetries are small because Ap(\r) is too small
(too large). For the 7—77 final state, however, we find®

Ay &~ —0.09 x sin(2¢), Ao~ —0.37 x sin(2¢p). (23)

Another interesting situation arises in the case in which the decay am-
plitude is entirely dominated by the flavour off diagonal mass insertions (as

in Sec. 4). Consider e.g. the effects of nonzero (M%)ii insertion. The

® BR(BY — 77 rT) is obtained from BR(B? — p~ p) by multiplying the latter by
m?/m;, = 286.
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asymmetry is then given by Eq. (23) with ¢ replaced by the ¢4+ ¢', where
@1 = arg(Ay,;) and ¢ is the phase of p* (M%)i}j It is interesting to note
that in general the asymmetries can be nonzero even if all supersymmetric
mass parameters are real (including the off diagonal mass insertions). The
asymmetries are then directly determined by the phase of the CKM matrix
element V4.

6.

Large enhancement of the SM prediction for rates of the leptonic decays
of B® mesons can occur for tan 3 > 1 provided the MSSM Higgs bosons
are not too heavy (the new contributions behave as 1 /M%, where M4 is
the mass of the C'P-odd neutral Higgs boson which sets the scale of the
Higgs sector). The contribution of the extended Higgs sector (o tan* 3) is
less important compared to the effects of the chargino sector which grow
as tan® 8. For tanf ~ m;/m; and substantial mixing of the top squarks
these can give BR(Bg(d) — p~pt) up to 5 x 107°(1076) respecting other
phenomenological constraints including the measurement of BR(B — X,7).
Large effects, growing as tan’ 8 and exhibiting strong dependence on the p
parameter, can be also induced by the off diagonal elements of the down-
type squark mass matrix. BR(Bg(d) — pu~p) is sensitive to the 23 (13) off-
diagonal entries of the LL and RR blocks of these matrices, which are not so
strongly constrained. For tanf ~ my/mp and M4 S 200 GeV these effects
can easily give BR(B? — p~pu™) larger than 107" and BR(BY — p=p™)
exceeding the present CLEO limit [18] which, therefore, already now puts
constraints on the MSSM parameter space.

In the case in which the chargino and/or gluino contribution dominate
over the SM (and Higgs sector) one, the C'P violating asymmetries measured
in the decays BY(B®) — 7777 can be interesting probes of the complex
phases of the MSSM parameters and/or the V;4 element of the CKM matrix.

Finally it is important to stress that, all these effects do not necessarily
decrease as sparticles become heavy. They are, however, sensitive to the
mass scale of the extended Higgs sector. Thus, large deviation from the
SM prediction observed in these decays, or nonzero C'P asymmetry seen in
Bg — 77771 decays apart from being a signal of supersymmetry, would have
important implications on the Higgs search at the LHC.

P.H.Ch. would like to thank P. Gambino and M. Misiak for useful dis-
cussion concerning the new calculation of BR(B — X,v). His work was
partly supported by the Polish State Committee for Scientific Research grant
2 P03B 060 18 for 2000-2001.
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