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The requirement of light Higgs assumes SUSY breaking scale
to be LOW !

In principle, 126 GeV- Good news for SUSY but no hints as
yet of SUSY particles at LHC - reason to explore (>> TeV )-
scale models !
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Split Supersymmetry

1 N.A-Hamed, S.Dimopoulos [2004] proposed “split SUSY scenario”;
SUSY gets broken at a high energy mS ∼ 1010 GeV far above the
TeV scale. The scalars of the SSM will then all be at mS , except for
one combination of the two Higgs doublets that must be
finely-tuned to be light while fermions like gaugino, higgsino will
remain light.

2 Good Features: light Higgs mass, gauge coupling unification,

suppresses FCNC problem, stability of proton decay.

Phenomenological Implications of D3/D7 µ-split like SUSY



Split/µ-split SUSY Scenario
Phenomenogical Model: Realization of µ-split SUSY Scenario

String Particle Cosmology
EDM of Electron/Neutron

Concluding Remarks

µ-split Supersymmetry

1 An alternative scenario named as µ-split SUSY scenario is proposed
by (K.Cheung and C.W Chiang [2005]) by further splitting the split
SUSY by raising the µ-parameter to a large value (SUSY breaking
scale)

2 With this choice, one can consider a model in which all three values
m2

H2
,m2

H1
, µ2 get stabilized at same scale (SUSY breaking scale)

naturally. However it should allow cancelation amongst each other
to satisfy the radiative EW symmetry breaking condition:

1

2
M2

z =
m2

H2
−m2

H1
tan2 β

1− tan2 β
− µ2.

The choice helps to alleviate famous “µ- problem”.
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In N = 1 Supergravity, spontaneous SUSY breaking of local SUSY
in hidden-sector generates explicit soft SUSY breaking terms.

In String compactifications, one deals with moduli (gauge neutral
massless 4D scalars with gravitational coupling).

Visible-sector (open String Moduli)- Matter fields.
Hidden-sector (closed string moduli)- Complex dilaton moduli
Si , Complex structure moduli field Ti .

Auxiliary fields of these hidden-sector moduli super fields are seed of
SUSY breaking.
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Phenomenological model

In N = 1 supergravity in R1,3 obtained by compactifying type IIB supergravity
on a complex three-fold(’s orientifold) :

KPheno = −ln [−i(τ − τ̄)]− ln

(
−i

∫

CY3

Ω ∧ Ω̄

)

−2ln

[
aB(σB + σ̄B − γKgeom)

3
2 − (

∑

i

aS,i (σS,i + σ̄S,i − γKgeom))
3
2 +O(1)V

]

where the divisor volumes σα are expressible in terms of “Kähler” coordinates
Tα,MI

σα ∼ Tα −
[
iKαbcc

bBc + iC
MIM̄J̄
α (V)Tr

(
MIM†

J̄

)]
,

α = (B, {S, i}) and MI ≡ SU(3c ) × SU(2)L bifundamental matter field aI=2,

SU(3c )× U(1)R bifundamental matter field aI=4, SU(2)L × U(1)L

bifundamental matter field aI=1, U(1)L × U(1)R bifundamental matter field

aI=3, SU(2)L × U(1)L bifundamental z̃1,2.
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Phenomenological model

The phenomenological superpotential is given as under:

WPheno ∼
(

z
18
1 + z

18
2

)ns

e
−ns vol(ΣS )+insρS−ns (αS z

2
1+βS z

2
2+γS z1z2),

where the bi-fundamental z̃i in K will be equivalent to the z1,2 ∈ C in W . It is
expected that MI ,TS,B ,Ga will constitute the N = 1 chiral coordinates. The

intersection matrix elements κS/Bab and the volume-dependent C
MIM̄J̄
α (V),

are chosen in such a way that at a local (meta-stable) minimum:

〈σS〉 ∼ 〈(TS + T̄S )〉 − iC
z̃i ¯̃zj̄ (V)Tr

(

〈z̃i 〉〈¯̃zj̄ 〉
)

∼ O(1)

〈σB〉 ∼ 〈(TB + T̄B)〉 − iC
z̃i ¯̃zj̄ (V)Tr

(

〈z̃i 〉〈¯̃zj̄ 〉
)

− iC
aI āJ̄ (V)Tr (〈aI 〉〈āJ̄〉)

∼ e
f 〈σS〉,

f
<∼ 1, and the stabilized values of Tα around the meta-stable local minimum:

〈ℜeTS 〉, 〈ℜeTB〉 ∼ O(1).
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Phenomenological model

To realize the above phenomenological model, locally, in string
theory consider type IIB compactified on the orientifold (involving a
local large-volume holomorphic isometric involution) of a
Swiss-Cheese Calabi-Yau in the large volume limit that includes
perturbative Balasubramanian et al. [2005] and non-perturbative A.
Misra, P. Shukla [2007, 2010]; MD, A. Misra [2012] α′ corrections
and non-perturbative instanton-corrections.
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D3/D7-Branes A. Misra and P. Shukla [2007, 2010]; MD and A.Misra NPB [2012]

For this purpose, we will consider a space-time filling D3-brane and multiple

fluxed stacks of space-time filling D7-branes wrapping a single four-cycle, the

big divisor, with different choice of small two-form fluxes turned on the

different two-cycles homologously non-trivial from the point of view of this

four-cycle’s Homology (for the purpose of decomposing initially adjoint-valued

matter fields to bi-fundamental matter fields, for generating the SM gauge

groups and to effect gauge-coupling unification at the string scale). Then z1,2

get identified with the D3-brane’s position moduli.
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D3/D7-Branes

We will assume that near (but not globally):

|z1| ∼ V 1
36 , |z2| ∼ V 1

36 , |z3| ∼ V 1
6 , the Calabi-Yau is diffeomorphic to the

Swiss-Cheese WCP
4
1,1,1,6,9[18]. The defining hypersurface for the same is:

u18
1 + u18

2 + u18
3 + u3

4 + u2
5 − 18ψ

∏5
i=1 ui − 3φ(u1u2u3)

6 = 0
(z1 =

u1
u2
, z2 =

u3
u2
, z3 =

u4
u62
, z4 =

u5
u92
)

The Big divisor ΣB : u5 = 0 and the Small divisor ΣS : u4 = 0;

V = 1

9
√

2

(

τ
3
2
B − τ

3
2
S

)

L(arge) V(olume) S(cenarios) limit: τS ∼ lnV and τB ∼ V 2
3 .
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D3/D7-Branes A. Misra and P. Shukla [2007, 2010]; MD and A.Misra NPB [2012]

Near C3 : |z1| ∼ V 1
36 , |z2| ∼ V 1

36 , |z3| ∼ V 1
6 the Calabi-Yau can be thought of,

locally, as a complex three-fold M3 which is a T 3 (swept out by (argz1,argz2,
argz3)-fibration over a large base (|z1|, |z2|, |z3|)) - precisely apt for application
of mirror symmetry as three T-dualities a la S(trominger) Y(au) Z(aslow); C3 is
almost a s(pecial) Lag(rangian) sub-manifold MD, A. Misra [2012] because it
satisfies (using the large volume estimate of Kgeom using Donaldson’s Algorithm
A.Misra [2012] guided by GLSM-based estimate A.Misra, P.Shukla [2010]) the
requirement that

f ∗J ≈ 0, ℜe
(
f ∗e iθΩ

)∣∣∣∣∣
θ=π

2

≈ vol(C3), ℑm
(
f ∗e iθΩ

)∣∣∣∣∣
θ= π

2

≈ 0

where f : C3 → CY3.

Including a space time filling D3-brane and D7-brane, N = 1 chiral co-ordinates
get modified, Jockers and Louis [2004]. In particular,
Tα = 3i

2
(ρα − 1

2
καbcc

bBc ) + 3
4
κα + 3i

4(τ−τ̄)
καbcGb(Gc − Ḡc)

+3iκ24µ7l
2δBαC

I J̄
α aI āJ̄ + 3i

4
δBατQf̃ +

3i
2
µ3l2(ωα)i j̄z

i (z̄ j̄ − i
2
z̄ ã(P̄ã)

j̄
l z

l ).
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D3/D7-Branes; MD and A.Misra NPB[2012]

The most non-trivial example of involutions which are meaningful only at large

volumes is mirror symmetry implemented as three T-dualities a la S(trominger)

Y(au) Z(aslow) to a Calabi-Yau which locally can be thought of as a

T 3-fibration over a (large) base; all Calabi-Yau’s with mirrors (in the

conventional sense) are expected to have such a local fibration.

Four local appropriate harmonic distribution one-forms odd under a large-volume
involution (analogous to the involutive SYZ mirror symmetry requiring a large

base of T 3-fibration) that are in coker(H
(0,1)

∂̄,− (CY3)
i∗→ H

(0,1)

∂̄,− (ΣΛ)) localized

along C3 corresponding to the location of the D3-brane can be written as:

AI |C3
∼ δ(|z1| − V 1

36 )δ(|z2| − V 1
36 )AI , where :

A1 ∼ −z181 z192 dz1 + z191 z182 dz2, A2 ∼ −z181 z2dz1 + z182 z1dz2,

A3 ∼ −z181 z372 dz1 − z182 z371 dz1, A4 ∼ −z361 z372 dz1 + z362 z371 dz2.

CB
I J̄

was estimated in MD and A.Misra NPB [2012].

Phenomenological Implications of D3/D7 µ-split like SUSY



Split/µ-split SUSY Scenario
Phenomenogical Model: Realization of µ-split SUSY Scenario

String Particle Cosmology
EDM of Electron/Neutron

Concluding Remarks

D3/D7-Branes MD and A.Misra NPB[2012]

The Kähler potential relevant to all the calculations is given as.

K∼ −2ln

(

[

TB + T̄B −
(

µ3l
2
{

|z1|2 + |z2|2 + z1z̄2 + z2z̄1

}

+ V 10
9 |a1|2 + V 11

18 (a1ā2 + h.c.) + V 1
9 |a2|2 + V 29

18 (a1ā3 + h.c.)

+V 10
9 (a2ā3 + h.c.) + V 19

9 |a3|2 + V 19
9 (a1ā4 + a4ā1) +

V 29
18 (a2ā4 + a4ā2) + V 47

18 (a3ā4 + a4ā3) + V 28
9 |a4|2

)]3/2

−

(

TS + T̄S − µ3l
2
{

|z1|2 + |z2|2 + z1z̄2 + z2z̄1

})3/2

+
∑

n
0
β(...)

)

.
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D3/D7-Branes MD and A.Misra NPB[2012]

Stabilized values: vol (ΣB) = ℜe(σB) ∼ V 2
3 , vol (ΣS) = ℜeσS ∼ V 1

18 such

that ℜeTS ∼ V 1
18 and in the dilute flux approximation, gauge couplings

corresponding to the gauge theories living on stacks of D7 branes
wrapping the “big” divisor ΣB will given by:

g−2
YM ∼ ℜe(TB ) ∼ V 1

18 ∼ O(1) (justified by the partial cancelation

between between σB and CI J̄aI āJ̄ i.e (Vol(ΣB) + CI J̄aI āJ̄ + h.c. ∼ V 1
18 ).
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D3/D7-Branes MD and A.Misra NPB[2012]

1/g2
j=SU(3) or SU(2) = Re(TB) +O(F 2

j ).

One can self-consistently show A.Misra and P. Shukla [2010]; MD and A.

Misra [2012] that near 〈|z1,2|〉 ∼ V 1
36Mp , 〈|z3|〉 ∼ V 1

6Mp ,

〈|a1|〉 ∼ V− 2
9Mp, 〈|a2|〉 ∼ V− 1

3Mp , 〈|a3|〉 ∼ V− 13
18Mp , 〈|a4|〉 ∼ V− 11

9 Mp;

ζA=1,...,h
0,2
− (ΣB |C3 ) ≡ 0 (implying rigidity of the non-rigid ΣB);

ba/ca ∼ π
O(1)ka(∼O(10))

Mp, one obtains a local meta-stable dS-like
minimum corresponding to the positive semi-definite potential
eKGTS T̄S |DTS

W |2.
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Mass Scales of Supersymmetric and soft SUSY Parameters; MD and A.Misra NPB[2012]

Gravitino mass m 3
2
∼ V− ns

2 −1MP , n
s = 2

Gaugino mass Mg̃ ∼ V
2
3m 3

2

Neutralino mass Mχ0
3
∼ V

2
3m 3

2

D3-brane position moduli mZi ∼ V
59
72m 3

2

(Higgs) mass

Wilson line moduli mass mÃI
∼ V

1
2m 3

2

I = 1, 2, 3, 4

A-terms Apqr ∼ nsV
37
36m 3

2

{p, q, r} ∈ {ÃI ,Zi}
Physical µ-terms µ̂ZiZj

(Higgsino mass) ∼ V
37
36m 3

2

Physical µ̂B-terms (µ̂B)Z1Z2
∼ V

37
18m2

3
2
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Mass scales of Standard Model Particles; MD and A.Misra NPB[2012]

The Dirac mass term in N = 1 gauged supergravity is given by

e
K
2 DiDjW χ̄LχR where

DiDjW = ∂i∂jW + (∂i∂jK)W + ∂iKDJW + ∂JKDiW

− (∂iK∂jK)W − Γk
ijDkW .

Considering fluctuations in Zi : Zi → 〈Zi 〉+ δZi ,

Ŷ eff

δZi δÃJδÃK
≡ O(δZi )−term in e

K
2 DJDKW√

KδZi δZ̄i
KδAJ δĀJ

KδAK δĀK

; the corresponding Dirac mass

will be given by 〈δZi 〉Ŷ eff

δZiδÃJδÃK
. One can show that under 1-loop RG

flow, the Yukawas in our setup change by O(1) MD, A.Misra [2012] and

that its possible that the Higgs VEV flows down to 246 GeV A.Misra and

P.Shukla [2010].
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e
K
2 DA1DA3W

∣

∣

∣

∣

∣

Zi∼O(1)V
1
36

(Ms) ∼ V− 4
9 implying that

246 GeV × Ŷ eff

δZi δÃ1δÃ3

∣

∣

∣

∣

∣

V∼105

∼
< O(1MeV )

e
K
2 DA2DA4W

∣

∣

∣

∣

∣

Zi∼O(1)V
1
36

(Ms) ∼ V− 4
9 implying that

246 GeV × Ŷ eff

δZi δÃ2δÃ4

∣

∣

∣

∣

∣

V∼105

∼
< O(1) ∼ O(10)MeV

This suggests that possibly, the fermionic superpartners of A1 and A3

correspond respectively to eL and eR and the fermionic superpartners of

A2 and A4 correspond respectively to the first generation uL and uR .
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Signatures of µ-split SUSY: Light Higgs

According to split SUSY scenario suggested by N.A-Hamed,
S.Dimopoulos [2004], one of the finely tuned light Higgs can be produced
by considering linear combination of two Higgs doublets.

Using the similar approach, the diagonalized Higgs mass eigenstates can
be represented as:

H1 = Dh11Hu +Dh12Hd

H2 = Dh21Hu +Dh22Hd .

Dh =

(

cos θh
2

− sin θh
2
e−iφh

sin θh
2
e iφh cos θh

2

)

,D†
hM

2
hDh = diag(M2

H1
,M2

H2
)

and tan θh =
2|M2

h21
|

M2
h11

−M2
h22

for a particular range of −π
2

≤ θh ≤ π
2
.

The mobile D3-brane position moduli is to be identified with soft Higgs

scalar mass parameter. There is lack of universality in moduli masses but

universality in trilinear Aijk couplings.
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Signatures of µ-split SUSY: Light Higgs

To get an estimate, using solution of RG flow equation for moduli masses
m2

Z1,2
and Higgsino mass µ̂Z1Z2 as given in Nath, Arnowitt [1998],

AZiZiZi ∼ ns µ̂Z1Z2 A.Misra, P. Shukla [2009]; MD, A.Misra [2012],
one-loop ln-running for the U(1) gauge couplings in 2HDM/(MS)SM,
assuming µ̂B ∼ ξµ̂2 A. Misra,P. Shukla [2009]; MD, A.Misra [2012]
(verified at Ms for O(1)ξ) as per EW symmetry breaking, the Higgs mass
matrix at the EW -scale can thus be expressed as

(

m2
Hu

µ̂B
µ̂B m2

Hd

)

∼
(

m2
Hu

ξµ̂2

ξµ̂2 m2
Hd

)

.

Assuming non-universality w.r.t. to the D3-brane position moduli masses
(mZ1,2 ) and the squark/slepton masses, one obtains one light Higgs of the
order 125GeV mass and one heavy Higgs. However, the higgsino mass

parameter to be heavy with a value, at the EW scale of around V 59
72 m3/2,

which is indicative of µ-split SUSY scenario.
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Signatures of µ-split SUSY: Long Lived Gluino; MD and A.Misra NPB [2011], MD and A.Misra NPB [2012]

g̃

q̄I

q̃J

χ̃0
3

qK

g̃

qK

q̃J

q̄I

χ̃0
3

g̃
qI

q̃R

gµ

χ̃0
3

g̃ q̃R

qI

gµ

χ̃0
3

Decay channels of Gluino
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LN=1
Wess Bagger;Jockers et al;MD,A.Misra =

gYMgTB J̄Tr
(
XTB χ̄J̄

L λg̃, R

)
+ igIJ̄Tr

(
χ̄Ī
L

[
/∂χI

L + ΓiMj
/∂aMχJ

L

+
1

4

(
∂aMK /∂aM − c.c.

)
χI
L

])
+

e
K
2

2

(
DĪDJ W̄

)
Tr
(
χI
L χ

J
R

)
− fab

4
F a
µνF

bµν

+
1

8
fabǫ

µνρλF a
µνF

b
ρλ + gTB T̄B

Tr

[(
∂µTB − AµX

TB

)(
∂µTB − AµXTB

)†]

+gTBJTr
(
XTBAµχ̄

J
L γ

νγµψν, R

)
+ ψ̄L, µσ

ρλγµλg̃, LFρλ +

+Tr

[
λ̄g̃, L /A

(
6κ24µ7(2πα

′)QBK +
12κ24µ7(2πα

′)QBv
B

V

)
λg̃, L

]

+
eKGTB T̄B

κ24
6iκ24(2πα

′)Tr
[
QBA

µ∂µ
(
κ24µ7(2πα

′)2C I J̄aI āJ̄

)]
+ h.c.

− i
√
2

4
g∂i/I fabTr

(
12κ24µ7(2πα

′)Qa
Bv

B

V λ̄bg̃,Lχ
i/I
R

)
+ h.c.

−
√
2

4
∂i/I fabTr

(
λ̄ag̃,Rσ

µνχ
i/I
L

)
F b
µν + ψ̄L, µσ

ρλγµλg̃, LW
+
ρ W−

λ + h.c..
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Signatures of µ-split SUSY: Long Lived Gluino; MD, A.Misra [2012]

From the neutralino mass matrix, one obtains the lightest neutralino:

χ0
3 ∼ −λg + f̃ V 5

6 v
Mp

(H̃1 + H̃2) with a mass ∼ V
2
3 m 3

2

In case of Gluino decaying into goldstino, N = 1 gauged supergravity lagrangian
is given by: J. Wess, J. Bagger [1992]:

L = −gI J̄

(
∂µāJ̄

)
χIσν σ̄µψν − i

2
e

K
2 (DIW )χIσµψ̄µ + h.c.

The gravitino field can be decomposed into the spin- 1
2
Goldstino field G̃ via:

S.M. Carroll et al. [1994]
ψν = ρν + σν G̃ , G̃ = − 1

3
σµψµ

The goldstino-content, is given by:

2gI J̄

(
∂µāJ̄

)
χI σ̄µG̃ + 3i

2
e

K
2 (DIW )χI G̃ + h.c.

Life time of various Gluino decay channels:

Decay Modes Life Time
g̃ → χo

nqI q̄J 10s
g̃ → χ̃0

3g 1010s
g̃ → ψµqI q̄J 103s
g̃ → ψµg 10−1s

Phenomenological Implications of D3/D7 µ-split like SUSY



Split/µ-split SUSY Scenario
Phenomenogical Model: Realization of µ-split SUSY Scenario

String Particle Cosmology
EDM of Electron/Neutron

Concluding Remarks

Gravitino- Lightest Supersymmetric particle

After calculating the masses of various SM and their
superpartners, it appears that gravitino is the Lightest
Supersymmetric Particle (LSP) which for V ∼ 105,
NLSP=slepton/squark or neutralino, motivates the query: can
we have Gravitino as a viable CDM candidate?
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Concluding Remarks

Thermal/non-thermal Production of Gravitino

Gravitino(MP -suppressed interactions)- decouple from thermal plasma very early
in the universe- might overclose the universe(famous ’cosmological gravitino
problem’).

The problem gets resolved because abundance get diluted as universe
experiences through inflationary phase.

Recreate in the reheating phase after inflation by inelastic 2 → 2 scattering and
1 → 2 decay processes of particles from the thermal bath - abundance goes
linear in the TR(reheating temperature).

In string/M-theory inspired models, this standard way of production of Dark
Matter (DM) particles significantly alters because decay of modulus increases
the entropy, therefore decrease in relic abundance of gravitino, see Acharya et al.

[2010].

Sizable amount of gravitino’s can be produced by (non-thermal) production of

gravitinos LSP formed by decays of moduli and can dominate the thermal

production of gravitinos in the early plasma, discussed in [Kawasaki et al. [1996],

Watson [2009], Dutta et al. [2009], Acharya et al. [2009], Allahverdi et al. [2013]].
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Concluding Remarks

Conditions for Considering Gravitino as a Viable DM Candidate

1 Life time of gravitino should be of the order of age of Universe
(around 1017 sec).

2 Life time of Co-(NLSP)’s decay into gravitino’s should be less than
the time period for onset of B(ig)-B(ang) N(ucleosynthesis) era so
that energy produced by hadronic/electromagnetic decay does not
spoil the bounds given by BBN.

3 Life time for direct decay of Co-(NLSP)’s into ordinary Standard
model particles should be more than decay of Co-(NLSP)’s into LSP.

4 Relic abundance of gravitino should always be around 0.1 so that it

does not overclose the universe.
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Concluding Remarks

Gravitino- Lightest Supersymmetric Particle; MD and A.Misra NPB [2012]

W/Rp
= λijkLiLjE

c
k + λ′ijkLiQjD

c
k + λ′′ijkU

c
i D

c
j D

c
k + µiHLi .

Decays involving λijk coupling

ψµ
ejL

ekR

νiL

ν̃iL

ψµ
νiL

ekR

ejL

ẽjL

ψµ
ν̄ciR

ejL

ekL

ẽkR

The coefficients of relevant interaction vertices are:

C ν̃LdjLdkR = C d̃jLνiLdkR = C d̃kR ν̄
c
iRdjL ≡ V− 5

3 .
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Concluding Remarks

Gravitino- Lightest Supersymmetric Particle; MD and A.Misra NPB [2012]

Decays involving λ′ijk coupling

ψµ
djL

dkR

νiL

d̃iL

ψµ
νiL

dkR

djL

d̃jL

ψµ
ν̄ciR

djL

dkL

d̃kR

The coefficients of relevant interaction vertices are:

C ẽjLνiLekR = C ν̃iLejLekR = C ẽkR ν̄
c
iLejL ≡ V− 7

4 .
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Concluding Remarks

Gravitino- Lightest Supersymmetric Particle; MD and A.Misra NPB [2012]

Decays involving λ′′ijk coupling

ψµ
djL

dc
kL

uiR

ũiR

ψµ
uiL

dc
kL

djR

d̃jR

The coefficients of relevant interaction vertices are:

C ũiRdjRd
c
kL = C d̃jRd

c
kLuiR ≡ V− 43

30 .
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Concluding Remarks

Gravitino- Lightest Supersymmetric Particle; MD and A.Misra NPB [2012]

Gravitino two-body decay

q

k

ψµ

p

〈ν̃〉

ν

γ

λ̃0
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Concluding Remarks

Gravitino- Lightest Supersymmetric Particle; MD and A.Misra NPB [2012]

Gravitino two-body decay

q

k

ψµ

p

〈ν̃〉

ν

Z0

χ̃0

ψµ

p

ντ

〈ν̃τ 〉

q

k

Z0

Two-body gravitino decay: ψµ → Z0 + ν
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Concluding Remarks

Gravitino- Lightest Supersymmetric Particle; MD and A.Misra NPB [2012]

Gravitino two-body decay

ψµ

p

ν

q

k

h

ν̃∗

q

k

ψµ

p

〈ν̃〉

ν

h

λ̃0
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Concluding Remarks

NLSP decay; MD and A.Misra NPB [2012]

Gaugino three-body decay

B̃
q̄

q

ψµ

γ/Z

W̃
q̄J

ψµ

qI

q̃i

W̃
q̄J

ψµ

q̄I

q̃i
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Concluding Remarks

NLSP decay; MD and A.Misra NPB [2012]

Gaugino two-body decay

λ̃0

γ/Z

ψµ
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Concluding Remarks

Co-NLSP decay; MD and A.Misra NPB [2012]

Slepton three-body decay

l̃
l ′

V

ψµ

l

l̃
ψµ

l ′

V

l̃ ′

l̃
ψµ

V

l ′

χ0
3
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Concluding Remarks

Co-NLSP decay; MD and A.Misra NPB [2012]

Slepton two-body decay

l̃

ψµ

l ′

ψµl̃

l ′

V
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Life time estimates of Various N(LSP) Decay Channels; MD and A.Misra NPB [2012]

Particle decay Decay Modes Life Time Remarks

Neutralino/Gaugino B̃ → ψµZ/γ 10−30s Obey BBN
decays W̃

q̃
−→ ψµuū 10−25s constarints

B̃
Z
−→ ψµuū 10−13s

l̃ → l ′G̃V 10−28s ”
Slepton decays

l̃/q̃ → l/qψµ 10−25.5s

RPV Neutralino decay χ0
3 → ud̄e− 101s does not effect

gravitino abundance
ψµ → νγ, νZ 1021s Life time

Gravitino decays
ψµ → hνe 1017s greater
ψµ → li lje

c
k 1021s than age

ψµ → liqjd
c
k 1020s of

ψµ → uci d
c
j d

c
k 1018s Universe
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Relic Abundance of Gravitino; MD and A.Misra NPB [2012]

If gravitino(LSP) produced by decay of Co-NLSP’s is to account for all the

gravitinos, the relic abundance of gravitino is given as ΩG̃h
2 = Ωχ0

3
h2 ×

m 3
2

m
χ0
3

.

Evaluation of Relic density depends sensitively on the annihilation cross section
(σvMøl) of such particles. To get the idea of same, we have calculated
annihilation cross-section of all important channels: χ0

3χ
0
3 → hh, χ0

3χ
0
3 → ZZ ,

χ0
3χ

0
3 → ff in case of neutralino annihilation and (ℓ̃a ℓ̃∗b → ZZ ,

ℓ̃a ℓ̃∗b → Zh,ℓ̃a ℓ̃∗b → hh, ℓ̃a ℓ̃∗b → γγ, ℓ̃a ℓ̃∗b → γh, ℓ̃a ℓ̃∗b → ll) in case of slepton
annihilation.

for m 3
2
∼ V−2mpl , mχ0

3
∼ V 2

3 m 3
2
and m

ℓ̃a
∼ V 1

2 m 3
2
, from sleptons (NLSP), ΩG̃

= Ω
ℓ̃a

×
m 3

2
m

ℓ̃a

∼ 10−22 for V ∼ 105 and from Neutralino (NLSP),

ΩG̃ = Ωχ0
3
×

m 3
2

m
χ0
3

∼ 0.1 (in accordance with WMAP data and other

experimental predictions).
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Concluding Remarks

EDM at One-Loop Level

The e(lectric) d(ipole) m(oment) of a spin- 12 particle is defined by
the effective CP-violating dimension-5 operator given as:

LI = −
i

2
df ψ̄σµνγ5ψF

µν

Negligible one-loop contributions to EDM (super heavy scalar mass
in the loop) in typical split-SUSY models. However, the value may
be of reasonable order if fermions are also heavy.

The non-zero CP violating phases appear from complex effective
Yukawa coupling and slepton/Higgs mixing mass matrix.

An overall distinct phase factor for each possible effective Yukawa
coupling corresponding to four Wilson line moduli as well as
position moduli. We assume the same to be O(1).

Phenomenological Implications of D3/D7 µ-split like SUSY



Split/µ-split SUSY Scenario
Phenomenogical Model: Realization of µ-split SUSY Scenario

String Particle Cosmology
EDM of Electron/Neutron

Concluding Remarks

The Lagrangian involving effective fermion-sfermion-fermion interactions is:

L = CfL f̃
∗
L
λ0
i
fLf̃Lλ̃0 + CfL f̃

∗
R
λ0
i
fL f̃R λ̃0 + Cf ∗

R
f̃Lλ

0
i
fR f̃Lλ̃0 + Cf ∗

R
f̃Rλ

0
i
fR f̃R λ̃0

In terms of diagonalized basis f̃1 and f̃2,

Lint = χ̄f

(
(Cλ0

i
fL f̃L

Df11 + Cλ0
i
fL f̃R

Df21 )
1 + γ5

2
+ (Cλ0

i
fR f̃L

Df11 + Cλ0
i
fR f̃R

Df21 )
1− γ5

2

)
φf1 λ̃

0 +

χ̄f

(
(Cλ0

i
fL f̃L

Df12 + Cχ0
i fL f̃RDf22 )

1 + γ5

2
+ (Cλ0

i
fR f̃L

Df12 + Cλ0
i fR f̃RDf22 )

1− γ5

2

)
φf2 λ̃

0 + H.c..

The results of fermion-sfermion-gaugino
vertices are:

|CeLẽ
∗
L
λ0
i
| ≡ f̃ V−1, |CeR ẽ

∗
R
λ0
i
| ≡ f̃ V− 3

5 ,

|Ce∗
R
ẽLλ

0
i
| ≡ |Ce∗

L
ẽRλ

0
i
| ≡ f̃ V− 15

9 , |CuLũ
∗
L
λ0
i
| ≡ f̃ V− 4

5 ,

|CuR ũ
∗
R
λ0
i
| ≡ f̃ V− 3

5 , |Cu∗
R
ũLλ

0
i
| ≡ |Cu∗

L
ũRλ

0
i
| ≡ f̃ V− 14

9

q̃i q̃i

qL

γ

qRλ̃0, χ̃0
i

diagram involving gaugino’s/neutralino-
Ibrahim, Nath [1997]
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Concluding Remarks

The (e/n)EDM expression takes the form:

df

e
|λ0

i
=

mλ̃0
i

(4π)2

[
1

m2
f̃1

Im
(
Cλ0

i
fL f̃L

Cλ0
i
fR f̃R

Df11D
∗
f21

+ Cλ0
i
fL f̃R

Cχ0
i
fR f̃L

Df21D
∗
f11

)
Q′

f̃1
B




m2
λ̃0
i

mf̃ 21


+

1

m2
f̃2

Im
(
Cλ0

i
fL f̃L

Cχ0
i
fR f̃R

Df12D
∗
f22

+ Cλ0
i
fL f̃R

Cλ0
i
fR f̃L

Df22D
∗
f12

)
Q′

f̃2
B




m2
λ̃0
i

mf̃ 22



]

The contribution of neutralino-lepton-slepton vertices are:

|Cχ0
1eL ẽL

| = |Cχ0
2eLẽL

| ≡ V− 3
2 , |Cχ0

3eL ẽL
| ≡ f̃ V−1|Cχ0

1eLẽR
| = |Cχ0

2eL ẽR
| ≡ V− 9

5 , |Cχ0
3eLẽR

| ≡ f̃ V− 15
9 ,

|Cχ0
1eR ẽL

| = |Cχ0
2eR ẽL

| ≡ V− 9
5 , |Cχ0

3eR ẽL
| ≡ f̃ V− 15

9 , |Cχ0
1eR ẽR

| = |Cχ0
2eR ẽR

| ≡ V− 10
9 , |Cχ0

3eR ẽR
| ≡ f̃ V− 3

5

The contribution of neutralino-quark-squark vertices are:

|Cχ0
1uL ũL

| = |Cχ0
2uL ũL

| ≡ V− 4
5 , |Cχ0

3uLũL
| ≡ f̃ V− 4

5 , |Cχ0
1uL ũR

| = |Cχ0
2uL ũR

| ≡ V− 5
3 , |Cχ0

3uLũR
| ≡ f̃ V− 14

9 ,

|Cχ0
1uR ũL

| = |Cχ0
2uR ũL

| ≡ V− 5
3 , |Cχ0

3uR ũL
| ≡ f̃ V− 14

9 , |Cχ0
1uR ũR

| = |Cχ0
2uR ũR

| ≡ V− 10
9 , |Cχ0

3uR ũR
| ≡ f̃ V− 3

5
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Concluding Remarks

The coefficient of R/P interaction vertices are:

CeLũ
c
R
dL

= CeLd̃u
c
R
= CuL ẽ

c
R
dL

= CuLd̃Le
c
R
≡ V 5

3 e iφyα .

We show
Cff ∗γ |EW ∼ O(1).

×

uc uc

eL eRd̃
×

d̃ d̃

eL eRuc

×ũc ũc

eL eRd

×
d d

eL eRũc

/Rp diagrams- Franck, Hamidian [1997]
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Concluding Remarks

One-loop diagram involving Higgs; MD and A.Misra [2013]

The non-zero complex phases are generated from
eigenstates of Higgs mass matrix and
effective Yukawa couplings.

The coefficients of Yukawa interactions
are:,

for f = e, Ce∗
L
eRHu/Hd

= Ŷ eff
ZIA1A3

≡ V− 47
45 e iφYe

for f = u, Cu∗
L
uRHu/Hd

= Ŷ eff
ZIA2A4

≡ V− 19
18 e iφYu .

The coefficients of chargino interactions
are:,

|Ce∗
L
χ+
1 H0

u/H
0
d
| ≡ V− 1

10 , |Ce∗
L
χ+
2 H0

u/H
0
d
| ≡ V 1

10 ;

|C
e∗
R
χ−
1 H0

u/H
0
d
| ≡ f̃ V− 3

2 , |C
e∗
R
χ−
2 H0

u/H
0
d
| ≡ f̃ V− 15

9
< Zi >

Mp

×

H0
i

fL f cR f cR
fL

×

H0
i

eL
χ+
i χ−

i

eR

Higgs mediated diagrams
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Concluding Remarks

One-loop diagrams involving gravitino; MD and A.Misra [2013]

The contribution of relevant gravitino interactions:

|CeLẽLγ̃ | ≡ f̃ V−1, |CG̃eLẽLγ
| ≡ f̃ V− 5

3

|CG̃uLũLγ
| ≡ f̃ V− 5

3 , |CuLũL γ̃ | ≡ f̃ V− 4
5 .

Diagrams are logarithmically divergent. We
use results of Mèndez, Orteu [1985] to
calculate magnetic moment of muon in
the context of spontaneously broken
minimal N = 1 gSUGRA.

Using relation between df and aµ, Graesser,Thomas [2002]:

af =
2|mf |
eQf

|df | cosφ

mf , Qf - mass, charge of fermion; φ ≡ Arg(df m
∗
f ).

Assumingφdf ∃ (0, π
2
], φdf 6= φye/yu (φm∗

f
);

we consider φ ∃ (0, π
2
] ∼ O(1).

γ

f̃i f̃i

fL fRG̃

γ

G̃γ̃

fL fRf̃

γ

G̃

f̃i

fL fR
One-loop diagrams involving gravitino

Mèndez, Orteu [1985]
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One-loop Diagrams involving Sgoldstino; MD and A.Misra [2013]

sgoldstino- bosonic component of the superfield corresponding to which there is
an F -term (D-term) supersymmetry breaking.

Mass of sgoldstino: At the EW scale,

V (ns = 2)|EW ∼ eKKτS τ̄BDτSWDτ̄B W̄

+eKKτB τ̄B |DτBW |2.

Near 〈σS 〉 ∼ lnV
(O(1))4σS

, 〈σB 〉 ∼ V
2
3

(O(1)σB
)4
,

mτB ∼

√√√√√

(
∂2V

∂σ2
B

)

EW

κ2
4µ7K

τB τ̄B
EW

∼ O(1)m3/2.

The coefficients of relevant interaction vertices are:

|CδσBeLe
c
R
| ≡ V− 92

15 , |CδσBuLu
c
R
| ≡ V− 33

5 , |CγγδσB
| ≡ V− 2

3

Mp
, for V ∼ 105.

γ

fi fi

fL fRσB , ρB

γ

σB , ρBγ̃

qL qRq̃

Diagrams involving sgoldstino τB = σB + iρB
Brignole, Perazzi, Zwirner[1999]
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Results of EDM of Electron and Neutron; MD and A.Misra [2013]

Results of all one-loop diagrams contributing to EDM of electron/neutron

One-loop particle origin of complex phase de(e cm) dn(e cm)

exchange

λ0 f̃ diagonalized sfermion mass eigenstates 10−39 10−38

χ0
i f̃ ” 10−37 10−34

f f̃ ” 10−40 10−40

fh0i digonalized Higgs mass eigenstates 10−34 10−33

χ±h0i ” 10−32 −
gravitino (G̃) diagonalized sfermion mass eigenstates 10−57 10−57

sgoldstino (τB ) diagonalized sfermion mass eigenstates 10−72 10−68

Phenomenological Implications of D3/D7 µ-split like SUSY



Split/µ-split SUSY Scenario
Phenomenogical Model: Realization of µ-split SUSY Scenario

String Particle Cosmology
EDM of Electron/Neutron

Concluding Remarks

Barr-Zee Diagrams involving Internal Fermionic Loop; MD and A.Misra [2013]

CP-violating effects -demonstarted by
complex effective Yukawa couplings.

SM-like Yukawa couplings:

Ŷh0
i
eLe

c
R
∼ Ŷ eff

ZiA1A3
≡ V− 47

45 e iφye ;

Ŷh0
i
uLu

c
R
∼ Ŷ eff

ZiA2A4
≡ V− 17

18 e iφyu .

Chargino interaction vertices:

C
χ+
i
χ−
1 h0

i
≡ V 1

4 e iφχ1 ,C
χ+
2 χ−

2 h0
i
≡ V 13

36
me

Mp
e
iφ

λ0
1 ,

|C
χ+
1 χ−

1 γ
| ≡ |f̃ V− 5

18 ; |C
χ+
2 χ−

2 γ
| ≡ f̃ V− 11

18 .

/RP - couplings:

λ̃ν̃LeLecR
≡ V− 5

3 e iφλe , λ̃ν̃LuLucR
≡ V− 5

3 e iφλu .

h0i

γ0

u(e)

eL(uL) eR (uR )

γ0 h0i

γ0

χ±
i

eL(uL) eR (uR )

γ0

νiL

γ0

u(e)

eL(uL) eR (uR )

γ0

Pilaftsis [1999], Yamanaka [2012]
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Barr-Zee Diagrams involving Internal Sfermion Loop; MD and A.Misra [2013]

Complex effective trilinear interactions:

CẽR ẽ
∗
R
h0
i
≡ (V−2Mp)e

iφẽR ,CẽL ẽ
∗
L
h0
i
≡ (V− 12

5 Mp)e
iφẽL ,

CũR ũ
∗
R
h0
i
≡ (V−2Mp)e

iφũR ,CũLũ
∗
L
h0
i
≡ (V− 20

9 Mp)e
iφũR .

Real effective quartic interactions:,

CẽR ẽ
∗
R
γγ ≡ f̃ 2V− 13

5 ,CẽL ẽ
∗
L
γγ ≡ f̃ 2V−3,

CũLũ
∗
L
γγ ≡ f̃ 2V− 127

45 ,CũR ũ
∗
R
γγ ≡ f̃ 2V− 118

45 .

Real effective trilinear interactions:

CẽL ẽ
∗
L
γ ≡ (f̃ V 44

45 ),CẽR ẽ
∗
R
γ ≡ (f̃ V 53

45 );

CũL ũ
∗
L γ ≡ (f̃ V 53

45 ),CũR ũ
∗
Rγ ≡ (f̃ V 62

45 ).

h0i

γ0

ũj (ẽj )

eLk (uLk ) eRk (uRk )

γ0 h0i

γ0

ũj (ẽj )

eLk(uLk ) eRk (uRk )

γ0

γ0

Yamanaka [2012]
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Two-loop Diagram involving W Boson in Internal Loop; MD and A.Misra [2013]

In the µ split-SUSY model, neutral Higgs are defined as:

h1 = Dh11hu +Dh12hd

h2 = Dh21hu +Dh22hd .

where

Dh =

(
cos θh

2
− sin θh

2
e−iφh

sin θh
2
e iφh cos θh

2

)
,

In the notations of Weinberg, the CP-violating phase
appears from the neutral-Higgs-boson exchange
and Higgs propagators are represented as:

A(q2) =
√
2Gf

∑

n

Zn

q2 +m2
Hn

We show, using gauged supergravity action:

CW+W−γ ≡ V 1
18 ≡ O(1),CW+H0

i
W− ≡ M2

W

v
e iφW .

h0i

γ0

W 0

eL(uL) eR (uR )

γ0

Leigh, Paban, Xu [1986]
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Two-loop Level Rainbow Type Diagrams; MD and A.Misra [2013]

h̃0 fi λ̃0i

fL

γ

fR

f̃i

f̃R

h̃0 fi λ̃0i

fL

γ

fR

f̃i

f̃R

h̃0 f̃i λ̃0i

fL

γ

fR

fi

f̃R

h̃0 f̃i λ̃0i

fL

γ

fR

fi

f̃R
Yamanaka [2012]
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Two-loop Level Rainbow Type Diagrams; MD and A.Misra [2013]

h̃0 fi λ̃0i

fL

γ

fR

f̃i

f̃R

(a)

h̃0 fi λ̃0i

fL

γ

fR

f̃i

f̃R

(b)

Yamanaka [2012]
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Results of EDM of Electron and Neutron; MD and A.Misra [2013]

Results of all two-loop diagrams contributing to EDM of electron/neutron

Two-loop particle exchange origin of complex phase de (e cm) dn(e cm)

exchange

h0i γf Complex effective Yukawa couplings 10−36 10−36

h0i γχ
±
i ” 10−47 10−47

f̃ f γ ” 10−70 10−70

f̃ 0i h
0
i γ ” 10−29 10−29

γW±h0i Higgs exchange 10−27 10−27

h̃0 f̃ λ0i ( Rainbow type) diagonalized sfermion mass 10−55 10−54

eigenstates and effective Yukawa’s

ν0 f̃ λ0i (Rainbow type) ” 10−52 10−52
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Conclusions and Future Directions:

Possibility of realizing big-divisor D3/D7 µ-Split Supersymmetry (light fermions,
heavy sleptons/squarks, one light (125GeV ) and one heavy Higgs, heavy
Higgsino, relatively long-lived gluinos), sleptons/squarks, neutralino/gauginos
(with O(1) mass difference for V ∼ 105) as the co-NLSPs.

Gravitino (LSP) as a viable DM candidate.

Provide a ”Healthy” EDM up to two-loop levels (interesting testing ground for
split SUSY).

Future Plans:

Order of magnitude estimate of magnetic moment(aµ) of muon.

Estimate of number density of gravitino produced by direct geometric (hidden)
moduli decay.

Explore possibility of baryogenesis by direct decay of geometric (hidden) and
visible sector moduli.
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Thanks for Your Kind Attention !
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Caveats/Assumptions/limitations

We have not considered the explicit stabilization of the complex structure
moduli - we assume they can be independent of the stabilization of the
matter moduli and bulk Kaehler moduli. This is the general assumption
in KKLT and LVS models.

2. The complete superpotential is the sum of the Gukov-Witten-Vafa
complex-structure-moduli-valued contribution and the
ED3-instanton/gaugino condensate contribution (generically). Now, we
assume the former is cancelled by the ED3-instanton-number-equal-to
one ED3-instanton-valued non-perturbative superpotential contribution,
and that the requirement of staying within the Kaehler cone for the
divisors contributing to the ED3-instanton superpotential would require
one not to go beyond ED3-instanton number equal to 2. Restricting the
D3-brane to the big divisor automatically nullifies the non-perturbative
gaugino-condensate-valued contribution to the superpotential due to
arguments of O.Ganor.

3. We do not have a global embedding into type IIB string theory of our
model.
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CCB Minima

The CCB minima are usually avoided if, in terms of our local setup, the
square of the trilinear A couplings have an upper bound given in terms of
a linear combination of squark mass squared and the mass squared of the
Higgs doublets (the mass squared of the D3-brane position moduli +
Higgs mass parameter squared). Writing the above as:
|A|2 ≤ O(1)m2

q̃ +O(1)m2
Zi
+O(1)µ2, we have verified that for the

Calabi-Yau volume(which is a free parameter in our model)
V ∼ 1/O(1)× 105 [in string length units], the inequality is satisfied at the
string scale and the inequality is approximately saturated at the EW scale.

Of course, this inequality is usually obtained by assuming that all
sparticles have acquired the same vev at the CCB minimun, which is not
true for us. Hence this was only to get an idea about the CCB issue.
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CCB Minima

More relevant to our setup is the fact that the local F -term potential (the
D-term is 2-form-flux-suppressed in the dilute flux approximation that we
work with) with the mobile space-time filling D3-brane restricted to a
nearly special Lagrangian 3-cycle, corresponds to the norm-squared of the
Kähler vector obtained by the Kähler-covariant derivative of the
ED3-instanton superpotential w.r.t. to the complexified big/small divisor
modulus at the string/EW scale and is hence positive semi-definite.
Thus, there is no ‘UFB’ problem.

Further, at the string and EW scale, the CCB minimum corresponding to
non-zero vevs for the D3-brane position moduli identified with two
Higgses and Wilson line moduli, identified with the sleptons and squarks,
is approximately degenerate with SM-like vacua with non-zero vevs only
for the Higgs. Further, the SU(3)c-violating vertices in our model
relevant to, e.g., gluino decays, (N)LSP decays, etc., despite the non-zero
vevs for sleptons and squarks, are highly volume-suppressed as compared
to the SU(3)c-preserving vertices.
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To calculate the decay widths of all important 2- and 3-body channels involving
gauge particles, we will be utilizing/generalizing results of H. Jockers [2005] in
the N = 1 gauged supergravity action of Wess and Bagger with the
understanding that

For multiple D7-branes, the non-abelian gauged isometry group
[corresponding to gauging of a Pecci-Quinn/shift symmetry along the RR
two-form axions ca and the zero-form axion ρB due to the dualization of

the Green-Schwarz term Tr
(

QB

∫

R1,3 dD
(2)
B ∧ A

)

- D
(2)
B being an RR

two-form axion modifies the covariant derivative of TB by an additive
shift given by 6iκ2

4µ7 (2πα
′)Tr(QBAµ)] can be identified with the SM

group (i.e. Aµ is the SM-like adjoint-valued gauge field Wess+Bagger);
QB = 2πα′ ∫

ΣB
i∗ωα ∧ P− f̃ .
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The Kähler potential
K
({

σb, σ̄B ;σS , σ̄S ;Ga, Ḡa; τ, τ̄
}

;
{

z1,2, z̄1,2;A1, Ā1

})

=

−ln (−i(τ − τ̄ ))− ln
(

i
∫

CY3
Ω ∧ Ω̄

)

−2ln

[

a
(

TB + T̄B − γKgeom

)
3
2 −

a
(

TS + T̄S − γKgeom

)
3
2 + χ

2

∑

m,n∈Z2/(0,0)
(τ̄−τ )

3
2

(2i)
3
2 |m+nτ |3

−4
∑

β∈H−
2 (CY3,Z)

n0β
∑

m,n∈Z2/(0,0)
(τ̄−τ )

3
2

(2i)
3
2 |m+nτ |3

cos (mk .B + nk .c)

]

+
CKK (1)
s (z ã,z̄ ã)

√
τs

V
(
∑

(m,n)∈Z2/(0,0)

(τ−τ̄)
2i

|m+nτ|2

) +
C

KK (1)
b (z ã,z̄ ã)

√
τb

V
(
∑

(m,n)∈Z2/(0,0)

(τ−τ̄ )
2i

|m+nτ|2

)

−2ln
(

∑

β∈H−
2 (CY3,Z)

n0β(...)
)

+
(

|δz1|2 + |δz2|2 + δz1δ̄z2 + δz2δ̄z1
)

K̂zi z̄j +
(

(δz1)
2 + (δz2)

2
)

Ẑzizj + c .c .... (A. Misra and P. Shukla(2009))
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