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Outline
• Why Supersymmetry ?

• Structure of MSSM 
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MPlanck

MWeak

If SM is an effective theory  below Planck 
Scale with an  elementary scalar, the mass 

of such a scalar would be unstable  under radiative 
corrections 
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Planck
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Wilson, 
Susskind, 

Buras et. al 
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Two Choices 

(a) Either the cut-off is low (new physics scale 
(non-perturbative)  like composite scale or extra 

dimensions etc) 

(b) There is some symmetry protecting the Higgs Mass 

Supersymmetry is a symmetry which 
protects the higgs mass but also introduces 

a new physics scale 
Tuesday, 10 September 13
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Other advantages of SUSY

• Its calculable and thus in principle,  predictable. 

• Dark Matter candidate if R-parity is conserved. 

• Gauge coupling unification ( GUTs with neutrino 
masses and mixing  ) 

• Lightest Higgs boson can be SM -like in regions of 
parameter space.
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soft susy breaking 

Spontaneous Supersymmetry breaking leads
to soft supersymmetry breaking terms.  

SUSY 

Equal Couplings for 
particles and super-particles 

Equal Masses for 
particles and super-particles

SUSY 
Super-particles have

different couplings and
different masses
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Experimental Status

Tuesday, 10 September 13



Tuesday, 10 September 13



Model e, µ, τ, γ Jets Emiss
T

∫
L dt[fb−1] Mass limit Reference

In
cl

u
si

ve
S

e
a

rc
h

e
s

3
rd

g
e

n
.

g̃
m

e
d

.
3
rd

g
e

n
.

sq
u

a
rk

s
d

ir
e

ct
p

ro
d

u
ct

io
n

E
W

d
ir

e
ct

L
o

n
g

-l
iv

e
d

p
a

rt
ic

le
s

R
P

V
O

th
e

r

MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃ ) ATLAS-CONF-2013-0471.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e,µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃ g̃ , g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃ g̃ , g̃→qqχ̃
±
1→qqW ±χ̃01 1 e,µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1 )+m(g̃ )) ATLAS-CONF-2013-0621.18 TeVg̃

g̃ g̃ , g̃→qq(""/"ν/νν)χ̃
0
1 2 e,µ 0-3 jets - 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB ("̃ NLSP) 2 e,µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB ("̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 4.8 m(χ̃
0
1)>50 GeV 1209.07531.07 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z ) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃ )>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄ χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄ χ̃
0
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄ χ̃
+
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e,µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e,µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e,µ 0-2 jets Yes 20.3 m(χ̃

0
1) =m(t̃1)-m(W )-50 GeV, m(t̃1)<<m(χ̃

±
1 ) ATLAS-CONF-2013-048130-220 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1 2 e,µ 2 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-065225-525 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1 )=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 1 e,µ 1 b Yes 20.7 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1)<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7 m(χ̃
0
1)>150 GeV ATLAS-CONF-2013-025500 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z ) 1 b Yes 20.7 m(t̃1)=m(χ̃
0
1)+180 GeV ATLAS-CONF-2013-025271-520 GeVt̃2

"̃L,R"̃L,R, "̃→"χ̃01 2 e,µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-04985-315 GeV#̃

χ̃+1 χ̃
−
1 , χ̃

+
1→"̃ν("ν̃) 2 e,µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-049125-450 GeVχ̃±

1
χ̃+1 χ̃

−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃

0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1
χ̃±1 χ̃

0
2→"̃Lν"̃L"(ν̃ν), "ν̃"̃L"(ν̃ν) 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-035600 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1Z χ̃

0
1 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-035315 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1h χ̃

0
1 1 e,µ 2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 , χ̃
0
2

Direct χ̃
+
1 χ̃
−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1 )=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃ , long-lived χ̃

0
1 2 γ - Yes 4.7 0.4<τ(χ̃

0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X , ν̃τ→e + µ 2 e,µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X , ν̃τ→e(µ) + τ 1 e,µ + τ - - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7 m(q̃)=m(g̃ ), cτLSP<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃
χ̃+1 χ̃

−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ee ν̃µ, eµν̃e 4 e,µ - Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+1 χ̃
−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ττν̃e , eτν̃τ 3 e,µ + τ - Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e,µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e,µ (SS) 1 b Yes 14.3 ATLAS-CONF-2013-051800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: SUSY 2013

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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Mass scales [GeV]
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

lspm⋅-(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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gluino mass [GeV]
600 700 800 900 1000 1100 1200 1300 1400 1500

LS
P 

m
as

s 
[G

eV
]

0

100

200

300

400

500

600

700

800

900

m(gluino) - 
m(LSP) =

 2 
m(to

p)

m(gluino) - 
m(LSP) =

 m
(W

) +
 m

(to
p)

SUSY 2013
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CMS Preliminary
1
0
χ∼ t t →g~ production,  g~-g~

-1) 19.4 fbT+HTESUS-12-024 0-lep ( -1) 11.7 fbTαSUS-12-028 0-lep (
-1SUS-13-004 0+1-lep (razor) 19.3 fb

-1) 19.4 fbφΔSUS-13-007 1-lep ( -1SUS-13-007 1-lep (LS) 19.4 fb
-1SUS-13-013 2-lep (SS+b) 19.5 fb -1SUS-12-026 (MultiLepton) 9.2 fb

-1SUS-13-008 3-lep (3l+b) 19.5 fb
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Summary

Gluinos are ruled out up to masses 1- 1.25 TeV  

Stops and sbottoms are ruled out up to masses 300-600 
GeV  

First two generations should be greater 
than 800 GeV -1.25 TeV  

(especially if degenerate with the gluino mass ) 
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The Higgs bump at LHC 

Speed breakers to Zero Stop mixing  ?? 
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Hu =

✓
H+

u

H0
u

◆
Hd =

✓
H0

d

H�
d

◆

YHu = +1 YHd = �1

Tree Level Mass M. Guchait’ talk 
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andwhere

A type II two higgs doublet model with gauge 
couplings for quartics !! 
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andwhere

A type II two higgs doublet model with gauge 
couplings for quartics !! 

Tuesday, 10 September 13



at tree level the lightest Higgs mass upper limit is
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About 50% of the light higgs mass 
comes from loop contributions
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Lightest Higgs mass @ 1-loop (top-stop enhanced) 

in the limit of 
no-mixing
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where

in the case of non-zero mixing the correction is (but small) 

1-loop correction adds ~20 GeV to the tree-level, assuming the 
sparticles are < 1 TeV (in no-mixing scenario).

Haber, Hempfling and Hoang,9609331
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Effective potential methods are more useful 

diagonalizing

Tuesday, 10 September 13



dominant 2-loop contribution due to top-stop loops

dominant 2-loop correction increases the lightest Higgs mass <10 
GeV to the tree-level, assuming the sparticles are < 1 TeV (in no-
mixing scenario).

One loop terms + 

+O(G2
Fm

6
t )

Heinemeyer et.al, 9812472
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3-loop correction
calculated up to  

keeping only the leading terms

no mixing in the stop sector

Harlander et al. ‘08
Martin ‘07

Most Publicly available spectrum generators  
calculate the CP-even Higgs spectrum 

at the 2-loop order.
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addition, the top quark corrections are maximal in the so–called Mmax
h scenario [45], where

the trilinear stop coupling in the DR scheme is such that Xt ∼
√

6MS.

The corrections controlled by the bottom Yukawa coupling are in general strongly sup-
pressed with respect to those controlled by the top Yukawa coupling, due to the overall
factor m4

b . However, in the last term of eq. (11), proportional to X4
b , this suppression can

be compensated by a large value of the product µ tanβ, providing a non–negligible negative
correction to M2

h . The choice of the values for the remaining soft SUSY–breaking parameters
does not have a very large impact on the one–loop corrections, and in the DR calculation
the two–loop corrections, although numerically significant in the determination of the precise
value of the lighter Higgs boson mass, do not substantially alter the picture.

-4 -3 -2 -1 0 1 2 3 4
Xt (TeV)

80

90

100

110

120

130

140
M

h (G
eV

)

1-loop
2-loop
FeynHiggs

Figure 3: The lighter MSSM Higgs boson mass as a function of Xt in the DR scheme for
tan β = 10 and MS =MA =1 TeV with Mt = 178 GeV. The full and dashed lines correspond,
respectively, to the two–loop and one–loop corrected masses as calculated with SuSpect,

while the dotted line corresponds to the two–loop Mh value obtained with FeynHiggs.

The above features are exemplified in fig. 3, where the lighter Higgs boson mass is dis-
played as a function of the DR parameter Xt, for Mt = 178. In the figure, the MSSM
parameters are set to those of the three pMSSM points introduced in section 3.1; in par-
ticular, the physical pseudoscalar mass MA and the third–generation soft SUSY–breaking
scalar masses MS (the latter computed at the renormalisation scale Q = 1 TeV) are set to
1 TeV, while tanβ is fixed to tan β = 10 at Q = MZ . The dashed curve for the one–loop
corrections, and the full curve for the two–loop corrections in the DR scheme, have been
obtained using the program SuSpect. As one can see, the lighter Higgs boson mass Mh

has a local minimum for zero stop mixing, and it increases with |Xt| until it reaches a local
maximum at the point |Xt| =

√
6MS ∼ 2.45 TeV, where it starts to decrease again. Note

25

Allanach et al. ’04

phenomenological models

Very close to the upper bound in MSSM 
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|Xt| ⇠
p
6MS

Abrey et al. 
1112.3028;

2012 updates

For zero mixing, we need multi TeV Stops !!! 

Other option is to have maximal mixing :

phenomenological models
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hidden

sector MSSM Messengers

Messengers
Gravity

Gauge 

Hidden and Visible sector fields need not be 
at the same space time points (non-traditional models)
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Some traditional 
Models
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Constrained Models
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Model with only five parameters ; possible in
 minimal Supergravity 

Tuesday, 10 September 13



100 1000 1500
0

1000

2000

11
9

100 1000 1500
0

1000

2000

m
0 (

G
eV

)

m1/2 (GeV)

tan  = 10, A0 = 0,µ > 0

119 GeV

mh V  = 114 Ge

100 1000 1500
0

1000

2000

100 1000 1500
0

1000

2000

m
0 (

G
eV

)

m1/2 (GeV)

tan  = 40, A0 = 0,µ > 0

114 GeV

mh V  = 119 Ge
1

1.3

1.5
1.65

100 1000 1500
0

1000

2000

11
4

114

11
4

114

114

114

118

118

118

11
8

118

118

119

11
9

119

119

119

119

120

12
0

120
120

122

122

100 1000 1500
0

1000

2000

m
0 (

G
eV

)

m1/2 (GeV)

mh  = 124 GeV

119 GeV

122.5 GeV

125 GeV

14 Ge1 V

 tan β = 10, A0 = 2.5 m0, µ > 0

100 1000 1500
0

1000

2000

114

114

114

114

11
4

11
4

114
118

118

118

118

118

11
8

11
8

119

11
9

11
9

11
9

119

119

120

12
0

12
0

120

120

122

122

122

12
2

124

124
125

100 1000 1500
0

1000

2000

m
0 (

G
eV

)

m1/2 (GeV)

 tan β = 40, A0 = 2.5 m0, µ > 0

1.3
1.5

1.65

126 GeV

mh  = 125 GeV

124 GeV

122.5 GeV

119 GeV

Figure 2: The CMSSM (m1/2,m0) planes for µ > 0, with tan � = 10 (left) and 40 (right),
A0 = 0 (upper) and A0 = 2.5m0 (lower), as calculated for mt = 173.2 GeV using the latest
version of the SSARD code [38]. The interpretations of the shadings and contour colours are
described in the text.

end of the coannihilation strip close to the ⌧̃1 LSP boundary 4, and is incompatible with a
supersymmetric resolution of the gµ � 2 discrepancy. The Bs ! µ+µ� constraint has no

4We recall that the focus-point strip is excluded by the XENON100 upper limit on spin-independent dark
matter scattering.
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4We recall that the focus-point strip is excluded by the XENON100 upper limit on spin-independent dark
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and half’ parameters (m
0

, M
1/2, A0

, tan�, sgn(µ)), we parametrize the NUHM1 case by
mHu = mHd ⌘ m

0

��mH . Considering the present and future LHC accessible regions as
well as the reach of future flavor physics experiments, we scan the soft parameter space in
the following ranges:

m
0

2 [0, 5] TeV

�mH 2
(
0 for mSUGRA

[0, 5] for NUHM1

m
1/2 2 [0.1, 2] TeV

A
0

2 [�3m
0

, +3m
0

]

sgn(µ) 2 {�,+} (3.1)

Note that we use the convention in which m2

Hu
= sgn(mHu) |mHu |2. For this range of the

parameter space the first two generations squarks have masses up to mq̃1,2 ' 7 TeV and
the first two generations sleptons up to m

˜`1,2
' 5 TeV. We include in our scan such spectra

beyond the reach of direct SUSY searches at the LHC, in order to check the capability of
the flavor violating observables in constraining the parameter space.

The numerical analysis is carried out using the SUSEFLAV package [35]. It evaluates
2-loop MSSM RGEs with full 3 ⇥ 3 flavor mixing e↵ects and also incorporates one-loop
SUSY threshold corrections in all the MSSM parameters. It checks for consistent Radiative
Electroweak Symmetry Breaking (REWSB) by minimizing the one-loop corrected e↵ective
superpotential. The program incorporates the e↵ect of RH neutrinos on MSSM RGEs and
calculates the branching ratios of various LFV processes induced by such RGE e↵ects. The
program also calculates BR(b ! s�) in the minimal flavor violation assumptions. We also
calculate the BR(Bs ! µ+µ�) using ISABMM subroutine of ISAJET [36]. The light Higgs
mass is computed using the full two loop corrections of [37–40]. First, we collect the points
which (a) successfully give REWSB, (b) have no any tachyonic sfermions at the weak scale
and (c) have the lightest neutralino as Lightest Supersymmetric Particle (LSP). Then we
calculate all the LFV observables, BR(b ! s�) using the SUSY spectrum evaluated for
each point. Finally, we impose the following experimental constraints on the data points
we collected.

121.5 GeV  mh  129.5 GeV

m�̃± (lightest Chargino mass) � 103.5 GeV [41]

BR(Bs ! µ+µ�) < 4.5⇥ 10�9 [42]

2.85⇥ 10�4  BR(b ! s�)  4.24⇥ 10�4 (2�)[43]. (3.2)

In comparing our predictions for mh with the experimental range of eq.(1.1), we take into
account 3 GeV of theoretical uncertainty (for a recent discussion see [44]). We have not
considered the Supersymmetric solution to (g � 2)µ discrepancy in the present work.

In our study, we assume normal hierarchy in the light neutrino mass spectrum and set

m⌫1 = 0.001 eV, m⌫2 =
q
�m2

sol

+m2

⌫1 and m⌫3 =
q
�m2

atm

+m2

⌫1 (3.3)

– 5 –

Range we chose 
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moving away from CMSSM- I

Non-Universal Higgs Models

m2
Hu

6= m2
Hd

6= m2
0

Natural SUSY models 

Ellis, Olive et.al

(m2
0)1,2 � m2

03

X. Tata et.al

Non-Universal Gaugino  models 

M1 6= M2 6= M3

P. Nath et. al 

Non-Universal Scalar Mass  models Chattopadhyaya et. 
al 
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 New Physics at Intermediate Scales   
MPl

MGUT
Gauge couplings unify 

MSUSY

MZ

1018GeV

1016GeV

103GeV

Mseesaw(1014 � 103)GeV?

new running  due to Intermediate scales

Three types of Seesaws,
Coloured Particles

Vector like particles
Strongly coupled sectors

For simplification, neglect running above GUT  

Model Dependent Results

GUT [SO(10) ] models 
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Figure 7. Here we present combined regions of parameter space allowed by BR(µ ! e�) and the
light Higgs mass (mh), eq. (3.2), on the PMNS case in mSUGRA and NUHM1.

spite of the largeness of stops (t̃
1,2) or A-terms required. In fact flavor violation constraints

are still very strong5.

5In NUHM1 case the cancellations are constrained by the parameter choice of eq.(3.1).
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Present Constraints on mSUGRA + Seesaw 

NUHM+ seesawmSUGRA + seesaw

Calibbi, Chowdhury, Masiero, Patel,Vempati
JHEP 1211 (2012) 040
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minimal gauge 
mediation
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Giudice and Rattazzi, Phys. Reports Review 

The Scale of SUSY breaking mediation is 
about  100 TeV or so 
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Two loop diagrams contributing to soft masses
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A-terms are essentially zero !!! 

Q

Trilinear Couplings 
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the A-terms in the gauge mediation are
very small !! 

So a 125 GeV Higgs is very difficult unless we 
have a very heavy stop spectrum (beyond LHC )

Draper, Meade, Shih et.al 1112.3068
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FIG. 5. Messenger scale required to produce su�ciently large |A
t

| for m
h

= 123 GeV (left) and m
h

= 125 GeV
(right) through renormalization group evolution.

At = 0 at the messenger scale. Clearly this is not com-
pletely set in stone, and it would be interesting to look for
models of GMSB (or more generally flavor-blind models)
with large At at the messenger scale. This may be pos-
sible in more extended models, for instance in [37] where
the Higgses mix with doublet messengers.
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Appendix A: Comments on “heavy SUSY” scenarios

Although we have focused on mixed stops which can
be light enough to be produced at the LHC, let us briefly
consider the case of stops without mixing. For small
MS , we can compute the Higgs mass with FeynHiggs.
For larger MS , we use a one-loop RGE to evolve the
SUSY quartic down to the electroweak scale, computing
the physical Higgs mass by including self-energy correc-
tions [38, 39]. In Figure 6, we plot the resulting value of
mh as a function of MS , in the case of zero mixing. We
plot the FeynHiggs output only up to 3 TeV, at which
point its uncertainties become large and the RGE is more
trustworthy. One can see from the plot that accommo-

dating a 125 GeV Higgs in the MSSM with small A-terms
requires scalar masses in the range of 5 to 10 TeV.
A variation on this “heavy stop” scenario is Split Su-

persymmetry [40, 41], in which gauginos and higgsinos
have masses well below MS and influence the running of
�. In this case, the running below MS is modified by the
light superpartners, and the preferred scalar mass scale
for a 125 GeV Higgs can be even larger [42–44].
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FIG. 6. Higgs mass as a function of M
S

, with X
t

= 0. The
green band is the output of FeynHiggs together with its as-
sociated uncertainty. The blue line represents 1-loop renor-
malization group evolution in the Standard Model matched
to the MSSM at M

S

. The blue bands give estimates of errors
from varying the top mass between 172 and 174 GeV (darker
band) and the renormalization scale between m

t

/2 and 2m
t

(lighter band).

Draper, Meade, Shih et.al 1112.3068

The change required in the messenger scale is a bit 
too large : almost up to GUT scale
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Ways out for Gauge Mediation

(1) Have Yukawa mediation in addition to gauge mediation. 
This can be achieved by having matter-messenger fields 

mixing.  

Delgado, Giudice, Rattazzi et. al, Yanagida et.al

(2) Have additional matter in the higgs sector.  
Langacker  et. al, Yanagida et. al

(3) Additional strongly coupled sectors   

Yanagida et. al

review: Shih et.al, 1303.0228 
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NMSSM and gauge mediation

W = �SHuHd + S3 + huQucH2 + . . .

Higgs Mass Matrix is a 3 x 3 mass matrix 

A linear combination with the singlet can 
increase the light higgs mass 

But the singlet is massless at the mediation 
scale  !!! 

Can be made to work with an extra gauge group !! 

V. Sooryanarayana and Vempati
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• Supergravity models without Singlets (roughly, Mediation through 

supergravity loops ) : Anomaly Mediation Models and their variants  Luty, 
Shirman Reviews 

• Extra Dimensional Models : Gaugino Mediation Models, Randall-Sundrum 

Models, Strongly coupled models  Luty, Shirman Reviews, Nomura et.al, 
Terning Text book + lecture notes, Nelson-Strassler etc.

• String Inspired Models :  Moduli Mediation, KKLT, Hybrid Mediation models, 

• F-Theory Inspired Models  (more gauge Mediation)

Non-Traditional Models

Maharana and Palti, 1212.0555,
Heckman, 1001.4084

Choi et.al , Nilles et.al 
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Phenomenological 
Models
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• Do not consider  a specific model of 
Supersymmetric Breaking

• Intelligent choice of parameters 

• For ex: flavor violating and CP violating parameters 
set to zero. Degenerate first two generations etc. 

• 15-20 remaining parameters determine the entire 
weak scale spectrum. 

Jo Anne Hewett, T. Rizzo et. al
N. Mahmoudi et.al 

Carena, Wagner et. al 
Buchmuller et. al 
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Summary

If the discovered Higgs like particle is the lightest Higgs
of the MSSM, it puts severe constraints, 

especially on the stop sector  

Constrained gravity mediated models require almost maximal 
stop mixing.  But, are in a really tight spot 

if  constraints from flavour physics and Dark matter
 are taken in to account. 

Non universality in the Higgs sector gives some freedom 
but not so much.

Tuesday, 10 September 13



Large stop mixing requirement rules out  
minimal gauge mediated models with light stops 

without extended particle content.

Simple examples  based on NMSSM type extensions can be 
constructed 

Fine tuning can be reduced only with  non-universal gaugino 
masses (non-universality in scalar sector doesn’t matter )

Antusch et. al, 1207.7236 JHEP  2013

(or just live with it )
A new definition of fine tuning will make it natural

Baer et.al , 1207.3343

review: J. Feng arXiv:1302.6587 
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BACK UP SLIDES
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Figure 1. The figure in the left panel shows the BR(µ ! e�) obtained by scanning the mSUGRA
(in red color) and NUHM (in green color) parameters in the ranges given in eq. (3.1) and for fixed
tan� = 10 and Ue3 = 0.11 (the lowest value allowed at 3� by recent RENO observation) and satisfy
all the constraints in eq. (3.2). Di↵erent horizontal lines correspond to present and future bounds
on BR(µ ! e�). The figure in the right panel shows the allowed space in the m0 � m1/2 plane
which satisfy the current MEG bound and eq. (3.2). The region below the red line is excluded by
the direct searches for SUSY at the LHC [7].

Figure 2. The same as figure 1 for tan� = 40.

In figures 1 and 2 we present the constraints from BR(µ ! e�) on mSUGRA and
NUHM1 parameter space for tan� = 10 and 40 respectively. As can be seen, while only
small part of the paramater space survives for tan� = 10 in mSUGRA, it is completely
ruled out for tan� = 40. The allowed regions for low tan� require very heavy spectra,
i.e. m

0

& 4 TeV for small M
1/2 or M

1/2 & 2 TeV for small m
0

. What is surprising is
that the constraint on the NUHM1 parameter space is not as weak as one might expect
form eq. (2.6). As we can see from the figures even in the presence of partial cancellations,
most of the NUHM1 parameter space is going to be explored by MEG. If one removes the
light Higgs mass constraint, points with stronger cancellations would be allowed, even with
µ ! e� rates below the MEG sensitivity. Thus points compatible with the Higgs mass
bound, eq. (3.2), do not allow strong cancellations in the flavor violating entry in eq. (2.6).
For the large tan� case, the µ ! e� constraint is so strong that only few points with
M

1/2 & 800 GeV are allowed. In the section 4.1, we will discuss in more detail about the
impact of the constraint on mh in mSUGRA and NUHM1.

In the context of the updated MEG limit on BR(µ ! e�), it is now worthwhile to see
what is the situation with the small mixing CKM case. Here we compare the CKM case
and the PMNS case with mSUGRA boundary conditions. As above, red points correspond
to the PMNS case while we use the blue color for CKM case. The CKM case has highly

– 7 –

tanbeta = 10, red line corresponds to LHC search limit 
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Uncertainties in the 
calculation

scheme dependence: Between         and OS scheme there is mass 
difference ~ 2 GeV.

renormalization scale: at 1-loop the mh changes ~ 10 GeV from        
to 1 TeV,  while at 2-loop difference comes down to 2-3 GeV.

external momentum dependence:                                  

   top mass uncertainty: 

2 GeV shift in  top mass leads to ~ 1 GeV change in the lightest Higgs 
mass value in MSSM.

  other uncertainties include: 

total shift in the mh due to these 3 parameters is < 100 MeV.

Allanach et al. ’04
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  Fixing the scheme of calculation and renormalization scale the only 
uncertainty comes from the approximation of external momentum being zero 
while calculating higgs mass at 2-loop or more. 

  This uncertainty (~500 MeV) is within the experimental error of LHC. 

  The total theoretical uncertainty in the lightest Higgs mass calculation is 
~ 4-5 GeV. 
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flavourful susy from RS
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An Alternative to Froggatt-Nielsen Models 
Consider RS as a theory of flavour 

rather than 
a solution to hierarchy problem. 

SUSY is still present to solve the hierarchy problem

RS between Planck Scale and GUT scale : May be 
more Natural

 Iyer, Dudas & Vempati, in progress

Bulk masses of N=1 Superfields are fit to 
the fermion masses at the GUT scale ! 

Soft terms are given by profiles which fix 
the fermion masses at GUT scale
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Example Point 

All the O(1) parameters are considered to be 1.

I. INTRODUCTION

We present a few examples of low energy spectrum for the GUT RS configuration. They

correspond to specific choices of O(1) paramters in the soft sector as well as two di↵erent choices

c parameter set for the leptons and the hadrons.

II. POINT 1

The set of c values for this point is given in Table[I]. The spectrum in generated for the case

where all the O(1) paramters are chosen to be 1. It is given in Figure[1]

TABLE I: Sample point 1 for the Hadronic and the leptonic case used to evaluated the soft mass matrices

at the GUT scale

Point Hadron Lepton

cQ,L1
1.8211 1.9595

cQ,L2
1.9441 1.1760

cQ,L3
0.7545 1.4195

cD,E1
1.8144 1.4110

cD,E2
0.9781 1.2135

cD,E3
0.8986 -0.9321

cU,N1
2.4262 6.3178

cU,N2
0.0967 7.7178

cU,N3
-3.7868 6.7101

FIG. 1: Spectrum corresponding to the point in Table[I] where all O(1) paramters are tken to be 1

2
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The low energy data is given below

mQ =

4.1793E+00 -1.5895E+00 2.4778E+01

-1.5895E+00 6.0456E-01 -9.4239E+00

2.4778E+01 -9.4239E+00 1.4690E+02

mU =

2.4692E-01 -9.7687E+00 2.2101E+01

-9.7687E+00 3.8647E+02 -8.7437E+02

2.2101E+01 -8.7437E+02 1.9782E+03

mD =

3.2966E+00 -3.4599E+00 2.2901E+01

-3.4599E+00 3.6313E+00 -2.4035E+01

2.2901E+01 -2.4035E+01 1.5909E+02

mL =

2.5593E+00 -1.0666E+01 2.2770E+00

-1.0666E+01 4.4454E+01 -9.4896E+00

2.2770E+00 -9.4896E+00 2.0258E+00

mE =

8.8083E-01 6.7365E+00 -3.0175E+01

6.7365E+00 5.1520E+01 -2.3078E+02

-3.0175E+01 -2.3078E+02 1.0337E+03

mNu =

8.9500E-09 4.0468E-10 3.7631E-09

4.0468E-10 1.8297E-11 1.7015E-10

3.7631E-09 1.7015E-10 1.5822E-09

m10 = 8.7128E+02

m20 = 8.7128E+02

a0 = 0.0000E+00

M1 = 1.2435E+03

M2 = 1.2435E+03

M3 = 1.2435E+03

sign mu = 1.0000E+00

3

M1/2 = 1.2 TeV

m3/2 = 871.2 GeV
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