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The Higgs bump at LHC 

Speed breakers to Zero Stop mixing  ?? 



Upper bound on Light Higgs (one loop)

for m_{SUSY} = 1 TeV, we have an upper bound of 135 GeV 

pretty robust prediction. 

Fixed Order



|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



• If LHC discovers light stops (less than TeV) 
and they are strongly mixed: then MSSM 
structure is true.



• If LHC discovers light stops and they have 
zero mixing, it points to structures beyond 
MSSM  (like NMSSM , D-terms etc..) 

   Theorem 



Minimal Gauge Mediation 

No SUSY flavour violation 

small number of parameters  

messengers 


(charged under


SM )

SUSY breaking spurion





Two loop diagrams contributing to soft masses



A-terms are essentially zero !!! 

Q

Trilinear Couplings 



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



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,	



Babu et. al,  Shadmi et.al, Calibbi 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 

flavour violation !!!! 

some amount of Messenger-Matter mixing !



Our solutions 

Say NO to messenger-Matter mixing !!!

(1)  Little extra gauge mediation (with a singlet)

V. S. Mummidi and S Vempati, 1311.4280 (Nucl. Phy.s B ) 

!
(2)  Add Neutrinos and impose Supersymmetric Inverse Seesaw Mechanism 

E. J. Chun,  V. S. Mummidi and S Vempati, 1405.5478  
!
!

(3) Gravitational Rescue of Minimal Gauge Mediation   

A. Iyer, V. S. Mummidi  and S Vempati, to appear   



A little more gauge mediation 

Add an additional U(1) to regular SM gauge group mediation 

Add a singlet !!

(Remember  NMSSM does not work in Minimal Gauge Mediation ) 

de Gouvea, Friedland , Murayama 


Dine, Nir, Shirman



In  NMSSM 

In  U(1) extended NMSSM:  

extremely small in ordinary


GMSB 

Similar to many U(1) extended


models.  



Anomalies !!
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Appendix A: Anomaly Conditions

In the following we present the anomaly cancellation conditions and U(1) charges which are

solutions to them. More elaborate analysis of anomaly cancellations pertinent to U(1) extensions of

MSSM has been presented in [64]. To begin with, the U(1)A gauge invariance of the superpotential

Eq.(5) leads to the below equations which should be satisfied by the U(1)A charges.

h
1

+ q + d = 0 (A1)

h
2

+ q + u = 0 (A2)

h
1

+ l + e = 0 (A3)

s+ h
1

+ h
2

= 0 (A4)

In addition, the following five anomaly cancellation conditions should also be satisfied.

A
1

: U(1)A � [SU(3)C ]
2

A
2

: U(1)A � [SU(2)L]
2

A
3

: U(1)A � [U(1)Y ]
2

A
4

: U(1)Y � [U(1)A]
2

A
5

: U(1)3A

In the following, we analyse each of these conditions and the corresponding solutions for U(1)A

charges.

a. Anomaly A1(U(1)A � [SU(3)C ]2)

3(2q + u+ d) +A
1

(exotics) = 0 (A5)
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Minimal Matter content 


required to cancel the


anomalies 

three pairs of coloured triplets 



way to the mediation scale. Due to this Yt and At receive comparatively large corrections due to

the relatively large ↵s. Additional corrections from g
4

, ki and Aki also contribute in the running

of the A�. This feeds into A�, making it positive at the weak scale. In the right panel of the Fig

[2], we show the running of the At for the same parameters
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FIG. 2: A� and At are plotted as a function of the energy scale, where free parameters are fixed as � =

0.394, g4 = 0.137, k1 = 0.016, k2 = 1.07, k3 = 0.117,tan� = 3.7

Let us focus our attention to the lightest Higgs mass eigenvalue. The matrix Eq.(20) gives

an upper bound on the tree level lightest Higgs mass. In the present model, it has additional

contribution from � and g
4

which is given as

mh0
2  M2

Z


cos 2�2 +

�2

2g2
sin 2�2 +

g2
4

g2
(h

1

+ h
2

+ (h
1

� h
2

) cos 2�)2
�

(21)

In the NMSSM, it is well known that the tree level contribution can be appreciably enhanced from

the MSSM tree level values only for large values of � & 0.7. The above bound is thus saturated

only for special values of the parameters. For most of the parameter space, however the actual

eigenvalue is far below the above bound. As in MSSM, one loop corrections would play a major

role.

The total number of parameters are ⇤, MX , g
4

, � and the U(1) charges. Before proceeding to

present the numerical results, we discuss the possible constraints on the various parameters. The

first constraint we discuss is from the neutral gauge boson mixing. The neutral gauge bosons Z

and Z 0 mix with their mass matrix given by L � �TM2

Z0Z� where �T = {Z 0, Z} with

M2

Z0Z =

0

@ M2

Z0Z0 M2

Z0Z

M2

Z0Z M2

ZZ

1

A (22)
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The Higgs mass 

in the limit vs � v
1

, v
2

(vs is required to be large which is discussed later in this section), we have

v2s ⇡ �2 m2

s

s2g2
4

,

which is the typical vev one expects in extra U(1) models [41, 55]. At the high scale, X, m2

S which

is positive and proportional to ↵̃2

4

⇤2 can be driven negative at the electroweak scale by the Yukawa

couplings of the exotics k
1

, k
2

, k
3

.

This should be contrasted with the vev in minimal gauge mediation, without the U(1) factor.

See for example,Refs.[ [39, 56] ]. From the minimization conditions of NMSSM, we get

v2s ⇡ � 1

22
�
�2(v2

1

+ v2
2

) + 2m2

s � 2�v
1

v
2

�
(19)

which is too small to get µeff (�vsp
2

) of the order of electroweak symmetry breaking. To achieve

a significant value either � has to be very large (> 1) or  has to be too small. In both the

cases, achieving electroweak symmetry breaking is highly constrained [57]. We now turn our

attention to the Higgs sector. The CP-even tree-level Higgs mass squared matrix,  †M2

+

 , where

 T = {H0

1

, H0

2

, S}, and the elements of the matrix are given as:

�
M0

+

�
2

11

=


G2

4
+ h2

1

g
4

2

�
v2
1

+
A�p
2

v
2

vs
v
1

�
M0

+

�
2

12

= �

G2

4
� �2 � h

1

h
2

g
4

2

�
v
1

v
2

� A�p
2
vs

�
M0

+

�
2

13

=
⇥
�2 + h

1

sg
4

2

⇤
v
1

vs �
A�p
2
v
2

�
M0

+

�
2

22

=


G2

4
+ h2

2

g
4

2

�
v2
2

+
A�p
2

v
1

vs
v
2

�
M0

+

�
2

23

=
⇥
�2 + h

2

sg
4

2

⇤
v
2

vs �
A�p
2
v
1

�
M0

+

�
2

33

= s2g
4

2v2s +
A�p
2

v
1

v
2

vs
(20)

Given that the physical Higgs spectrum should be non-tachyonic, we can derive constraints on

the parameter space of the model. Firstly the sign of the determinant of the matrix, in the limit

vs >> v
1,2 is crucially dependent on the sign of the A�. This is obvious, by considering the full

determinant of the 3⇥ 3 mass matrix, which is given by

Det[(M0

+

)2] ⇡ A�v3s
4
p
2v

1

v
2

⇥
G2 g2

4

s2 (v2
1

� v2
2

)2 + 4
�
g4
4

h2
1

s2 v4
1

� ( l4 + 2 g2
4

l2 (h
2

� s ) s+ g4
4

h
2

(�2h
1

+ h
2

) s2) v2
1

v2
2

+ g4
4

h2
2

s2v4
2

�⇤

For A� > 0, the region in which the sign of the determinant of the Higgs mass matrix changes is

plotted in �, g
4

plane by taking h
1

= �1

2

, h
2

= �5

2

, s = 3, and tan� = 10. Electroweak symmetry

8

Tree level upper bound !



One loop corrections to Higgs 

standard top /stop corrections

Exotic (Quark) corrections to the Higgs mass matrix

Considered Minimal Messenger Model with


five extra dimensionless couplings !! 

this, we impose phenomenological constraints from direct SUSY searches at LHC [60, 61] as well

as the flavour constraints from b ! s+ � and b ! s+ µ+µ�.

In the numerical analysis, we fix the U(1)A charges to be as given in Table I. It should be noted

that these are not the only solutions available from anomaly cancellation conditions. A list of five

solutions is presented in Appendix A. Of the remaining parameters, we have fixed tan� = 10 and

varied the remaining parameters within a range presented in Table (IV).

TABLE II: Ranges for the various Parameters

Parameter Range

⇤ 1⇥ 105 � 5⇥ 107[GeV ]

g4 0.01� 2.5

� 0.1� 0.9

1 0.1� 0.9

2 0.1� 0.9

3 0.1� 0.9

Instead of presenting the results in terms of regions of allowed parameter space, we present the

correlations of the parameters with the lightest CP even Higgs boson mass. In Fig. (3), we present

the correlation of the light Higgs mass with respect to the At generated at the weak scale. The

left panel presents the total Higgs mass whereas the right panel shows the 1-loop correction to the

light Higgs mass. As expected we see that as |At| increases, the 1-loop correction to the Higgs

mass increases so does the total mass. It is also surprising to see larger values for At ⇠ 900 GeV

possible in this case and accordingly the higher values for Higgs mass ⇠ 140 GeV . Of course, the

heavier Higgs masses correspond to heavier stops. Note that we have considered only dominant

1-loop corrections to the light Higgs mass. Two loop contributions [62] can be important and they

would give a more precise number for the light Higgs mass. However, it is clear that one can easily

achieve a light Higgs mass of O(125)GeV.

In Fig. (4), we present the correlation between mh and � in the left panel and mh and g
4

in

the right panel. We find a surprising relation between � and mh. The Higgs mass seems to be

lower for higher values of �. This is contrary to expectations based on NMSSM. This is because

for higher values of � achieving electroweak symmetry breaking becomes harder. Similarly, larger

values of � typically mean lighter values of vs. Similarly, larger values of g
4

are not preferred by

the data as they can lead to Landau poles. This can be seen from the right panel of Fig.(4). Thus,

the regular NMSSM like enhancement of the tree level Higgs mass is not possible in this model.

13

Messenger scale is


taken twice that of


the \Lambda in this case



FIG. 3: Higgs mass, including one-loop correction, and only one loop correction are plotted against At. The

U(1) charges are taken from Table I.

FIG. 4: Higgs mass, including one-loop correction is plotted against � and g4

From the allowed parameter space, we now present a representative point, Point(A) which give

the lightest Higgs mass to be around 125 GeV. In this point, the next to lightest supersymmetry

particle (NLSP) is the A-ino, the supersymmetric partner for the extra U(1)A gauge boson.

Point (A):

The various parameters for this point are : vs = 2225.53GeV, tan(�) = 3.26,� = 0.3439, g
4

=

0.1198, MX = 194.22 TeV, ⇤ = 97.112TeV, 
1

= 0.1368, 
2

= 0.7865, 
3

= 0.7813

14

Sooryanarayana and 


Vempati, 


(Nucl Phys B) 884 2014 

The RGE generated At is still small !!  But the Higgs


mass is the in right range !! 

(neglected the vector contributions ! ) 

with constraints


M_Z’ searches etc.,


taken in to 


consideration 



Neutrinos can rescue Higgs

Consider supersymmetric Inverse Seesaw Mechanism 

Chun, Sooryanarayana, Vempati, to appear

This coupling can be large !!! (Mass is called m_D )

From Electroweak precision tests
Perez-Victoria et. al 



Neutrinos can rescue Higgs

Complete 1-loop effective potential  corrections 
including neutrino sector for a general susy breaking 
sector 

Chun, Sooryanarayana, Vempati, to appear

Guo et. al


Shafi et. al 

GMSB Region
with mixing X_N



Summary 

But, at the same time, the discovery of Higgs has 


put severe constraints on known Supersymmetric 


models even more than direct constraints !!

126 GeV Higgs  is compatible with TeV scale MSSM !!! 


Perhaps it is just around the corner. 

Of the models minimal gauge mediation models are the


most constrained. But, simple ways can be found without


introducing messenger-matter mixing. 

For example, we have shown a simple extra U(1) or neutrino couplings


can give you the required enhancement without generating large A_t


