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Why study taus?

•3rd generation lepton, largest lepton Yukawa
•Couples more strongly to electroweak symmetry 
breaking
•Sizable branching ratio of Higgs
•VBF with H➔tau tau
•Lepton universality

Tests of SM
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Why study taus?

Search for BSM physics

•In 2HDM, at large tan beta, can have enhanced couplings 
to down quark and leptons
•  
•3rd generation leptoquarks 
•Insight into flavour puzzle
•Stau NLSP in some regions of SUSY, tau rich events

H
±
→ τ

±
ν

LQ → τb
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Why study taus?

Because we can!

Limit on tan ! vs. m
A
 

Upper Limit on ! ! Br converted into Limit on MSSM Parameter tan ": 

•! Relation between !, Br and tan " taken from LHC Higgs Cross Sections  

  Working Group (for mh      SUSY benchmark scenario) 

•! Theory Uncertainty estimated according to WG Recommendations 

 ! CMS Limit more stringent than TeVatron Limit over whole Mass range 

max 

Christian Veelken                       Higgs and Z " !+!- in CMS 15 
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A model where taus are even more 
important

•MSSM review
•The MSSM at and near  
•Loop generated masses
•Collider phenomenology
•A taste of flavour
•Conclusions

A new phase of an old model?

tanβ = ∞
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Fermion masses in the SM

•SM fermions are chiral
•Higgs couplings responsible for all fermion masses 

yttRtLh + ybbRbLh∗
+ . . .

yt ∼ 1

yf =

mf

v

yb ∼

1

60

•Yukawa’s have large hierarchies, and strange patterns
•At the weak scale
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MSSM
•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
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SM fermions and MSSM sfermions:
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SM fermions and MSSM sfermions:

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
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2HDM

tanβ ≡

vu

vd

yMSSM
u =

ySM
u

sinβ
yMSSM

d =

ySM
d

cosβ

At tree level can define

The MSSM Yukawa couplings

tanβ <
∼

50 − 60

Usually perturbativity [             ] places a constraint on yb:yb ≤ O(1)

Ratios of Yukawas (in each sector) in MSSM same as in SM

[except Hamzaoui and Pospelov] 
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tanβ ≡

vu
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yMSSM
u =

ySM
u

sinβ
yMSSM

d =

ySM
d

cosβ

At tree level can define

The MSSM Yukawa couplings

tanβ <
∼

50 − 60

I wish to consider the case of tanβ ≈ ∞

Usually perturbativity [             ] places a constraint on yb:yb ≤ O(1)

Ratios of Yukawas (in each sector) in MSSM same as in SM

[except Hamzaoui and Pospelov] 
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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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2HDM in MSSM

Assign R-charges

Tree-level Higgs potential is (no     term)

< 0 > 0

Bµ

Only      gets a vev:Hu
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tanβ = ∞
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Conclusions

My model predicts that all fermions other than up, charm 
and top are massless
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Conclusions

My model predicts that all fermions other than up, charm 
and top are massless

?

This is a tree-level statement

Furthermore.......
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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 =
(
|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

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)

3

Loop generation of masses (a short domino)
[Dobrescu and PJF; Graham and Rajendran]

[Hall, Rattazzi, Sarid; Haber and Mason;.....]
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Uplifted Higgs couplings

Q dc
Q̃ d̃c

g̃ (B̃)

Hu

Q dcW̃ (B̃) H̃u H̃d

Q̃

Hu

Q dc
B̃H̃uH̃d

d̃c

Hu

Q dcũc Q̃

H̃dH̃u

Hu

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 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).

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)

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,
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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|
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)]}

.

(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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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
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d = −yd
2αs
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Md̃

F
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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 )
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)
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,
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Mẽ

)
+

2|µ|
Mẽ
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,
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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ẽc

Hu

L ec
L̃ ẽc
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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).

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)

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,
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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
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MB̃

MQ̃
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Md̃

MQ̃
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(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 )
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W
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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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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†
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)
+ 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 )
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[
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)
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,
|µ|
Mẽ

)
+

2|µ|
Mẽ

F

(
MB̃
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,
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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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).

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)

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,
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Figure 2: Diagrams responsible for the charged lepton masses. The × represents a mass
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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)

{
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W

F

(
MW̃

MQ̃

,
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+
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)
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)]}

.

(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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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)
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The divergence is cutoff at the scale, Λ, where the soft supersymmetry-breaking terms

are generated. We assume that at this scale b = 0, so that the value (2.14) of b at low

energies arises through loops involving the MSSM fields between Λ and the weak scale.

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
,
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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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(              )

or alternatively on the mass of A0 [see Eq. (2.6)]. At the weak scale this gives the ratio

vu

vd

≡ tanβ ≈
1

|b|
M2

A0

[
1 + O(1/ tan2 β)

]
# 1 . (2.16)

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. For tanβ ! 50

one departs from the uplifted region and recovers the usual MSSM, where the down-type

masses are generated mainly from their tree-level couplings to the Hd VEV. Values of tanβ

much larger than a few hundred could also occur, even without increasing MA0 , 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)
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There are two types of diagrams contributing to the y′
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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)
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uplifted-Higgs lepton coupling given by
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+
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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
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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)

6

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
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while the last diagram involves the F -term interaction of Hu given in Eq. (2.9).
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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
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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 3: Tau Yukawa coupling toHd required to generate the correctmτ , 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. (2.18), tanβ = 200,
θµ + θW = π, and θW = θB .

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 [6]. 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

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. (2.18), 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.
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The gaugino interactions of Eq. (2.10) induce the same contributions as in the lepton
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(y′
d)H̃ =

ydα

8π
ei(θW −θµ)

{
3

s2
W

F

(
MW̃

MQ̃

,
|µ|
MQ̃
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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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Q dcũc Q̃

H̃dH̃u

Hu

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).

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 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
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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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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 .

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

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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The β-function for each of these soft parameters is not proportional to the parameter itself, because
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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 .

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

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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Uplifted Higgses

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

Heavy Higgses (   ,     ,     ) in A
0

H
0
H

± Hd

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
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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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Uplifted Higgses

•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)
]

B(H0, A0
→ τ+ τ−) ≈

y2
τ

y2
τ + 3y2

b

≈ 30% − 80%

cf. usual MSSM/2HDM ~10%
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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 dominateLimits on A0, H0 mass from FCNC (b → sγ, ...), Tevatron searches,...

At the LHC: bb̄H0 associated production.

g

g

H0, A0

τ+

τ−

b̄

b

usual MSSM

A. Djouadi, hep-ph/0503173

yb√
2

(
A0b̄γ5b − H0b̄b

)

tan β≈30 in the usual MSSM

corresponds to yb ≈ 0.4.

Limits on A0, H0 mass from FCNC (b → sγ, ...), Tevatron searches,...

At the LHC: bb̄H0 associated production.

g

g

H0, A0

τ+

τ−

b̄

b

usual MSSM

A. Djouadi, hep-ph/0503173

yb√
2

(
A0b̄γ5b − H0b̄b

)

tan β≈30 in the usual MSSM

corresponds to yb ≈ 0.4.
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Uplifted Higgses at hadronic machines

B(A0→µ+µ−) ≈
m2

µ

m2
τ

B(A0→τ+τ−) ≈ 0.1 − 0.3%
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Large background to bb̄τ+τ− from tt̄ production.

The bb̄µ+µ− channel is promising.

There is also s-channel production via gluon fusion:

!
g

g

H0, A0

τ+ (µ+)

τ− (µ−)

b and b̃ loops ⇒

Cross section depends on the masses and mixing of b̃ squarks.

Uplifted Higgses at hadronic machines

Gluon fusion with tau/muon final state

H± couplings to heavy quarks:
yb√
2
H−b̄RtL

g

g

H+

τ+(µ+)

ν

t̄

b

b̄

B(H+→µν) ≈
m2

µ

m2
τ

B(H+→τν) ≈ 0.1−0.3%

can be larger if slepton masses are generation
dependent (danger of FCNCs though).

usual MSSM

A. Djouadi, hep-ph/0503173

Charged Higgs
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A taste of uplifted flavour
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FIG. 5: P.d.f. of Rexp
UUT obtained using the UUT construction.

the value of |Vub| and fB . RMFV is constrained by Rexp
MFV,

which contains the experimental error as well as the un-
certainty on |Vub| and fB .

Following Ref. [19], we distinguish several scenarios ac-
cording to the NP flavor structure. In each scenario, we
remove all the inputs that might be affected by NP from
the UTfit-based determination of BR(B → τν). This
gives a NP-independent prediction of BR.

In MFV models one expects the tree-level processes
and the angles of the UT not to deviate from the SM
prediction, while the values of ∆mq and εK are expected
to change.2 We can then replace the full SM UT fit
with the Universal UT (UUT) construction [21]. In
the case of the UUT, the knowledge of fB is given by
LQCD only, resulting in a larger error on BRUUT. Us-
ing the currently available experimental inputs, we ob-
tain BRUUT = (0.87 ± 0.20) × 10−4 corresponding to
Rexp

UUT = 2.0 ± 0.6, as shown in Fig. 5 (for comparison,
see the SM result in Eq. (3)). Clearly, the determination
of BRUUT will benefit considerably from the expected
improvements in future LQCD calculations.

In MFV models with one Higgs doublet (or two Higgs
doublets at small tanβ), one expects negligible NP ef-
fects in the B → τν decay amplitude, while a deviation
could be induced on ∆md, ∆ms, and εK . Should Rexp

UUT
deviate from one significantly, these models would then
be excluded.

In the case of MFV models with two Higgs doublets
at large tanβ, the value of Rexp

UUT could be shifted from
one by the contribution of the charged Higgs boson to
the decay amplitude.

2 In MFV models one has to assume that the large measured value
of the Bs mixing phase is a statistical fluctuation. Otherwise,
MFV would be excluded [20].

CONSTRAINTS ON 2HDM-II

As an explicit example of the discussion above, we con-
sider the 2HDM-II. In this model, the interaction be-
tween quarks and the charged Higgs H± is defined by
the Lagrangian

L = (2
√
2GF )

1/2
3∑

i,j=1

ūi

( 1

tanβ
muiVij

1− γ5
2

+ tanβ Vij mdi

1 + γ5
2

)
djH

+ +H.c. , (6)

and FCNC are absent at the tree level.
We can write [22]:

R2HDM =

(
1− tan2 β

m2
B

m2
H+

)2

, (7)

where mH+ is the mass of the charged Higgs boson.
Eq. (7), together with the p.d.f. of Rexp

UUT provided by
the UUT fit, gives a constraint on tanβ/mH+ as shown
in Fig. 6. The charged Higgs contribution typically sup-
presses BR(B → τν) with respect to the SM, contrary to
current experimental results. An excess can be obtained
if tanβ >

√
2mH+/mB (corresponding to the rightmost

peak in the left plot of Fig. 6, tanβ = (29±2)mH+/(100
GeV)), yielding an upper limit on mH+ for a given value
of tanβ. The current direct searches [23] give a lower
limit of mH+ > 79 GeV at 95% C.L. [3], while the
measurement of BR(B → Xsγ) implies mH+ > 295
GeV at 95% C.L. for the 2HDM-II charged Higgs bo-
son [24]. This bound excludes the rightmost peak in
Fig. 6 for tanβ < 80. In addition, one can consider the
bound on tanβ/mH+ from BR(B → Dτν)/BR(B →
D&ν) where & denotes light leptons [2, 25]. Using
the world average (49 ± 10)% [26] and formula (9) of
Ref. [27] we obtain the following 95% probability re-
gions for tanβ/mH+ : tanβ/mH+ < 0.17GeV−1 and
0.46GeV−1 < tanβ/mH+ < 0.55GeV−1 (see the right
plot in Fig. 6. In this case, as for the B → τν bound,
there is an allowed region at large tanβ/mH+ . Assuming
flat priors in [5, 120] for tanβ [28] and [100, 1000] GeV
for mH+ , we obtain the plot in Fig. 7. For tanβ >∼ 22
B → τν gives a lower bound on mH+ stronger than the
one from B → Xsγ. The fine-tuned regions for large
tanβ/mH+ allowed individually by the B → τν and the
B → Dτν constraints do not overlap and are therefore
excluded. We thus obtain an absolute bound

tanβ < 7.4
mH+

100GeV
. (8)

In addition, we compute the prediction for BR(Bs →
µ+µ−) and obtain

BR(Bs → µ+µ−) = (4.3± 0.9)× 10−9 (9)

([2.5, 6.2]× 10−9 @95% prob.).

R =
BR(B+

→ τ+ν)

BR(B+
→ τ+ν)SM

Rate in MSSM is reduced relative to SM
Observation is above SM expectation

Strong bounds on charged Higgs

Its numerical value suffers from sizable parametrical uncertainties induced by FB+ and Vub.
On the theoretical side, the B → τν process is one of the cleanest probes of the large tanβ

scenario due to its enhanced sensitivity to tree-level charged-Higgs exchange [143, 144, 145].
In particular, a scalar charged current induced by NP theories with extended Higgs sectors,
leads to the following modification of the branching ratio

RBτν =
BR(B+ → τ+ν)

BR(B+ → τ+ν)SM
=

[
1−

m2
B+

M2
H+

t2β
(1 + εtβ)(1 + ε$tβ)

]2

, (3.47)

where we have included the tanβ enhanced non-holomorphic corrections for the quark and
lepton Yukawas. In the limit of degenerate SUSY particles, it turns out that ε # αs/3π [114]
and ε$ # −3α2/16π [121].

Concerning the experimental situation, the HFAG collaboration [1] quotes

BR(B+ → τ+ν)exp = (1.43 ± 0.37)× 10−4 , (3.48)

which is based on results by BaBar [146] and Belle [147, 148]. Including additional preliminary
results from BaBar [149], one finds the following new World Average [112]

BR(B+ → τ+ν)exp = (1.73 ± 0.35)× 10−4 , (3.49)

that is considerably higher than (3.48).
Using the value for |Vub| quoted by the PDG [81], |Vub| = (3.95±0.35)×10−3 and FB+ # FB

given in tab. 3, we find the SM branching ratio given in tab. 6, corresponding to

(RBτν)exp = 1.57 ± 0.53 . (3.50)

In view of the parametric uncertainties induced in (3.46) by FB+ and Vub, in order to find the
SM prediction for this branching ratio one can also use ∆Md and the formulae (2.3), (2.4)
and (2.7) to find

BR(B+ → τ+ν)SM =
3π

4 ηB S0(xt) B̂Bd

m2
τ

M2
W

(
1− m2

τ

m2
B+

)2 ∣∣∣∣
Vub

Vtd

∣∣∣∣
2

τB+ ∆Md . (3.51)

Here ∆Md is supposed to be taken from experiment and

∣∣∣∣
Vub

Vtd

∣∣∣∣
2

=

(
1

1− λ2/2

)2 1 + R2
t − 2Rt cos β

R2
t

, (3.52)

with Rt and β determined by means of (2.9). In writing (3.51), we used FB # FB+ and
mBd

# mB+ . We then find

BR(B+ → τ+ν)SM = (0.80 ± 0.12)× 10−4 (3.53)

that is by roughly a factor of two below the data in (3.49). This result agrees well with a
recent result presented by the UTfit collaboration [150].

It should be noted that the value of |Vub| used effectively in this procedure turns out to be
3.50×10−3, which is close to |Vub| = (3.38±0.36)×10−3 obtained from exclusive decays [151].
On the other hand, it is significantly lower than the one quoted by the PDG and obtained
from tree level decays.

23

Its numerical value suffers from sizable parametrical uncertainties induced by FB+ and Vub.
On the theoretical side, the B → τν process is one of the cleanest probes of the large tanβ

scenario due to its enhanced sensitivity to tree-level charged-Higgs exchange [143, 144, 145].
In particular, a scalar charged current induced by NP theories with extended Higgs sectors,
leads to the following modification of the branching ratio

RBτν =
BR(B+ → τ+ν)

BR(B+ → τ+ν)SM
=

[
1−

m2
B+

M2
H+

t2β
(1 + εtβ)(1 + ε$tβ)

]2

, (3.47)

where we have included the tanβ enhanced non-holomorphic corrections for the quark and
lepton Yukawas. In the limit of degenerate SUSY particles, it turns out that ε # αs/3π [114]
and ε$ # −3α2/16π [121].

Concerning the experimental situation, the HFAG collaboration [1] quotes

BR(B+ → τ+ν)exp = (1.43 ± 0.37)× 10−4 , (3.48)

which is based on results by BaBar [146] and Belle [147, 148]. Including additional preliminary
results from BaBar [149], one finds the following new World Average [112]

BR(B+ → τ+ν)exp = (1.73 ± 0.35)× 10−4 , (3.49)

that is considerably higher than (3.48).
Using the value for |Vub| quoted by the PDG [81], |Vub| = (3.95±0.35)×10−3 and FB+ # FB

given in tab. 3, we find the SM branching ratio given in tab. 6, corresponding to

(RBτν)exp = 1.57 ± 0.53 . (3.50)

In view of the parametric uncertainties induced in (3.46) by FB+ and Vub, in order to find the
SM prediction for this branching ratio one can also use ∆Md and the formulae (2.3), (2.4)
and (2.7) to find

BR(B+ → τ+ν)SM =
3π

4 ηB S0(xt) B̂Bd

m2
τ

M2
W

(
1− m2

τ

m2
B+

)2 ∣∣∣∣
Vub

Vtd

∣∣∣∣
2

τB+ ∆Md . (3.51)

Here ∆Md is supposed to be taken from experiment and

∣∣∣∣
Vub

Vtd

∣∣∣∣
2

=

(
1

1− λ2/2

)2 1 + R2
t − 2Rt cos β

R2
t

, (3.52)

with Rt and β determined by means of (2.9). In writing (3.51), we used FB # FB+ and
mBd

# mB+ . We then find

BR(B+ → τ+ν)SM = (0.80 ± 0.12)× 10−4 (3.53)

that is by roughly a factor of two below the data in (3.49). This result agrees well with a
recent result presented by the UTfit collaboration [150].

It should be noted that the value of |Vub| used effectively in this procedure turns out to be
3.50×10−3, which is close to |Vub| = (3.38±0.36)×10−3 obtained from exclusive decays [151].
On the other hand, it is significantly lower than the one quoted by the PDG and obtained
from tree level decays.

23

Thursday, April 7, 2011



A taste of uplifted flavour
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FIG. 5: P.d.f. of Rexp
UUT obtained using the UUT construction.

the value of |Vub| and fB . RMFV is constrained by Rexp
MFV,

which contains the experimental error as well as the un-
certainty on |Vub| and fB .

Following Ref. [19], we distinguish several scenarios ac-
cording to the NP flavor structure. In each scenario, we
remove all the inputs that might be affected by NP from
the UTfit-based determination of BR(B → τν). This
gives a NP-independent prediction of BR.

In MFV models one expects the tree-level processes
and the angles of the UT not to deviate from the SM
prediction, while the values of ∆mq and εK are expected
to change.2 We can then replace the full SM UT fit
with the Universal UT (UUT) construction [21]. In
the case of the UUT, the knowledge of fB is given by
LQCD only, resulting in a larger error on BRUUT. Us-
ing the currently available experimental inputs, we ob-
tain BRUUT = (0.87 ± 0.20) × 10−4 corresponding to
Rexp

UUT = 2.0 ± 0.6, as shown in Fig. 5 (for comparison,
see the SM result in Eq. (3)). Clearly, the determination
of BRUUT will benefit considerably from the expected
improvements in future LQCD calculations.

In MFV models with one Higgs doublet (or two Higgs
doublets at small tanβ), one expects negligible NP ef-
fects in the B → τν decay amplitude, while a deviation
could be induced on ∆md, ∆ms, and εK . Should Rexp

UUT
deviate from one significantly, these models would then
be excluded.

In the case of MFV models with two Higgs doublets
at large tanβ, the value of Rexp

UUT could be shifted from
one by the contribution of the charged Higgs boson to
the decay amplitude.

2 In MFV models one has to assume that the large measured value
of the Bs mixing phase is a statistical fluctuation. Otherwise,
MFV would be excluded [20].

CONSTRAINTS ON 2HDM-II

As an explicit example of the discussion above, we con-
sider the 2HDM-II. In this model, the interaction be-
tween quarks and the charged Higgs H± is defined by
the Lagrangian

L = (2
√
2GF )

1/2
3∑

i,j=1

ūi

( 1

tanβ
muiVij

1− γ5
2

+ tanβ Vij mdi

1 + γ5
2

)
djH

+ +H.c. , (6)

and FCNC are absent at the tree level.
We can write [22]:

R2HDM =

(
1− tan2 β

m2
B

m2
H+

)2

, (7)

where mH+ is the mass of the charged Higgs boson.
Eq. (7), together with the p.d.f. of Rexp

UUT provided by
the UUT fit, gives a constraint on tanβ/mH+ as shown
in Fig. 6. The charged Higgs contribution typically sup-
presses BR(B → τν) with respect to the SM, contrary to
current experimental results. An excess can be obtained
if tanβ >

√
2mH+/mB (corresponding to the rightmost

peak in the left plot of Fig. 6, tanβ = (29±2)mH+/(100
GeV)), yielding an upper limit on mH+ for a given value
of tanβ. The current direct searches [23] give a lower
limit of mH+ > 79 GeV at 95% C.L. [3], while the
measurement of BR(B → Xsγ) implies mH+ > 295
GeV at 95% C.L. for the 2HDM-II charged Higgs bo-
son [24]. This bound excludes the rightmost peak in
Fig. 6 for tanβ < 80. In addition, one can consider the
bound on tanβ/mH+ from BR(B → Dτν)/BR(B →
D&ν) where & denotes light leptons [2, 25]. Using
the world average (49 ± 10)% [26] and formula (9) of
Ref. [27] we obtain the following 95% probability re-
gions for tanβ/mH+ : tanβ/mH+ < 0.17GeV−1 and
0.46GeV−1 < tanβ/mH+ < 0.55GeV−1 (see the right
plot in Fig. 6. In this case, as for the B → τν bound,
there is an allowed region at large tanβ/mH+ . Assuming
flat priors in [5, 120] for tanβ [28] and [100, 1000] GeV
for mH+ , we obtain the plot in Fig. 7. For tanβ >∼ 22
B → τν gives a lower bound on mH+ stronger than the
one from B → Xsγ. The fine-tuned regions for large
tanβ/mH+ allowed individually by the B → τν and the
B → Dτν constraints do not overlap and are therefore
excluded. We thus obtain an absolute bound

tanβ < 7.4
mH+

100GeV
. (8)

In addition, we compute the prediction for BR(Bs →
µ+µ−) and obtain

BR(Bs → µ+µ−) = (4.3± 0.9)× 10−9 (9)

([2.5, 6.2]× 10−9 @95% prob.).

R =
BR(B+

→ τ+ν)

BR(B+
→ τ+ν)SM

Rate in MSSM is reduced relative to SM
Observation is above SM expectation

Strong bounds on charged Higgs

Its numerical value suffers from sizable parametrical uncertainties induced by FB+ and Vub.
On the theoretical side, the B → τν process is one of the cleanest probes of the large tanβ

scenario due to its enhanced sensitivity to tree-level charged-Higgs exchange [143, 144, 145].
In particular, a scalar charged current induced by NP theories with extended Higgs sectors,
leads to the following modification of the branching ratio

RBτν =
BR(B+ → τ+ν)

BR(B+ → τ+ν)SM
=

[
1−

m2
B+

M2
H+

t2β
(1 + εtβ)(1 + ε$tβ)

]2

, (3.47)

where we have included the tanβ enhanced non-holomorphic corrections for the quark and
lepton Yukawas. In the limit of degenerate SUSY particles, it turns out that ε # αs/3π [114]
and ε$ # −3α2/16π [121].

Concerning the experimental situation, the HFAG collaboration [1] quotes

BR(B+ → τ+ν)exp = (1.43 ± 0.37)× 10−4 , (3.48)

which is based on results by BaBar [146] and Belle [147, 148]. Including additional preliminary
results from BaBar [149], one finds the following new World Average [112]

BR(B+ → τ+ν)exp = (1.73 ± 0.35)× 10−4 , (3.49)

that is considerably higher than (3.48).
Using the value for |Vub| quoted by the PDG [81], |Vub| = (3.95±0.35)×10−3 and FB+ # FB

given in tab. 3, we find the SM branching ratio given in tab. 6, corresponding to

(RBτν)exp = 1.57 ± 0.53 . (3.50)

In view of the parametric uncertainties induced in (3.46) by FB+ and Vub, in order to find the
SM prediction for this branching ratio one can also use ∆Md and the formulae (2.3), (2.4)
and (2.7) to find

BR(B+ → τ+ν)SM =
3π

4 ηB S0(xt) B̂Bd

m2
τ

M2
W

(
1− m2

τ

m2
B+

)2 ∣∣∣∣
Vub

Vtd

∣∣∣∣
2

τB+ ∆Md . (3.51)

Here ∆Md is supposed to be taken from experiment and

∣∣∣∣
Vub

Vtd

∣∣∣∣
2

=

(
1

1− λ2/2

)2 1 + R2
t − 2Rt cos β

R2
t

, (3.52)

with Rt and β determined by means of (2.9). In writing (3.51), we used FB # FB+ and
mBd

# mB+ . We then find

BR(B+ → τ+ν)SM = (0.80 ± 0.12)× 10−4 (3.53)

that is by roughly a factor of two below the data in (3.49). This result agrees well with a
recent result presented by the UTfit collaboration [150].

It should be noted that the value of |Vub| used effectively in this procedure turns out to be
3.50×10−3, which is close to |Vub| = (3.38±0.36)×10−3 obtained from exclusive decays [151].
On the other hand, it is significantly lower than the one quoted by the PDG and obtained
from tree level decays.
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yb × yτ

Uplifted “separates” Yukawa couplings from masses, extra 
phases that enter.  Has potential to allow NP to 

constructively interfere
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Conclusions
tanβ

1 ∞∼ 50

Usual MSSM Uplifted MSSM

•Down-type fermion masses generated at one loop by 
fields of MSSM
•Ratios of  Yukawas not as in MSSM
•         a potentially confusing parameter
•Higgs production at hadronic machines increased
•Decays to taus dominate
•Easier to find the heavy Higgses

tanβ

Flavour violation in processes involving the third gen.
Explanation of PAMELA excess? [Kadota, Freese, Gondolo]
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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)

6

Formulae

Uplifted lepton coupling

Uplifted down-quark coupling

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 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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