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Abstract

We study the rates allowed for the Higgs-mediated decays BS g — MuT,eT and T —
i, epps in supersymmetric seesaw models, assuming that theyonly source of lepton
flavour violation (LFV) is the renormalization of soft supersymmetry-breaking terms
due to off-diagonal singlet-neutrino Yukawa interactions. These decays are strongly
correlated with, and constrained by, the branching ratios for Bg g — Mpand T —
p(e)y. Parametrizing the singlet-neutrino Yukawa couplings Y, and masses My, in
terms of low-energy neutrino data, and allowing the flavour-universal soft masses
for sleptons and for squarks, as well as those for the two Higgs doublets, to be
different at the unification scale, we scan systematically over the model parameter
space. Neutrino data and the present experimental constraints set upper limits on
the Higgs-mediated LFV decay rates Br(B? — ur,er) S4 x 1072 and Br(t —

pupsps epp) S 4 x 10710,
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1. Introduction. In the minimal supersymmetric extension of the Standard Model
(MSSM), non-holomorphic Yukawa interactions of the form D°QHj are generated at one-
loop level [1]. At large values of tan 3 = vy /vq, the contribution of such loop-suppressed
operators to the down-type quark masses may become comparable to those from the usual
superpotential terms D°Q)H;. As these two contributions have different flavour structures,
because of the up-type quark Yukawa interactions, they cannot be diagonalized simultane-
ously [2, 3]. This difference leads to potentially large new contributions to Higgs-mediated
flavour-changing processes involving down-type quarks, such as Bg’d — pp [4, 5,6, 7, 8]
and B°-B° mixing [8, 5].

This discussion cannot be generalized directly to the charged-lepton sector, because
the MSSM has no right-handed neutrinos at the electroweak scale. However, experimental
data convincingly indicate that neutrinos do have masses [9]. Their small values are most
naturally explained via the seesaw mechanism [10], which involves super-heavy singlet
(right-handed) neutrinos with masses My,. In this case, the presence of neutrino Yukawa
couplings Nf(Y,);;L;jHy above the heavy-neutrino decoupling scale induces off-diagonal
elements in the left-slepton mass matrix via renormalization [11, 12],

1 Meaur
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even if the initial slepton soft supersymmetry-breaking masses mg and trilinear couplings
Ay are flavour-universal at Mgyr. This is the only source of lepton-flavour violation (LFV)
in supersymmetric seesaw models with flavour-universal soft mass terms. Since it is induced
by heavy-neutrino Yukawa interactions, it relates the LF'V processes to low-energy neutrino
data. At the one-loop level, (1) also gives rise to flavour violation in non-holomorphic
interactions of the form EF°LH; and leads to Higgs-mediated LF'V processes in the charged-
lepton sector.

It is well known that, at large tan #, new Higgs-mediated contributions to the decay
B, — pp may exceed the Standard Model (SM) contribution by orders of magnitude.
The dominant contributions come from the diagrams in Fig. 1 (a) which are determined
by Cabibbo-Kobayashi-Maskawa (CKM) matrix elements if the squark mass matrices are
flavour-universal at the GUT scale, as suggested by the data on flavour-changing neutral
interactions [13]. It was suggested recently [14] that the Higgs-mediated contribution to the
LFV process 7 — ppp depicted in Fig. 1 (b) might be sizeable in supersymmetric seesaw
models !, with a branching ratio as large as Br(r — puu) ~ O(1077). This claim was
made without a complete study of all related LF'V processes.

Since the only source of LFV in this model is (1), and all LFV processes are induced
by slepton-neutralino and sneutrino-chargino loops, Higgs-mediated LFV is constrained
indirectly by limits on the processes 7 — puvy, 7 — ey and pu — e7y, which have been well
studied by experiment. Although 7 — u(e)y and Higgs-mediated LFV depend on the model
parameters in systematically different ways, the former impose important and unavoidable
constraints on the latter processes. Additional constraints are expected to come from
lepton-flavour-conserving but quark-flavour-violating processes such as B? — ppu, which

For a discussion of LFV decays in non-supersymmetric models the reader is referred to [15, 16].
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Figure 1: Dominant Higgs penguin diagrams contributing to (a) Bg,d — pp and (b) T —
pppe decays at large tan (3.
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Figure 2: Dominant Higgs penguin diagrams contributing to Bgd — T decays at large
tan 3.

depends on Higgs boson masses in the same way as Higgs-mediated 7 — pup (see Fig. 1).
In addition, there are other Higgs-mediated LFV processes such as B? — ur and B? — er,
which are induced by double-penguin diagrams, as depicted in Fig. 2, and may also be of
experimental interest. The current experimental upper limits on such decays are shown
in Table 1. Although the double-penguin diagram is suppressed by an additional loop
factor, its amplitude is enhanced by m,/m, tan 3, as seen by comparing Fig. 2 with Fig. 1.
Therefore, at large tan 3, the rate for BY — ur may even exceed that of 7 — pupu.

To quantify these qualitative statements, we adopt for the moment the approximation
considered in [14], i.e., we take all the supersymmetry-breaking mass parameters of the
model to be equal at low scales, use heavy-neutrino masses that are degenerate with My =
10 GeV, and assume that (YVT Y, )s233 = 1. This approximation is not realistic, but it is
useful for comparing the sensitivities of different processes to new physics: a more complete
treatment of these processes is presented in the following Sections of this Letter. In the
simplified case, working in the mass-insertion approximation and following exactly [14], we
obtain

(2)

6 4
Br(r — 3u) ~ 1.6 x 10~ [tanq [100 Gev} :

60 My

which is about six times smaller than the estimate quoted in that paper. This should be
compared with the corresponding estimate

(3)

2 4
Br(r — ) ~ 1.3 x 10~ {tanﬁ} lloo Gev} .

60 Mg
Both equations (2) and (3) are valid in the large-tan 3 limit. Whereas (2) is two orders of
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Channel Expt. Bound (90% CL)
B, — p*u¥ | CDF [17] <2.0x107°
By — e*u™ | CDF [17] <6.1x107°
By, — e*7T — —

Bs - /‘LiT$ e e

By — p*ut | BaBar [18] <2.0x1077
By — e*uT | BaBar [18] <21x1077
By —c¢trF |CLEO [19]| <53x10°
By — p*rT | CLEO [19] <83 x107*

Table 1: Current experimental bounds for the branching ratios of the leptonic B decays
BS d — l+l7
) (2]

magnitude below the present experimental bound on 7 — 3y, (3) is three orders of magni-
tude above the present bound on 7 — py. There is also the photonic penguin contribution
to the decay 7 — 3u, which is related to Br(t — u7y) by

a m?2 11
Br(t — 3u), = 3 (ln i Z) Br(t — py). (4)
i

Numerically, (3) leads to

(5)

2 4
Br(r — 3u), ~ 3.0 x 107 [tanﬁ} [100 GGV} :

60 Mg

which is a factor of 100 larger than (2). Notice also that suppressing (3) by postulating
large slepton masses would suppress (2) at the same time, since sleptons enter into both
loops. However, suppressing (2) by a large Higgs mass M, would not affect 7 — py.

With the same assumptions, we obtain

"tan 3]° [100 GeV] (©)
60 M,y |

Br(B® — pu) ~ 1.9 x 1075

where only the leading tan § dependence is presented, and

[tan 31° [100 GeV]* )
60 | | Ma |’

Br(B? — tu) ~3.6 x 1077
to be compared with the upper limits in Table 1. In the case of By mesons, one should
just multiply (7) with |Viq/Vis|? = 0.05. As expected, the Higgs-mediated branching ratio
for BY — 74 can be larger than the one for 7 — 3.

We comment in passing that the decays By s — pe are suppressed by the ratio mi /m? ~
0.0036 compared to By, — pt and, moreover, they are strongly constrained by the process
1 — ey. We find that their branching ratios are below the range of prospective experimental
interest.



2. Effective Lagrangians and branching ratios for LF'V processes. We now present the
calculational details we use in arriving at the approximate results of the previous Section
and the numerical results to be presented in the next Section. We consider the R-parity
conserving superpotential:

W = Ui(Ya)i;QiHy — Di(Ya)i;Q5 Hy +
1
N (Yo)isLiHz = Ef (Ye)iy Ly + o N(My )iy Nj + pHz Hy (8)
where the indices 7, j run over three generations and My is the heavy singlet-neutrino mass
matrix. We work in a basis where (Yy);;, (Y):;; and (My);; are real and diagonal. At the

one-loop level, this leads to the effective Lagrangian [3, 5, 8, 14].

—,Ceff = _’}ii/dz [5Z]H? + (60(51‘]‘ + Ey(YJYu )zg) Hg*} d]L + h.c. +
Z_%LYV@Z [5Z]H? + (61(5@‘ -+ GQEZ']') Hg*] li -+ h.c. s (9)

where €, €y, €, and €, are loop-induced form factors, and E;; = (Am )ij/md is the unique
source of LFV. In the following, we present analytical expressions in the mass-insertion
approximation, which is simple and known to reproduce well the full results in the case of
large tan 3. However, in our numerical analyses of the next Section we use the full diagram-
matic calculation of the (bs)-Higgs transition of [4], which we modify according to [5] to
include the resummed large-tan § contributions to the down-type Yukawa couplings. Also,
the LFV matrix £;; is calculated exactly using the numerical solutions to the full set of
renormalization-group equations of the MSSM, including singlet neutrinos [12].

In the mass-insertion approximation, the down-quark form factors are [5, 8]

204 uMg 1 A,
€0 = I md~ F2 ( gJLal‘JRJL) ’ €y = 1677'2% 2 (xuﬂLal‘ﬂRﬂL) ’ (]‘0)
L
where z,, = m2/m? and
rlnx ylny

By (z,y) = — (11)

(I-2)w-y) (O-yy-z)
In the lepton sector, the corresponding form factors are [14]

!/

S giuMl [ng <M12,m m? ) Fy (Mf,u me)+2F3 (Mf,;ﬂ,ml?R)}Jr

SonMa | B (4 ME) 285 (ol D) | (12)
€2 = glmoﬂM1 [2F4 <M12,m mzL,m ) F4< 7 lgL’mgny)]‘i‘
g—QmOMMQ [F4 <M ,m2 mTLaM2) +2Fy (12, myl,mZT Mg)} , (13)
where
Fy(z,y,2) = _zyln(z/y) +yzln(y/z) + zaln(z/z)

(z—y)y—2)(z — ) ’
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- rlnz _ ylny
Filz.y,zw) = (x —y)(z — 2)(z — w) (y—x)(y—Z)(y—w)+ )

(x = z,y < w).

The resulting effective Lagrangians describing flavour-violating neutral Higgs interactions
with down quarks and charged leptons are [5, 14]

jod
e m 17 . .
—Edgzdj = (2G%)V/* 00525 (dzR d]L) [cos(a — B)h° +sin(a — B)H" — ZAO:| + h.c., (15)

ol
—EZJ;Q = (2G* )1/4 L% (Lirlip) [cos(a — B)R? +sin(a — B)H® — iA°] + h.c.,  (16)

s? 3
where
ey Y2AL.
ke = - Yot 7 , (17)
J [1+ (€0 + ey Y;20;) tan 5] [1 + €o tan ]
K= 2%y - (18)
[1+ (e1 + €2 B) tan ]

As we are interested in B-meson decays, we have Xiq = V;;Vig, where the V;; are CKM
matrix elements.

Using (16), one easily obtains the branching ratio for the decay 7 — ppuu, given by

Gigmimlit, | (sin(a—f)cosa cos(a —f)sina\® sin®f
Brir =31 = {536mscoss g vl M2 IYE T
HO 70 A
GrmzmiT,
~ ogaangy el tan" 5 (19)

where 7, is the 7 lifetime and the large-tan § limit is taken in the last step. This is the
result that was used to derive the estimate (2).

The branching ratio for 7 — gy in the mass-insertion approximation reads [12]:

gmiTT\ALIQ, (20)

Br(t — py) = 1

where

~ 2y 2
AL ~ (Ami)mﬂ

< D [D [mi {fc(me) - ifnwm)} ;MQ] <M§,u2>;m2] (2 m2), (1)

where D[f(x); z](z1,22) = (f(z1) — f(22))/(21 — 22), and

fe(z) = —ﬁ(3—4x+x2+21nx),
1 2
fulz) = m(l—x +2zxlnz).

uMs tan 3



This is the result that was used to derive the estimate (3).

The dominant operators at large tan § in the effective Hamiltonian describing the tran-
sition b — §li+lj_ are

H =~ [OY + OF + oM + e, 2

where V' is the CKM matrix and G'r the Fermi coupling constant. Here cg p19 and Og p 1o
are, respectively, the Wilson coefficients and the local operators 2, which are given by

O = (bpy"sp)livusly)

Og = mb(l_)RsL)lle,
Og = mb(ERSL)l_f}/g)lj. (23)

In the SM with the seesaw mechanism, the only non-zero coefficients are the ¢yg. For ¢ # j,
they scale like the square of the inverse mass of the singlet neutrinos, and are completely
negligible. In supersymmetric seesaw models, there are two additional operators in (22), the
scalar Og and the pseudoscalar Op, whose coefficients dominate over the SM contributions.
In particular, for ¢ # j they are suppressed by the scale of supersymmetry-breaking soft
masses only. At large tan § the dominant contributions to Cfg and cg come from the penguin
and double-penguin diagrams presented in Fig. 1 and Fig. 2, respectively. We should note
here, however, that when the Higgs masses are O(TeV), and the sneutrinos are very light,
the box diagrams may dominate. In this case we obtain in general small branching ratios,
Br(Bs — pt) S 107 when we take the 7 — py constraint into account.

By setting c¢jo to zero in (22), we obtain the following branching ratio 2,

GEMyy i 2 r5 42 My ?
Br(B, — l;il;) = 7| Vs MBSfBSTBs<m)
2 _ 2
< - M} 1- M}
Mg, Mg,
(my, + mlj)2 i (my, — mlj)Q ij
(1= T e (1= e e

where Mp, and 7, are the mass and lifetime of the B; meson, and f5, = 230+£30 GeV [20]
is its decay constant.

For B; — pp decay, the form factors are [5, 8]:

m V212 my kR lsin(& — B)cosa cos(a — ) sin 04]
~ 2
G MG, cos® BN Mz, MZ,
2In (22) we have omitted operators proportional to the strange-quark mass, since they are subleading
for our processes.

3We note that (24) can be straightforwardly extended to B4 LFV decays by replacing s — d.




_Ar*m,my ey tan®f3 [ 1 } (25)
Mg, (14 (e0 +eyY?)tan ] [1 4+ e tan ] | M3, ]
g V2or? mumgig sin 3 ~ (26)
P GpM§, cos® BAL, | M3, 5

and, for the double-penguin contribution to By — u7t decay, we obtain from (15) and (16)
the form factors

UT _ UT
Cg = Cp

V212 mekl S [sin?(a — 3) N cos?(a — 3) N 1
GrM3, cost B!, M3, M, M7,

Q

*[ 4
8mim,m; €y K7, tan' [ [ 1 } @)

Mz, 14 (0 + ey Y?) tan 3] [1 + e tan §] | M3,

The last two results are those that were used to derive the estimates (6) and
(7).  In the calculation for the ratio By — u7 one also has contributions from

the operators (bPp(g)s)(iiPrry7). However, their contribution is proportional to
[Sin;ﬁ;ﬂ ) 4 Cosj\ﬁo_ﬁ ) _ Mlgo} which vanishes approximately at large tan 3. Furthermore, the
H h A

operator (bPgs)(fiP.7) is proportional to mgym, and thus subdominant to (bPys)(fiPgT)
we consider here. For the same reason, the leptonic CP-asymmetries in By, — ur decays
due to the complex &%, in (27) are of order m,,/m,.

3. Numerical Analyses. The purpose of this work is to study in a complete way the
allowed rates for the Higgs-mediated LFV processes in supersymmetric seesaw models in
which the only source of LFV is the renormalization of the soft supersymmetry-breaking
mass parameters above My,, due to the singlet-neutrino Yukawa couplings. We work
with two models. First, we study the constrained MSSM (CMSSM) which has just two
universal mass parameters at GUT scale, M/, for gauginos and my for all scalars, taking
for simplicity Ay = 0 and not expecting our results to be sensitive to its exact value.
Secondly, we study the more general flavour-universal MSSM (GFU-MSSM) in which the
universal masses for squarks, sleptons and the Higgs doublets H; and H, are different
from each other. This permits different mass scales for squarks and sleptons which, in
turn, are independent of the Higgs boson masses. However, we always require that squark
and slepton mass matrices at the GUT scale are each proportional to unit matrices. If
one goes beyond this assumption, arbitrary sources of flavour violation appear in the soft
supersymmetry-breaking sector, and the model loses all the predictivity, in particular the
connection between the LFV and the neutrino masses and mixings. Moreover, LF'V rates
generally exceed experimental limits [13].

We parametrize the singlet-neutrino Yukawa couplings Y, and masses My, in terms of
low energy neutrino data according to [21]. We generate all the free parameters of the model
randomly and calculate the low-energy sparticle masses and mixings by solving numerically
the one-loop renormalization-group equations and imposing the requirement of electroweak
symmetry breaking. We calculate the rates for the LF'V processes as described in the last
Section. For the decays [; — [;y, we use the exact diagrammatic formulae in [12].
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We fix the light-neutrino parameters by [22] Am2, = 3 x 1072 eV?, Am3, =5 x 107°
eV? tan?fy3 = 1, tan? 65 = 0.4 and sin 6,3 = 0.1, corresponding to the LMA solution for
the solar neutrino anomaly. The neutrino mixing phase is taken to be maximal: 6 = 7/2.
The overall light-neutrino mass scale is randomly generated in the range (107 — 1071)
eV, with a constant logarithmic measure. We assume the normal mass hierarchy, which is
favoured by leptogenesis arguments [23]. The rest of the neutrino parameters are calculated
from the randomly generated textures H; (which maximizes 7 — p violation) and Hs (which
maximizes 7 — e violation), that were introduced in [21].

We fix tan 3 = 60, which is the largest value for which electroweak symmetry breaking
is obtained generically. In the case of the CMSSM, the mass parameters M/, and my for
sleptons, squarks and both Higgses are generated randomly in the range (0 — 700) GeV.

In the case of the GFU-MSSM, we have four scalar mass parameters ml, ml, mi"* and m®?

for squarks, sleptons and Higgs doublets, respectively. We generate each of them randomly
and independently in the range (0 — 700) GeV. We impose the experimental upper bounds
Br(t — puy) < 2x107% Br(r — ey) < 2x 107% and Br(u — ey) < 1.2 x 107, and
the lower bounds on unobserved particle masses are taken to be mj, mg, M4 > 100 GeV,
and no other phenomenological bounds are imposed. Thus, our analysis should give an
accurate comparison of different LF'V decays and B4 — pp with each other, but may be
somewhat optimistic concerning the overall rates.

In Fig. 3 we present scatter plots of Higgs-mediated Br(7 — 3u) against Br(r — uvy)
in (a) the CMSSM and (b) the GFU-MSSM. Whilst Br(r — 3u) < 107! in the CMSSM,
in the GFU-MSSM the present Br(t — uv) bound allows Br(t — 3u) < 4 x 1071%. This
increase could have been expected, since in the GFU-MSSM the Higgs masses and slepton
masses are independent of each other. The points with the highest possible Br(r — 3u)
in In Fig. 3 correspond to M4 =~ 100 GeV. However, for tan 3 = 60, such low values
for M, are constrained by By — pu. To see this, we plot in Fig. 4 Br(t — 3u) against
Br(Bs; — pu) in both models we consider. It follows that, in the GFU-MSSM, the present
bound Br(Bs — up) < 2 x 107% constrains Br(r — 3u) < 1 x 1071°. This should be
compared with the rate for the photonic penguin contribution to Br(t — 3u), which is
given by (5). Our results show that, after imposing the 7 — py and Bs — pp bounds, the
photonic penguin dominates over the Higgs-mediated contribution.

We emphasize that we have been seeking to maximize LFV effects in these figures. We
also note that the lower bounds on the LFV processes in the plots are artificial, being due
to the lower bounds on the generated values of Y.

Proceeding with the B-meson decays, we plot in Fig. 5 the Higgs-mediated Br(B; — ut)
against Br(Bs — pu) in (a) the CMSSM and (b) the GFU-MSSM. Again, there is a sharp
upper bound on Br(Bs; — p7) in both models. In the GFU-MSSM the maximum allowed
value for Br(B, — ut) is 4x 1079 which is larger than that for 7 — 3u. However, detecting
T leptons is experimentally challenging, particularly in a high-rate environment such as the
LHC. To see the dependence of By — u7 on My, we plot in Fig. 6 the value of Br(Bs; — ur)
against M,. We emphasize that M, can be very small in the GFU-MSSM [24], whilst in
the CMSSM there is an approximate lower bound M, > 200 GeV, because it is related
to the slepton masses. The points with the largest Br(Bs — p7) in Fig. 6, as well as the



points with the largest Br(t — 3u) in Fig. 3, 4, correspond to M4 = O(100) GeV.

Similar results are also valid for the decays 7 — eup and B; — er. Since phenomeno-
logically the 7 — e transition can be as large as the 7 — p one [21], we have the same
bounds Br(t — epp) < 4 x 1071% and Br(B, — er) < 4 x 107°. The scatter plots for
those processes are indistinguishable from Figs. 3 to 6, so we do not present them here. We
have also studied the decays Bgd — pe and p — eee. The Higgs-mediated contributions
to BT(Bgd — pe) and Br(p — eee) are suppressed by the p — ey constraint and small
Yukawa couplings to be below 107'° and 1072, respectively.

4. Conclusions.

In this Letter we have studied the allowed rates for Higgs-mediated LFV decays in super-
symmetric seesaw models, assuming that LEF'V is generated entirely by the renormalization
effects of neutrino Yukawa couplings. Even if we allow the mass scales for squarks, sleptons
and two Higgs doublets to differ from each other, the bounds due to the decays 7 — u~,
T — ey, 4 — ey and By — pp are very constraining. We obtain the following bounds on the
Higgs-mediates processes: Br(B? — ut,et) S 4x107% and Br(t — ppup, epp) S 4x 10710
We have discussed these numerical results in terms of approximate analytical expressions,
but our calculations are more exact. We conclude that the Higgs-mediated contributions
to 7 — ppp, epps are subleading compared to the photonic penguin ones.
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Figure 3: Scatter plot of Higgs-mediated Br(t — 3u) against Br(t — wvy) in (a) the
CMSSM and (b) the GFU-MSSM.
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Figure 4: Scatter plot of Higgs-mediated Br(t — 3u) against Br(Bs, — pp) in (a) the
CMSSM and (b) the GFU-MSSM.
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Figure 5: Scatter plot of Higgs-mediated Br(Bs — pt) against Br(Bs — pp) in (a) the
CMSSM and (b) the GFU-MSSM.
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Figure 6: Scatter plot of Higgs-mediated Br(Bs — ut) against the pseudoscalar Higgs mass
My in (a) the CMSSM and (b) the GFU-MSSM.
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