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we scrutinise the results obtained in the previous section, looking for simple possibilities
which could form the basis of new indirect models. We discuss three such examples in
some detail, checking their viability using exact numerical results for PMNS parameters
and leading order approximate analytic results in section 7. We also discuss the link
between leptogenesis and PMNS phases in section 8. In section 9 we then focus on CSD3
based on the alignment (0, 1, 1) for the atmospheric column and (1, 1, 3) or (1, 3, 1) for
the solar column with a relative phase di�erence! = ! " / 3 and show how these follow
from A4 family symmetry model of leptons based on F-term vacuum alignment and
spontaneous CP violation. The model predicts all the PMNS mixing parameters in
terms of the neutrino mass ratio, corresponding to approximate Tri-bimaximal-Cabibbo
mixing to an accuracy of one degree with# " ± " / 2. Section 10 concludes the paper.

2 Two Right-Handed Neutrino Model as a Limiting
Case of Sequential Dominance

The starting point for our analysis is the see-saw mechanism in the ßavour basis where
the charged lepton mass matrixME is diagonal with real positive eigenvaluesme, mµ, m!

and the three right-handed neutrino Majorana mass matrixMR is also diagonal, with
real positive eigenvalues,M atm, M sol, Mdec,

ME =

!

"
me 0 0
0 mµ 0
0 0 m!

#

$ , MR =

!

"
M atm 0 0

0 M sol 0
0 0 [Mdec]

#

$ . (8)

We write the neutrino Dirac mass matrix as

mD =

!

"
mD

e,atm mD
e,sol [mD

e,dec]
mD

µ,atm mD
µ,sol [mD

µ,dec]
mD

! ,atm mD
! ,sol [mD

! ,dec]

#

$ #
%

mD
atm mD

sol [mD
dec]

&
, (9)

in the convention where the e�ective Lagrangian after electroweak symmetry breaking,
with the Higgs vacuum expectation value (vev) inserted, is given by

L = $ EL ME ER $ $L mD NR $
1
2

N c
RMRNR + H.c. , (10)

where$L = ( $e, $µ, $! ) are the three left-handed neutrino Þelds which appear together
with EL = ( eL , µL , %L ) in the lepton doubletsL = ( Le, Lµ, L ! ) and NR = ( Natm, Nsol, Ndec)
are the three right-handed neutrinos and we have deÞned the three Dirac column vectors
as mD

atm, mD
sol, mD

dec.
The term for the light neutrino masses in the e�ective Lagrangian (after electroweak

symmetry breaking), resulting from integrating out the massive right handed neutrinos
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Seesaw mechanism 

!
m! 0
0 M R

"(i.e. the see-saw mechanism with the light e! ective neutrino Majorana mass matrix
m! = mD M ! 1

R mD T ) is

L !
ef f =

(! L mD
atm )(mD

atm
T ! c

L )
Matm

+
(! L mD

sol)(mD
sol

T ! c
L )

Msol

!

+
(! L mD

dec)(mD
dec

T ! c
L )

Mdec

"

. (11)

Sequential dominance (SD) then corresponds to the third term being negligible, the
second term subdominant and the Þrst term dominant:

mD
atm mD

atm
T

Matm
!

mD
solm

D
sol

T

Msol

!

!
mD

decm
D
dec

T

Mdec

"

, (12)

which immediately predicts a normal neutrino mass hierarchy,

m3 ! m2 [ ! m1 ] , (13)

which is the main prediction of SD.
We have labelled the dominant right-handed neutrino and Yukawa couplings mainly

responsible for the atmospheric neutrino massm3 as ÒatmÓ, the subdominant ones
mainly responsible for the solar neutrino massm2 as ÒsolÓ, and the almost decoupled
(sub-sub-dominant) ones mainly responsible form1 as ÒdecÓ. Note that the mass or-
dering of right-handed neutrinos is not yet speciÞed. We shall order the right-handed
neutrino masses asM1 < M 2 < M 3, and subsequently identifyMatm , Msol, Mdec with
M1, M2, M3 in all possible ways.

It is clear that in the limit that m1 " 0 then the sub-sub-dominant right-handed
neutrino and its associated couplings labelled by ÒdecÓ decouple completely and the
above model reduces to a two right-handed neutrino model. In that limit we simply
drop the third terms [in square brackets] in Eqs.8-13 in anticipation of this.

3 The Two Right-Handed Neutrino Model with Nor-
mal Hierarchy and Dominant Texture Zero

3.1 Derivation of the Master Formula

Without assuming SD, we write the see-saw matrices in a simple notation as,

mD =

#

$
0 a
e b
f c

%

& , MR =
'

Y 0
0 X

(
. (14)

where we have written the complex Dirac masses asa, b, c, d, e, f with d = 0 and the
real positive right-handed neutrino masses asY, X. We are in a basis where the charged

6
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Figure 13: Some possible candidate uniÞed gauge groups.

decompose into multiplets of the SM gauge groupSU(3)C ! SU(2)L ! U(1)Y asF = ( dc, L ),
corresponding to,

5 = ( 3, 1, 1/ 3) " (1, 2, # 1/ 2), (9.2)

and T = ( uc, Q, ec), corresponding to,

10 = ( 3, 1, # 2/ 3) " (3, 2, 1/ 6) " (1, 1, 1). (9.3)

Thus a complete quark and lepton SM family (Q, uc, dc, L, ec) is accommodated in the
F = 5 and T = 10 representations, with right-handed neutrinos, whose CP conjugates are
denoted as! c, being singlets ofSU(5), ! c = 1. The Higgs doubletsHu and Hd which break
electroweak symmetry in a two Higgs doublet model are contained in the SU(5) multiplets
H5 and H5.

The Yukawa couplings for one family of quarks and leptons aregiven by,

yuH5i Tjk Tlm "ijklm + yνH5i F i ! c + ydH i
5Tij F j , (9.4)

where "ijklm is the totally antisymmetric tensor of SU(5) with i, j, j, k, l = 1 , . . . , 5, which
decompose into the SM Yukawa couplings

yuHuQuc + yνHuL ! c + yd(HdQdc + HdecL ). (9.5)
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Grand Unified Theories of Flavour

GGUT

GFAM

SU(2)L ! U(1)Y SU(5) PS SO(10)

S3 [29] [150]
A4 [36,49,51,62,151Ð154][155Ð158] [66,159,160]
T! [161]
S4 [31,49,51,154,163] [164,165] [162] [166]
A5 [51,169] [170]
T7 [171,172]
! (27) [173] [174]
! (96) [175,176] [177] [178]
DN [179]
QN [180]
other [181] [182] [183]

Table 3: Flavoured GUTs which include discrete family symmetry groups and the papers that use these sym-
metries to successfully describe the solar, atmospheric and reactor neutrino data.

Example of a ßavoured GUT:A4 ! SU(5)

We now describe an example of a recent ßavoured GUT from Table 3, namely anA4 ! SU(5) SUSY
GUT model [158] with the following features:

¥ It is renormalisable at the GUT scale, with an explicitSU(5) breaking sector.

¥ The MSSM is reproduced with R-parity emerging from a discreteZR
4 .

¥ Doublet-triplet splitting is achieved through the Missing Partner mechanism [184].

¥ A µ term is generated at the correct scale.

¥ Proton decay is su" ciently suppressed.

¥ It solves the strongCPproblem through the Nelson-Barr mechanism [185,186].

¥ It explains the hierarchical quark masses and mixing angles.

¥ It reproduces the Littlest Seesaw model with spontaneously brokenCPsymmetry.

Apart from A4 ! SU(5) the model also involves the discrete symmetriesZ9 ! Z6 ! ZR
4 . It is

renormalisable at the GUT scale, but many e#ects, including most fermion masses, come from non-
renormalisable terms that arise when heavy Þelds (so called Òmessenger ÞeldsÓ) are integrated out.
Unwanted or potentially dangerous terms are forbidden by the symmetries and the prescribed messenger
sector, including any terms that would generate proton decay or strongCPviolation. Such terms may
arise from Planck scale suppressed terms, but prove to be su" ciently small. Due to the completeness of

44
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Field
Representation

A4 SU(5) Z9 Z6 ZR
4

F 3 ø5 0 0 1
T1 1 10 5 0 1
T2 1 10 7 0 1
T3 1 10 0 0 1
N c

1 1 1 7 3 1
N c

2 1 1 8 3 1
! 1 1 0 3 1

H5 1 5 0 0 0
Hø5 1 ø5 2 0 0
H24 1! 24 3 0 0
" 24 1! 24 0 0 0
H45 1 45 4 0 2
H45 1 45 5 0 0

! 1 1 2 0 0
"1 1 1 1 3 0
"2 1 1 1 4 0

#e 3 1 0 0 0
#µ 3 1 3 0 0
#! 3 1 7 0 0
#1 3 1 3 2 0
#2 3 1 1 3 0
#3 3 1 3 1 0
#4 3 1 2 1 0
#5 3 1 6 2 0
#6 3 1 5 2 0

Table 1: SuperÞelds containing quarks and lep-
tons and symmetry breaking scalars.

Field
Representation

A4 SU(5) Z9 Z6 ZR
4

X 1 1 ø5 7 0 1
X 2 1 5 2 0 1
X 3 1 ø5 6 0 1
X 4 1 5 3 0 1
X 5 1!! ø5 3 0 1
X 6 1! 5 6 0 1
X 7 1 ø5 2 0 1
X 8 1!! 5 7 0 1
X 9 1! ø5 0 0 1
X 10 1! 5 0 0 1

X 11 1 ø5 1 3 1
X 12 1 5 7 5 1
X 13 1 ø5 2 3 1
X 14 1 5 6 5 1

# 1 1 ø5 7 0 2
# 2 1 5 2 0 0
# 3 1 ø5 5 0 2
# 4 1 5 4 0 0
# 5 1 ø5 3 0 2
# 6 1 5 6 0 0
# 7 1 ø5 1 0 2
# 8 1 5 8 0 0
# 9 1 ø5 8 0 2
# 10 1 5 1 0 0
# 11 1 ø5 6 0 2
# 12 1 5 3 0 0
# 13 1 ø5 4 0 2
# 14 1 5 5 0 0
# 15 1 ø5 2 0 2
# 16 1 5 7 0 0

Table 2: SuperÞeld messengers for the quark
and lepton Yukawa couplings (and other GUT
breaking couplings discussed in Section 4.2).

are discussed, particularly how to breakSU(5) and ZR
4 down to the MSSM with R-parity

in a viable way (i.e. addressing doublet-triplet splitting, the origin of theµ term and
proton decay). We also discuss the resolution to the strong CP problem. In Section 5 we
discuss the link between leptogenesis and the oscillation phase in this model. Finally in
Section 6 we summarise our main results and conclude. Appendix A summarises theA4

conventions used in this paper, in the basis of [17].

2 The Yukawa sector of the model

The model involves anA4! SU(5) CP invariant superpotential at the GUT scale, where all
symmetries, including CP, are spontaneously broken along supersymmetric ßat directions,

3
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Figure 1: Diagrams responsible for the masses and mixings of the up-type quarks.

T3 FX 1 X 2

H 5̄ ! !

(a)

T2

H ø45 ! µH24

X 3 X 4 X 5 X 6 F

(b)

T1

Hø5 �e⇠

X 7 X 8 X 9 X 10 F

! 24 ! 24

(c)

T1

Hø5 ! µ"

X 7 X 8 X 9 X 6 F

! 24 H24

(d)

Figure 2: Diagrams responsible for the masses of the down-type quarks and charged leptons.

From the diagrams shown in Fig. 2, integrating out the fermion messengersX , which
acquire large masses as a result of either explicit mass terms or GUT scale Higgs VEVs,
we obtain e! ective operators of the form

Wdown = d33T3
Hø5! !

M
F + d22T2

H45H24! µ

M 2
F + d11T1

Hø5"! e

! " 24"
2 F + d12T1

Hø5"! µ

! " 24" ! H24"
F, (2.3)

where dij are O(1) couplings. The light MSSM doubletHd is a combination of the
doublets insideHø5 and H45, as discussed in Section 4.2, hence thed22 term also leads
to a relevant Yukawa coupling. The alignment of the respective ßavon VEVs of! e,µ,!

(discussed in Section 3) is

! ! e" = ve

!

"
1
0
0

#

$ ! ! µ" = vµ

!

"
0
1
0

#

$ ! ! ! " = v!

!

"
0
0
1

#

$ , (2.4)

such that, apart from d12, the contraction appearing with T1,2,3 isolates the respective
F1,2,3 family. This would lead to diagonal Yukawa structures if not for the additional
term connectingT1(! µF ) (see Fig. 2d).

6

GGUT

GFAM

SU(2)L ! U(1)Y SU(5) PS SO(10)

S3 [29] [142]
A4 [30, 34, 51, 53,64,143–145] [146–149] [68, 150,151]
T ! [152] [153]
S4 [31, 51, 53, 145,155] [156,157] [154] [158]
A5 [53, 159] [160]
T7 [161,162]
! (27) [163] [164]
! (96) [165,166] [167] [168]
DN [169]
QN [170]
other [171] [172] [173]

Table 3: Flavoured GUTs which include discrete family symmetry groups and the papers that use these sym-
metries to successfully describe the solar, atmospheric and reactor neutrino data.

vuTi Tj (v! /M)6" i " j , where vu is the VEV of Hu. The resulting symmetric Yukawa matrix for up-type
quarks is

Y u
ij "

!

"
!̃ 4 !̃ 3 !̃ 2

!̃ 2 !̃
1

#

$ (120)

where !̃ = #! $/M " 0.1 yielding a strong up-type mass hierarchy, with quark mixing arising in large
part from the up-sector.

The field ! is in fact quite ubiquitous. As well as explaining the structure of the up-type quark mass
matrix, it is also involved in the mass hierarchy for down-type quarks and charged leptons. And it is
responsible for the mass scales for the RH neutrinos. Furthermore it yields a highly suppressed µ term
" (v! /M)8MGUT .

The down-type and charged lepton Yukawa matrices Y d " Y e are obtained from terms like F " TH,
leading to nearly diagonal matrices,

Y d
LR " Y e

RL "

!

%
%
%
%
%
"

#! $ve

v2
! 24

#! $vµ

v! 24 vH 24

0

0
vH 24 vµ

M2
0

0 0
v"

M

#

&
&
&
&
&
$

(121)

where ve,µ," are flavon VEVs, while v! 24 and vH 24 are VEVs of heavy Higgs " 24 and H24. Here we
include the subscripts LR to emphasise the role of the o#-diagonal term to LH mixing from Y d. This
term introduces CPviolation into the CKM matrix via the phase of #! $. Note that the o#-diagonal term
in Y e

RL gives mainly RH mixing, with only a subleading negligible contribution to LH charged lepton
mixing #e

12 " me/mµ .

45

Froggatt-NielsenUp-type quarks

di! erent pairs, for simplicity and because they are all expected to be at a similar mass
scale, we take masses of all such pairs to beM and set it equal to the GUT scale in our
numerical estimates. We emphasise that the successful predictions of the model in the
lepton sector (namely predicting the PMNS matrix) is independent of the speciÞc values
of these mass parameters.

2.1 Up quarks

Apart from the top quark mass, which originates from a lowest order Yukawa coupling,
the remaining up-type quark Yukawa couplings appear from higher order terms that
result from combining several renormalisable terms involving" i messengers and the GUT
singlet superÞeld! . To be precise, the up-type quark Yukawa couplings arise from" i

messenger tower diagrams shown in Fig. 1. For example, the most suppressed coupling
arises from the Þrst diagram in Fig. 1. Other less suppressed couplings arise from the
diagrams where at the base one has the respectiveTi Tj , with a shorter tower leading up
to H5. The least suppressed coupling, the renormalisableH5T3T3 operator responsible
for the top quark mass, is the last diagram in Fig. 1.

The e! ective superpotential responsible for the up-type Yukawa couplings is

Wup = uij H5Ti Tj

!
!

M

" nij

. (2.1)

The resulting symmetric Yukawa matrix for up-type quarks is

Y u
ij = uij

!
! ! "
M

" nij

#

#

$
÷! 4 ÷! 3 ÷! 2

÷! 2 ÷!
1

%

& , (2.2)

where ÷! = ! ! " /M # 0.1. The explicit form of Y u is given in Eq. 2.18 and includes the
coe# cients uij , which are O(1) and, by enforcing CP conservation at the GUT scale,
necessarily real. Thus, the hierarchy of the up quark masses as well as the CKM mixing
angles are given by powers of÷! . Due to the structure of this matrix, any phase introduced
by ! ! " can be reabsorbed by appropriate redeÞnition of the threeTi Þelds, soY u does
not contain a source of CP violation.

2.2 Down quarks, charged leptons and ßavons

When considering the Yukawa structures of down quarks and charged leptons we must
inevitably discussA4 triplet ßavons.6 The assignments of all the ßavons under the family
symmetries appear in Table 1. Indeed, since the three families ofF transform as a triplet
of A4 (see Table 1), allTi Hø5F terms require a contraction with at least oneA4 triplet
ßavon to be invariant.

6As a point of terminology, we refer to as ÒßavonsÓ any superÞelds that are GUT singlets transforming
non-trivially under the family symmetry and that get VEVs. In particular not only A4 but strictly
speaking alsoZ9 and Z6 are family symmetries, so we also refer to! as a ÒßavonÓ.
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Figure 1: Diagrams responsible for the masses and mixings of the up-type quarks.
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Figure 2: Diagrams responsible for the masses of the down-type quarks and charged leptons.

From the diagrams shown in Fig. 2, integrating out the fermion messengersX , which
acquire large masses as a result of either explicit mass terms or GUT scale Higgs VEVs,
we obtain e! ective operators of the form

Wdown = d33T3
Hø5! !

M
F + d22T2

H45H24! µ

M 2
F + d11T1

Hø5"! e

! " 24"
2 F + d12T1

Hø5"! µ

! " 24" ! H24"
F, (2.3)

where dij are O(1) couplings. The light MSSM doubletHd is a combination of the
doublets insideHø5 and H45, as discussed in Section 4.2, hence thed22 term also leads
to a relevant Yukawa coupling. The alignment of the respective ßavon VEVs of! e,µ,!

(discussed in Section 3) is

! ! e" = ve

!

"
1
0
0

#

$ ! ! µ" = vµ

!

"
0
1
0

#

$ ! ! ! " = v!

!

"
0
0
1

#

$ , (2.4)

such that, apart from d12, the contraction appearing with T1,2,3 isolates the respective
F1,2,3 family. This would lead to diagonal Yukawa structures if not for the additional
term connectingT1(! µF ) (see Fig. 2d).
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GGUT

GFAM

SU(2)L ! U(1)Y SU(5) PS SO(10)

S3 [29] [142]
A4 [30,34,51,53,64,143Ð145][146Ð149] [68,150,151]
T! [152] [153]
S4 [31,51,53,145,155] [156,157] [154] [158]
A5 [53,159] [160]
T7 [161,162]
! (27) [163] [164]
! (96) [165,166] [167] [168]
DN [169]
QN [170]
other [171] [172] [173]

Table 3: Flavoured GUTs which include discrete family symmetry groups and the papers that use these sym-
metries to successfully describe the solar, atmospheric and reactor neutrino data.

vuTi Tj (v! /M )6" i " j , where vu is the VEV of Hu. The resulting symmetric Yukawa matrix for up-type
quarks is

Y u
ij "

!

"
÷! 4 ÷! 3 ÷! 2

÷! 2 ÷!
1

#

$ (120)

where ÷! = #! $/M " 0.1 yielding a strong up-type mass hierarchy, with quark mixing arising in large
part from the up-sector.

The Þeld! is in fact quite ubiquitous. As well as explaining the structure of the up-type quark mass
matrix, it is also involved in the mass hierarchy for down-type quarks and charged leptons. And it is
responsible for the mass scales for the RH neutrinos. Furthermore it yields a highly suppressedµ term
" (v! /M )8MGUT .

The down-type and charged lepton Yukawa matricesY d " Y e are obtained from terms likeF " TH,
leading to nearly diagonal matrices,

Y d
LR " Y e

RL "

!

%
%
%
%
%
"

#! $ve

v2
! 24

#! $vµ

v! 24 vH 24

0

0
vH 24 vµ

M 2
0

0 0
v"

M

#

&
&
&
&
&
$

(121)

where ve,µ," are ßavon VEVs, whilev! 24 and vH 24 are VEVs of heavy Higgs" 24 and H24. Here we
include the subscriptsLR to emphasise the role of the o#-diagonal term to LH mixing from Y d. This
term introducesCPviolation into the CKM matrix via the phase of #! $. Note that the o#-diagonal term
in Y e

RL gives mainly RH mixing, with only a subleading negligible contribution to LH charged lepton
mixing #e
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From the diagrams shown in Fig. 2, integrating out the fermion messengersX , which
acquire large masses as a result of either explicit mass terms or GUT scale Higgs VEVs,
we obtain e! ective operators of the form

Wdown = d33T3
Hø5! !

M
F + d22T2

H45H24! µ

M 2
F + d11T1

Hø5"! e

! " 24"
2 F + d12T1

Hø5"! µ

! " 24" ! H24"
F, (2.3)

where dij are O(1) couplings. The light MSSM doubletHd is a combination of the
doublets insideHø5 and H45, as discussed in Section 4.2, hence thed22 term also leads
to a relevant Yukawa coupling. The alignment of the respective ßavon VEVs of! e,µ,!

(discussed in Section 3) is

! ! e" = ve

0

@
1
0
0

1

A ! ! µ" = vµ

0

@
0
1
0

1

A ! ! ! " = v!

0

@
0
0
1

1

A , (2.4)

such that, apart from d12, the contraction appearing with T1,2,3 isolates the respective
F1,2,3 family. This would lead to diagonal Yukawa structures if not for the additional
term connectingT1(! µF ) (see Fig. 2d).
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Neutrinos with 
Littlest Seesaw

The ßavons! atm and ! atm gain VEVs according to the CSD3 alignment:

! ! atm " = vatm

!

"
0
1
1

#

$ ! ! sol" = vsol

!

"
1
3
1

#

$ , (2.9)

wherevatm and vsol are generally complex. Denoting the phases of VEVs as" i = arg( vi ),
only the relative phase" atm # " sol between the VEVs is physically relevant, and is con-
strained to a discrete set of values, as discussed in Section 3.3. The ßavon# (already
responsible for the up quark masses) is also acting as a Majoron by generating hierar-
chical right-handed neutrino masses. At the e! ective level, the Dirac terms result from
coupling the neutrinos (andH5) to ! atm and ! sol via the ßavon$2 (an A4 singlet carrying
Z6 charge). The corresponding diagrams with associated messengers appear in Fig 3.

N c
atm X 13

H5 ! atm

FX 14
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FX 12

"2

(b)

N c
atm

! !
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N c
sol N c

sol

!

(d)

Figure 3: Renormalisable diagrams leading to neutrino e! ective terms. Diagrams (a) and (b)
are responsible for neutrino Yukawa terms (leading to Dirac masses) while (c) and (d) give
right-handed neutrino Majorana mass terms.

In turn, the Majorana mass term forN c
atm is also non-renormalisable and we refer to the

superÞeld" as the respective messenger. It couples only toN c
atm and simply provides the

non-renormalisable mass term forN c
atm , suppressed relative to the mass ofN c

sol. As " has
the quantum numbers of a third right-handed neutrino, one can also consider this Þeld as
mediating a double seesaw mechanism, responsible for theN c

atm mass. The mixing term
! 6

M 5 N c
atm N c

sol, though allowed by the symmetries, is absent as there is no combination of
messengers able to produce it.

We write !#" = |v! |ei " ! , where" ! is chosen from a discrete set of available phases, discussed
in Section 4.1 (see Eq. 4.2). This phase originates from the spontaneous CP violation of
a discrete Abelian symmetry [9, 10], in our case theZ9. We will now show that " ! and
" atm#" sol Þx the relative phases within the e! ective neutrino mass matrix and consequently
the leptonic mixing angles.

In a Supersymmetric (SUSY) model, the relevant terms in the superpotential giving
neutrino masses, in the diagonal charged lepton basis, are

W# = yi
atm HL i N c

atm + yi
solHL i N c

sol + Matm N c
atm N c

atm + MsolN c
solN

c
sol, (2.10)
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where we recall the above deÞnitions of phases,

! ! ! arg(""#), ! atm $ ! sol ! arg(vatm v!
sol), (2.17)

and that CP conservation at high energies ensures thatyi and M are real. By arguments
given in Section 3.3 and Section 4.1, we can restrict the physical phase# to a discrete
choice, namely one of the nine complex roots of unity. The values# = ± 2$/ 3 are preferred
by CSD3 [6,7]. Note that the model predicts a normal neutrino mass hierarchy, namely
m3 > m 2 % m1 = 0, which will be tested in the near future.

The sign of# has phenomenological signiÞcance, as it Þxes the leptonic Dirac phase%l .
SpeciÞcally, a positive# uniquely leads to negative%l , and vice versa[7]. As experimental
data hints at %l & $ $/ 2, the a posteriori preferred solution has positive# = +2 $/ 3. The
sign of # also has cosmological signiÞcance, as discussed in Section 5. For example a
positive # = +2 $/ 3, together with the requirement that baryon asymmetry is positive,
implies that the lightest right-handed neutrino should beN c

1 = N c
atm , while N c

2 = N c
sol

should be somewhat heavier, which is the natural ordering in our model.

2.4 Full parameter Þt

The structure of the Yukawa matrices and neutrino mass matrix is set by the theory,
up to O(1) coe! cients. The VEVs of the Þelds" , " 24 and H24 are at or near the GUT
scale, but otherwise undetermined. This freedom coincides with the choice of coe! cients
in the Yukawa matrices, providing no extra degrees of freedom in the determination of
the Yukawas other than to provide the appropriate scale. The same is true for the ßavon
Þelds&e, &µ and &" , which provide the necessary hierarchy in the down-quark and charged
lepton Yukawa sector.

The neutrino matrix m# is given in Eq. 2.15. Lettingvf represent the VEV of a Þeldf ,
the Yukawa matrices are as follows:

Y u =

!

"
"
"
#

u11|÷" 4| u12|÷" 3| u13|÷" 2|

u12|÷" 3| u22|÷" 2| u23|÷" |

u13|÷" 2| u23|÷" | u33

$

%
%
%
&

(2.18)

Y d =
1

'
2

!

"
"
"
"
"
"
"
#

1
4

d11
|v! ve|
|v! 24 |2

d12
|v! vµ |

|v! 24 vH 24 |
ei $ 0

0 2d22
|vH 24 vµ|

M 2
0

0 0 d33
|v" |
M

$

%
%
%
%
%
%
%
&

(2.19)
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where L i are three families of lepton doublets and the (CP conjugated) right-handed
neutrinos N c

atm and N c
sol with real positive massesMatm and Msol do not mix.

The structure of ! ! is determined by the vacuum alignments of" atm and " sol. The Dirac
and Majorana matrices, derived by comparing the superpotential terms in Eqs. 2.8 and
2.10 are

! ! =

!

"
0 b
a 3b
a b

#

$ M c =

!

%
"

y3 !#"2

M
0

0 y4 !#"

#

&
$ , (2.11)

wherea = y1vatm / !$2" and b= y2vsol/ !$2".

For the see-saw mechanism we shall introduce a di! erent convention for Yukawa and
Majorana masses. The Yukawa matricesY e, Y ! are deÞned in a LR convention by

L LR = # H dY e
ij L

i
L ej

R # H uY !
ij L

i
L %i

R + h .c., (2.12)

where i, j = 1, 2, 3 label the three families of lepton doubletsL i , right-handed charged
leptons ej

R and right-handed neutrinos%j
R below the GUT scale;H u, H d are the Higgs

doublets which develop VEVsvu, vd. The physical e! ective neutrino Majorana mass
matrix m! is determined by the seesaw mechanism,

m! = v2
uY ! M ! 1

R Y ! T , (2.13)

where the light Majorana neutrino mass matrixm! is deÞned7 by L LL
! = # 1

2m! %L %c
L +h .c.,

while the heavy right-handed Majorana neutrino mass matrixMR is deÞned byL RR
! =

# 1
2MR%c

R%R + h .c..

There is a simple dictionary between the seesaw basis and the SUSY basis, as follows:
compared to the SUSY basis in Eq. 2.8 used in leptogenesis calculations we see that
Y ! = ( ! ! )" , while MR = ( M c)" . Hence the neutrino matrices become, in the seesaw
basis,

Y ! = ( ! ! )" =

!

"
0 b"

a" nb"

a" (n # 2)b"

#

$ MR = ( M c)" =

!

%
"

'
y3 !#"2

M

( "

0

0 (y4 !#")"

#

&
$ . (2.14)

Seesaw produces the e! ective neutrino mass matrix

m! = ma

!

"
0 0 0
0 1 1
0 1 1

#

$ + mbei "

!

"
1 3 1
3 9 3
1 3 1

#

$ , (2.15)

wherema = v2
u|a|2/ (y3|v#|2/M ) and mb = v2

u|b|2/ (y4|v#|) and we have multiplied through-
out by an overall phase which we subsequently drop, keeping only the (physical) relative
phase

&$ # ' # + 2( ' atm # ' sol), (2.16)

7The conventions for Y ! ,e and m! di! er, respectively, by overall Hermitian and overall complex
conjugation compared to those used in the Mixing Parameter Tools package [19], which was used when
performing global Þts.
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mixing to leading order
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Down matrix gives Cabibbo 
mixing and CP phase

Y e =
1

!
2

!

"
"
"
"
"
"
"
#

1
9

d11
|v! ve|
|v! 24 |2

0 0

d12
|v! vµ |

|v! 24 vH 24 |
ei " 9d22

|vH 24 vµ|
M 2

0

0 0 d33
|v#|
M

.

$

%
%
%
%
%
%
%
&

(2.20)

As already remarked, the phases inY u from powers of"! # = |v! |ei $! can be removed
by Þeld redeÞnition. Without loss of generality we have rephased Þelds such that the
only phase appearing inY d and Y e is the phase" as shown in Eqs. 2.19, 2.20, so all
quark CP violation originates from the single phase" appearing in Y d

12. In turn, " is
determined by a combination of phases coming from various Þeld VEVs; more precisely,
" = #! $ 2#H 24 $ #! 24 . As long as it is reasonably far from zero, it can produce the necessary
CP violation. Di ! erent choices of" do not a! ect the goodness-of-Þt, corresponding simply
to di! erent but equally valid choices ofO(1) coe" cients. For our Þt we choose" = $/ 3.
Note that the corresponding phase inY e

21 does not contribute to leptonic CP violation,
since this term does not a! ect left-handed mixing, to an accuracy ofO(me/m µ).

To Þt the real coe" cients uij , dij , ma and mb, we propose a function%2 that relates the
N physical predictionsPi ({ x} ) for a given set of input parameters{ x} to their current
best-Þt valuesµi and their associated 1& errors, denoted&i , by

%2 =
N'

i =1

(
Pi ({ x} ) $ µi

&i

) 2

. (2.21)

The errors&i are equivalent to the standard deviation of the experimental Þts to a Gaus-
sian distribution. For most parameters, this is essentially the case, with the exception of
the (lepton) atmospheric angle' l

23. For a normal hierarchy, the distribution is roughly
centered on' l

23 = 45! , while the best Þt value is given by' l
23 = 42.3! . So as to not

overstate the error for' l
23, we approximate its distribution by a Gaussian about 42.3! ,

setting &%l
23

= 1.6! .

We now wish to minimise%2. In this analysis,N = 18, corresponding to six mixing angles
' l

ij (neutrinos) and ' q
ij (quarks), the CKM phase ( q, nine Yukawa eigenvalues for the

quarks and charged leptons, and two neutrino mass-squared di! erences# m2
21 and # m2

31.
In the lepton sector, we use the PDG parametrisation of the PMNS matrix [20]UPMNS =
Rl

23U
l
13R

l
12PPDG in terms of sij = sin ' l

ij , cij = cos' l
ij , the Dirac CP violating phase( l and

further Majorana phases contained inPPDG = diag(1, ei " 21
2 , ei " 31

2 ). Experimentally, the
leptonic phase( l is poorly constrained at 1& (and completely unconstrained at 3&), so is
not Þt, and left as a pure prediction of the model, as are the (completely unconstrained)
Majorana phases) 21 and ) 31. As this model predicts only two massive left-handed
neutrinos, i.e. m1 = 0, one Majorana phase is zero, which we take to be) 31 = 0.

The running of best-Þt and error values to the GUT scale are generally dependent on
SUSY parameters, notably tan* , as well as contributions from SUSY threshold correc-
tions. We extract the GUT scale CKM parameters and all Yukawa couplings (with associ-
ated errors) from [21] for judicious choices of tan* . In further reference to [21], we choose

11
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M atm
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7 A numerical benchmark: CSD(3) with ! = 2" / 3

We now illustrate the success of the scheme by presenting numerical results for the neutrino
mass matrix in Eq.23 for the particular choice of input parameters, namelyn = 3 and
! = 2" / 3, 2

m! = ma

!

"
0 0 0
0 1 1
0 1 1

#

$ + mbei 2" / 3

!

"
1 3 1
3 9 3
1 3 1

#

$ . (24)

This numerical benchmark was Þrst presented in [15, 16]. In section 14 we will propose a
simple LS model which provides a theoretical justiÞcation for this choice of parameters.

In Table 1 we compare the above numerical benchmark resulting from the neutrino mass
matrix in Eq.24 to the global best Þt values from [25] (settingm1 = 0). The agreement
between CSD(3) and data is within about one sigma for all the parameters, with similar
agreement for the other global Þts [26,27].

ma

(meV)

mb

(meV)

!
(rad)

#12

(! )

#13

(! )

#23

(! )

$CP

(! )

m1

(meV)

m2

(meV)

m3

(meV)

26.57 2.684
2"
3

34.3 8.67 45.8 -86.7 0 8.59 49.8

Value from [25] 33.48+0 .78
! 0.75 8.50+0 .20

! 0.21 42.3+3 .0
! 1.6 -54+39

! 70 0 8.66± 0.10 49.57± 0.47

Table 1: Parameters and predictions for CSD(3) with a Þxed phase! = 2 " / 3 from [15]. In
addition we predict # = 71.9! which is not shown in the Table since the neutrinoless double
beta decay parameter ismee = mb = 2 .684 meV for the above parameter set which is practically
impossible to measure in the forseeable future. These predictions may be compared to the global
best Þt values from [25] (form1 = 0), given on the last line.

Using the results in Table 1, the baryon asymmetry of the Universe (BAU) resulting from
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Figure 1 : Predicted values from LSA with ! = 2!
3 (or LSB with ! = ! 2!

3 ) of oscillation
parameters depending on the input parametersma and mb. Regions corresponding to the
experimentally determined 1" (solid lines) and 3" (dashed lines) ranges for each parameter
are also shown.
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Figure 2 : Regions in the ma-mb plane with Þxed ! = 2#/ 3 (! = ! 2#/ 3) for LSA (LSB)
corresponding to the experimentally determined 1" and 3" ranges for$13, ! m2

21 and ! m2
31.

3.2 Predictions of oscillation parameters with ! as a free parameter

In the versions of the LS models with! as an additional free parameter, the mixing angles
and phases now depend on both the ratior = mb/m a and ! . The massesm3 and m2

depend on all three input parameters; however, their ratiom2/m 3 (and therefore the ratio
! m2

21/ ! m2
31) will depend only on r and ! . As previously, the strongest contraints come

from the very precise measurements of$13 and the mass-squared di" erences! m2
21 and

Ð 7 Ð

Ballett, SFK, Pascoli, 
Prouse, Wang 1612.01999 

King



! Explains quark mass hierarchies, mixing angles and the CP phase 

! Spontaneously broken CP, arg det YuYd=0 solves strong CP prob 

! Z9 flavour symmetry fixes the phase " to be 2pi/3  

! Littlest Seesaw predictions (2 parameters give PMNS and mi ) 

! Leptogenesis fixes Matm ~ 4.1010  GeV     

! Renormalisable at GUT scale, SU(5)x A4 breaking potential 

! Vacuum alignments (1,0,0), (0,1,0), (0,0,1), (0,1,1), (1,3,1)  

! Doublet-triplet splitting via the Missing Partner mechanism 

! mu term is generated at the correct scale 

! Proton decay is suppressed, TTTF forbidden by A4 

! The MSSM is reproduced with R-parity from discrete Z4R -> Z2R

Summary of  SU(5)x A4 





LHC connection: SUSY SU(5)xA 4

The SU(5) gauge group may be broken to the SM by a Higgs multiplet in the24
representation developing a VEV,

SU(5) ! SU(3)C " SU(2)L " U(1)Y , (2.2)

with

5 = dc(3, 1, 1/ 3) # L(1, 2, $ 1/ 2), (2.3)

10 = uc(3, 1, $ 2/ 3) # Q(3, 2, 1/ 6) # ec(1, 1, 1), (2.4)

where (Q, uc, dc, L, ec) is a complete quark and lepton SM family. Higgs doubletsHu and
Hd, which break EW symmetry in a two Higgs doublet model, may arise fromSU(5)
multiplets H5 and H5, providing the colour triplet components can be made heavy. This
is known as the doublet-triplet splitting problem.

When A4 family symmetry is combined with SU(5), it is quite common to unify the
three families of ø5 % F % (dc, L ) into a triplet of A4, with a uniÞed soft massmF , while
the three 10i % Ti % (Q, uc, ec)i representations are singlets ofA4 with independent soft
massesmT1, mT2, mT3 [49Ð53]. For simplicity, we will assume that at the GUT scale we
havemF = mHu = mHd , wheremHu and mHd are the mass parameters of the MSSM Higgs
doublets.

In the consideredSU(5) " A4 model we then have the soft scalar masses:

mF = m ÷Dc
i

= m ÷Li
= mHu = mHd ,

mT1 = m ÷Q1
= m ÷U1

c = m ÷E1
c ,

mT2 = m ÷Q2
= m ÷U2

c = m ÷E2
c ,

mT3 = m ÷Q3
= m ÷U3

c = m ÷E3
c . (2.5)

Notice that the stop mass parameters are completely contained inmT3, while the right-
handed smuon mass arises frommT2, and so on.

3 MSSM One-loop contributions to �aµ

The Feynman diagrams for the one-loop contributions to ! aµ in the MSSM are shown
in Þgure 1 with the respective expression for each diagram given by equations3.1a Ð3.1e
[15, 24].
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Abstract: We argue that in order to account for the muon anomalous magnetic moment

g � 2, dark matter and LHC data, non-universal gaugino masses Mi at the high scale are

required in the framework of the Minimal Supersymmetric Standard Model (MSSM). We

also need a right-handed smuon µ̃R with a mass around 100 GeV, evading LHC searches

due to the proximity of a neutralino �̃0
1 several GeV lighter which allows successful dark

matter. We discuss such a scenario in the framework of an SU(5) Grand Unified Theory

(GUT) combined with A4 family symmetry, where the three 5 representations form a single

triplet of A4 with a unified soft mass mF , while the three 10 representations are singlets

of A4 with independent soft masses mT1, mT2, mT3. Although mT2 (and hence µ̃R) may

be light, the muon g � 2 and relic density also requires light M1 ' 250 GeV, which is

incompatible with universal gaugino masses due to LHC constraints on M2 and M3 arising

from gaugino searches. After showing that universal gaugino masses M1/2 at the GUT

scale are excluded by gluino searches, we provide a series of benchmarks which show that

while M1 = M2 ⌧ M3 is also excluded by chargino searches, M1 < M2 ⌧ M3 is currently

allowed. Even this scenario is almost excluded by the tension between the muon g�2, relic

density, Dark Matter direct detection and LHC data. The surviving parameter space is

characterised by a higgsino mass µ ⇡ �300 GeV, as required by the muon g� 2. The LHC

will be able to fully test this scenario with the upgraded luminosity via muon-dominated tri-

and di-lepton signatures resulting from higgsino dominated �̃±
1 �̃0

2 and �̃+
1 �̃!

1 production.
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1 Introduction

The Minimal Supersymmetric Standard Model (MSSM) remains an attractive candidate
for physics beyond the Standard Model (BSM) even in the absence of any signal at the
Large Hadron Collider (LHC). Despite the limits from direct and indirect searches for dark
matter (DM), the lightest neutralino [ 1], whose stability is enforced by R-parity, remains
a prime candidate for the weakly interacting massive particle (WIMP).

There are several constraints from the LHC that restrict the parameter space of the
MSSM, in particular the requirement of a 125 GeV Higgs boson and stringent limits on
the gluino mass [2, 3].

An interesting possible signature of BSM physics is the muong ! 2 or anomalous
magnetic moment aµ = ( g ! 2)µ / 2 which di" ers from its Standard Model (SM) prediction
by amount [4]:

! aµ " aµ(exp) ! aµ(SM) = (28 .8 ± 8.0) # 10! 10. (1.1)

Although it is possible to account for the muon g ! 2 within a supersymmetric framework
[5Ð38], it is well known that it cannot be achieved in the MSSM with universal soft masses
consistent with the above requirements, and therefore, some degree of non-universality
is required. For example, non-universal gaugino masses have been shown to lead to an
acceptable muong ! 2 [27, 39].

In the framework of Grand UniÞed Theories (GUTs) such asSU(5) and SO(10),
non-universal gaugino masses atM GUT can arise from non-singlet F-terms, or a linear
combination of such terms [40Ð47]. The most general situation is when all the gaugino

Ð 1 Ð

3 Gaugino Non-universality in SU(5)

In the non-universal SU(5) model [16], in addition to the singlet F-term SUSY
breaking, the gauge kinetic function can also depend on a non-singlet chiral super-
Þeld ! , whose auxiliaryF -component acquires a large vacuum expectation value
(vev). In general the gaugino masses come from the followingdimension Þve term
in the Lagrangian:

L =
< F ! > ij

MP lanck
! i ! j (3.5)

where! 1,2,3 are theU(1), SU(2) and SU(3) gaugino Þelds i.e. the bino÷B, the wino
÷W and the gluino ÷g respectively. Since the gauginos belong to the adjoint repre-

sentation of SU(5), ! and F! can belong to any of the irreducible representations
appearing in their symmetric product, i.e.

(24 ! 24)symm = 1 + 24 + 75 + 200 (3.6)

The minimal supergravity (mSUGRA) model assumes! to be a singlet, which
implies equal gaugino masses at the GUT scale. On the other hand if ! belongs
to one of the non-singlet representations ofSU(5), then these gaugino masses are
unequal but related to one another via the representation invariants. Thus the
three gaugino masses at the GUT scale in a given representation n are determined
in terms of a single SUSY breaking mass parameterm1/ 2 by

M1,2,3 = Cn
1,2,3m1/ 2 (3.7)

where C1
1,2,3 = (1 , 1, 1), C24

1,2,3 = ( " 1, " 3, 2), C75
1,2,3 = ( " 5, 3, 1) and C200

1,2,3 =
(10, 2, 1). The resulting ratios ofMi Õs for eachn are listed in Table 1. Of course in

n M3 M2 M1

1 1 1 1
24 1 " 3/ 2 " 1/ 2
75 1 3 " 5
200 1 2 10

Table 1: Relative values of the SU(3), SU(2) and U(1) gauginomasses at GUT
scale for di" erent representationsn of the chiral superÞeld! .

general the gauge kinetic function can involve several chiral superÞelds belonging
to di" erent representations ofSU(5) which gives us the freedom to vary mass ra-
tios continuously. In this, more general, case we can parameterise the GUT scale
gaugino masses as:

M1,2,3 = Cn
1,2,3m

n
1/ 2 (3.8)
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muon g-2
Dark Matter

Light mT2

M1<M2<<M3

Light RH smuon, 
neutralinos 

and charginos

All else  >>TeV

Benchmark : BP4 BP5 BP6

In
pu

t
at

G
U

T
sc

al
e

tan ! 30 28 30
sgn(µ) - - -

mF 5000.0 6200.0 5000.0

[G
eV

]

mT 1 5000.0 5700.0 5000.0
mT 2 200.0 280.0 200.0
mT 3 2995.0 5430.0 3005.0
M 1 250.0 250.0 250.0
M 2 400.0 550.0 500.0
M 3 2600.0 2945.0 2595.0
M h1 5000.0 6200.0 5000.0
M h2 5000.0 6200.0 5000.0
Atri -4000.0 -500.0 -4000.0

M
as

se
s

mh 126.3 124.7 126.2

[G
eV

]

m÷g 5531.7 6235.3 5516.5
m÷q1

L
6743.0 7589.2 6735.7

m÷uR 6743.7 7589.9 6734.1
m÷q2

L
4516.4 5003.3 4505.7

m÷cR 4529.2 5018.0 4514.9
m÷b1

4312.4 6262.8 4306.4
m÷t1

3601.6 5443.3 3588.2
m÷t2

4324.0 6266.7 4318.0
m ÷dR

6748.0 7975.4 6738.4
m÷sR 6747.9 7975.3 6738.3
m÷b2

6348.2 7597.3 6337.5
m÷eL 4994.9 6196.1 4998.5
m÷eR 5002.1 5699.9 5002.1
m÷µL 4994.4 6195.6 4998.0
m÷µR 98.9 96.8 99.4
m÷! 1 2282.9 4968.1 2293.7
m÷! 2 4802.1 5999.4 4805.3
m ÷" 0

1
91.7 89.0 92.0

m ÷" 0
2

266.9 303.3 302.2

m ÷" 0
3

-335.1 -327.8 -335.9

m ÷" 0
4

376.8 458.9 430.4

m ÷" ±
1

267.4 303.7 302.8

m ÷" ±
2

378.2 459.0 430.7

m÷#e
L

4993.8 6195.1 4997.4
m÷#µ

L
4993.4 6194.6 4997.0

m÷#!
L

4800.9 5998.4 4804.1
Q 3866.1 5705.8 3856.5
µ -313.0 -293.3 -314.3

C
on

st
ra

in
ts

Br( b ! s" ) 3.43" 10! 4 3.34" 10! 4 3.43" 10! 4

Br( Bs ! µ+ µ! ) 3.01" 10! 9 3.04" 10! 9 3.01" 10! 9

#DD SI 6.72" 10! 11 6.81" 10! 11 6.52" 10! 11 [pb]
! h2 9.67" 10! 2 1.10" 10! 1 1.03" 10! 1

" aµ 2.17" 10! 9 2.14" 10! 9 2.16" 10! 9

Table 5 : Input and output parameters for the benchmark points with full gaugino non-
universality M 1 < M 2 # M 3. These points have good" aµ as well as ! h2 with all
other constraints being fulÞlled. In particular the higgsino dominated charginos ÷$±

1 and
neutralinos ÷$0

2 are heavy enough to have avoided current LHC searches, but are a target
for future searches, as discussed in the text. ÷qi labels the i -th generation of squarks.
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M 1 250.0 250.0 250.0
M 2 400.0 550.0 500.0
M 3 2600.0 2945.0 2595.0
M h1 5000.0 6200.0 5000.0
M h2 5000.0 6200.0 5000.0
Atri -4000.0 -500.0 -4000.0

M
a
ss
e
s

mh 126.3 124.7 126.2

[G
eV

]

mg̃ 5531.7 6235.3 5516.5
mq̃1

L
6743.0 7589.2 6735.7

mũR 6743.7 7589.9 6734.1
mq̃2

L
4516.4 5003.3 4505.7

mc̃R 4529.2 5018.0 4514.9
mb̃1

4312.4 6262.8 4306.4
m t̃1

3601.6 5443.3 3588.2
m t̃2

4324.0 6266.7 4318.0
md̃R

6748.0 7975.4 6738.4
ms̃R 6747.9 7975.3 6738.3
mb̃2

6348.2 7597.3 6337.5
mẽL 4994.9 6196.1 4998.5
mẽR 5002.1 5699.9 5002.1
mµ̃L 4994.4 6195.6 4998.0
mµ̃R 98.9 96.8 99.4
m⌧̃1 2282.9 4968.1 2293.7
m⌧̃2 4802.1 5999.4 4805.3
m�̃0

1
91.7 89.0 92.0

m�̃0
2

266.9 303.3 302.2

m�̃0
3

-335.1 -327.8 -335.9

m�̃0
4

376.8 458.9 430.4

m�̃±
1

267.4 303.7 302.8

m�̃±
2

378.2 459.0 430.7

m⌫̃eL
4993.8 6195.1 4997.4

m⌫̃µL
4993.4 6194.6 4997.0

m⌫̃ !
L

4800.9 5998.4 4804.1
Q 3866.1 5705.8 3856.5
µ -313.0 -293.3 -314.3

C
o
n
st

r
a
in
t
s Br( b ! s" ) 3.43" 10�4 3.34" 10�4 3.43" 10�4

Br( Bs ! µ+µ�) 3.01" 10�9 3.04" 10�9 3.01" 10�9

#DD SI 6.72" 10�11 6.81" 10�11 6.52" 10�11 [pb]
⌦h2 9.67" 10�2 1.10" 10�1 1.03" 10�1

�aµ 2.17" 10�9 2.14" 10�9 2.16" 10�9

Table 5 : Input and output parameters for the benchmark points with full gaugino non-
universality M 1 < M 2 # M 3. These points have good�aµ as well as ⌦h2 with all
other constraints being fulÞlled. In particular the higgsino dominated charginos ÷$±

1 and
neutralinos ÷$0

2 are heavy enough to have avoided current LHC searches, but are a target
for future searches, as discussed in the text. ÷qi labels the i -th generation of squarks.
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Benchmark: BP4 BP5 BP6

In
p
u
t
a
t
G
U
T

sc
a
le

tan � 30 28 30

sgn(µ) - - -

mF 5000.0 6200.0 5000.0

[G
eV

]

mT1 5000.0 5700.0 5000.0

mT2 200.0 280.0 200.0

mT3 2995.0 5430.0 3005.0

M1 250.0 250.0 250.0

M2 400.0 550.0 500.0

M3 2600.0 2945.0 2595.0

Mh1 5000.0 6200.0 5000.0

Mh2 5000.0 6200.0 5000.0

Atri -4000.0 -500.0 -4000.0

M
a
ss
e
s

mh 126.3 124.7 126.2

[G
eV

]

mg̃ 5531.7 6235.3 5516.5

mq̃1L
6743.0 7589.2 6735.7

mũR 6743.7 7589.9 6734.1

mq̃2L
4516.4 5003.3 4505.7

mc̃R 4529.2 5018.0 4514.9

mb̃1
4312.4 6262.8 4306.4

mt̃1
3601.6 5443.3 3588.2

mt̃2
4324.0 6266.7 4318.0

md̃R
6748.0 7975.4 6738.4

ms̃R 6747.9 7975.3 6738.3

mb̃2
6348.2 7597.3 6337.5

mẽL 4994.9 6196.1 4998.5

mẽR 5002.1 5699.9 5002.1

mµ̃L 4994.4 6195.6 4998.0

mµ̃R 98.9 96.8 99.4

m⌧̃1 2282.9 4968.1 2293.7

m⌧̃2 4802.1 5999.4 4805.3

m�̃0
1

91.7 89.0 92.0

m�̃0
2

266.9 303.3 302.2

m�̃0
3

-335.1 -327.8 -335.9

m�̃0
4

376.8 458.9 430.4

m�̃±
1

267.4 303.7 302.8

m�̃±
2

378.2 459.0 430.7

m⌫̃eL
4993.8 6195.1 4997.4

m⌫̃µL
4993.4 6194.6 4997.0

m⌫̃⌧L
4800.9 5998.4 4804.1

Q 3866.1 5705.8 3856.5

µ -313.0 -293.3 -314.3

C
o
n
st

r
a
in
t
s Br(b ! s�) 3.43 ⇥ 10�4 3.34 ⇥ 10�4 3.43 ⇥ 10�4

Br(Bs ! µ+µ�) 3.01 ⇥ 10�9 3.04 ⇥ 10�9 3.01 ⇥ 10�9

�DD SI 6.72 ⇥ 10�11 6.81 ⇥ 10�11 6.52 ⇥ 10�11 [pb]

! h2 9.67 ⇥ 10�2 1.10 ⇥ 10�1 1.03 ⇥ 10�1

" aµ 2.17 ⇥ 10�9 2.14 ⇥ 10�9 2.16 ⇥ 10�9

Table 5: Input and output parameters for the benchmark points with full gaugino non-

universality M1 < M2 ⌧ M3. These points have good " aµ as well as ! h2 with all

other constraints being fulfilled. In particular the higgsino dominated charginos �̃±
1 and

neutralinos �̃0
2 are heavy enough to have avoided current LHC searches, but are a target

for future searches, as discussed in the text. q̃i labels the i-th generation of squarks.
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of rmax = 0.88, while BP5 and BP6 both have rmax ! 0.12 and will require a substantial

increase in luminosity to exclude them. The search channels are di- and tri-lepton searches

plus missing energy, as before, but since the chargino and neutralino masses are larger, the

cross-sections are now lower, as can be seen in table 6.

Another reason why the sensitivity of the LHC to BP4 – BP6 is lower in comparison

to the BP1 – BP3 case is because of the new decay channel !̃ 0
2 " h !̃ 0

1 to which the

current LHC searches have lower sensitivity. One can see from table 6 that the branching

ratio to this channel is substantial (about 50 %), which eventually further lowers the LHC

sensitivity. One should also note that BP5 and BP6 represent the region of the parameter

space to which the LHC is currently the least sensitive. Nevertheless, with a future total

integrated luminosity of about 3 ab! 1, the LHC will be able to probe even these corners of

the parameter space with di- and tri-lepton signatures from higgsino production. Moreover,

the increase of sensitivity of the DM direct detection experiments by a factor of two, which is

expected to take place in the next few years, will independently probe the entire parameter

space of the scenario under study.

Quantity Unit
Benchmark

BP4 BP5 BP6

rmax 0.88 0.12 0.13
#

s TeV 13 13 13

Analysis ATLAS CONF 2016 096 ATLAS CONF 2016 096 ATLAS CONF 2016 096

Signal Region 3LI 2LADF 3LI

Ref. [68] [68] [68]

" LO pb 0.54 0.24 0.26

BR(!̃ 0
2 " h !̃ 0

1) % 51.0 55.5 55.4

BR(!̃ 0
2 " Z !̃ 0

1) % 30.5 30.2 30.1

BR(!̃ 0
2 " µ̃±

R µ" ) % 18.5 14.3 14.5

BR(!̃ ±
1 " W ± !̃ 0

1) % 99.4 99.5 99.5

BR(!̃ ±
1 " µ̃±

R #µ) % 0.6 0.5 0.5

�m(!̃ ±
1 , µ̃R) GeV 168.5 207.0 203.4

�m(!̃ 0
2, µ̃R) GeV 168.0 206.5 202.7

�m(µ̃R, !̃ 0
1) GeV 7.2 7.8 7.5

Table 6 : CheckMATE analysis results for the benchmarks of table 5 with full gaugino non-

universality M1 < M2 $ M3.

6 Conclusions

In this paper, we have argued that in order to account for the muon anomalous magnetic

moment g % 2, dark matter and LHC data, non-universal gaugino masses with M1 &
250 GeV < M2 $ M3 at the high scale are required in the framework of the MSSM. We

also require a right-handed smuon µ̃R with a mass around 100 GeV with a small mass gap

to neutralino !̃ 0
1 to evade LHC searches. The bino-dominated neutralino is a good dark
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Conclusion

The Standard Model leaves many questions: BAU, 
Dark Matter, nu mass, ßavour, uniÞcationÉ!

Grand UniÞed Theories of Flavour can solve them!

Supersymmetry needed for hierarchy, uniÞcation, 
Dark Matter, muon g-2, leads to LHC predictions


