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Split/p-split SUSY Scenario

@ 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/p-split SUSY Scenario

Split Supersymmetry

@ N.A-Hamed, S.Dimopoulos [2004] proposed “split SUSY scenario”;
SUSY gets broken at a high energy ms ~ 101° GeV far above the
TeV scale. The scalars of the SSM will then all be at mg, 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.

@ Good Features: light Higgs mass, gauge coupling unification,
suppresses FCNC problem, stability of proton decay.
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Split/p-split SUSY Scenario

p-split Supersymmetry

@ An alternative scenario named as u-split SUSY scenario is proposed

by (K.Cheung and C.W Chiang [2005]) by further splitting the split
SUSY by raising the u-parameter to a large value (SUSY breaking
scale)

With this choice, one can consider a model in which all three values
m3, . m?, , ;i 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:

1M2 - m’2'/2 — mf_,ltanzﬁ _ ,u2
27 1—tan?j '

The choice helps to alleviate famous “u- problem”.
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Split/p-split SUSY Scenario

@ In M =1 Supergravity, spontaneous SUSY breaking of local SUSY
in hidden-sector generates explicit soft SUSY breaking terms.

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

s Visible-sector (open String Moduli)- Matter fields.
2 Hidden-sector (closed string moduli)- Complex dilaton moduli
S;, Complex structure moduli field T;.

Auxiliary fields of these hidden-sector moduli super fields are seed of
SUSY breaking.
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Phenomenogical Model: Realization of p-split SUSY Scenario

Phenomenological model

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

Kpheno = —In[—i(T — 7)) — In <—i/c QA f_Z)

Y3
— 3 — 3
—2In |ap(os + 55 — YKgeom)? — (D 35,i(0s,i + 55,i — YKgeom))2 + O(1)V
i
where the divisor volumes o are expressible in terms of “Kahler’ coordinates
Ta: MI
. MM 5
O ~ Ta — [IICachbBC +iC, I W) Tr (MIMTJ_)] ,

a=(B,{S,i}) and Mz = SU(3.) x SU(2), bifundamental matter field az—»,
SU(3c) x U(1)g bifundamental matter field az—s, SU(2), x U(1),
bifundamental matter field az—1, U(1); x U(1)g bifundamental matter field
az=3, SU(2), x U(1), bifundamental 2 ».
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Phenomenogical Model: Realization of p-split SUSY Scenario

Phenomenological model

The phenomenological superpotential is given as under:
WPheno ~ (2118 +2218)" e—nsvoI(ZS)-HnSpS—ns(a5112+ﬁsz22+'\/51122),
where the bi-fundamental Z; in K will be equivalent to the z1, € Cin W. It is

expected that Mz, Ts g, G? will constitute the N' = 1 chiral coordinates. The

. . . Mz M >
intersection matrix elements xs,g, and the volume-dependent C;," =" 7 (V),
are chosen in such a way that at a local (meta-stable) minimum:

(os) ~ {(Ts + Ts)) — iC¥(V) Tr (()(Z)) ~ O(1)
(o8) ~ ((Te + Tg)) — iC*5(V) Tr ((z:)(Z)) — iC* (V) Tr ((a1)(a3))
~ ef(os)
FR 1, and the stabilized values of T, around the meta-stable local minimum:

(%eTs% (%eTB) ~ 0(1).
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Phenomenogical Model: Realization of p-split SUSY Scenario

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] o’ corrections
and non-perturbative instanton-corrections.
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Phenomenogical Model: Realization of p-split SUSY Scenario

D3/D7- Branes ; 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 z»

get identified with the D3-brane's position moduli.
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Phenomenogical Model: Realization of p-split SUSY Scenario

D3/D7-Branes

@ We will assume that near (but not globally):
|z1] ~ v, |z2| ~ V3, |z3| ~ V&, the Calabi-Yau is diffeomorphic to the
Swiss-Cheese WCP] ; ; 64[18]. The defining hypersurface for the same is:
ul® 4l 4 0 Ul w2 — 18y H?:1 ui — 3¢(uiaus)® =0
5

) __ 3 __ g s
(zn = w12 T 8= @724 =8

@ The Big divisor X5 : us = 0 and the Small divisor X5 : us = 0;

1 33
=55 \T6 74

@ L(arge) V(olume) S(cenarios) limit: 7s ~ In}V and 75 ~ Vi
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Phenomenogical Model: Realization of p-split SUSY Scenario

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

@ Near G : |z1| ~ V%, |zo| ~ V%, |z3] ~ V6 the Calabi-Yau can be thought of,
locally, as a complex three-fold M3 which is a T3 (swept out by (argz;,argz,
argzs)-fibration over a large base (|z1], |22|, |z3])) - precisely apt for application
of mirror symmetry as three T-dualities a la S(trominger) Y(au) Z(aslow); G 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*ef"Q) ~vol(G3), Sm (f*e'f’ﬂ)

9=2

9=Z

where f : CG3 — CY3.
@ Including a space time filling D3-brane and D7-brane, N’ = 1 chiral co-ordinates

get modified, Jockers and Louis [2004]. In partlcular _

Toa = 3i (pa — —"iabc bBC)—l- 2Kka + 4(7_ .,.)Kabcg (G¢ —G°)

+3m4u71255Cé;’a,aj %6270? 3#312(wa)ij-z’(z/—525(755){2’).

Phenomenological Implications of D3/D7 p-split like SUSY



Phenomenogical Model: Realization of p-split SUSY Scenario

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
T3-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 T3-fibration) that are in coker( (CY ) U H (ZA)) localized
along G3 correspondmg to the Iocatlon of the D3-brane can be written as:
Alle, ~ 6(lz1| — Vi )8(|z2| — Vs )A;, where :

Ay ~ —21 zzlgdzl + 21192218d22, Ay ~ —ZlBZdel + 221821 dzp,

Az ~ _Zl z§’7dzl — 22 zl7dzl, Ay ~ _Zl z§’7dzl + z zf’7d22.

) CE was estimated in MD and A.Misra NPB [2012].
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Phenomenogical Model: Realization of p-split SUSY Scenario

D3/D7-Branes  MD and AMisra NPB[2012]

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

K~ —2ln<

Te+ T — (,u3/2 {|Z1|2 T |22|2 +z120 + 2221}

+ V% |a1|2 + V% (a132 4+ h.c.) + V% |32|2 + V% (2133 + h.c.)
0, FEI 1, -
+V9 (@233 + h.c.) + V9 |a3|" + V9 (a134 + as31) +

2 _ a _ 8 5 32
V18 (2234 + as32) + V6 (2334 + a133) + VO | a4 =

_ 3/2
(Ts + Ts — 11,3[2 {|Zl|2 + |22|2 + 120 + 2221}> =+ Z n%())
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Phenomenogical Model: Realization of p-split SUSY Scenario

D3/D7-Branes  MD and AMisra NPB[2012]

@ Stabilized values: vol (Xg) = Re(og) ~ Vi, vol (Xs) = Reos ~ VT such
that ReTs ~ Vis and in the dilute flux approximation, gauge couplings
corresponding to the gauge theories living on stacks of D7 branes
wrapping the “big" divisor X will given by:
gy ~ RNe(Tg) ~ Vi ~ O(1) (justified by the partial cancelation
between between o and C;3a,3; i.e (Vol(Xg) + C;3a2/35 + h.c. ~ V%).
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Phenomenogical Model: Realization of p-split SUSY Scenario

D3/D7-Branes  MD and AMisra NPB[2012]

° 1/&'2:5L/(3) or su) = Re(Tg) + O(F}).

@ One can self-consistently show A.Misra and P. Shukla [2010]; MD and A.
Misra [2012] that near (|z12]) ~ V¥ Mp, (|z3) ~ VEM,,
(Ja1]) ~ V=EM,, (|2al) ~ V™M, (Jas]) ~ VTR M,, (Jaa]) ~ V™8 Mp;
c":l’---”’°’2<23'63) = 0 (implying rigidity of the non-rigid T);
b?/c? ~ SRy Me, one obtains a local meta-stable dS-like

minimum corresponcflng to the positive semi-definite potential
eXGTsTs|Dr W2
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Phenomenogical Model: Realization of p-split SUSY Scenario

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

Gravitino mass my ~V~ T IMp,n* =2
Gaugino mass M~ ~ V3 ms
Neutralino mass M, g ~ % ms
D3-brane position moduli | mz, ~ VE ms

(Higgs) mass
Wilson line moduli mass mg ~ V%m%

1=1,2,3,4
A-terms Apgr ~ N SV ms
{p»qu} € {.A/,Z}
Physical u-terms fiz.z.
(Higgsino mass) ~ V3 m;
Physical iB-terms (AB)z, 5, ~ V%mé
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Phenomenogical Model: Realization of p-split SUSY Scenario

Mass scales of Standard Model Particles; Mp and A.Misra NPB[2012]

@ The Dirac mass term in A’ = 1 gauged supergravity is given by
e D;D;Wx.xr where

D;DJ'W = 8,‘(9J'W + (8,-8jK) W + 0;KD,;W + 0, KD; W
—(B:KOGK)W —TEDW.

@ Considering fluctuations in Z; : Z; — (Z;) + 6 Z;,

K
v eff _ O(6Z;)—term in e2 D;DxW q g
R, — : the corresponding Dirac mass
0ZibAAR T \[Ksz,62,Ks4,6 4, Ks4,05 4, > 5
9 0 \ (reff _
will be given by <5Z'>Y52,-5A15AK' 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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Phenomenogical Model: Realization of y.-split SUSY Scenario

(M) ~ Vs implying that
ZnOU)VT

0 e2Dy DaW

ot ~
246 GeV x Vi 1 o4, < O(1MeV)

(Ms) ~ V™3 implying that
ZnOL)VF

® DA, DaW

246 GeV x Y5 . 4 54 < O(1) ~ O(10)MeV

V10
@ This suggests that possibly, the fermionic superpartners of A; and A3

correspond respectively to e, and eg and the fermionic superpartners of

Az and A4 correspond respectively to the first generation u; and ug.
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Phenomenogical Model: Realization of p-split SUSY Scenario

Signatures of p-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:
Hy = Dpyy Hy + Dy, Ha
H, = Dh21 H, + Dh22 Hy.

9h ; 9h —idp
_ cos —sin %e R B B
D= ( sin & ’¢" cos 9” ) ) OnM; Dy = diog(Ms, M, )

2|m;
and tanf, = W for a particular range of =& < 0, < 7
11 22

@ 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 Aj couplings.
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Phenomenogical Model: Realization of p-split SUSY Scenario

Signatures of p-split SUSY: Light Higgs

@ To get an estimate, using solution of RG flow equation for moduli masses
mZZL2 and Higgsino mass fiz, z, as given in Nath, Arnowitt [1998],
Az z z ~ n°fiz,z, A.Misra, P. Shukla [2009]; MD, A.Misra [2012],
one-loop In-running for the U(1) gauge couplings in 2HDM/(MS)SM,
assuming iB ~ &2 A. Misra,P. Shukla [2009]; MD, A.Misra [2012]
(verified at M for O(1)£) as per EW symmetry breaking, the Higgs mass
matrix at the EW-scale can thus be expressed as

(% B)-(3 £).

aB - my, &ns my,

@ Assuming non-universality w.r.t. to the D3-brane position moduli masses
(mz,,) 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 ok ms)2,
which is indicative of u-split SUSY scenario.
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Phenomenogical Model: Realization of p-split SUSY Scenario

Signatures of p-split SUSY: Long Lived Gluino; MD and A.Misra NPB [2011], MD and A.Misra NPB [2012]

q qK
F; . F; i g
X3 q
N N
\
a, R \
4y Gr %
ak %3

Decay channels of Gluino

-/
Z qR/

q

\
\

%3
I
|
I
Y
I
|
I
Y000,

=0
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Phenomenogical Model: Realization of p-split SUSY Scenario

‘CVVcss Bagger; Jockers et al;MD,A.Misra —

gngTBjTr(X Togd Ag, R>+’ngTr<XL XL + Tiydaxy

h

K
1 2 _
+Z (Oay KPam — c.c.) xF > + % (DzDF W) Tr(x%x‘g) FSuFb””

1 t
o gfabe/‘”f’A F2,Fo\ +er,r, T Ka,l Ty = A,,XTB) (ew Ty = A“XTB> }

+8157 Tf<XTBAu>2[77”W“¢u7 R) + 1, w0 NG, LFpx +

- 12k2 7 (27’ ) Qg vB
+Tr Ag, LA (6[{%;},7(27‘(‘(1’)@3/‘( + % Ag, L
KGTB Ts
+6726m§(2mﬂ)Tr[QBAM‘)N (Hi/w(QWG 2¢!7 a3 )} +hec.
h'4
/2 12k2 7 (2w’ ) Q2 ;
—%ga,/,g,,r«wﬁ N R’> o

2 - A . -
—%8,-/,)’31,Tr<)\§_’,?0“”x'/1) Fb, +dr, o2y Ag, LW, Wy +hee..
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Phenomenogical Model: Realization of p-split SUSY Scenario

Signatures of p-split SUSY: Long Lived Gluino;

@ From the neutralino mass matrix, one obtains the lightest neutralino:
- = - 2
X3~ —Ag + Fys MLP(Hl + H>) with a mass ~ V3m3
2

@ In case of Gluino decaying into goldstino, N' = 1 gauged supergravity lagrangian

is given by: J. Wess, J. Bagger [1992]

L=—gp3 (6H§J) oYy — —e 3 (DyW) x!otap,, + hc.
@ The gravitino field can be decomposed into the spin—% Goldstino field G via:

S.M. Carroll et al. [1994]
Yy =py +0,G, G= —%U'ud’u

@ The goldstino-content, is given by:
2813 (8N§J) x'at G+ 7e £ (DW) XIG +he. Decay Modes  Life Time

o ) ) & = Xxp9,9, 10s
o Life time of various Gluino decay channels: g —, ;cgg 10105
g unqd,  10%
g —ug 10~ 1s
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String Particle Cosmology

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 ~ 10°,
NLSP=slepton/squark or neutralino, motivates the query: can
we have Gravitino as a viable CDM candidate?
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String Particle Cosmology

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 Tg(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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String Particle Cosmology

Conditions for Considering Gravitino as a Viable DM Candidate

@ Life time of gravitino should be of the order of age of Universe
(around 10% sec).

Q 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.

© 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.

@ Relic abundance of gravitino should always be around 0.1 so that it
does not overclose the universe.
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String Particle Cosmology

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

WRP = /\UkL,LJE,f + A:JkLIQJDIf + :'J{k U,CDJCDE + p,,'HL,'.

Decays involving \;j coupling

viL €jL kL

Yu Vi Yu

& ViL ljiR

€kR €kR &L
The coefficients of relevant interaction vertices are:

CcPrditdir — CajLViLdkR — CakR‘_’,'cRdjL =p-3.
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String Particle Cosmology

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

Decays involving )\fjk coupling

v dip dit

7€
di Vi Vir

dkR dkR djL
The coefficients of relevant interaction vertices are:

s > B i 7
CELViLeR — CUiLejLekR — CER7ILEL = V)74
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String Particle Cosmology

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

Decays involving gk coupling
uiR dir
Yu Yy
diL uji
\ \
uiR dir
(o} (o}
kL kL

The coefficients of relevant interaction vertices are:

CUrRdRI, — Cdrdfuir = V’%,
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String Particle Cosmology

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

Gravitino two-body decay
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String Particle Cosmology

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

Gravitino two-body decay

Two-body gravitino decay: 1, — Z° + v
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String Particle Cosmology

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

Gravitino two-body decay
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String Particle Cosmology

NLSP decay; MD and AMisra NPB [2012]

Gaugino three-body decay
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String Particle Cosmology

NLSP decay; MD and AMisra NPB [2012]

Gaugino two-body decay

v/Z

Yu
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String Particle Cosmology

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

Slepton three-body decay

Yu Vv
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String Particle Cosmology

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

Slepton two-body decay

=== I == e
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String Particle Cosmology

Life time estimates of Various N(LSP) Decay Channels; M and A.Misra NPE [2012]

Particle decay Decay Modes  Life Time Remarks

Neutralino/Gaugino B 1,7y 10-3% Obey BBN

decays w Zi> Y, ul 10255 constarints
B % un  1071s

T—1IGV 10285 "

I ~
Slepton decays /g — 1/qu, 102555

RPV Neutralino decay X3 — ude™ 10%s _does not effect
7 1021 gravitino abLu_Pda_nce

Gravitino decays Yu = VYV 5 ife time
Y — hve 10%s greater

Yu — liljeg 10%'s than age

Y = liqjdy 10%%s of

Y — updidg 10%%s Universe
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String Particle Cosmology

Relic Abundance of Gravitino;  wo and Awmiss nee po12]

@ If gravitino(LSP) produced by decay of Co-NLSP’s is to account for all the
m3
gravitinos, the relic abundance of gravitino is given as Q@h2 = ng h? x m—zo.
X3

@ Evaluation of Relic density depends sensitively on the annihilation cross section
(ovmgr) of such particles. To get the idea of same, we have calculated
annihilation cross-section of all important channelsi Zggxg — hh, ngg — ZZ,
ngg — ff in case of neutralino annihilation and (Zaéz — 77,

Z&,ZZ — Zh,Z.,Z;; — hh, Z&,ZZ - 7Y, Z—J’g — vh, ZaZZ — Il) in case of slepton

annihilation.
—92 2 1 )
@ for m% N: Mpf, Mo ~ Vi m% and my o~ V2 m%, from sleptons (NLSP), 93
3
=Q; x 2~ 1022 for V ~ 10° and from Neutralino (NLSP),
a s
gy
Qz =Q 0 X —2 ~ 0.1 (in accordance with WMAP data and other
X3 ng

experimental predictions).
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EDM of Electron/Neutron

EDM at One-Loop Level

@ The e(lectric) d(ipole) m(oment) of a spin-3 particle is defined by
the effective CP-violating dimension-5 operator given as:

i -
El = —Edf’L/)O'u,,’)/s’L/)Fﬂy

@ 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).
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EDM of Electron/Neutron

@ The Lagrangian involving effective fermion-sfermion-fermion interactions is
= Cf f* OfoLA + Cf f* OfoR)\ + Cf*f )\ofRfLA + C, * ofRfR)\

In terms of diagonalized basis fi and %,

- 1+7s 1-—1s 5
Lint = Xr ((nyfoL Dry + Caor, 7 D) —5— + (Caoge Dy + C/\?fRf}D&l)i) ¢ A0+

+ 5
((C/\OfoL D, + CXi foRD a) g

+ (C/\OfRfL Dflz + C/\ fR ) )‘0 +H.c.
@ The results of fermion-sfermion-gaugino Y
vertices are:
2,3
|CeLe /\0|_fV 17|Ce |EfV 5, 7
1 o a / AN
|Ce*~ /\0| IC, e /\0|_fV ,1C, w B N = VTS // \\
|Cunaprel = V73,1 Cunzn0l = 1€z gpnol = FV 78 : :
uRTEAD N = RE )T = Furaga?l = qL 50 <0 qar
)‘ 7X,’

diagram involving gaugino’s/neutralino

Ibrahim, Nath [1997]
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EDM of Electron/Neutron

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

m m?,
dr X0 1 X0
e . . * /. i
e = (4m)2 | mz i (CA?’(L"L Nt Pria Doy + Cn913 7 Cx08f, Pt D"ll) 7B mp *
1 1
1 m%\o
/ i
2 Im (CAOfoL C o1 Do Dy + Crog, 2 Cxoge s Do Dflz) QB o
A s
@ The contribution of neutralino-lepton-slepton vertices are:
3 9 ~ 15
P =] ) 1 = =] -5 =] -9
e = 1Cgera| =V G000 = V7 HC 006l = [Cgepil =V s,|cxgeLe~R| =f-¥,
_9 e 15 . =3
|CX(1’eRe"L| = |CX25R€L| =V, |ngeRe',_| =fV, |CX(1’eRe"R| - |ngeRe‘R| = | X35R5R| =fV7s
@ The contribution of neutralino-quark-squark vertices are:
=yt = Fv-3 =V 3, 1C ol = FVF
|CX?ULJL| = |CX8ULJL| =V 5’|nguu&| =08, |CX?ULU~R| - |C><g'-'u-'7k?| = 3| xJup |=fV—s,
5 ~ 14 0 ~ 3
= | = . |=V 3 | = 9 o= | =V 9 = ~5
|CXC1)“R“L| |CX8URUL| =V ’|ngURUL| =fV ’|CX?URUR| |CX8“R“R| =V | Xg“R“R' =fv
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EDM of Electron/Neutron

@ The coefficient of Rp interaction vertices are:

_ — — — V3o
CeLD,‘?dL = Teidug T Cul_éf?dL = CuLaLef? =V3ePra.
@ We show
Cff*'y|EW ~ O(l) § §
78 — ~c _ =
o x_ U d = X
/ N / N
/ D / D
/ E / v
| |
er d €R er uc €er

€rR €L

R, diagrams- Franck, Hamidian [1997]
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EDM of Electron/Neutron

One-loop diagram involving Higgs; wo and awmisr or3)

@ The non-zero complex phases are generated from H,p
eigenstates of Higgs mass matrix and PN
effective Yukawa couplings. . - > N
.. . . / \
@ The coefficients of Yukawa interactions / \
are:, | i
Ceff — wo—=2% f fi G G fL
for f = e, CeZeRHu/Hd = YZC;,A1A3 =V BeVe g g
Soff 4,19,
for f = u, CUZURHu/Hd = Y%/A2A4 =V B e’¢yu. 10
i
@ The coefficients of chargino interactions PSS
are:, 7 N
/ \
[ =V, |C | = Vi, ! '
eZXTHE/HS = ) ei“x'{HS/Hg = ' / \
=3 w15 < 2> > |
_ =fyV 2 _ =f 9 ———¢ D g e
|Copnmgymgl = V72 Corsrmgymgl S FV79 —g=e = X7 "

Higgs mediated diagrams
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EDM of Electron/Neutron

One-loop diagrams involving gravitino; Mp and AMisra [2013]

@ The contribution of relevant gravitino interactions:

p— T —1 p— T —§ Y
|Ce3,5| = fV ’|Cf;eLém| =fV7s AN '{I
= ,_5 =4 y X
|CéuLﬁL'v|EfV 3, |Cupn 5l = V75, ,?l.// \\,?l. qY 5 G
/ \ % X
Diagrams are logarithmically divergent. We 7 X
use results of Méndez, Orteu [1985] to  f; V" °G° AAA fr fL - ? fr

calculate magnetic moment of muon in
the context of spontaneously broken v
minimal A" = 1 gSUGRA.

Using relation between dr and a,, Graesser, Thomas [2002]:

2|mf|

|d¢| cos ¢

mys, Qf- mass, charge of fermion; ¢ = Arg(demy). f
Assumingdy, 3 (o, 2] bdp # ¢ye/yu(¢mf) One- /oop diagrams involving gravitino
we consider ¢ 3 (0, Z] ~ O(1). Mendez, Orteu [1985]
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EDM of Electron/Neutron

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.

Y
@ Mass of sgoldstino: At the EW scale,
V(ns = 2)|ew ~ eXK™s™8 D, WDz, W
K e T 2
e"KTBTB|D, W|*. -
< |Drg W , o 0B, PB
~ Iny ~ V3
Near {o5) ~ to)E, (98) ~ @G
— e —
<62v) fi  oB.PB fr AL F ar
do
Mrg ~ 257,.8’:;—'./; ~ O(l)m3/2. Diagrams tnvolving sgoldstino Tg = og + ipg
a7 Kewy Brignole, Perazzi, Zwirner[1999]

@ The coefficients of relevant interaction vertices are:

_®2 _3 Vs
|CISUBEL€“C?| =V 157|C60'BuLuf?| =V a|C'Y’750'B| = vaor v~ 10°.
p
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EDM of Electron/Neutron

Results of EDM of Electron and Neutron; Mb 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)  dp(e cm)
exchange

AOF diagonalized sfermion mass eigenstates 10-3 1038
X(i);— ” 10-37 10-34
ff " 1040 1040
fh? digonalized Higgs mass eigenstates 10—34 10-33
xE K2 ” 10-32 _
gravitino (G) diagonalized sfermion mass eigenstates 10—57 10—57
sgoldstino (75) diagonalized sfermion mass eigenstates 10—72 10-68
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EDM of Electron/Neutron

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

@ CP-violating effects -demonstarted by ~0 ~0
complex effective Yukawa couplings.
i i g =
@ SM-like Yukawa couplings: u(e) X;
2 eff — -3 gy, 0 0 0 0
Yh?eLeE ~ Y%,-A1A3 =V e’¢ye' h,‘ / o h,‘ / Y
7 /
A ~ 17
Vo o~V =V Bebn, > >
M uy us, Z; A A
PULYR 2 e (ug) er(ur) er(ur) er(ur)
@ Chargino interaction vertices:
13 me iPy0 0
C><*><fh?_we¢x1 Cagn=V™ M: B !
c V- |C Fu-
= 18 ; _ | = 18 .
| X1 X1 2= d X3 X5 A= u(e)
) 0
@ Rp- couplings: viL, J
7
% 5 . ? 5 .
Ao c =V 3ePre ), c =V 3%,
peeh = V€T s SV 3e e (ur) er(ur)

Pilaftsis [1999], Yamanaka [2012]
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EDM of Electron/Neutron

Barr-Zee Diagrams involving Internal Sfermion Loop; Mp and A Misra [2013]

@ Complex effective trilinear interactions:
— (-2 3 .
Copazro = (V Mp)e'¥%r, C, =07 5 Mp)eta

G g = (V"2 Mp)e PR, CaLuL* W= (‘77v Mp)e' ¥k

@ Real effective quartic interactions:,
— 72y, 8 -3,

CéRéE’Y’Y =fYV 5 ,Cé &y = =fV-
=2 i

G =V

27 72y — 118
o i yy = ’CTJRTI,’;WW =V e

@ Real effective trilinear interactions: (&)

Coap = (FV8), Gapaz, = (FVB);

Erép ~ =

~ .53 ~. 62
CELZ’*'Y = (fV45) CDRE*'Y = (fV45 )

ek (urk) erk(urk) erk(uik) erk (URk)

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

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

h1 = Dpyy hu + Diy, hg gl
h2 = Dp,, hu + Dp,, hyg-

where
cos & —sin Le—idn
Dy = i On 2i¢,, 2o, )
sin Ze cos
@ In the notations of Weinberg, the CP-violating phase e’-_(”’-) er(UR)
appears from the neutral-Higgs-boson exchange Leigh, Paban, Xu [1986]

and Higgs propagators are represented as:
Z
A(G®) =v26Gr Y ———
) 2,

@ We show, using gauged supergravity action:

2

1 M .
Cwrw—ry =V = 01), Cyipow- = TWe'¢W,
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Two-loop Level Rainbow Type Diagrams; mp and A.Misra [2013]

RO fi A9 RO fi A9
= T e T T i T S T T
fi \ \ / r fr fi \ \ / o fr
\ ~ = - / \ ~ o Pl /
\ )? / \ z 7
N ! e N ! e
N ~ N ~
fr fr

Y
R AP o § X0
L - —> > - - —>
fi \ / fr fi \ / fr
\ / \ /

\\ fl //

AN " /
« fi p
< > N >
-~ - -~ -
fr fr

Yamanaka [2012]
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EDM of Electron/Neutron

Two-loop Level Rainbow Type Diagrams; mp and A.Misra [2013]

B A7 oo 50
= T ~ T T = T b T T
fi \ \ / r fr fi \ \ / TR
AN -~ / \ ~ /
AN f, s N i 7
~ _ ‘_V" - = _.: =5

fr fr
(a) =7 (b) ¥

Yamanaka [2012]
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Results of EDM of Electron and Neutron; Mb 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

0 i ; =36 =36
hi~f Complex effective Yukawa couplings 10 10

0t " — —
hivx; 10—47 10—47
ffy " =" ="
2010 " —29 —29
FO RO 10 10
'yWih? Higgs exchange 10—% 10—%
ROFAY( Rainbow type) diagonalized sfermion mass 10— 10—54

eigenstates and effective Yukawa's
VO?)\? (Rainbow type) " 10752 10752
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Concluding Remarks

Conclusions and Future Directions:

@ Possibility of realizing big-divisor D3/D7 u-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 ~ 10°) 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(a,) 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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Concluding Remarks

CMS Experiment at the LHC, CERN

,,?

Data recorded: 2012-May-13 20:08:14.621450 GMT /
RurvEvent: 194108 / 554224000 / H -)YY
candidate




Thanks for Your Kind Attention !
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Back-Up slides
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Concluding Remarks

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 |IB string theory of our
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Concluding Remarks

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]? < O(1)mZ + O(1)m3, + O(1)1i°, we have verified that for the
Calabi-Yau volume(which is a free parameter in our model)
V ~ 1/O(1) x 10° [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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Concluding Remarks

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
Kahler vector obtained by the Kahler-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).-preserving vertices.
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Concluding Remarks

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 A/ = 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 ¢? and the zero-form axion pg due to the dualization of
the Green-Schwarz term Tr (QB Jrs dD? A A) - DY being an RR
two-form axion modifies the covariant derivative of Tg by an additive
shift given by 6ix2u7 (2ma’) Tr(QsA.)] can be identified with the SM
group (i.e. A, is the SM-like adjoint-valued gauge field Wess+Bagger);
Qs = 2ma’ [¢_i*wa A P-F.
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Concluding Remarks

The Kahler potential

K ({o?,58,0°,5%,G*,G* 1,7} {z12,212: A1, A1 }) =
3
2

—In(=i(t = 7)) - (fCYQ/\Q) 2/n[a(TB+TB_7ngom) -

(7"—7’)%
) 20)3 |mtnrP?

_ 3
—4 EﬁeH{(CY3,Z) ”% Zm,nezz/(o,o) —(T#COS (mk.B + ”kf)]

(21)2 | m-nr |3
n CSKK (1)(25725)\/7122 n C:K (1) (Z 733)\/&2
V<Z(m,n)ez2/(o,o) mfﬁ) V<Z(m,n)ez2/(o,o) mfﬁ)
—2ln (zﬂeH;(Cya,z) ng(...)) +(16212 + |022% + 621522 + 6203 21) Koz, +
((621)? + (622)?)Zs,z, + c.c.... (A. Misra and P. Shukla(2009))

— 3
a (TS + TS - 'Yngom) " o % Em,nezz/(o,o
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