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MSSM

couplings involving matter but does provide a reasonable description in the Higgs-gauge

sector.

Wrong-type Higgs Yukawa couplings have been previously discussed: ...

2 Uplifted supersymmetry

The field content of the uplifted Higgs model considered here is identical to that of the

MSSM. The superpotential is exactly as in the usual R-parity conserving MSSM:

W = yu ûcĤuQ̂ − yd d̂cĤdQ̂ − y! êcĤdL̂ + µ ĤuĤd . (2.1)

where a hat denotes the chiral superfield associated with the corresponding standard

model field, and a generation index is implicit. The Yukawa coupling matrix of the up-

type quarks, yu, is the same as in the standard model. In the case of down-type quarks

or leptons, the Yukawa couplings yd and y! have values different than in the MSSM, as

explained later in this section.

2.1 Tree-level MSSM in the uplifted region

We assign R-charges such that the soft susy-breaking term BµHuHd is forbidden, for

example R[Ĥd, Q̂, ûc, êc] = 0 and R[Ĥu, d̂c, L̂] = 2. Thus, the Higgs potential is

VH =
(
|µ|2 + m2

Hu

)
|Hu|2 +

(
|µ|2 + m2

Hd

)
|Hd|2 +

1

8

(
g2 + g′2

) (
|Hu|2 − |Hd|2

)2
, (2.2)

where m2
Hu

and m2
Hd

are susy-breaking mass-squared parameters. We assume that

|µ|2 + m2
Hu

< 0

|µ|2 + m2
Hd

> 0 (2.3)

and, in order for the potential to be bounded from below, that

2|µ|2 + m2
Hu

+ m2
Hd

> 0 . (2.4)

This results in only Hu acquiring a VEV. Thus, the Higgs boson h0 that couples to WW

is at tree level entirely part of the Hu doublet, and has a squared mass

M2
h0 = −2

(
|µ|2 + m2

Hu

)
= M2

Z . (2.5)

2

•The “minimal” supersymmetric version of the SM
•Partners of opposite spin
•Anomalies require two Higgs (Higgsino) doublets
•Holomorphy forces a Type-II 2HDM i.e. one Higgs 
(    ) couples only to up-type quarks and one (    ) 
only couples to down-type quarks and leptons
Hu

Hd
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example R[Ĥd, Q̂, ûc, êc] = 0 and R[Ĥu, d̂c, L̂] = 2. Thus, the Higgs potential is

VH =
(
|µ|2 + m2

Hu

)
|Hu|2 +

(
|µ|2 + m2

Hd

)
|Hd|2 +

1

8

(
g2 + g′2

) (
|Hu|2 − |Hd|2

)2
, (2.2)

where m2
Hu

and m2
Hd

are susy-breaking mass-squared parameters. We assume that

|µ|2 + m2
Hu

< 0

|µ|2 + m2
Hd

> 0 (2.3)

and, in order for the potential to be bounded from below, that

2|µ|2 + m2
Hu

+ m2
Hd

> 0 . (2.4)

This results in only Hu acquiring a VEV. Thus, the Higgs boson h0 that couples to WW

is at tree level entirely part of the Hu doublet, and has a squared mass

M2
h0 = −2

(
|µ|2 + m2

Hu

)
= M2

Z . (2.5)

2

tL t†R

H0
u

(a)

t̃L t†R

H̃0
u

(b)

tL t̃∗R

H̃0
u

(c)

Figure 5.1: The top-quark Yukawa coupling (a) and its “supersymmetrizations” (b), (c), all of
strength yt.

The µ term in eq. (5.1) is the supersymmetric version of the Higgs boson mass in the Standard
Model. It is unique, because terms H∗

uHu or H∗
dHd are forbidden in the superpotential, which must be

analytic in the chiral superfields (or equivalently in the scalar fields) treated as complex variables, as
shown in section 3.2. We can also see from the form of eq. (5.1) why both Hu and Hd are needed in order
to give Yukawa couplings, and thus masses, to all of the quarks and leptons. Since the superpotential
must be analytic, the uQHu Yukawa terms cannot be replaced by something like uQH∗

d . Similarly,
the dQHd and eLHd terms cannot be replaced by something like dQH∗

u and eLH∗
u. The analogous

Yukawa couplings would be allowed in a general non-supersymmetric two Higgs doublet model, but are
forbidden by the structure of supersymmetry. So we need both Hu and Hd, even without invoking the
argument based on anomaly cancellation mentioned in the Introduction.

The Yukawa matrices determine the current masses and CKM mixing angles of the ordinary quarks
and leptons, after the neutral scalar components of Hu and Hd get VEVs. Since the top quark, bottom
quark and tau lepton are the heaviest fermions in the Standard Model, it is often useful to make an
approximation that only the (3, 3) family components of each of yu, yd and ye are important:

yu ≈




0 0 0
0 0 0
0 0 yt



 , yd ≈




0 0 0
0 0 0
0 0 yb



 , ye ≈




0 0 0
0 0 0
0 0 yτ



 . (5.2)

In this limit, only the third family and Higgs fields contribute to the MSSM superpotential. It is
instructive to write the superpotential in terms of the separate SU(2)L weak isospin components
[Q3 = (t b), L3 = (ντ τ), Hu = (H+

u H0
u), Hd = (H0

d H−
d ), u3 = t, d3 = b, e3 = τ ], so:

WMSSM ≈ yt(ttH
0
u − tbH+

u ) − yb(btH
−
d − bbH0

d) − yτ (τντH
−
d − ττH0

d)

+µ(H+
u H−

d − H0
uH0

d). (5.3)

The minus signs inside the parentheses appear because of the antisymmetry of the εαβ symbol used to
tie up the SU(2)L indices. The other minus signs in eq. (5.1) were chosen so that the terms ytttH0

u,
ybbbH0

d , and yτττH0
d , which will become the top, bottom and tau masses when H0

u and H0
d get VEVs,

each have overall positive signs in eq. (5.3).
Since the Yukawa interactions yijk in a general supersymmetric theory must be completely sym-

metric under interchange of i, j, k, we know that yu, yd and ye imply not only Higgs-quark-quark and
Higgs-lepton-lepton couplings as in the Standard Model, but also squark-Higgsino-quark and slepton-
Higgsino-lepton interactions. To illustrate this, Figures 5.1a,b,c show some of the interactions involving
the top-quark Yukawa coupling yt. Figure 5.1a is the Standard Model-like coupling of the top quark
to the neutral complex scalar Higgs boson, which follows from the first term in eq. (5.3). For variety,

we have used tL and t†R in place of their synonyms t and t (see the discussion near the end of section
2). In Figure 5.1b, we have the coupling of the left-handed top squark t̃L to the neutral higgsino field
H̃0

u and right-handed top quark, while in Figure 5.1c the right-handed top anti-squark field (known

either as t̃ or t̃∗R depending on taste) couples to H̃0
u and tL. For each of the three interactions, there is

another with H0
u → H+

u and tL → −bL (with tildes where appropriate), corresponding to the second
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Figure 5.2: Some of the (scalar)4 interactions with strength proportional to y2
t .
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Figure 5.3: Couplings of the gluino, wino, and bino to MSSM (scalar, fermion) pairs.

part of the first term in eq. (5.3). All of these interactions are required by supersymmetry to have
the same strength yt. These couplings are dimensionless and can be modified by the introduction of
soft supersymmetry breaking only through finite (and small) radiative corrections, so this equality of
interaction strengths is also a prediction of softly broken supersymmetry. A useful mnemonic is that
each of Figures 5.1a,b,c can be obtained from any of the others by changing two of the particles into
their superpartners.

There are also scalar quartic interactions with strength proportional to y2
t , as can be seen from

Figure 3.1c or the last term in eq. (3.50). Three of them are shown in Figure 5.2. Using eq. (3.50) and
eq. (5.3), one can see that there are five more, which can be obtained by replacing t̃L → b̃L and/or
H0

u → H+
u in each vertex. This illustrates the remarkable economy of supersymmetry; there are many

interactions determined by only a single parameter. In a similar way, the existence of all the other
quark and lepton Yukawa couplings in the superpotential eq. (5.1) leads not only to Higgs-quark-quark
and Higgs-lepton-lepton Lagrangian terms as in the ordinary Standard Model, but also to squark-
higgsino-quark and slepton-higgsino-lepton terms, and scalar quartic couplings [(squark)4, (slepton)4,
(squark)2(slepton)2, (squark)2(Higgs)2, and (slepton)2(Higgs)2]. If needed, these can all be obtained
in terms of the Yukawa matrices yu, yd, and ye as outlined above.

However, the dimensionless interactions determined by the superpotential are usually not the most
important ones of direct interest for phenomenology. This is because the Yukawa couplings are already
known to be very small, except for those of the third family (top, bottom, tau). Instead, production
and decay processes for superpartners in the MSSM are typically dominated by the supersymmetric
interactions of gauge-coupling strength, as we will explore in more detail in sections 8 and 9. The
couplings of the Standard Model gauge bosons (photon, W±, Z0 and gluons) to the MSSM particles
are determined completely by the gauge invariance of the kinetic terms in the Lagrangian. The gauginos
also couple to (squark, quark) and (slepton, lepton) and (Higgs, higgsino) pairs as illustrated in the
general case in Figure 3.3g,h and the first two terms in the second line in eq. (3.72). For instance, each
of the squark-quark-gluino couplings is given by

√
2g3(q̃ T aqg̃ + c.c.) where T a = λa/2 (a = 1 . . . 8) are

the matrix generators for SU(3)C . The Feynman diagram for this interaction is shown in Figure 5.3a.
In Figures 5.3b,c we show in a similar way the couplings of (squark, quark), (lepton, slepton) and
(Higgs, higgsino) pairs to the winos and bino, with strengths proportional to the electroweak gauge
couplings g and g′ respectively. For each of these diagrams, there is another with all arrows reversed.
Note that the winos only couple to the left-handed squarks and sleptons, and the (lepton, slepton)
and (Higgs, higgsino) pairs of course do not couple to the gluino. The bino coupling to each (scalar,
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•The “minimal” supersymmetric version of the SM
•Partners of opposite spin
•Anomalies require two Higgs (Higgsino) doublets
•Holomorphy forces a Type-II 2HDM i.e. one Higgs 
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2.1 Tree-level MSSM in the uplifted region

We assign R-charges such that the soft supersymmetry-breaking term HuHd is forbidden,

for example R[Ĥd, Q̂, ûc, êc] = 0 and R[Ĥu, d̂c, L̂] = 2. Thus, the Higgs potential is

(
|µ|2 + m2

Hu

)
|Hu|2+

(
|µ|2 + m2

Hd

)
|Hd|2+

g′ 2

8

(
|Hu|2 − |Hd|2

)2
+

g2

2

∣∣∣H†
uT

aHu + H†
dT

aHd

∣∣∣
2

,

(2.2)

where m2
Hu

and m2
Hd

are supersymmetry-breaking mass-squared parameters, and T a are

the SU(2)W generators. We assume that

|µ|2 + m2
Hu

< 0 ,

|µ|2 + m2
Hd

> 0 , (2.3)

and, in order for the potential to be bounded from below, that

2|µ|2 + m2
Hu

+ m2
Hd

> 0 . (2.4)

This results in only Hu acquiring a VEV: vu ≈ 174 GeV. Thus, the Higgs boson h0 that

couples to WW is at tree level entirely part of the Hu doublet, and has a squared mass

M2
h0 = −2

(
|µ|2 + m2

Hu

)
= M2

Z . (2.5)

The other physical states, H0, A0 and H±, are all part of the Hd doublet and have

tree-level masses:

M2
H0 = M2

A0 = 2|µ|2 + m2
Hu

+ m2
Hd

,

M2
H± = M2

A0 + M2
W . (2.6)

Given that Hd has no VEV, the down-type quarks and leptons do not acquire masses

from the Yukawa couplings given in (2.1). It is at this stage that one would naively dismiss

this model. However, the Yukawa couplings (2.1) explicitly break the chiral symmetries

from U(3)5 to U(1)B×U(1)L, so at some loop level masses will be generated for the down-

type quarks and leptons. We will demonstrate that these masses are generated at 1-loop

once supersymmetry is broken. This opens up a previously ignored region of parameter

space in the MSSM.
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Down-type fermion masses

couplings involving matter but does provide a reasonable description in the Higgs-gauge

sector.

Wrong-type Higgs Yukawa couplings have been previously discussed: ...

2 Uplifted supersymmetry

The field content of the uplifted Higgs model considered here is identical to that of the

MSSM. The superpotential is exactly as in the usual R-parity conserving MSSM:

W = yu ûcĤuQ̂ − yd d̂cĤdQ̂ − y! êcĤdL̂ + µ ĤuĤd . (2.1)

where a hat denotes the chiral superfield associated with the corresponding standard

model field, and a generation index is implicit. The Yukawa coupling matrix of the up-

type quarks, yu, is the same as in the standard model. In the case of down-type quarks

or leptons, the Yukawa couplings yd and y! have values different than in the MSSM, as

explained later in this section.

2.1 Tree-level MSSM in the uplifted region

We assign R-charges such that the soft susy-breaking term BµHuHd is forbidden, for

example R[Ĥd, Q̂, ûc, êc] = 0 and R[Ĥu, d̂c, L̂] = 2. Thus, the Higgs potential is

VH =
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|µ|2 + m2

Hu

)
|Hu|2 +
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|µ|2 + m2

Hd

)
|Hd|2 +

1

8

(
g2 + g′2

) (
|Hu|2 − |Hd|2

)2
, (2.2)

where m2
Hu

and m2
Hd

are susy-breaking mass-squared parameters. We assume that

|µ|2 + m2
Hu

< 0

|µ|2 + m2
Hd

> 0 (2.3)

and, in order for the potential to be bounded from below, that

2|µ|2 + m2
Hu

+ m2
Hd

> 0 . (2.4)

This results in only Hu acquiring a VEV. Thus, the Higgs boson h0 that couples to WW

is at tree level entirely part of the Hu doublet, and has a squared mass

M2
h0 = −2

(
|µ|2 + m2

Hu

)
= M2

Z . (2.5)

2

All chiral symmetries explicitly broken by superpotential

U(3)5 → U(1)B × U(1)L

Once SUSY is broken can generate new “wrong-type” 
Yukawas

The other physical states, H0, A0 and H±, are all part of the Hd doublet and have the

same tree-level mass:

M2
H0 = M2

A0 = M2
H± = |µ|2 + m2

Hd
. (2.6)

In the decoupling limit |µ|2+m2
Hd

! M2
Z , the A0, H0 and H± bosons can be integrated

out. This is different from the usual decoupling limit in the MSSM where Bµ is taken

large, although has a similar (??) effect on the spectrum.

Given that Hd has no VEV, the down-type quarks and leptons do not acquire masses

from the Yukawa couplings given in (2.1). It is at this stage that one would naively dismiss

this model. However, the Yukawa couplings (2.1) explicitly break the chiral symmetries

from U(3)5 to U(1)B × U(1)L, so at some loop level masses will be generated for the

down-type quarks and leptons. We next demonstrate that these masses are generated

at 1-loop once supersymmetry is broken. This opens up a previously ignored region of

parameter space in the MSSM.

2.2 Effective couplings

With unbroken supersymmetry holomorphy dictates that the only allowed Higgs couplings

are those derived from the superpotential (2.1). However, once supersymmetry (and the

R-symmetry) is broken, all gauge invariant operators may be present in the low-energy

effective Lagrangian. Of most interest to us are those that couple the Hu Higgs doublet

to down-type quarks and leptons:

−y′
d dcH†

uQ − y′
! ecH†

uL + H.c. (2.7)

In order to identify the diagrams responsible for these effective Yukawa couplings, let us

first display the couplings of H†
u relevant for this problem. The F term for Hd which

follows from the superpotential (2.1) is

F †
Hd

= yd d̃cQ̃ + y! ẽcL̃ − µHu . (2.8)

This F term generates the following trilinear scalar interactions in the Lagrangian:

µ∗H†
u

(
ydd̃

cQ̃ + y!ẽ
cL̃

)
+ H.c. (2.9)

H†
u also has couplings to a Higgsino and a wino or a bino. In a basis where the gaugino

masses are real and positive, these couplings include some complex phases θW and θB:

−
1√
2

(
geiθW H†

uσH̃uW̃ + g′eiθBH†
uH̃uB̃

)
+ H.c. (2.10)
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Figure 3: Diagrams responsible for the down-type quark masses. The first diagram in-
volves the F -term interaction given in Eq. (2.9). The next two diagrams involve the gaug-
ino interactions of Hu given in Eq. (2.10). The last diagram relies on the susy-breaking
trilinear term (2.11).

3). The F -term interaction for quarks given in Eq. (2.9) appears in a loop that involves

either a bino (as in the case of leptons) or a gluino. The ensuing uplifted-Higgs coupling

is given by

(y′
d)F =

yd

3π
ei(θg−θµ)2|µ|

Md̃

[

αsF

(
Mg̃

MQ̃

,
Md̃

MQ̃

)

+
αei(θB−θg)

24c2
W

F

(
MB̃

MQ̃

,
Md̃

MQ̃

)]

(4.1)

The gaugino interactions of Eq. (2.10) induce the same contributions as in the lepton

sector except for the replacement of sleptons by squarks:

(y′
d)H̃ =

ydα

8π
ei(θW −θµ)

{
3

s2
W

F

(
MW̃

MQ̃

,
|µ|
MQ̃

)

+
ei(θB−θW )

3c2
W

[

F

(
MB̃

MQ̃

,
|µ|
MQ̃

)

+ 2F

(
MB̃

Md̃

,
|µ|
Md̃

)]}

.

(4.2)

There is also a novel type of contribution to y′
d coming from the susy-breaking trilinear

term of Eq. (2.11), shown in the last diagram of Figure 3. The source of R-symmetry

breaking in this case is the scalar A-term. This contribution to the uplifted-Higgs coupling

of the down-type quarks is

(y′
d)A =

yuyd

8π2
e−iθµ

A∗
u

Mũ

F

(
Mũ

MQ̃

,
|µ|
MQ̃

)

. (4.3)

The effective Yukawa coupling of H†
u to down-type quarks is then the sum of the contri-

butions shown in Figure 3:

y′
d = (y′

d)F + (y′
d)H̃ + (y′

d)A . (4.4)

7

y′

d = −yd
2αs

3π

|µ|

Md̃

F

(

Mg̃

MQ̃

,
Md̃

MQ̃

)

As a numerical example, let us consider the unification relation between the wino and

bino masses

MW̃ ≈
3 c2

W

5 s2
W

MB̃ , (2.17)

neglect the A terms and the complex phases, and use a cutoff scale of Λ = O(100 TeV), as

in gauge mediated supersymmetry breaking [5]. For MB̃ = 100 GeV, MA0 = 700 GeV and

µ ranging between 100 and 300 GeV, we find that tanβ varies from 241 to 88. Such large

values of tanβ are consistent with the perturbativity of the Yukawa couplings because

in this uplifted region the down-type fermion masses are generated predominantly by the

effective couplings in Eq. (2.7), and only to a small extent by the Hd VEV. Smaller values

of tanβ are possible, for instance if MA0 is smaller. Much larger values of tanβ could

also occur if there is some cancellation between a small tree-level contribution to b and

the loop-induced one, or between the A-term and gaugino contributions in Eq. (2.14).

Besides generating a small VEV for Hd, the loop-induced HuHd term mixes slightly

the h0 and H0 bosons, and shifts their masses, as discussed later in Section 5.

3 Loop-induced lepton masses

There are two types of diagrams contributing to the y′
! Yukawa coupling of H†

u to leptons,

defined in Eq. (2.7). The first type involves the gaugino interactions of Eq. (2.10), a

Higgsino mass insertion, and a wino or bino exchange (see the first two diagrams of

Figure 2). The second one arises from the F -term interaction for leptons given in Eq. (2.9)

and a bino mass insertion (last diagram of Figure 2). The gaugino mass insertions are

necessary to break the R-symmetry. These 1-loop diagrams are finite, and give rise to an

uplifted-Higgs lepton coupling given by

y′
! =

y! α

8π
ei(θW −θµ)

{
3

s2
W

F

(
MW̃

ML̃

,
|µ|
ML̃

)
+

ei(θB−θW )

c2
W

[
−F

(
MB̃

ML̃

,
|µ|
ML̃

)

+ 2F

(
MB̃

Mẽ

,
|µ|
Mẽ

)
+

2|µ|
Mẽ

F

(
MB̃

ML̃

,
Mẽ

ML̃

)]}
. (3.1)

The first term, which is due to wino exchange in the first diagram of Figure 2, usually

dominates, but the last two terms (which represent the second and third diagrams) may

also be numerically important.

We defined a function of two variables:

F (x, y) =
2xy

x2 − y2

(
y2 ln y

1 − y2
−

x2 lnx

1 − x2

)
. (3.2)
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Figure 3: Diagrams responsible for the down-type quark masses. The first diagram in-
volves the F -term interaction given in Eq. (2.9). The next two diagrams involve the gaug-
ino interactions of Hu given in Eq. (2.10). The last diagram relies on the susy-breaking
trilinear term (2.11).

3). The F -term interaction for quarks given in Eq. (2.9) appears in a loop that involves

either a bino (as in the case of leptons) or a gluino. The ensuing uplifted-Higgs coupling

is given by

(y′
d)F =

yd

3π
ei(θg−θµ)2|µ|

Md̃

[

αsF

(
Mg̃

MQ̃

,
Md̃

MQ̃

)

+
αei(θB−θg)

24c2
W

F

(
MB̃

MQ̃

,
Md̃

MQ̃

)]

(4.1)

The gaugino interactions of Eq. (2.10) induce the same contributions as in the lepton

sector except for the replacement of sleptons by squarks:

(y′
d)H̃ =

ydα

8π
ei(θW −θµ)

{
3

s2
W

F

(
MW̃

MQ̃

,
|µ|
MQ̃

)

+
ei(θB−θW )

3c2
W

[

F

(
MB̃

MQ̃

,
|µ|
MQ̃

)

+ 2F

(
MB̃

Md̃

,
|µ|
Md̃

)]}

.

(4.2)

There is also a novel type of contribution to y′
d coming from the susy-breaking trilinear

term of Eq. (2.11), shown in the last diagram of Figure 3. The source of R-symmetry

breaking in this case is the scalar A-term. This contribution to the uplifted-Higgs coupling

of the down-type quarks is

(y′
d)A =

yuyd

8π2
e−iθµ

A∗
u

Mũ

F

(
Mũ

MQ̃

,
|µ|
MQ̃

)

. (4.3)

The effective Yukawa coupling of H†
u to down-type quarks is then the sum of the contri-

butions shown in Figure 3:

y′
d = (y′

d)F + (y′
d)H̃ + (y′

d)A . (4.4)
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SUSY breaking

The other physical states, H0, A0 and H±, are all part of the Hd doublet and have the

same tree-level mass:

M2
H0 = M2

A0 = M2
H± = |µ|2 + m2

Hd
. (2.6)

In the decoupling limit |µ|2+m2
Hd

! M2
Z , the A0, H0 and H± bosons can be integrated

out. This is different from the usual decoupling limit in the MSSM where Bµ is taken

large, although has a similar (??) effect on the spectrum.

Given that Hd has no VEV, the down-type quarks and leptons do not acquire masses

from the Yukawa couplings given in (2.1). It is at this stage that one would naively dismiss

this model. However, the Yukawa couplings (2.1) explicitly break the chiral symmetries

from U(3)5 to U(1)B × U(1)L, so at some loop level masses will be generated for the

down-type quarks and leptons. We next demonstrate that these masses are generated

at 1-loop once supersymmetry is broken. This opens up a previously ignored region of

parameter space in the MSSM.

2.2 Effective couplings

With unbroken supersymmetry holomorphy dictates that the only allowed Higgs couplings

are those derived from the superpotential (2.1). However, once supersymmetry (and the

R-symmetry) is broken, all gauge invariant operators may be present in the low-energy

effective Lagrangian. Of most interest to us are those that couple the Hu Higgs doublet

to down-type quarks and leptons:

−y′
d dcH†

uQ − y′
! ecH†

uL + H.c. (2.7)

In order to identify the diagrams responsible for these effective Yukawa couplings, let us

first display the couplings of H†
u relevant for this problem. The F term for Hd which

follows from the superpotential (2.1) is

F †
Hd

= yd d̃cQ̃ + y! ẽcL̃ − µHu . (2.8)

This F term generates the following trilinear scalar interactions in the Lagrangian:

µ∗H†
u

(
ydd̃

cQ̃ + y!ẽ
cL̃

)
+ H.c. (2.9)

H†
u also has couplings to a Higgsino and a wino or a bino. In a basis where the gaugino

masses are real and positive, these couplings include some complex phases θW and θB:

−
1√
2

(
geiθW H†

uσH̃uW̃ + g′eiθBH†
uH̃uB̃

)
+ H.c. (2.10)

3

y′

d = −yd
2αs

3π

|µ|

Md̃

F

(

Mg̃

MQ̃

,
Md̃

MQ̃

)

As a numerical example, let us consider the unification relation between the wino and

bino masses

MW̃ ≈
3 c2

W

5 s2
W

MB̃ , (2.17)

neglect the A terms and the complex phases, and use a cutoff scale of Λ = O(100 TeV), as

in gauge mediated supersymmetry breaking [5]. For MB̃ = 100 GeV, MA0 = 700 GeV and

µ ranging between 100 and 300 GeV, we find that tanβ varies from 241 to 88. Such large

values of tanβ are consistent with the perturbativity of the Yukawa couplings because

in this uplifted region the down-type fermion masses are generated predominantly by the

effective couplings in Eq. (2.7), and only to a small extent by the Hd VEV. Smaller values

of tanβ are possible, for instance if MA0 is smaller. Much larger values of tanβ could

also occur if there is some cancellation between a small tree-level contribution to b and

the loop-induced one, or between the A-term and gaugino contributions in Eq. (2.14).

Besides generating a small VEV for Hd, the loop-induced HuHd term mixes slightly

the h0 and H0 bosons, and shifts their masses, as discussed later in Section 5.

3 Loop-induced lepton masses

There are two types of diagrams contributing to the y′
! Yukawa coupling of H†

u to leptons,

defined in Eq. (2.7). The first type involves the gaugino interactions of Eq. (2.10), a

Higgsino mass insertion, and a wino or bino exchange (see the first two diagrams of

Figure 2). The second one arises from the F -term interaction for leptons given in Eq. (2.9)

and a bino mass insertion (last diagram of Figure 2). The gaugino mass insertions are

necessary to break the R-symmetry. These 1-loop diagrams are finite, and give rise to an

uplifted-Higgs lepton coupling given by

y′
! =

y! α

8π
ei(θW −θµ)

{
3

s2
W

F

(
MW̃

ML̃

,
|µ|
ML̃

)
+

ei(θB−θW )

c2
W

[
−F

(
MB̃

ML̃

,
|µ|
ML̃

)

+ 2F

(
MB̃

Mẽ

,
|µ|
Mẽ

)
+

2|µ|
Mẽ

F

(
MB̃

ML̃

,
Mẽ

ML̃

)]}
. (3.1)

The first term, which is due to wino exchange in the first diagram of Figure 2, usually

dominates, but the last two terms (which represent the second and third diagrams) may

also be numerically important.

We defined a function of two variables:

F (x, y) =
2xy

x2 − y2

(
y2 ln y

1 − y2
−

x2 lnx

1 − x2

)
. (3.2)
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Figure 3: Diagrams responsible for the down-type quark masses. The first diagram in-
volves the F -term interaction given in Eq. (2.9). The next two diagrams involve the gaug-
ino interactions of Hu given in Eq. (2.10). The last diagram relies on the susy-breaking
trilinear term (2.11).

3). The F -term interaction for quarks given in Eq. (2.9) appears in a loop that involves

either a bino (as in the case of leptons) or a gluino. The ensuing uplifted-Higgs coupling

is given by

(y′
d)F =

yd

3π
ei(θg−θµ)2|µ|

Md̃

[

αsF

(
Mg̃

MQ̃

,
Md̃

MQ̃

)

+
αei(θB−θg)

24c2
W

F

(
MB̃

MQ̃

,
Md̃

MQ̃

)]

(4.1)

The gaugino interactions of Eq. (2.10) induce the same contributions as in the lepton

sector except for the replacement of sleptons by squarks:

(y′
d)H̃ =

ydα

8π
ei(θW −θµ)

{
3

s2
W

F

(
MW̃

MQ̃

,
|µ|
MQ̃

)

+
ei(θB−θW )

3c2
W

[

F

(
MB̃

MQ̃

,
|µ|
MQ̃

)

+ 2F

(
MB̃

Md̃

,
|µ|
Md̃

)]}

.

(4.2)

There is also a novel type of contribution to y′
d coming from the susy-breaking trilinear

term of Eq. (2.11), shown in the last diagram of Figure 3. The source of R-symmetry

breaking in this case is the scalar A-term. This contribution to the uplifted-Higgs coupling

of the down-type quarks is

(y′
d)A =

yuyd

8π2
e−iθµ

A∗
u

Mũ

F

(
Mũ

MQ̃

,
|µ|
MQ̃

)

. (4.3)

The effective Yukawa coupling of H†
u to down-type quarks is then the sum of the contri-

butions shown in Figure 3:

y′
d = (y′

d)F + (y′
d)H̃ + (y′

d)A . (4.4)

7

SUSY breaking

The other physical states, H0, A0 and H±, are all part of the Hd doublet and have the

same tree-level mass:

M2
H0 = M2

A0 = M2
H± = |µ|2 + m2

Hd
. (2.6)

In the decoupling limit |µ|2+m2
Hd

! M2
Z , the A0, H0 and H± bosons can be integrated

out. This is different from the usual decoupling limit in the MSSM where Bµ is taken

large, although has a similar (??) effect on the spectrum.

Given that Hd has no VEV, the down-type quarks and leptons do not acquire masses

from the Yukawa couplings given in (2.1). It is at this stage that one would naively dismiss

this model. However, the Yukawa couplings (2.1) explicitly break the chiral symmetries

from U(3)5 to U(1)B × U(1)L, so at some loop level masses will be generated for the

down-type quarks and leptons. We next demonstrate that these masses are generated

at 1-loop once supersymmetry is broken. This opens up a previously ignored region of

parameter space in the MSSM.

2.2 Effective couplings

With unbroken supersymmetry holomorphy dictates that the only allowed Higgs couplings

are those derived from the superpotential (2.1). However, once supersymmetry (and the

R-symmetry) is broken, all gauge invariant operators may be present in the low-energy

effective Lagrangian. Of most interest to us are those that couple the Hu Higgs doublet

to down-type quarks and leptons:

−y′
d dcH†

uQ − y′
! ecH†

uL + H.c. (2.7)

In order to identify the diagrams responsible for these effective Yukawa couplings, let us

first display the couplings of H†
u relevant for this problem. The F term for Hd which

follows from the superpotential (2.1) is

F †
Hd

= yd d̃cQ̃ + y! ẽcL̃ − µHu . (2.8)

This F term generates the following trilinear scalar interactions in the Lagrangian:

µ∗H†
u

(
ydd̃

cQ̃ + y!ẽ
cL̃

)
+ H.c. (2.9)

H†
u also has couplings to a Higgsino and a wino or a bino. In a basis where the gaugino

masses are real and positive, these couplings include some complex phases θW and θB:

−
1√
2

(
geiθW H†

uσH̃uW̃ + g′eiθBH†
uH̃uB̃

)
+ H.c. (2.10)

3

Effective Yukawa
Lagrangian parameter

y′

d = −yd
2αs

3π

|µ|

Md̃

F

(

Mg̃

MQ̃

,
Md̃

MQ̃

)

As a numerical example, let us consider the unification relation between the wino and

bino masses

MW̃ ≈
3 c2

W

5 s2
W

MB̃ , (2.17)

neglect the A terms and the complex phases, and use a cutoff scale of Λ = O(100 TeV), as

in gauge mediated supersymmetry breaking [5]. For MB̃ = 100 GeV, MA0 = 700 GeV and

µ ranging between 100 and 300 GeV, we find that tanβ varies from 241 to 88. Such large

values of tanβ are consistent with the perturbativity of the Yukawa couplings because

in this uplifted region the down-type fermion masses are generated predominantly by the

effective couplings in Eq. (2.7), and only to a small extent by the Hd VEV. Smaller values

of tanβ are possible, for instance if MA0 is smaller. Much larger values of tanβ could

also occur if there is some cancellation between a small tree-level contribution to b and

the loop-induced one, or between the A-term and gaugino contributions in Eq. (2.14).

Besides generating a small VEV for Hd, the loop-induced HuHd term mixes slightly

the h0 and H0 bosons, and shifts their masses, as discussed later in Section 5.

3 Loop-induced lepton masses

There are two types of diagrams contributing to the y′
! Yukawa coupling of H†

u to leptons,

defined in Eq. (2.7). The first type involves the gaugino interactions of Eq. (2.10), a

Higgsino mass insertion, and a wino or bino exchange (see the first two diagrams of

Figure 2). The second one arises from the F -term interaction for leptons given in Eq. (2.9)

and a bino mass insertion (last diagram of Figure 2). The gaugino mass insertions are

necessary to break the R-symmetry. These 1-loop diagrams are finite, and give rise to an

uplifted-Higgs lepton coupling given by

y′
! =

y! α

8π
ei(θW −θµ)

{
3

s2
W

F

(
MW̃

ML̃

,
|µ|
ML̃

)
+

ei(θB−θW )

c2
W

[
−F

(
MB̃

ML̃

,
|µ|
ML̃

)

+ 2F

(
MB̃

Mẽ

,
|µ|
Mẽ

)
+

2|µ|
Mẽ

F

(
MB̃

ML̃

,
Mẽ

ML̃

)]}
. (3.1)

The first term, which is due to wino exchange in the first diagram of Figure 2, usually

dominates, but the last two terms (which represent the second and third diagrams) may

also be numerically important.

We defined a function of two variables:

F (x, y) =
2xy

x2 − y2

(
y2 ln y

1 − y2
−

x2 lnx

1 − x2

)
. (3.2)
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Figure 2: Diagrams responsible for the charged lepton masses. The × represents a mass
insertion. The first two diagrams involve the gaugino interactions of Hu given in Eq. (2.10),
while the last diagram involves the F -term interaction of Hu given in Eq. (2.9).

Note that this function is well defined for all x, y > 0; in particular

F (x, x) = −
x2

1 − x2

(
1 +

2 ln x

1 − x2

)
,

F (x, 1) = F (1, x) =
x

1 − x2

(
1 +

2x2 ln x

1 − x2

)
, (3.3)

and F (1, 1) = 1/2. For any x, y > 0, the function satisfies

0 < F (x, y) < 1 . (3.4)

The resulting lepton mass is given by

m! = y! vd + y′
!vu . (3.5)

We assume throughout that the squark and slepton mass matrices are proportional to

the identity matrix in flavor space, so that their exchange in loops does not introduce

additional flavor violation. Universal squark and slepton masses would arise, for instance,

in gauge mediation [5]. Both y! and y′
! are 3 × 3 matrices in flavor space, with y′

! ∝ y!.

Using a global SU(3) transformation, we can take these matrices to be diagonal, so that

the physical masses of the charged leptons are

{me, mµ, mτ} = {|y!11vd + y′
!11vu|, |y!22vd + y′

!22vu|, |y!33vd + y′
!33vu|} . (3.6)

It is unlikely that the ratio |µ|/Mẽ is much larger than unity because the lower limit

on the charged slepton masses is of order 100 GeV, and the |µ| parameter cannot be
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Figure 4: Diagrams responsible for the down-type quark masses. The first diagram in-
volves the F -term interaction given in Eq. (2.9). The next two diagrams involve the gaug-
ino interactions of Hu given in Eq. (2.10). The last diagram relies on the supersymmetry-
breaking trilinear term (2.11).

The gaugino interactions of Eq. (2.10) induce the same contributions as in the lepton

sector except for the replacement of sleptons by squarks:

(y′
d)H̃ =

ydα

8π
ei(θW −θµ)

{
3

s2
W

F

(
MW̃

MQ̃

,
|µ|
MQ̃

)

+
ei(θB−θW )

3c2
W

[

F

(
MB̃

MQ̃

,
|µ|
MQ̃

)

+ 2F

(
MB̃

Md̃

,
|µ|
Md̃

)]}

.

(4.2)

There is also a novel type of contribution to y′
d coming from the supersymmetry-breaking

trilinear term of Eq. (2.11), shown in the last diagram of Figure 4. The source of R-

symmetry breaking in this case is the scalar A term. This contribution to the uplifted-

Higgs coupling of the down-type quarks is

(y′
d)A =

yuyd

16π2
e−iθµ

A∗
u

Mũ

F

(
Mũ

MQ̃

,
|µ|
MQ̃

)

. (4.3)

The effective Yukawa coupling of H†
u to down-type quarks is then the sum of the contri-

butions shown in Figure 4:

y′
d = (y′

d)F + (y′
d)H̃ + (y′

d)A . (4.4)

The dominant contribution to the effective Yukawa typically comes from the first term

in (4.1), although there is sensitivity to the details of the superpartner spectrum and the

other diagrams may be comparable in certain regimes. For simplicity we assume that the

9
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Loop corrections to tanβ

Once SUSY is broken      generated at one loopBµ

Hu Hd

H̃u H̃d

W̃ (B̃)

Hu Hd

Q̃ (L̃)

b̃c (τ̃ c)

Hu Hd

Q̃

t̃c

Figure 1: The diagrams responsible for generation of the HuHd soft term.

terms are approximately flavor diagonal and that those for the second or first generations

are not much larger than for the third generation, only the third generation A terms may

have large contributions to b. The couplings of Hd relevant here are similar to those for

Hu given in Eqs. (2.9)-(2.11):
[
y∗

t µ t̃c†Q̃† −
√

2

(
ge−iθW W̃ a H̃dT

a −
g′

2
e−iθBB̃ H̃d

)
+ Ab b̃cQ̃ + Aτ τ̃

cL̃

]
Hd + H.c. (2.13)

The diagrams in Figure 1 are logarithmically divergent and lead to the following expression

for b at low energies:

b = −
αµ

2π

[
3

s2
W

MW̃ G(|µ|,MW̃ )e−2iθW +
1

c2
W

MB̃G(|µ|,MB̃)e−2iθB

]

−
µ

8π2

[
3y∗

bAbG(MQ̃,Mb̃) + y∗
τAτG(ML̃,Mτ̃ ) + 3y∗

t AtG(MQ̃,Mt̃)
]

, (2.14)

where α ≈ 1/127.9, s2
W ≈ 0.231, c2

W = 1 − s2
W , and we have defined a logarithmically

divergent function

G(m1, m2) =
1

m2
2 − m2

1

(
m2

2 ln
Λ

m2
− m2

1 ln
Λ

m1

)
. (2.15)

The divergence is cutoff at the scale, Λ, where supersymmetry is broken. Note that the

complex phase of b from Eq. (2.14) may be absorbed by a field redefinition. The resulting

VEV for Hd, vd, depends on the size of the effective Higgs soft mass mHd
, or alternatively

on the mass of A0 [see Eq. (2.6)]. This gives the ratio

vu

vd

≡ tanβ ≈
1

|b|
M2

A0

[
1 + O(1/ tan2 β)

]
% 1 . (2.16)

5
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Loop induced masses
With tanβ != ∞

L ec
W̃ (B̃) H̃u H̃d

L̃

Hu

L ec
B̃H̃uH̃d

ẽc

Hu

L ec
L̃ ẽc

B̃

Hu

Figure 2: Diagrams responsible for the charged lepton masses. The × represents a mass
insertion. The first two diagrams involve the gaugino interactions of Hu given in Eq. (2.10),
while the last diagram involves the F -term interaction of Hu given in Eq. (2.9).

Note that this function is well defined for all x, y > 0; in particular

F (x, x) = −
x2

1 − x2

(
1 +

2 ln x

1 − x2

)
,

F (x, 1) = F (1, x) =
x

1 − x2

(
1 +

2x2 ln x

1 − x2

)
, (3.3)

and F (1, 1) = 1/2. For any x, y > 0, the function satisfies

0 < F (x, y) < 1 . (3.4)

The resulting lepton mass is given by

m! = y! vd + y′
!vu . (3.5)

We assume throughout that the squark and slepton mass matrices are proportional to

the identity matrix in flavor space, so that their exchange in loops does not introduce

additional flavor violation. Universal squark and slepton masses would arise, for instance,

in gauge mediation [5]. Both y! and y′
! are 3 × 3 matrices in flavor space, with y′

! ∝ y!.

Using a global SU(3) transformation, we can take these matrices to be diagonal, so that

the physical masses of the charged leptons are

{me, mµ, mτ} = {|y!11vd + y′
!11vu|, |y!22vd + y′

!22vu|, |y!33vd + y′
!33vu|} . (3.6)

It is unlikely that the ratio |µ|/Mẽ is much larger than unity because the lower limit

on the charged slepton masses is of order 100 GeV, and the |µ| parameter cannot be

7

0.0 0.5 1.0 1.5 2.0 2.5 3.0

1.0

1.2

1.4

1.6

1.8

2.0

yτ

|µ|/ML̃3

Figure 3: Tau Yukawa coupling to Hd required to generate the correct mτ , for three values
of MB̃/ML̃3

: 0.3 (dashed black line), 0.6 (dotted blue line), and 1 (solid red line). The
other parameters are fixed as follows: Mτ̃c = MB̃, MW̃ as in Eq. (2.17), tanβ = 200, and
θµ = θW = θB.

higher than the electroweak scale without fine-tuning. This, in conjunction with the limit

(3.4) implies that, in order to obtain a sufficiently large τ mass, it is necessary for the

(y")33 ≡ yτ Yukawa coupling to be above some value of order 1. For example, when the

gaugino masses satisfy the unification condition of Eq. (2.17), the complex phases vanish,

and we set Mτ̃c ≈ MB̃ for simplicity, we find yτ ! 1 for |µ| " 3ML̃3
(see Figure 3).

Although this Yukawa coupling is large, it is still perturbative.

4 Loop-induced down-type quark masses

We now turn to the 1-loop diagrams which contribute to the y′
d Yukawa coupling of the

down-type quarks to H†
u. Compared to the lepton case, there are more diagrams (see

Figure 4). The F -term interaction for quarks given in Eq. (2.9) appears in a loop that

involves either a bino (as in the case of leptons) or a gluino. The ensuing uplifted-Higgs

coupling is given by

(y′
d)F = −

yd

3π
ei(θg−θµ) 2|µ|

Md̃

[

αsF

(
Mg̃

MQ̃

,
Md̃

MQ̃

)

+
αei(θB−θg)

24c2
W

F

(
MB̃

MQ̃

,
Md̃

MQ̃

)]

(4.1)
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Figure 3: Tau Yukawa coupling to Hd required to generate the correct mτ , for three values
of MB̃/ML̃3

: 0.3 (dashed black line), 0.6 (dotted blue line), and 1 (solid red line). The
other parameters are fixed as follows: Mτ̃c = MB̃, MW̃ as in Eq. (2.17), tanβ = 200, and
θµ = θW = θB.
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(3.4) implies that, in order to obtain a sufficiently large τ mass, it is necessary for the

(y")33 ≡ yτ Yukawa coupling to be above some value of order 1. For example, when the

gaugino masses satisfy the unification condition of Eq. (2.17), the complex phases vanish,

and we set Mτ̃c ≈ MB̃ for simplicity, we find yτ ! 1 for |µ| " 3ML̃3
(see Figure 3).

Although this Yukawa coupling is large, it is still perturbative.

4 Loop-induced down-type quark masses

We now turn to the 1-loop diagrams which contribute to the y′
d Yukawa coupling of the

down-type quarks to H†
u. Compared to the lepton case, there are more diagrams (see

Figure 4). The F -term interaction for quarks given in Eq. (2.9) appears in a loop that

involves either a bino (as in the case of leptons) or a gluino. The ensuing uplifted-Higgs

coupling is given by

(y′
d)F = −

yd

3π
ei(θg−θµ) 2|µ|

Md̃

[

αsF

(
Mg̃

MQ̃

,
Md̃

MQ̃

)

+
αei(θB−θg)
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F

(
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(4.1)
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m1/2. If so, then it follows that

M1

g2
1

=
M2

g2
2

=
M3

g2
3

=
m1/2

g2
U

(5.49)

at any RG scale, up to small (and known) two-loop effects and possibly much larger (and not so
known) threshold effects near MU . Here gU is the unified gauge coupling at Q = MU . The hypothesis
of eq. (5.49) is particularly powerful because the gaugino mass parameters feed strongly into the RG
equations for all of the other soft terms, as we are about to see.

Next we consider the 1-loop RG equations for the analytic soft parameters au, ad, ae. In models
obeying eq. (5.19), these matrices start off proportional to the corresponding Yukawa couplings at the
input scale. The RG evolution respects this property. With the approximation of eq. (5.2), one can
therefore also write, at any RG scale,

au ≈




0 0 0
0 0 0
0 0 at



 , ad ≈




0 0 0
0 0 0
0 0 ab



 , ae ≈




0 0 0
0 0 0
0 0 aτ



 , (5.50)

which defines¶ running parameters at, ab, and aτ . In this approximation, the RG equations for these
parameters and b are

16π2 d

dt
at = at

[
18y∗t yt + y∗byb −

16

3
g2
3 − 3g2

2 − 13

15
g2
1

]
+ 2aby

∗
byt

+yt

[32

3
g2
3M3 + 6g2

2M2 +
26

15
g2
1M1

]
, (5.51)

16π2 d

dt
ab = ab

[
18y∗byb + y∗t yt + y∗τyτ −

16

3
g2
3 − 3g2

2 − 7

15
g2
1

]
+ 2aty

∗
t yb + 2aτy

∗
τyb

+yb

[32

3
g2
3M3 + 6g2

2M2 +
14

15
g2
1M1

]
, (5.52)

16π2 d

dt
aτ = aτ

[
12y∗τyτ + 3y∗byb − 3g2

2 − 9

5
g2
1

]
+ 6aby

∗
byτ + yτ

[
6g2

2M2 +
18

5
g2
1M1

]
, (5.53)

16π2 d

dt
b = b

[
3y∗t yt + 3y∗byb + y∗τyτ − 3g2

2 − 3

5
g2
1

]

+µ
[
6aty

∗
t + 6aby

∗
b + 2aτy∗τ + 6g2

2M2 +
6

5
g2
1M1

]
. (5.54)

The β-function for each of these soft parameters is not proportional to the parameter itself, because
couplings that violate supersymmetry are not protected by the supersymmetric non-renormalization
theorem. So, even if at, ab, aτ and b vanish at the input scale, the RG corrections proportional to
gaugino masses appearing in eqs. (5.51)-(5.54) ensure that they will not vanish at the electroweak scale.

Next let us consider the RG equations for the scalar squared masses in the MSSM. In the approx-
imation of eqs. (5.2) and (5.50), the squarks and sleptons of the first two families have only gauge
interactions. This means that if the scalar squared masses satisfy a boundary condition like eq. (5.18)
at an input RG scale, then when renormalized to any other RG scale, they will still be almost diagonal,
with the approximate form

m2
Q ≈




m2

Q1
0 0

0 m2
Q1

0

0 0 m2
Q3



 , m2
u ≈




m2

u1
0 0

0 m2
u1

0
0 0 m2

u3



 , (5.55)

¶Rescaled soft parameters At = at/yt, Ab = ab/yb, and Aτ = aτ/yτ are commonly used in the literature. We do not
follow this notation, because it cannot be generalized beyond the approximation of eqs. (5.2), (5.50) without introducing
horrible complications such as non-polynomial RG equations, and because at, ab and aτ are the couplings that actually
appear in the Lagrangian anyway.
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Figure 5: Absolute value of the bottom Yukawa coupling to Hd required to generate
the correct mb, for three values of MB̃/MQ̃3

: 0.1 (dashed black lines), 0.5 (dotted blue
lines), and 1 (solid red lines). The upper (lower) set of lines corresponds to θg = θW

(θg = π + θW ). The other parameters are fixed as follows: MQ̃ = Mb̃c , the gaugino masses
satisfy the unification condition, tanβ = 200, At = 0, and θµ = θB = θW .

gaugino masses obey the unification relations of Eq. (2.17) and

Mg̃ = MW̃

αs

α
s2

W , (4.5)

that MQ̃ = Mb̃c and that the A terms are negligible, and we show in Figure 5 the yb

coupling necessary to generate the correct bottom quark mass. The value of yb is sensitive

to the relative phase between the wino and gluino masses because of the cancellation

between the first terms of Eqs. (4.1) and (4.2). As mentioned in Section 3, we expect

an upper bound on µ of order the electroweak scale, leading to a lower limit on yb. The

requirement of a perturbative Yukawa coupling places an upper bound on the squark

masses. Furthermore, for light squarks the Yukawa coupling to Hd is often larger for

the tau than for the bottom quark. Note that even in the context of gauge mediation,

the relations between the squark and slepton masses depend on physics at scales much

above the TeV scale [6], so that the x axes in Figures 3 and 5 cannot be straightforwardly

compared.
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between the first terms of Eqs. (4.1) and (4.2). As mentioned in Section 3, we expect

an upper bound on µ of order the electroweak scale, leading to a lower limit on yb. The

requirement of a perturbative Yukawa coupling places an upper bound on the squark

masses. Furthermore, for light squarks the Yukawa coupling to Hd is often larger for

the tau than for the bottom quark. Note that even in the context of gauge mediation,

the relations between the squark and slepton masses depend on physics at scales much

above the TeV scale [6], so that the x axes in Figures 3 and 5 cannot be straightforwardly
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Uplifted Higgses

Higgs (   ) that couples to WW mainly in h
0 Hu

Heavy Higgses (   ,     ,     ) in A
0

H
0
H

± Hd

•Couplings of heavy Higgses larger than in MSSM
• Width of heavy Higgses go up
•Branching ratios and production altered

5 Properties of the uplifted Higgs states

In the presence of the loop-induced HuHd soft term, the neutral CP-even Higgs states

mix with a very small angle α which satisfies

tanα = −
(

M2
A0 + M2

Z

M2
A0 − M2

Z

)
1

tan β

[
1 + O(1/ tan2β)

]
. (5.1)

In deriving this relation we used the phenomenological requirement that the A0 boson

is significantly heavier than the Z boson. This mixing shifts the H0 mass upwards by a

small amount:

M2
H0 " M2

A0

(

1 +
4M2

Z(
M2

A0 − M2
Z

)
tan2β

)

, (5.2)

where we ignored the terms suppressed by more powers of tanβ. The mass of h0 is pushed

downward by the mixing, but in addition there is the usual positive contribution from

1-loop corrections to the quartic terms in the Higgs potential:

M2
h0 " M2

Z

(

1 −
4M2

A(
M2

A0 − M2
Z

)
tan2β

)

+ ∆(M2
h0) . (5.3)

The relations between MA0 , MH± and the mass parameters in the Lagrangian given in

Eq. (2.6) remain valid even in the presence of the HuHd soft term.

The heavy Higgs states couple to the b quark as follows

yb
H0H0b̄b + yb

A0A0b̄γ5b +
(
yb

H−H−b̄RtL + yt
H−H−b̄LtR + H.c.

)
, (5.4)

where the Yukawa couplings are given by

yb
H0 = −

1√
2

(yb cosα + y′
b sin α) ≈ −

yb√
2

,

yb
A0 = yb

H− =
1√
2

(yb sin β − y′
b cosβ) ≈

yb√
2

,

yt
H− =

1√
2
y∗

t cos β ≈
mt√

2vu tan β
. (5.5)

Given that tanβ is so large, the first three of the above couplings are essentially determined

by the tree level Yukawa coupling of the Hd doublet. Analogous expressions describe the

couplings of the heavy Higgs states to the s and d quarks, as well as to the charged leptons.

Thus, in the uplifted Higgs region, the Yukawa couplings of the heavy Higgs states are

11

yb
h0 =

1
√

2
(yb sinα − y′

b cosα) ≈ −
1
√

2

[

yb

tanβ

(

M2

A0 + M2

Z

M2

A0 − M2

Z

)

+ y′

b

]

[

1 + O(1/ tan2β)
]

Monday, January 18, 2010



substantially larger than in the usual MSSM. Consequently the heavy Higgs states are

wider, and their branching ratios are altered when compared to the MSSM. In particular,

the branching ratios to tau leptons, which are given at tree level by

B(H0, A0 → τ+τ−) ≈
y2

τ

y2
τ + 3y2

b

, (5.6)

are enhanced compared to the usual MSSM (where it is about 10%), and in some regions

of parameter space can be larger than 80%. Similarly the decays of Higgsinos are altered.

The h0 boson has a Yukawa coupling to the b quark given by

yb
h0 =

1√
2

(yb sin α − y′
b cos α)

≈ −
1√
2

[
yb

tanβ

(
M2

A0 + M2
Z

M2
A0 − M2

Z

)
+ y′

b

] [
1 + O(1/ tan2β)

]
. (5.7)

It is interesting that in the uplifted Higgs region the h0 couplings to a quark or lepton

depend on both the tree level Yukawa coupling to that fermion, yf , as well as on the

loop-generated Yukawa coupling y′
f .

6 Outlook

We have shown that the MSSM includes a significant region of parameter space which

is viable and has not been previously explored. In this ‘uplifted’ region, only Hu has

a tree-level VEV, and the down-type fermions get masses mostly from 1-loop induced

couplings to Hu. The Hd doublet gets a small VEV, due to a 1-loop induced HuHd soft

term. Thus, tanβ = vu/vd ! 100, but the Yukawa couplings of the down-type fermions to

Hd remain perturbative for a range of parameters (see Figures 3 and 5). In fact tanβ can

be a confusing parameter, as the usual relations between fermion masses and couplings

to the heavy Higgs states do not apply in the uplifted region. In particular, the ratio of

the tree-level couplings of H0 (or A0) to b̄b and τ+τ− is no longer fixed as in the usual

MSSM, and the branching fraction for H0, A0 → τ+τ− may be the dominant one within

the uplifted region.

The Yukawa couplings of the b quark to the heavy Higgs states is large, of order

unity, leading to several implications for phenomenology. First, there are enhanced flavor

changing processes such as b → sγ and b → s%+%−, similar to those in the usual MSSM at

tanβ ≈ 30 [7] because that corresponds to yb ∼ 1. More importantly, the productions of

12

Could be as large as 80%
cf. usual MSSM/2HDM ~10%

Uplifted Higgses at hadronic machines

•Production of heavy Higgses through gluon fusion with b 
loops and in association with b’s increases.
•Decays to taus can dominate

Look for          in            or b b̄ τ
+

τ
−

the H0 and A0 bosons at the Tevatron and the LHC are large, mainly in association with

a bb̄ pair, but also through gluon fusion induced by a b loop (as well as loops involving b̃

squarks) [7]. This, in conjunction with the large Yukawa coupling of the τ lepton to the

heavy Higgs bosons, implies that the A0 and H0 particles can be discovered in the τ+τ−bb̄

or τ+τ− final states. Likewise, the H± particle can be copiously produced in association

with a bt̄ or b̄t pair and would have a high decay rate into τν. We leave the detailed study

of the phenomenological implications at hadron colliders for a future publication.

The Yukawa coupling of the heavy Higgs particles to muons are also enhanced com-

pared to the standard model Higgs coupling by two orders of magnitude. As a result,

s-channel production of A0 and H0 at a muon collider followed by the decay into τ+τ−

would be an excellent way of studying the uplifted Higgs region.

Besides predicting an unusual Higgs phenomenology, the uplifted region has the merit

of explaining the smallness of mτ/mt and mb/mt in terms of a loop factor. It would be

interesting to extend this explanation within the MSSM to the masses of the second and

first generation fermions, perhaps along the lines of the domino mechanism [8].
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As a numerical example, let us consider the unification relation between the wino and

bino masses

MW̃ ≈
3 c2

W

5 s2
W

MB̃ , (2.17)

neglect the A terms and the complex phases, and use a cutoff scale of Λ = O(100 TeV), as

in gauge mediated supersymmetry breaking [5]. For MB̃ = 100 GeV, MA0 = 700 GeV and

µ ranging between 100 and 300 GeV, we find that tanβ varies from 241 to 88. Such large

values of tanβ are consistent with the perturbativity of the Yukawa couplings because

in this uplifted region the down-type fermion masses are generated predominantly by the

effective couplings in Eq. (2.7), and only to a small extent by the Hd VEV. Smaller values

of tanβ are possible, for instance if MA0 is smaller. Much larger values of tanβ could

also occur if there is some cancellation between a small tree-level contribution to b and

the loop-induced one, or between the A-term and gaugino contributions in Eq. (2.14).

Besides generating a small VEV for Hd, the loop-induced HuHd term mixes slightly

the h0 and H0 bosons, and shifts their masses, as discussed later in Section 5.

3 Loop-induced lepton masses

There are two types of diagrams contributing to the y′
! Yukawa coupling of H†

u to leptons,

defined in Eq. (2.7). The first type involves the gaugino interactions of Eq. (2.10), a

Higgsino mass insertion, and a wino or bino exchange (see the first two diagrams of

Figure 2). The second one arises from the F -term interaction for leptons given in Eq. (2.9)

and a bino mass insertion (last diagram of Figure 2). The gaugino mass insertions are

necessary to break the R-symmetry. These 1-loop diagrams are finite, and give rise to an

uplifted-Higgs lepton coupling given by

y′
! =

y! α

8π
ei(θW −θµ)

{
3

s2
W

F

(
MW̃

ML̃

,
|µ|
ML̃

)
+

ei(θB−θW )

c2
W

[
−F

(
MB̃

ML̃

,
|µ|
ML̃

)

+ 2F

(
MB̃

Mẽ

,
|µ|
Mẽ

)
+

2|µ|
Mẽ

F

(
MB̃

ML̃

,
Mẽ

ML̃

)]}
. (3.1)

The first term, which is due to wino exchange in the first diagram of Figure 2, usually

dominates, but the last two terms (which represent the second and third diagrams) may

also be numerically important.

We defined a function of two variables:

F (x, y) =
2xy

x2 − y2

(
y2 ln y

1 − y2
−

x2 lnx

1 − x2

)
. (3.2)
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Figure 3: Tau Yukawa coupling to Hd required to generate the correct mτ , for three values
of MB̃/ML̃3

: 0.3 (dashed black line), 0.6 (dotted blue line), and 1 (solid red line). The
other parameters are fixed as follows: Mτ̃c = MB̃, MW̃ as in Eq. (2.17), tanβ = 200, and
θµ = θW = θB.

higher than the electroweak scale without fine-tuning. This, in conjunction with the limit

(3.4) implies that, in order to obtain a sufficiently large τ mass, it is necessary for the

(y")33 ≡ yτ Yukawa coupling to be above some value of order 1. For example, when the

gaugino masses satisfy the unification condition of Eq. (2.17), the complex phases vanish,

and we set Mτ̃c ≈ MB̃ for simplicity, we find yτ ! 1 for |µ| " 3ML̃3
(see Figure 3).

Although this Yukawa coupling is large, it is still perturbative.

4 Loop-induced down-type quark masses

We now turn to the 1-loop diagrams which contribute to the y′
d Yukawa coupling of the

down-type quarks to H†
u. Compared to the lepton case, there are more diagrams (see

Figure 4). The F -term interaction for quarks given in Eq. (2.9) appears in a loop that

involves either a bino (as in the case of leptons) or a gluino. The ensuing uplifted-Higgs

coupling is given by

(y′
d)F = −

yd

3π
ei(θg−θµ) 2|µ|

Md̃

[

αsF

(
Mg̃

MQ̃

,
Md̃

MQ̃

)

+
αei(θB−θg)

24c2
W

F

(
MB̃

MQ̃

,
Md̃

MQ̃

)]

(4.1)
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Figure 4: Diagrams responsible for the down-type quark masses. The first diagram in-
volves the F -term interaction given in Eq. (2.9). The next two diagrams involve the gaug-
ino interactions of Hu given in Eq. (2.10). The last diagram relies on the supersymmetry-
breaking trilinear term (2.11).

The gaugino interactions of Eq. (2.10) induce the same contributions as in the lepton

sector except for the replacement of sleptons by squarks:

(y′
d)H̃ =

ydα

8π
ei(θW −θµ)

{
3

s2
W

F

(
MW̃

MQ̃

,
|µ|
MQ̃

)

+
ei(θB−θW )

3c2
W

[

F

(
MB̃

MQ̃

,
|µ|
MQ̃

)

+ 2F

(
MB̃

Md̃

,
|µ|
Md̃

)]}

.

(4.2)

There is also a novel type of contribution to y′
d coming from the supersymmetry-breaking

trilinear term of Eq. (2.11), shown in the last diagram of Figure 4. The source of R-

symmetry breaking in this case is the scalar A term. This contribution to the uplifted-

Higgs coupling of the down-type quarks is

(y′
d)A =

yuyd

16π2
e−iθµ

A∗
u

Mũ

F

(
Mũ

MQ̃

,
|µ|
MQ̃

)

. (4.3)

The effective Yukawa coupling of H†
u to down-type quarks is then the sum of the contri-

butions shown in Figure 4:

y′
d = (y′

d)F + (y′
d)H̃ + (y′

d)A . (4.4)

The dominant contribution to the effective Yukawa typically comes from the first term

in (4.1), although there is sensitivity to the details of the superpartner spectrum and the

other diagrams may be comparable in certain regimes. For simplicity we assume that the
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