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•  Scalar at 126 GeV looks like the SM Higgs!

•  Looks weakly coupled:                                
       (and elementary)
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New fundamental SM parameter measured:
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• Branching Ratios look also like SM (so far..) 

• First elementary scalar ever seen in Physics  
(Both SUSY and Strings predict elementary scalars !)



 The SM Higgs problems get sharper:

• 1)  The gauge hierarchy problem on the 
nose: the Higgs is there, light and weakly 
coupled. 

• 2) A new ‘problem’: the `Stability  Problem´: 
the Higgs potential becomes unbounded well 
below the Planck scale....

       
  

Why mHiggs � MPlanck ??
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56 Supersymmetry

Figure 2.3 One-loop corrections to the Hu (mass)2, controlled by the top Yukawa coupling
yt. After SUSY breaking the negative contribution from the first diagram wins over the
positive contribution from the second.

SUSY is broken, the squarks get masses and the second diagram is suppressed
compared to the first, leaving an overall uncanceled negative contribution
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where the contribution is evaluated at a scale Q0. For large enough yt i.e. heavy
enough top quark, this negative contribution may, at low energies, exceed the orig-
inal positive contribution and trigger EW symmetry breaking. Similar diagrams
exist for the Higgs field Hd but they are controlled by the bottom Yukawa cou-
pling, and so give smaller contributions, which we ignore for simplicity.
One may worry that similar diagrams correcting the squared masses of squarks

like t̃, b̃ could drive them to negative values, leading to minima breaking charge and
color symmetries. However, for these coloured scalars there are additional large and
positive contributions from diagrams involving gluino loops, controlled by the large
QCD coupling constant, which thus prevent SU(3) ⇥ U(1)EM breaking. Also for
this reason, squarks are in general heavier than sleptons.
The resulting pattern of running masses for the Higgs scalar and the various

SUSY particles of the MSSM is sketched in figure 2.4. Hence the structure of the
MSSM is such that quantum corrections produce the desired pattern of SU(3) ⇥
SU(2)L⇥U(1)Y symmetry breaking in a natural and elegant way. This mechanism,
known as radiative electroweak symmetry breaking, requires a heavy top quark,
e.g. mt ⇤ 70 � 190 GeV in the simplest constrained MSSM. The experimentally
measured value of mt ⇤ 170 GeV thus fits quite well with radiative EW symmetry
breaking in the MSSM; this is a remarkable success of this mechanism, in particular
given that at the time of its original formulation the existing theoretical prejudice
was mt ⇤ 30� 40 GeV.

A more complete treatment of loop corrections makes use of the RGEs to run the
soft terms down to low energies, producing a potential (2.81) for running couplings.
In this description, µ2

u ⌅= µ2
d at low energies, and the potential can trigger correct



SM

Elias-Miró et al.’12

(Not necessarily a problem for a 
sufficiently long-lived vacuum, but......)

Casas et al.’94; Shaposhnikov, Wetterich ’09;
Holthausen et al. ’11

Bezrukov et al.‘12et al.; Froggatt,Nielsen ’96;
Anchordoqui et al.’12
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Figure 1: RG evolution of the Higgs self coupling, for di↵erent Higgs masses for the central value of mt

and ↵s, as well as for ±2� variations of mt (dashed lines) and ↵s (dotted lines). For negative values

of �, the life-time of the SM vacuum due to quantum tunneling at zero temperature is longer than the

age of the Universe as long as � remains above the region shaded in red, which takes into account the

finite corrections to the e↵ective bounce action renormalised at the same scale as � (see [11] for more

details).

2 Stability and metastability bounds

We first present the analysis on the Higgs instability region at zero temperature. We are

concerned with large field field values and therefore it is adequate to neglect the Higgs mass

term and to approximate the potential of the real field h contained in the Higgs doublet H =

(0, v + h/
p
2) as

V = �(|H|2 � v2)2 ⇡ �

4
h4 . (1)

Here v = 174 GeV and the physical Higgs mass is mh = 2v
p
� at tree level. Our study here

follows previous state-of-the-art analyses (see in particular [9, 11, 12]). We assume negligible

corrections to the Higgs e↵ective potential from physics beyond the SM up to energy scales of

the order of the Planck mass. We include two-loop renormalization-group (RG) equations for all

the SM couplings, and all the known finite one and two-loop corrections in the relations between

3
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Metastable

at ' 1011 GeV
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7

mh = 126 GeV : a borderline Higgs
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The Higgs Puzzle



Low-energy  SUSY?

•  SUSY predicts   mh � 130 GeV
In principle 126 GeV Higgs good news for SUSY

However... this value is a bit high....

... and  no hints as yet of  SUSY particles at LHC!

(CMSSM)

e.g. Mg̃ = Mq̃ � 1.5 TeV !
9

56 Supersymmetry

Figure 2.3 One-loop corrections to the Hu (mass)2, controlled by the top Yukawa coupling
yt. After SUSY breaking the negative contribution from the first diagram wins over the
positive contribution from the second.

SUSY is broken, the squarks get masses and the second diagram is suppressed
compared to the first, leaving an overall uncanceled negative contribution
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where the contribution is evaluated at a scale Q0. For large enough yt i.e. heavy
enough top quark, this negative contribution may, at low energies, exceed the orig-
inal positive contribution and trigger EW symmetry breaking. Similar diagrams
exist for the Higgs field Hd but they are controlled by the bottom Yukawa cou-
pling, and so give smaller contributions, which we ignore for simplicity.
One may worry that similar diagrams correcting the squared masses of squarks

like t̃, b̃ could drive them to negative values, leading to minima breaking charge and
color symmetries. However, for these coloured scalars there are additional large and
positive contributions from diagrams involving gluino loops, controlled by the large
QCD coupling constant, which thus prevent SU(3) ⇥ U(1)EM breaking. Also for
this reason, squarks are in general heavier than sleptons.
The resulting pattern of running masses for the Higgs scalar and the various

SUSY particles of the MSSM is sketched in figure 2.4. Hence the structure of the
MSSM is such that quantum corrections produce the desired pattern of SU(3) ⇥
SU(2)L⇥U(1)Y symmetry breaking in a natural and elegant way. This mechanism,
known as radiative electroweak symmetry breaking, requires a heavy top quark,
e.g. mt ⇤ 70 � 190 GeV in the simplest constrained MSSM. The experimentally
measured value of mt ⇤ 170 GeV thus fits quite well with radiative EW symmetry
breaking in the MSSM; this is a remarkable success of this mechanism, in particular
given that at the time of its original formulation the existing theoretical prejudice
was mt ⇤ 30� 40 GeV.

A more complete treatment of loop corrections makes use of the RGEs to run the
soft terms down to low energies, producing a potential (2.81) for running couplings.
In this description, µ2

u ⌅= µ2
d at low energies, and the potential can trigger correct

= 0
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Low Energy



•  1) It is a fundamental symmetry of string theory

•   2) To avoid the presence of tachyons in string 
compactifications
  
•   3) Additional reason: to stabilize the Higgs potential:   

String Theory Suggests SUSY is present at some scale
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Figure 1: RG evolution of the Higgs self coupling, for di↵erent Higgs masses for the central value of mt

and ↵s, as well as for ±2� variations of mt (dashed lines) and ↵s (dotted lines). For negative values

of �, the life-time of the SM vacuum due to quantum tunneling at zero temperature is longer than the

age of the Universe as long as � remains above the region shaded in red, which takes into account the

finite corrections to the e↵ective bounce action renormalised at the same scale as � (see [11] for more

details).

2 Stability and metastability bounds

We first present the analysis on the Higgs instability region at zero temperature. We are

concerned with large field field values and therefore it is adequate to neglect the Higgs mass

term and to approximate the potential of the real field h contained in the Higgs doublet H =

(0, v + h/
p
2) as

V = �(|H|2 � v2)2 ⇡ �

4
h4 . (1)

Here v = 174 GeV and the physical Higgs mass is mh = 2v
p
� at tree level. Our study here

follows previous state-of-the-art analyses (see in particular [9, 11, 12]). We assume negligible

corrections to the Higgs e↵ective potential from physics beyond the SM up to energy scales of

the order of the Planck mass. We include two-loop renormalization-group (RG) equations for all

the SM couplings, and all the known finite one and two-loop corrections in the relations between

3

11

V = D2 + F 2 � 0
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SUSY could be realised at a scale � 1 TeV

SUSY would be needed NOT to 
stabilize the hierarchy 

but to stabilize the SM vacuum 

(before � becomes negative)
This would require MSS  1011 GeV

But....what about the hierarchy problem?



Anthropic: if the Higgs is not light enough, it cannot 
trigger EW breaking at the right scale and give rise to 
a sufficiently complex universe so that we can exist...

String theory provides new avenues: 

•  The landscape of string vacua may justify
an anthropic understanding of the gauge 
hierarchy via a fine-tuning, in analogy to 
Weinberg’s solution to the c.c. problem

  

Agrawal,Barr,Donoghue,Seckel  (97,98); Hogan (99);Tegmark et al (03); 
Arkani-Hamed,Dimopoulos (04); Giudice,Romanino(04);Dine et al (04); 

Hall,Nomura(07,09); Damour,Donoghue(07); Jaffe et al (08),........

13
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•  Assume arbitrarily large SUSY scale 

• Assume a light Higgs is fine-tuned (e.g. 
selected anthropically)

We will  see  that                              is then 
a typical value!!

                      

  

MSS � 1 TeV

mH ' 126 GeV



 Higgs mass versus 
SUSY scale

15



Above MSS we have two doublets Hu, Hd

Assume a structure of scales :

MEW ⌧ MSS ⌧ MX

General Higgs mass terms :

Hall and Nomura in ref. [6]. This is just assuming a MSSM structure above a very

large SUSY scale MSS . All SUSY partners are heavy but there is still some imprint

left of the High Scale SUSY in the Higgs sector. Indeed out of the two scalars Hu, Hd

in the MSSM only one linear combination remains light below MSS , i.e.

HSM = sinβHu − cosβH∗
d (4.1)

Then there is a quartic self-coupling λSS|HSM |4 with [5, 6]

λSS =
1

8

(

g2
2 +

3

5
g2
1

)

cos22β (4.2)

which is inherited from the D-term scalar potential of the MSSM. As we said it has

been shown [9–16] that, starting at low-energies with a SM Higgs with a mass around

124-126 GeV and running up the SM self-coupling λ up in energies this coupling tends

to zero around a scale 109 − 1011 GeV (see fig. 4). This would be consistent with the

above High Scale SUSY Breaking scheme if at the scale MSS one had tan β = ±1, so

that λSS(MSS) " 0.

An interesting question is thus under what conditions one naturally gets tan β "
±1. The general form of Higgs masses in the MSSM is7

(

Hu , H∗
d

)





m2
Hu

m2
3

m2
3 m2

Hd









H∗
u

Hd



 . (4.3)

where we will take m2
3 real. The condition for a massless eigenvalue is m4

3 = m2
Hu

m2
Hd

.

The massless eigenvector is then

HSM = sinβ Hu ∓ cosβ H∗
d (4.4)

with sin β = ±|mHd
|/

√

m2
Hu

+ m2
Hd

. So in order to have a massless Higgs with tan

β " ±1 one needs to have the conditions

m2
Hu

= m2
Hd

(4.5)

m4
3 = m2

Hu
m2

Hd
(4.6)

We will take the negative sign in (4.4) from now on. The first condition points to an

underlying symmetry under the exchange of Hu and Hd, possibly slightly broken. The

second condition does not necessarily imply any underlying symmetry, it is rather a

7If in addition to the Higgs doublets there remain Higgs triplets D, D below Mc, similar mass

matrices will appear for them. However there will be no anthropic selection of light scalar triplets. So

doublet-triplet splitting would be purely anthropic.
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Massless eigenstate:  

m4
3 = m2

Hu
m2

Hd
Obtained from fine-tuning:

HSM = sin� Hu � cos� H�
d

Assumed
anthropically

tuned16

! tan� =
m2

Hd

m2
Hu



VSM = |HSM |4

Then there is SM quartic potential inherited from MSSM :

MSSM D � term :
Arkani-Hamed,Dimopoulos ’04

Hall,Nomura ’09

�(MSS)

SUSY predicts �(MSS) :

17
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|HSM |4

�(MSS)

VSM (MSS) =

1) One computes g21,2(MSS) using the 2� loop RGE from

MW to MSS scale

(also ht(MSS))

How to compute mH as a function of MSS :

18
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✓
g

2
2(MSS) +

3

5
g

2
1(MSS)

◆
cos

22�(MSS)

! need to compute �(MSS) :

1) g21,2(MSS)

2) cos22�(MSS)



and computes tan�(MSS) = |mHu |/|mHd |(MSS) from RGE

19

2) Compute cos

22�(MSS) :

V ery reasonable assumption : mHu(MGUT ) = mHd(MGUT )

Solving the RGE and taking CMSSM soft terms :

m2
Hd

(t) = m2 + µ2q2(t) + M2g(t)

m2
Hu

(t) = m2(h(t)� k(t)A2) + µ2q2(t) + M2e(t) + AmMf(t)

with q, g, h, k, e, f known functions of ht and gauge couplings

, t = 2log(MGUT /MSS)

 L.I.and Valenzuela  2013

 L.I., Muñoz,López 1985



20

3) Run down � to Weak Scale :

(SUSY thresholds at MSS , ��(MSS) ; Additional EW threshold)

m2
H(QEW ) =

4M2
W

g22
�(QEW )

Weak dependence on gauge coupling unification
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

(⇤e.g.for universal

p
2m = M = MSS , A = �3/2M) ; mt = 173.1± 0.7 GeV )

 L.I.and Valenzuela  2013

For MSS � 1010 GeV ! mH = 126± 3 GeV

Could have been predicted!!
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 L.I.and Valenzuela  2013

Comparison with no mHu = mHd assumption
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Similar results for other choices of soft terms

For MSS  1010 GeV more model dependent

Still mH  130 GeV as in MSSM
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mH ' 126 GeV suggests very heavy SUSY !!

MSS ' 1011 GeV ?
This is the maximum compatible with stable SM...

MSS ' few TeV ?
This is  low energy SUSY, perhaps accesible to LHC...

But, how heavy is SUSY??
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• 1)  An intermediate SUSY breaking scale 
                     is typical  in String Compactifications 

• 2) Low scale SUSY is however not yet excluded
 and predictive soft masses are obtained  
in modulus domination both in MSSM and 
NMSSM, see later

       
  

5

 

MSS ' 1010 GeV

Both are possible....



F-theory: Combines GUT unification 
with flux moduli fixing

Compactification

Concentrate 
on:

Chiral

STRINGS

26



F-theory SU(5)

SU(5) 7-branes wrap a 4-cycle S

X4 ⇥ T 2 �B3

• F-theory may be considered as a non-perturbative version of Type IIB 
orientifolds. One considers an auxiliary 12-dimensional theory on a 
complex 4-fold 

The  c.s. modulus of 2-torus is
 identified with complex dilaton

Vafa’96

Beasley, Heckman, Vafa’08
Donagi & Wijnholt’08

27



1) Mass Scales (IIB)

M2
p =

8M8
s V6

(2�)6g2
s

M2
s = (�⇥)�1 String scale

Planck scale

Unification  scale 

V6

V4

where
1

�G
=

V4M4
s

8⇥4gs

(V4 indep. from V6)

parametrizing V4 = (2�Rc)4

Mc =
1

Rc
= Ms

�
�G

2gs

⇥1/4

Mc �Ms �Mp 28



SU(5) Symmetry breaking through hypercharge flux:

FY � 1
R2

c

= M2
c

(� trivial in B3, so that hypercharge remains massless)

�

�
FY = integer

Flux along the hypercharge direction:

� is a 2� cycle in S

Mc is the unification scale

Beasley, Heckman, Vafa’08
Donagi & Wijnholt’08

2)  Important new ingredient: (no adjoint Higgs!!)
(no Wilson lines!!)

(sort of  adjoint
 Higgsing)

29



3) Closed String Fluxes: A natural source of
 SUSY breaking

In Type IIB  there are RR and NS 3-form fluxes 
      inducing SUSY-breaking soft terms of  order:

MSS � G3 � ��

V 1/2
6

� M2
s

Mp

�⇥ MSS ⇤
�

2gs

�G

⇥1/2 M2
c

Mp

G3

This is the typical  SUSY breaking scale in string theory!

(In the MSSM scenario these fluxes should be suppressed somehow !!)

Geometrical
mean

(since

�

3�cycle
G3 ⇤ integer � G3 ⇥

1

V 1/2
6

)

30



4) Gauge coupling unification

will allow for some variation below). However, unlike in the usual low energy SUSY

scenario, we allow the scale of SUSY breaking on the MSSM MSS to be a free parameter.

We know that the standard MSSM prediction for gauge coupling unification [26] with

MSS ! 1 TeV is quite successful. On the other hand for MSS ! Mc we have the SM

below Mc and we know that coupling unification fails. On the basis of this one could

conclude that gauge coupling unification forces MSS to be close to the weak scale.

Interestingly enough, the breaking of the SU(5) symmetry via fluxes has a novel type

of threshold corrections [19–21] compared to the field theory case, as we now describe.5

To leading order the gauge kinetic function for the SU(5) group within the 7-branes is

given by the local Kähler modulus T whose real part is proportional to V4, consistently

with eq.(2.2). However in the presence of hypercharge fluxes FY the gauge kinetic

functions get corrections [20]

4πfSU(3) = T − 1

2
τ

∫

S
Fa ∧ Fa (3.1)

4πfSU(2) = T − 1

2
τ

∫

S
(Fa ∧ Fa + FY ∧ FY )

3

5
4πfU(1) = T − 1

2
τ

∫

S

(

Fa ∧ Fa +
3

5
(FY ∧ FY )

)

.

where τ = 1
gs

+ iC0 is the complex dilaton and Fa are fluxes along the U(1) contained

in the U(5) gauge group of the 7-branes which are needed for technical reasons but are

not relevant in our discussion. It turns out that in order to get rid of exotic matter

massless fields beyond those of the MSSM the topological condition
∫

FY ∧ FY = −2

should be fulfilled [23, 24]. This implies that at the compactification scale one has the

condition
1

α1(Mc)
=

1

α2(Mc)
+

2

3α3(Mc)
. (3.2)

which is a generalization of the standard relationship 5/3α1 = α2 = α3. In addition

one also obtains

1

gs
=

3

5α1(Mc)
− 1

α3(Mc)
=

3

5

(

1

α2(Mc)
− 1

α3(Mc)

)

. (3.3)

Thus the size of the threshold corrections is determined by the inverse of the string

coupling gs. The corrections by themselves would imply an ordering of the size of the

fine structure constants at Mc given by

1

α3(Mc)
<

1

α1(Mc)
<

1

α2(Mc)
. (3.4)

5These corrections result from the expansion in powers of fluxes F of the Dirac-Born-Infeld plus

Chern-Simmons (DBI+CS) action of the 7-branes, see e.g. [17] for a review.
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Hypercharge fluxes induce corrections to SU(5) unification:

will allow for some variation below). However, unlike in the usual low energy SUSY
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Corrections modify unification condition to
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(instead of (5/3)�1 = �2 = �3)

MEW < Q < MSS � SM

MSS < Q < Mc � MSSM

Assume:

Blumenhagen’08

(As in High Scale SUSY breaking  Hall,Nomura ’09 )
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Threshold
corrections
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Summary of  assumptions:

In the context of  IIB/F-theory SU(5) unification, imposing

•  Gauge coupling unification (including hypercharge 
flux corrections)
•  Generic closed string flux-induced SUSY-breaking
•  Assuming                            at the compactification      
scale 

mHu = mHd

From MSS = 2.5⇥ 1010 GeV ; Mc = 2.4⇥ 1014 GeV :

mH = 126.1± 1.2 GeV

(⇤e.g.for universal

p
2m = M = MSS , A = �3/2M) ; mt = 173.1± 0.7 GeV )
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Figure 4: Left: Evolution of the SM Higgs selfcoupling �(t) and the combination

�SUSY = (g21(t) + g22(t))/4 ⇥ cos2(2�)(MSS) in the model with µ = �M/2 and an

intermediate scale MSS ⇡ 3 · 1010GeV. They unify at MSS where SUSY starts to hold.

Right: Values of the 3-d generation squark soft masses mQ,U,D as well the Higgs mass

parameters mHu ,mHd
, µ and trilinear At at the scale MSS obtained from the running

below the unification scale MC .

universe. In this case, using eqs.(3.6),(4.1) one obtains MSS = 2.49 ⇥ 1010 GeV and

MC = 2.43⇥ 1014 GeV. Values this low for the unification scale can still be compatible

with proton decay constraints [3]. Computing the Higgs mass following the procedure

described in the previous section one obtains in this case

mH = 126.1± 1.2 GeV (4.2)

where the error includes only that coming from the top mass uncertainty. This is clearly

consistent with the findings at ATLAS and CMS. In this scheme with an intermediate

scale MSS the Higgs self-coupling unifies with its SUSY extension as depicted in fig.4

(left) . The soft masses evolve logarithmically from MC down to MSS as depicted

in fig.4 (right). The value of tan� increases as the value of m2
Hu

decreases and m2
Hd

remains almost constant, so that tan� increases as MSS decreases.

It is interesting to explore how relaxing the above mentioned relationships M =
p
2m, A = �3/2M modify the results for the Higgs mass. In fig.5 (up) we show

how the prediction for the Higgs mass is changed as one varies the value of m away

from m = M/
p
2. The figure remains qualitatively the same but one observes that

as m/M increases the Higgs mass tends to be lighter. Above MSS ' 107 GeV the

Higgs mass remains in the region mH ' 126 ± 3 GeV. The e↵ect of varying A away

12

1

4
(g21(t) + g

2
2(t)) cos

22�(MSS)

cos

22�(MSS) ' 0.02

cos

22�(MSS) ' 1
1

4
(g21(MW ) + g22(MW ))
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Quite common in string compactifications.

Could also comefrom shift symmetries

1) Origin of mHu(Mc) = mHd(Mc) ?

Axions with Fa ' Mc

(4⇡)2
' 1012 GeV can naturally arise

3) Proton decay?
Although unification scale somewhat small (' 3⇥ 1014 GeV ),

decay rate suppressed in F � theory due to w.f. localisation

2) What is Dark matter made of?

i)Axion dark matter detection in microwave cavity experiments

ii)Proton decay experiments

Hints of an intermediate SUSY scale :

 Hebecker.and Weigand ’12,’13

 see also Niles et al. 2012; Redi,Strumia  2012
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L.I, Marchesano,Regalado,Valenzuela  ’12; Camara,Dudas,Palti ’11



Low energy SUSY 
and String 

Compactifications

But we should not give up too soon!!
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MSSM soft terms from string 
compactifications   

• In string compactifications the auxiliary fields of
 the moduli are the seed of SUSY breaking in a 
 gravity mediated fashion
• In IIB/F-theory compactifications they are 
associated to closed string antisymmetric field 
fluxes 
• Simple assumptions about the structure of 
an underlying MSSM compactification lead to 
specific predictions for SUSY-breaking soft 
terms  

40

  Camara et al.’03; Graña et al. ’04



Effective action in local intersecting 7-branes

Gauge kinetic function:

f = T

Local Kahler Modulus in S
(ReT=Vol(S)=t/2)

Kinetic metric of matter fields:

K� =
1

t⇥�

�⇥ �GUT = t�1

Scaling arguments : �� = 1/2 for intersecting 7� branes
Conlon,Cremades,Quevedo ’07

41
Cámara,L.I,Valenzuela ’13



•  MSSM spectrum located at intersection of SU(5) 7-brane
 with U(1) 7-branes (F-theory matter curves)

• SUSY breaking induces non vanishing auxiliary field for 
local Kahler modulus:                         

Asumptions:

Ft �= 0
Then one can compute the soft 

terms as a function of Ft

42

Figure 1: General structure of a local F-theory SU(5) GUT. The GUT group lives

on 7-branes whose 4 extra dimensions beyond Minkowski wrap a 4-cycle S inside

a complex 3-fold B3, on which the 6 extra dimensions of String Theory are com-

pactified. Gauge bosons live in the bulk of S whereas quarks, leptons, and Higgsses

are localized in complex curves inside S. These matter curves (denoted as 10, 5̄,

5H and 5̄H in the figure) correspond to the intersection of the 7-branes wrapping

S with other U(1) 7-branes, as depicted in the figure of the right hand side. There

is one matter curve for each SU(5) representation. At the intersection of matter

curves with Higgs curves 5H and 5̄H, Yukawa couplings develop (figure taken from

ref. [32]).

of 10× 10× 5H up Yukawa couplings.

In order to make contact with SM physics, the SU(5) gauge symmetry must be

broken down to SU(3)×SU(2)×U(1). In these constructions there are no massless

adjoints to make that breaking and discrete Wilson lines are also not available.

Nevertheless, one can still achieve such breaking by means of an additional flux FY

along the hypercharge generator in SU(5), leading to the same symmetry breaking

effect as an adjoint Higgssing. Interestingly enough, this hypercharge flux is also a

source for doublet-triplet splitting of the Higgs multiplets 5H + 5̄H .

Besides the above points of SO(12) and E6 enhancement, F-theory SU(5) GUTs

may also contain points at which the gauge symmetry is enhanced to SU(7). These

correspond to 5× 5̄× 1 intersections between two 5-plet curves and a singlet curve,

7



m2
f̃

=
1
2

|M |2 ,

m2
H =

1
2

|M |2(1� 3
2
�H) ,

A = �1
2
M(3 � �H) ,

B = �M(1� �H) ,

⇥H � 1/t1/2 � �1/2
GUT � 0.2

m2
H =

1

2
|M |2(1−

3

2
ρH) , (3.2)

A = −
1

2
M(3 − ρH) , (3.3)

B = −M(1 − ρH) , (3.4)

where ρH parametrizes the effect of magnetic fluxes on the Higgs Kahler metrics, see

Ref. [19]. As we said, this set of soft terms constitutes a deformation of a slice of the

CMSSM with slightly non-universal Higgs masses. We will call it Modulus Dominated

CMSSM (MD-CMSSM, Fig. 2).

MD−CMSSM

MSSM

CMSSM

HNUMSSM

Figure 2: Pictorial view of the modulus dominance constrained MSSM as a slice of the

Higgs non-universal HNUMSSM which is a slight deformation (due to the small flux

parameter) of the CMSSM.

Consistency of the scheme requires this parameter to be small so that indeed the

interpretation of ρH as a small flux correction makes sense. Note that we thus have

essentially two free parameters, M and µ, with a third parameter ρH restricted to be

small. We are going to impose two constraints: 1) consistent REWSB and 2) correct

neutralino dark matter abundance. These two constraints are very stringent and it is

non-trivial that both conditions may be simultaneously satisfied in such a constrained

system [19].

3.1 REWSB and dark matter constraints: a model with a

single free parameter

We have performed a detailed analysis of both REWSB and dark matter constraints

based on the above boundary conditions. A similar study was made in Ref. [19] but here

8

(if flux only through Higgs)

A slight deformation of CMSSM
, �H2 + 1 param : M, µ

Aparicio et al ’08
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 Such soft terms define also a constrained NMSSM
  

46

1 Introduction

The starting into operation of LHC is already testing many avenues beyond the

Standard Model (SM). In particular, the discovery of a boson with mass around

125 GeV [1,2] and properties compatible with those of the SM Higgs is significantly

constraining many of these ideas beyond the SM. In this regard one may argue

that such value for a Higgs mass goes in the direction of low energy SUSY, since

supersymmetric models predict a lightest Higgs with mass mh ! 130 GeV. On the

other hand, the observed mass is close to the maximum expected in low energy SUSY

theories, implying a certain degree of fine-tuning in the SUSY-breaking parameters

which must be relatively large. This is also consistent with the no observation as

yet of any supersymmetric particle at LHC.

The simplest testing ground for low energy SUSY is the Minimal Supersymmetric

Standard Model (MSSM) which does not involve any new particle beyond the SUSY

partners required by supersymmetry. Still the MSSM has an unattractive ingredient

in its bilinear Higgs superpotential term, the µ-term. Although supersymmetric,

this mass term has to be (for no good reason) of order of the SUSY-breaking soft

terms to get consistent electro-weak (EW) symmetry breaking and low energy SUSY

spectrum. Perhaps the most economical solution to this problem is the scale invariant

Next to Minimal Supersymmetric Standard Model (NMSSM) [3,4] in which a singlet

S is added to the MSSM spectrum and the µ-term is replaced in the superpotential

by new couplings,

WNMSSM = WYuk + λSHuHd +
κ

3
S3 . (1.1)

There are no mass parameters in the superpotential and the role of the µ-parameter

is now played by λ〈S〉 which upon minimization of the scalar potential gets naturally

of the same order than the SUSY-breaking soft parameters.

The SUSY-breaking soft terms involving the singlet S and the Higgs chiral fields

have the general form

V S
soft = m2

Hu
|Hu|2 + m2

Hd
|Hd|2 + m2

S|S|2 +
(

λAλSHuHd +
κ

3
AκS

3 + h.c.
)

(1.2)

As in the case of the MSSM, the most general NMSSM model has plenty of free

parameters. On the other hand, in the presence of some underlying unification

structure at a high energy scale, one expects the number of parameters to be reduced

to a few. In the case of the MSSM, the constrained MSSM (CMSSM) has universal
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1

2.2 T -modulus dominance and unified soft-terms

A natural source of supersymmetry breaking in type IIB string theory compactifica-

tions, or more generally in F-theory, is the presence of certain classes of closed string

antisymmetric fluxes (G4 fluxes in F-theory). As described in [43], from the point of

view of the 4-dimensional effective supergravity, the supersymmetry breaking fluxes

are encoded in non-zero vevs of the F-auxiliary fields of the Kähler moduli. In this

work we assume a hierarchy of vevs Ftb ! Ft ! FtS as it will lead to a very con-

strained set of soft-terms. Such hierarchies of auxiliary fields easily arise in large

volume models (see [39]). Thus, following [24] and making use of eqs. (2.5) and (2.7)

we can compute explicitly the structure of soft terms at the unification scale for the

MSSM sector of the theory, yielding results as in [24], namely

M =
Ft

t
, (2.11)

m2
H =

|M |2

2

(

1−
3

2
ρH

)

,

m2
5̄,10 =

|M |2

2
,

A = −
M

2
(3− ρH) .

where M are universal gaugino masses, A are trilinear couplings (which appear

multiplied by the SM Yukawa couplings in the Lagrangian) and mH , m5̄ and m10 are

universal masses for the scalar fields in the three SM matter curves. The parameter

ρH corresponds to a correction describing the effect of gauge fluxes on the Higgs

matter curve, see [24] for details. This parameter should be small, of order ρH #
α1/2
G # 0.2 or smaller.

In addition to the above MSSM-like soft terms, there are also soft terms that

involve the singlet S. The structure of such soft terms is however more subtle

since, unlike the SM fields and gauge bosons, S is not localized on the 4-cycle S
and therefore may be subject to extra sources of supersymmetry breaking. The

statements that one can make for the soft terms involving S are thus more model

dependent. In the simplest case, with no other sources of supersymmetry breaking

for S other than Ftb and Ft, making use of the Kähler metric for S, eq. (2.7), yields

at the unification scale

Aλ = −M (1− ρH) , Aκ = m2
S = 0 , (2.12)

singlets within an extended gauge symmetry E7 or E8 in F-theory. Even in this case a small

coupling κ is expected due to the geometric suppression discussed above.

11

 Modulus dominance soft terms: 
  

New:

�,  0.1

A� ' �M(1� ⇢H) , A ' m2
S ' 0

Aparicio,Cámara,Cerdeño,L.I., Valenzuela 
 hep-ph/1212.4808
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Figure 3: Distribution of NMSSM vacua over the plane (λ, κ) with F-theory boundary

conditions at the unification scale given by eqs. (2.11) and unconstrained values of Aλ, Aκ

and λ. Dark blue and red points both pass all the current experimental and theoretical

constraints. Dark blue points, however, have a deficiency of neutralino relic density and

therefore require some additional source of dark matter.

that is fairly decoupled from the SM fields. Such possibility has also been recently

considered in [20].

To be more precise, we represent in figure 4 the distribution of masses (mH1
, mH2

)

for the two lightest Higgs bosons. The strongest constraints in this plane come from

the LHC upper limits on the reduced cross section of the Higgs decay H → γγ

[51, 52] and from the analogous LEP results for H → bb̄ [60]. The former puts a

lower bound mH2
! 122 GeV on the mass of the SM-like Higgs, whereas the latter

constrains vacua where the lightest HiggsH1 couples too strongly to the SM fermions.

Since in these models the scalar singlet component is distributed among H1 and H2,

and large masses mH2
require a non-negligible singlet component for H2, the cross

section σbb̄Z(e+e− → H1Z) increases with the mass of H2 and therefore LEP bounds

16

Only small �, viable (consistent w. F � th)

Aparicio,Cámara,Cerdeño,L.I., Valenzuela hep-ph/1212.4808

NMSSMTools (Ellwanger et al.)
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Figure 4: Distribution of the light Higgs masses (mH1

,mH2
) for NMSSM vacua with F-

theory unification boundary conditions (2.11) and unconstrained values of Aλ, Aκ and λ.

Dark blue and red points both pass all the current experimental and theoretical constraints.

Dark blue points, however, have a deficiency of neutralino relic density and therefore

require some additional source of dark matter.

effectively constrain mH2
from above, see figure 4. This upper bound on mH2

is

in particular (slightly) stronger than the one derived from the recent LHC results.

Vacua that are consistent with both LHC and LEP bounds thus have approximately

mH1
= 100 ± 15 GeV and mH2

= 124 ± 2 GeV, with the signal of H1 fitting in the

2σ excess observed at LEP [60].

It is also interesting to compare the predicted reduced cross sections of the SM-

like Higgs boson H2 with the recently observed Higgs signal at the LHC, particularly

in the H → γγ channel, as it is starting to being measured with increasing precision.

In figure 5 we represent the reduced signal cross section in the gg → H2 → γγ channel

Rγγ
2 (gg) ≡

σγγ(gg → H2)

σγγ
SM(gg → H)

(3.1)

17

A second Higgs with mH1 ' 100 GeV

LEP

NMSSMTools (Ellwanger et al.)



49Figure 5: Distribution of the the reduced signal cross section in the H2 → γγ channel,

Rγγ
2 (gg → H2) versus the mass for the SM-like Higgs H2 in NMSSM vacua with F-theory

unification boundary conditions (2.11) and unconstrained values of Aλ, Aκ and λ. Dark

blue and red points both pass all the current experimental and theoretical constraints.

Dark blue points, however, have a deficiency of neutralino relic density and therefore

require some additional source of dark matter.

against the mass of H2. As we have already mentioned, the singlet component of

H2 is not negligible for the above allowed range of masses. This leads to a mild

suppression of the couplings of the SM-like Higgs H2 to the other SM fields, and

in particular to the top quark and the W bosons that dominate the one loop SM

contribution to σγγ(gg → H). Moreover, the stau is not light enough to enhance the

di-photon production by running in the loops. Hence, as it can be observed in figure

5, there is no enhancement in σγγ(gg → H2) with respect to the SM but rather a

mild suppression, with Rγγ
2 (gg → H2) " 0.7−0.9. Although this is still in reasonable

agreement with the latest LHC results [51, 52], an experimental confirmation of a

18
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Figure 7: Distribution of neutralino and stau masses (mχ̃0
1
,mτ̃ ) for NMSSM vacua with

F-theory unification boundary conditions (2.11) and unconstrained values of Aλ, Aκ and

λ, for points that pass all current experimental constraints except that of the relic density,

that is encode in the legend of colors.

Let us start by addressing the branching ratio BR(Bs → µ+µ−). This observ-

able can be written in terms of the Wilson coefficients which appear the effective

Hamiltonian that describes the transition b → s as follows,

BR(Bs → µ+µ−) ∼

[

(

1−
4m2

µ

m2
B

)

C2
S +

(

CP +
2mµ

m2
B

CA

)2
]

. (3.2)

In the SM calculation of this quantity [62] only CA is relevant, since CS and CP are

suppressed by the small Yukawas. However, in supersymmetric theories, there are

penguin contributions involving the neutral scalar and pseudoscalar Higgs bosons to

CS and CP which can be sizeable, both in the MSSM [63] and the NMSSM [64–66].

In the MSSM one finds BR(Bs → µ+µ−) ∝ (tan6 β/m4
A), and therefore in the large

tan β regime supersymmetric contributions easily exceed the recent LHCb measure-

22

Singlino dark matter
(stau coannihilation)



51

Point g̃ Q̃R,L t̃1,2 b̃1,2 L̃R,L τ̃1,2 χ̃0
i χ̃+

i mHi
mAi

mH+

P1 1921
1758

1827

1263

1558

1481

1583

684

827

230

719

213

367; 696

1238; 1243

696

1244

103

122.4

1016

321

1016
1019

P2 1983
1814

1886

1302

1601

1521

1626

708

855

175

735

164

381; 721

1274; 1279

721

1279

98.1

123.4

1036

220

1036
1040

P3 2716
1989

2069

1434

1749

1673

1778

782

944

199

807

189

423; 800

1394; 1400

800

1400

96.9

124.8

1131

273

1131
1134

P4 2236
2042

2125

1499

1802

1718

1827

804

971

197

831

186

436; 824

1440; 1444

824

1445

97.4

124.3

1095

266

1094
1098

P5 2289
2091

2175

1527

1841

1762

1868

825

996

216

851

205

447; 845

1471; 1475

845

1476

97.4

124.7

1148

306

1148
1151

P6 2585
2358

2455

1728

2064

1986

2095

939

1133

178

955

167

513; 967

1653; 1657

967

1657

98.5

124.4

1274

223

1274
1277

P7 2663
2428

2528

1809

2134

2046

2161

970

1169

204

990

193

530; 999

1712; 1716

999

1716

93.9

123.4

1227

287

1227
1230

P8 2769
2525

2629

1862

2207

2127

2238

1011

1219

164

1023

153

554; 1043

1770; 1774

1043

1774

97.9

123.7

1330

192

1329
1332

Table 4: Supersymmetric spectrum and Higgs masses for the set of benchmark

points. All the masses are given in GeV.

the corresponding neutrino thus giving rise to only one final state tau χ̃±

1 → ντ τ̃1 →
ντ τχ̃0

1. The signal expected from this kind of scenarios is therefore the presence of

multitau signals, originated from the two chains of cascade decays, associated to the

emission of hard central jets and missing energy [73].

Notice finally that the upper bound set by BR(Bs → µ+µ−) implies that the

whole spectrum is lighter than approximately 3 TeV. This is well within the reach

of LHC at 14 TeV for searches involving multijets plus missing energy.
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mg̃ ' 1.9� 2.8 TeV

mq̃ ' 1.7� 2.6 TeV

mt̃1 ' 1.2� 1.9 TeV

Accesible to LHC(13)!



 Conclusions
•  We are looking forward to the LHC(8-13) data which 
may give the final verdict about low energy SUSY!

• If SUSY is found, large classes of SUSY breaking 
schemes in string compactifications will be tested.

•If no sign of SUSY (or alternative new physics) is 
seen,  a substantial fine-tuning of parameters will be 
required.

• If that is the case it makes sense  to reconsider a 
fine-tuning solution of the gauge hierarchy based on 
anthropic arguments: suggests a string landscape

52



•  Even if SUSY is not present at the EW scale, string-
theory suggest its presence at some large scale below the 
string scale for Higgs potential stability.

• Improved precision in both Higgs and top quark mass 
important to confirm SM instability at intermediate scale.

•Otherwise no new physics at LHC: ruled out if large 
           rate true.��
• Axion detection and proton decay could provide 
additional information about this possibility. Should also 
 study its cosmological consequences. 
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•  We have seen that a 126 GeV Higgs is possibly a 
signature of SUSY......but typically very heavy SUSY



Thank you !!
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Amazing !!

Sheldon Cooper likes it
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Figure 2: General structure of a local F-theory SU(5) GUT with NMSSM couplings.

The matter curves where the Higgs multiplets live intersect with a transverse curve

where the singlet S lives. At the triple intersection point the gauge symmetry is

enhanced to SU(7).

as can be derived from the adjoint branching

SU(7) → SU(5)× U(1)2 (2.3)

48 → 24+ 1(0,0) + 1(0,0) + [5(0,−1) + 1(−1,1) + 5̄(1,0) + c.c. ]

The bosons associated to the extra U(1)s are in general anomalous and become

massive in the usual way.2

The simplest models of this class contain one extra singlet S coupling to the

Higgs multiplets and at low energies are equivalent to the scale invariant NMSSM.

In what follows we consider that specific setup. The structure of the superpotential

is thus given by

WNMSSM = WYuk + λSHuHd +
κ

3
S3 . (2.4)

2F-theory models with hypercharge flux GUT group breaking and SU(5) singlets charged under

U(1) Peccei-Quinn like gauge symmetries have been argued to require the presence of exotics in

the spectrum [34–37]. Here we assume models with no exotics or with very massive ones. Other

constructions, such as those where the singlets are not charged under the extra U(1)s (for instance,

if they come from closed and/or open string moduli in the microscopic theory) also fit well within

this context.
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