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For large values of tanβ interesting effects arise in the MSSM due to
the enhancement of down-quark self-energies. These effects are well-studied
within the decoupling limit, i.e. in the limit of supersymmetric masses far
above the electroweak scale. In this article I discuss those issues which
emerge from a treatment of these effects that goes beyond the decoupling
limit.
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1. Introduction

The Minimal Supersymmetric Standard Model (MSSM) contains two
Higgs doublets Hu and Hd coupling to up- and down-type quark fields, re-
spectively. The neutral components of these Higgs doublets acquire vacuum
expectation values (vevs) vu and vd with the sum v2

u + v2
d being fixed to

v2 ≈ (174GeV)2 and the ratio tanβ ≡ vu/vd remaining as a free param-
eter. Large values of tanβ (∼ 50) are theoretically motivated by bottom-
top Yukawa unification, which occurs in SO(10) GUT models with minimal
Yukawa sector, and phenomenologically preferred by the anomalous mag-
netic moment of the muon [1]. Since a large value of tanβ corresponds to
vd � vu, it leads to enhanced corrections in amplitudes where the tree-
level contribution is suppressed by the small vev vd but the loop-correction
involves vu instead. In such cases the ratio of one-loop to tree-level con-
tribution receives an enhancement-factor tanβ which may lift the loop-
suppression rendering the ratio of order O(1).
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In order not to spoil the perturbative expansion a special treatment
is required for these tanβ-enhanced corrections to resume them to all or-
ders. There are two possible ways to deal with them. The first is to
consider an effective theory with the SUSY particles integrated out keep-
ing only Higgs fields and SM particles [2–4]. This approach is valid for
MSUSY � v, MA0,H0,H± , i.e. within the decoupling limit; it can be ex-
tended beyond using an iterative method [5]. The second possibility is to
perform a diagrammatic, analytic resummation in the full MSSM without
assuming any hierarchy between MSUSY, MA0,H0,H± and v [6,7]. Going be-
yond the decoupling limit is desirable since on the one hand MSUSY ∼ v is
natural and on the other hand tanβ-enhanced effects in couplings involving
SUSY particles like gluinos and neutralinos cannot be studied in an effective
theory with these particles integrated out. In this article I will present the
main results of Ref. [7], in which the diagrammatic resummation method of
Ref. [6] has been extended to the case of flavour-changing interactions.

2. Scheme dependence of the resummation formula
for the Yukawa coupling yb

At tree-level the mass of the bottom quark mb is generated by cou-
pling the b-quark to the Higgs-field Hd and it is thus proportional to the
small vev vd. At one-loop it receives tanβ-enhanced self-energy correc-
tions (involving vu instead of vd) from gluino-sbottom-, chargino-stop- and
neutralino-sbottom-loops, which I parameterise as

ΣRL
b = mb∆b = mb εb tanβ . (1)

These corrections modify the relation between the Yukawa-coupling yb
and the MS massmb. Within the decoupling limit the resulting resummation
formula is given by [2]

yb =
mb

vd (1 + ∆b)
. (2)

Beyond the decoupling limit the form of the resummation formula actu-
ally depends on the choice of renormalisation scheme for the input parame-
ters in the sbottom sector. Neglecting tanβ-suppressed terms, the sbottom
mass matrix reads

M2
b̃

=

(
m2
b̃L

−y∗b vu µ
−yb vu µ∗ m2

b̃R

)
. (3)
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It is diagonalised by a mixing matrix R̃b involving a mixing angle θ̃b and a
phase φ̃b:

R̃bM2
b̃
R̃†b = diag

(
m2
b̃1
, m2

b̃2

)
, R̃b =

(
cos θ̃b sin θ̃b eiφ̃b

− sin θ̃b e−iφ̃b cos θ̃b

)
. (4)

If one takes the elements of the mass matrixM2
b̃
as input, the parameters

mb̃1,2
, θ̃b and φ̃b are fixed by the diagonalisation procedure, i.e. they are not

free parameters but functions of the elements ofM2
b̃
. On the other hand, one

can also take mb̃1,2
, θ̃b and φ̃b (or other combinations of parameters) directly

as input. Note that it is not possible to distinguish between different schemes
for the input parameters in the limit v/MSUSY → 0 because

m2
b̃1,2

= m2
b̃L,R

(
1 +O

(
v2/M2

SUSY

))
, sin 2θ̃b = O (v/MSUSY) . (5)

Beyond the decoupling limit, however, different choices for the set of input
parameters lead to different resummation formulae for yb, which are shown
in Table I. Here, only the gluino-contribution ∆g̃

b of ∆b is considered; for-
mulae including also the chargino- and the neutralino-contribution as well
as explicit expressions for ∆g̃

b , ∆
eχ±
b and ∆eχ0

b can be found in Ref. [7].

TABLE I

Resummation formulae for yb for different choices of the input parameters.

Input Resummation formula

mb̃1
, mb̃2

, θ̃b, φ̃b yb =
mb

vd

(
1−∆g̃

b

)
mb̃1

, mb̃2
, µ, tanβ yb =

mb

vd(1 +∆g̃
b)

mb̃L
, mb̃R

, µ, tanβ analytic resummation impossible,
use iteration

3. Effects of flavour-changing self-energies

In the last section I briefly discussed the consequences of tanβ-enhanced
contributions to the b-quark self-energy ΣRL

b . Let us now have a look at
the corresponding flavour-changing self-energies and let us focus on b → s
transitions ΣRL

bs for definiteness. In the framework of naive MFV as defined
in Ref. [7], which is considered here, the gluino- and neutralino-couplings are
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flavour-diagonal at tree-level. Therefore only chargino diagrams generate a
tanβ-enhanced contribution toΣRL

bs which can be parameterised analogously
to Eq. (1) as

ΣRL
bs = V ∗tb Vtsmb∆FC = V ∗tb Vtsmb εFC tanβ . (6)

sL bR bL
ΣRL

bs

bL bR sL
ΣRL

bs

Fig. 1. Feynman diagrams with ΣRL
bs in an external quark leg.

Now consider the generic situation of a ΣRL
bs -subdiagram in an external

quark leg of some Feynman diagram (Fig. 1). Since in such a diagram the
quark propagator ±i/mb (ms is set to zero) cancels the factor mb in ΣRL

bs ,
the resulting Feynman amplitude is given by

M = ±Mrest · V ∗tb Vts εFC tanβ , (7)

where Mrest stands for the part of M corresponding to the truncated dia-
gram. Therefore, if tanβ is large enough to compensate for the loop-factor
εFC, it is possible to get a b → s transition without paying the price of a
loop suppression. In this way one finds tanβ-enhanced corrections to FCNC
b → s processes by sourcing the flavour change out into an external quark
leg rendering the underlying loop-diagram flavour-diagonal. As an example
consider the SUSY-contribution to b → sγ: For large tanβ the one-loop
amplitude is dominated by the chargino-stop diagram giving a contribu-
tion of the form (loop × tanβ). Taking into account the above mentioned
external leg corrections one finds contributions involving gluino-sbottom
loops, like the left diagram in Fig. 2, which are of the form (loop× tanβ)2.
Alternatively, since p2 � M2

SUSY for a momentum p of an on-shell quark
and since thus the external leg corrections are local, it is possible to pro-
mote their effects to effective flavour-changing vertices, even beyond the
decoupling limit, because no assumption about a hierarchy between MSUSY

b s

b̃

g̃

γ

b sb

b̃

g̃

γ

Fig. 2. Gluino diagram giving a contribution to b→ sγ of the form (loop× tanβ)2.
Left: External leg method. Right: Effective vertex method.
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and the electroweak scale v is needed. In addition to the FCNC couplings of
neutral Higgs bosons, which are well-studied within the decoupling limit [4],
also FCNC couplings of the gluino and neutralino arise in this way. A com-
plete set of Feynman rules for these vertices, including contributions of the
form (loop × tanβ)n to all orders n = 1, 2, . . ., is given in Ref. [7]. The
tanβ-enhanced gluino-sbottom contribution to b → sγ discussed above is
within this framework then simply given by a one-loop diagram involving
the new FCNC gluino coupling (right diagram in Fig. 2).

4. Sizable gluino contribution to C8

The effects discussed in the last section give rise to new contributions to
the Wilson coefficients of the effective ∆B = 1 and ∆B = 2 Hamiltonians.
Most of these contributions turn out to be numerically small for two reasons:
Firstly, for positive µ and tanβ ∼ 50 typical values ∆FC are ∼ 0.12 � 1.
Secondly, the gluino contributions, which should give the largest effects due
to the strong coupling constant gs, suffer from a GIM suppression.

There is one exception: Chirally enhanced contributions to the magnetic
and chromomagnetic operators O7 and O8 (like the diagram in Fig. 2) in-
volve a left-right-flip in the squark-line proportional to the corresponding
quark mass and thus avoid the GIM cancellation. Whereas the contribution
from gluino-squark loops to C7 is accidentally small, the one to C8 can in-
deed contribute as much as the chargino-squark diagram. This can be seen
from the left diagram in Fig. 3 where the magnitudes of both contributions
|Cc8| and |C

g
8 | are shown for a scan over the MSSM parameter space with pos-

itive µ. The colour code (light to dark: yellow: 200GeV< µ < 400GeV, red:
400GeV < µ < 600GeV, blue: 600GeV< µ < 800GeV, black: 800GeV<
µ < 1000GeV) reflects the fact that the importance of Cg8 grows with µ. All
points in the plot are in agreement with the constraints from B(B̄ → Xsγ)
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Fig. 3. Left: Magnitudes of chargino and gluino contributions to C8 scanned over
the MSSM parameter space. Right: SφKS as a function of |At|.
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and the experimental lower bounds for the sparticle and lightest Higgs Bo-
son masses. An arbitrary phase is allowed for the parameter At, however,
to avoid the possibility of fulfilling the B(B̄ → Xsγ) constraint by an un-
natural fine-tuning of this phase, the additional condition |CSUSY

7 | < |CSM
7 |

is imposed.
As a consequence one expects significant effects in those low energy ob-

servables with a strong dependence on C8. To illustrate this fact the mixing-
induced CP asymmetry SφKS

of the decay B̄0 → φKs is plotted as a function
of |At| in the right diagram of Fig. 3. The parameter point chosen for the
plot fulfills all constraints mentioned above. The shaded area represents
the experimental 1σ range, the dotted line the SM contribution in leading-
order QCD factorisation. For the results corresponding to the dashed and
the solid lines the effects of Cc8 and Cc8 + Cg8 have been taken into account,
respectively. The plot demonstrates that for complex At the gluino-squark
contribution can indeed have a large impact on SφKS

.

5. Conclusions

The effects of tanβ-enhanced self-energies can be resummed analytically
beyond the decoupling limit, also in the flavour-changing case. The resum-
mation formula for the Yukawa coupling yb depends on the renormalisation
scheme used for the input parameters in the sbottom sector. Moreover,
not only the neutral Higgs bosons but also the gluino and the neutralino
develop FCNC couplings for large values of tanβ. This leads to a sizable
modification of the Wilson coefficient C8 of the chromomagnetic operator.

I am grateful to M. Krawczyk, H. Czyż and M. Misiak for organizing this
very pleasant and stimulating workshop. I thank U. Nierste and D. Scherer
for the enjoyable collaboration on the presented work [7].

REFERENCES

[1] [Muon G-2 Collaboration] G.W. Bennet et. al., Phys. Rev. D73, 072003 (2006)
[hep-ex/0602035].

[2] L.J. Hall, R. Rattazzi, U. Sarid, Phys. Rev. D50, 7048 (1994)
[hep-ph/9306309]; M.S.Carena, M.Olechowski, S. Pokorski, C.E.M.Wagner,
Nucl. Phys. B645, 155 (2002) [hep-ph/0207036].

[3] T. Blazek, S. Raby, S. Pokorski, Phys. Rev. D52, 4151 (1995)
[hep-ph/9504364].

[4] C. Hamzaoui, M. Pospelov, M. Toharia, Phys. Rev. D59, 095005 (1999)
[hep-ph/9807350]; K.S. Babu, C.F. Kolda, Phys. Rev. Lett. 84, 228 (2000).



The MSSM with Large Tanβ Beyond the Decoupling Limit 241

[5] A.J. Buras, P.H. Chankowski, J. Rosiek, Ł. Sławianowska, Nucl. Phys. B659,
3 (2003) [hep-ph/0210145]; J.R. Ellis, J.S. Lee, A. Pilaftsis, Phys. Rev. D76,
115011 (2007) arXiv:0708.2079[hep-ph].

[6] M. Carena, D. Garcia, U. Nierste, C.E.M. Wagner, Nucl. Phys. B577, 88
(2000) [hep-ph/9912516].

[7] L. Hofer, U. Nierste, D. Scherer, J. High Energy Phys. 0910, 081 (2009)
[arXiv:0907.5408[hep-ph]].


