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Φ gΦ
u gΦ

d gΦ
V

SM H 1 1 1

MSSM h cosα/sinβ −sinα/cosβ sin(β −α)

H sinα/sinβ cosα/cosβ cos(β −α)

A 1/ tanβ tanβ 0

Table 1: Couplings of the Higgs bosons to SM particles in the MSSM.

1. Introduction

In the Minimal Supersymmetric extension of the Standard Model (MSSM) the Higgs sector consists

in five elementary Higgs bosons, contained in two complex scalar doublets: two neutral CP-even

bosons h and H, one neutral CP-odd boson A and two charged bosons H±. Their couplings to

fermions and vector bosons, which are reported in Table 1, depend on the mixing angles α and

β , which are defined by the diagonalization of the neutral and charged Higgs mass matrices. In

scenarios characterized by large tanβ ≡ v2/v1 (with v1 and v2 tbeing the vacuum expectation

values (VEVs) of the two Higgs doublets), the down-type Yukawa couplings are generally strongly

enhanced, while the up-type ones are strongly suppressed. As a consequence, processes induced

by the bottom Yukawa couplings become dominant in this kind of scenarios. This is the case, in

particular, of Higgs decays into bottom quarks and Higgs bremsstrahlung off bottom quarks. The

bottom loop contribution to the Higgs production via gluon fusion acquires relevance as well.

For this reason, a precise evaluation of the down-type quark Yukawa couplings is particu-

larly important. In these Proceedings we will review the state-of-the-art of the calculation of the

SUSY-QCD corrections, that are currently known up to the NNLO [1–3], and resummed via an

effective-field-theory approach [4, 5]. The supersymmetric electroweak (EW) corrections are cur-

rently known at the 1-loop level [6–8], while the calculation of their SUSY-QCD corrections, of

O(ααs), is currently work-in-progress [9]. In analogy with the bottom quark case, also the strange

effective Yukawa couplings have been calculated up to the NNLO in SUSY-QCD [3]. This calcu-

lation plays a role in particular in the subleading decay mode of the charged Higgs H+ → cs̄.

2. Effective bottom and strange Yukawa couplings

Following an effective approach, the radiative corrections to the Yukawa couplings ∆q,1 and ∆q,2 of

the two Higgs doublets φ 0
1 and φ 0∗

2 can be encoded into a single factor ∆q, as shown in the effective

Lagrangian

Le f f = − ∑
q=b,s

λqq̄R

[

(1+∆q,1)φ
0
1 +∆q,2φ 0∗

2

]

qL +h.c.

= − ∑
q=b,s

[

mq

1+∆q

q̄RqL +
mq

v1(1+∆q)
q̄R

(

H1 +
∆q

tanβ
H2

)

qL

]

(2.1)

with ∆q ≡ ∆q,2 tanβ/(1+∆q,1) and the neutral components φ 0
1 and φ 0∗

2 of the two Higgs doublets

expanded around the VEVs, φ 0
1 = H1 + v1, φ 0∗

2 = H2 + v2.
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3. Details of the Calculation

At a practical level, the calculation [1–4] was carried out with the help of the Low Energy Theo-

rems [10, 11]: any matrix element with an external Higgs field can be related to the corresponding

matrix element without the external Higgs in the limit of vanishing Higgs momentum, through the

replacement

v1 →
√

2φ 0
1 , (3.1)

v2 →
√

2φ 0∗
2 .

Therefore, the calculation of the three-point functions giving ∆b,s is reduced to the calculation of

the bottom and strange self energies. In particular, it turns out that the leading contributions to ∆b,s

come from the scalar part ΣS(m
2
q) of the self energy

ΣS(m
2
q) =

λb√
2

v1 [∆q,1 +∆q,2 tanβ ] , (3.2)

that also modifies the relation between the pole mass and the Yukawa coupling beyond the tree

level:

mq =
λq√

2
v1 +ΣS(m

2
q) . (3.3)

At the one-loop level, the contributions to ∆q,2 can be split into QCD and EW corrections:

∆q,2 = ∆
QCD
q,2 +∆ew

q,2 , (3.4)

where ∆
QCD
q,2 and ∆ew

q,2 can be derived from the bottom self energies containing an off-diagonal

insertion in the sbottom and stop propagators, as shown in Figure 1. The off-diagonal contributions

to the squark propagators can be read off the expression of the sfermion mass matrix in the current

eigenstate basis:

M
2
f̃
=

(

M2
LL M2

LR

M2
RL M2

RR

)

=

(

M2
f̃L
+m2

f m f (A f −µr f )

m f (A f −µr f ) M2
f̃R
+m2

f

)

(3.5)

where rd = 1/ru = tanβ for down- and up-type sfermions and A f are the trilinear scalar couplings

of the soft SUSY breaking terms.

The result of these 1-loop diagrams is finite and no renormalization procedure is in need. The

expressions for ∆
QCD
q,2 and ∆ew

q,2 are given in Eq. 4.4 for the bottom quark. They resum all the

leading terms of order O [(αsµ tanβ )n] and O
[(

λ 2
t At tanβ

)n]
. Moreover, one can see from the

off-diagonal terms of Eq. 3.5 that also the non-tanβ -enhanced terms of order O [(αsAb)
n] can be

resummed at the same time. Similarly, the resummed strange Yukawa coupling contains all the

terms of O [(αsµ tanβ )n] and O [(αsAs)
n] at the one-loop level, while ∆ew

s = 0.

4. Calculation at the NNLO

The NNLO SUSY-QCD corrections to ∆b,s can be determined through the calculation of the 2-loop

contributions to the bottom and strange self energies. More in detail, the relevant contributions

2
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(a)

bL bR

b̃L b̃R

g̃

λb(Abv1 −µv2) (b)

bL bR

t̃R t̃L

h̃±

λt At v2

Figure 1: One-loop diagrams of (a) the SUSY-QCD and (b) the top-induced SUSY-EW contributions to the

bottom self energy with the M2
LR mass insertions, giving the ∆b at NLO [2].

b b
g

g̃ g̃

b̃ b̃

b b
g

g̃ g̃

b̃ b̃

+
b b

g

g̃ g̃

b̃ b̃

Figure 2: All possible mass insertions into one of the two-loop diagrams contributing to ∆b at NNLO [2].

come from the two-loop diagrams containing one M2
LR insertion, as shown in Figure 2. Differently

from the 1-loop calculation, the 2-loop Feynman diagrams give a divergent result, that needs to be

renormalized. The result can be written in terms of the two following master integrals:

A0(m) = µ̄4−n

∫

dnk

(2π)n

1

k2 −m2
(4.1)

and

T134(m1,m3,m4) = µ̄2(4−n)
∫

dnk

(2π)n

dnq

(2π)n

1

(k2 −m2
1)[(k−q)2 −m2

3](q
2 −m2

4)
(4.2)

where n = 4− 2ε and µ̄ denotes the ’t Hooft mass. The renormalization procedure for ∆b,2 goes

along the lines of Ref [2]. The extension to the non-tanβ -enhanced terms proportional to Ab (i. e.

the calculation of ∆q,1) does not require any further action on the renormalization side, because the

parameter Ab is not renormalized at O(αsAb) (i.e. δAb 6= O(Ab)) [3].

The NNLO expression for ∆b is then given by

∆b =

(

∆QCD
b,2 [1+δ1]+∆elw

b,2 [1+δ2]
)

tanβ

1+∆b,1 [1+δ1]
, (4.3)

with the 1-loop contributions

∆b,1 = −CF

2

αs(µR)

π
mg̃ Ab I(m2

b̃1
,m2

b̃2
,m2

g̃)

3
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∆b,2 = ∆QCD
b,2 +∆elw

b,2

∆QCD
b,2 =

CF

2

αs(µR)

π
mg̃ µ I(m2

b̃1
,m2

b̃2
,m2

g̃)

∆elw
b,2 =

λ 2
t (µR)

(4π)2
At µ I(m2

t̃1
,m2

t̃2
,µ2) (4.4)

and δ1, δ2 being the 2-loop corrections. The expression in Eq. 4.3 resums therefore all the contri-

butions up to O
(

αn+1
s µn tann β

)

, O
[

αs

(

λ 2
t At tanβ

)n]
and O

(

αn+1
s An

b

)

.

Similarly, the expression for the strange effective Yukawa coupling is given by

∆s =
∆s,2 [1+δs] tanβ

1+∆s,1 [1+δs]
, (4.5)

where the terms of O [(αs µ tanβ )n], O
[

αn+1
s (µ tanβ )n

]

, O [(αs As)
n] and O

[

αn+1
s An

s

]

, together

with all mixed terms of these orders, are resummed [3]. Notice that in this case the 1-loop EW

contribution is absent (∆elw
s,2 = 0). The other 1-loop expressions can be obtained from Eq. 4.4 with

the appropriate replacements.

5. Application to Higgs decays into bb̄ and cs̄

The partial decay width of a neutral Higgs boson Φ= h,H,A in the MSSM is given by the following

expression [4]:

Γ[Φ → bb] =
3GFMΦ

4
√

2π
m2

b(MΦ)
[

1+δQCD +δ Φ
t

]

g̃Φ
b

[

g̃Φ
b +δ rem

SQCD

]

(5.1)

where mb(MΦ) denotes the MS bottom mass at the scale of the corresponding Higgs mass MΦ and

quark mass effects beyond O(m2
b) are neglected. The corrections δQCD +δt are pure QCD correc-

tions: the terms δQCD is known up to the N4LO (leading corrections with the leading mass effects),

while the top-induced δt is known up to NNLO. Compact expressions are reported in [12] and the

corresponding references can be found therein. On the other hand, the factor g̃Φ
b

[

g̃Φ
b +δ rem

SQCD

]

en-

codes the SUSY-QCD corrections: g̃Φ
b is the resummed effective Yukawa coupling, containing the

dominant part of the SUSY-QCD corrections, while δ rem
SQCD is the remainder. The latter is known

at NLO, because the 1-loop calculation of the Higgs decay rate to bb̄ was calculated exactly long

time ago [13], and it is known to be small in phenomenologically relevant scenarios [4].

The strange Yukawa coupling is phenomenologically relevant mainly in the charged Higgs

decay into charm and strange quarks. The partial decay width is given by [14, 15]

Γ[H+ → cs ] =
3GFMH±

4
√

2π
|Vcs|2

[

m2
c(MH±)(gA

c )
2 +m2

s (MH±)(g̃A
s )

2
]

(1+δQCD) (5.2)

where δQCD is the same as above, gA
s is the resummed strange Yukawa coupling and the remainder

is extremely small and can be safely neglected, as well as regular quark mass effects.
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6. Conclusions

Down-type Yukawa couplings, in particular the bottom Yukawa coupling, play an important role

in MSSM scenarios characterized by large tanβ . In these Proceedings we have reviewed the cal-

culation of the radiative corrections to the bottom and strange couplings in the MSSM and recalled

how the leading parts of the SUSY-QCD corrections can be absorbed and resummed in effective

Yukawa couplings.

The radiative corrections are currently known at two loops in SUSY-QCD [1–3], while the EW

corrections are known at the one-loop level [4–8]. The mixed O(αsα) corrections consisting in the

SUSY-QCD corrections to the O(α) one-loop contributions are in preparation and will appear

soon [9].
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