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   CMS:  mh ~ 125.8 GeV (in ZZ);  mh = 124.9. GeV (in γγ)

          ATLAS:   mh = 124.3 GeV (in ZZ);  mh = 126.8 GeV (in γγ)      

In the γγ channel       

Observation with a significance > 5 σ 
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“The” Standard Model Scalar Boson, or not ....

2012-2013: an amazing time for HEP: 

In the ZZ channel
µ = 0.91+0.3

−0.24 CMSµ = 1.7+0.5
−0.4 ATLAS

In the WW channel (mh ~ 125 GeV)

µ = 1.65± 0.24+0.25
−0.18 ATLAS

µ = 1.5± 0.6 ATLAS µ = 0.76± 0.21 CMS

µ ≈ 1.6± 0.4 CMS (July 4th)
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The Discovery of a Scalar boson like particle
puts the final piece of the Standard Model in place                           

and  marks the birth of the hierarchy problem:
one of the main motivations for physics beyond the SM

The SM works beautifully,  
no compelling hints for deviations

But many questions remain unanswered:

Dynamical Origin of electroweak symmetry breaking
Origin of generations and structure of Yukawa interactions
Matter-antimatter asymmetry
Unification of forces
Neutrino masses
Dark matter and dark energy

Hence, the “prejudice” (the hope) that there must be “New Physics”
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What if the newly discovered particle is not the SM Scalar?
- it can still be the scalar boson responsible for EWSB -

The SM Scalar Boson:
Spin 0 

Neutral CP even component of a complex SU(2)L doublet with Y=1
Singlet under the residual SU(2) custodial symmetry after EWSB

==> gWWH/gZZH = mW2/mZ2 at tree level
Couplings to SM fermions proportional to fermion masses

Self-coupling strength determined in terms of its mass and v = 246 GeV

A SM-like Scalar Boson:
 Could be a mixture of CP even and CP odd states

Could have non-SM couplings to vector bosons and fermions
==> non-SM decay widths and production cross sections in many/all channels

Could have decays into new particles 
Could be partly singlet or triplet instead of an SU(2)L doublet ?

Could be composite
 

How well can the Scalar Boson properties be resolved at the LHC? 
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Christophe Grojean Implications of Possible New Physics Kracow, 10rd Sept. 2o129
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 Effective Theory Analyses
Chiral Lagrangian for a light SM-like scalar boson

In the SM: a=b=c=d3=d4=1
all h.d.o.  coefficients are 0

 + dimension 6 operators

Christophe Grojean Effective Lagrangian Higgs-like scalar CERN, 3 Oct. 2o128

LO fits: test of unitarity

Official results differ in each experiment due to different
 results in WW/ZZ/di-taus 

(Results before March 6, 2013)

see Eboli’s and Azatov’s talks

Thursday, March 7, 2013



What does a 125 GeV Scalar Boson mean 
for Supersymmetric Models?

• Minimal Scalar Boson Sector: Two Scalar Boson doublets

• One Scalar boson doublet couples to up quarks, the other to down quarks/leptons only

                       Scalar Boson interactions are flavor diagonal if SUSY preserved

• Quartic  couplings determined by SUSY as a function of the gauge couplings

       -- lightest (SM-like) scalar boson strongly correlated to Z mass  (naturally light!)

        -- other scalar bosons can be as heavy as the SUSY breaking scale

• Important quantum corrections to the lightest Scalar boson mass due to incomplete       

  cancellation of top and stop contributions in the loops

     -- also contributions from sbottoms and staus for large tan beta --

2 CP-even h (SM-like), H  with mixing angle α 
+ 1 CP-odd A + 1 charged pair H+-

 

tan! = v
2
v
1

! v= v
1

2
+v

2

2
 = 246 GeV
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Lightest SM-like Scalar boson mass strongly depends on:

 CP-odd mass mA,  tanβ,  

                     Μtop  
 Stop masses and mixing
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SM-like MSSM Scalar Boson Mass: 

Many contributions to two-loop calculations
Brignole, M.C., Degrassi, Diaz, Ellis, Haber, Hempfling, Heinemeyer, Hollik, Espinosa,  Martin, Quiros, 
Ridolfi, Slavich, Wagner, Weiglein, Zhang, Zwirner, … ! 

mh "130 GeV (for sparticles of ~ 1 TeV)

Xt~2.4 MSUSY

Xt=0

M.C, Haber,ʼ02

Figure 1: The maximal value of the h boson mass as a function of Xt/MS in the pMSSM when

all other soft SUSY–breaking parameters and tanβ are scanned in the range Eq. (4) (left) and the

contours for 123< Mh <127 GeV in the [MS , Xt] plane for some selected range of tanβ values (right).

the theoretical uncertainties in the determination of Mh are included. Hence, only the scenar-
ios with large Xt/MS values and, in particular, those close to the maximal mixing scenario
At/MS ≈

√
6 survive. The no–mixing scenario is ruled out for MS <∼ 3 TeV, while the typical

mixing scenario needs large MS and moderate to large tan β values. We obtain Mmax
h =136,

123 and 126 GeV in, the maximal, zero and typical mixing scenarios, respectively3.

The right–hand side of Fig. 1 shows the contours in the [MS, Xt] plane where we obtain the
mass range 123 GeV < Mh < 127 GeV from our pMSSM scan with Xt/MS <∼ 3; the regions in
which tan β <∼ 3, 5 and 60 are highlighted. One sees again that a large part of the parameter
space is excluded if the Higgs mass constraint is imposed4.

3. Implications for constrained MSSM scenarios

In constrained MSSM scenarios (cMSSM)5, the various soft SUSY–breaking parameters obey
a number of universal boundary conditions at a high energy scale such as the GUT scale, thus
reducing the number of basic input parameters to a handful. These inputs are evolved via the
MSSM renormalisation group equations down to the low energy scale MS where the conditions
of proper electroweak symmetry breaking (EWSB) are imposed. The Higgs and superparticle

3
We have checked that the program FeynHiggs [18] gives comparable values for Mh within ≈ 2 GeV which

we consider to be our uncertainty as in Eq. (5).
4
Note that the M

max
h values given above are obtained with a heavy superparticle spectrum, for which the

constraints from flavour physics and sparticle searches are evaded, and in the decoupling limit in which the h

production cross sections and the decay branching ratios are those of the SM Higgs boson. However, we also

searched for points in the parameter space in which the boson with mass � 125 GeV is the heavier CP–even

H
0
boson which corresponds to values of MA of order 100 GeV. Among the ≈ 10

6
valid MSSM points of the

scan, only ≈ 1.5 × 10
−4

correspond to this scenario. However, if we impose that the H
0
cross sections times

branching ratios are compatible with the SM values within a factor of 2 and include the constraints from MSSM

Higgs searches in the τ+τ− channel, only ≈ 4 × 10
−5

of the points survive. These are all excluded once the

b → sγ and Bs → µ
+
µ
−

constraints are imposed. A detailed study of the pMSSM Higgs sector including the

dark matter and flavour constraints as well as LHC Higgs and SUSY search limits is presented in Ref. [19].
5
In this paper cMSSM denotes all constrained MSSM scenarios, including GMSB and AMSB.

4

Arbeya, Battaglia, Djouadi, Mahmoudi, Quevillonʼ11
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Given the Discovery of a SM-like Scalar boson particle 
with mass ~ 125 GeV

• Do we still expect SUSY (some type of low energy SUSY) ?

• If yes, what does it imply for SUSY models?

                   large mixing in the stop sector 
                                       or
                   new matter or gauge superfields 

They also have implications for the flavor-Higgs connection within 
assumption of MFV at the SUSY breaking scale

DM constraints less strongly correlated since predictions depend strongly 
on gaugino soft masses, not very relevant for Higgs rad. corrections.

Both alternatives have important implications 
for the Higgs production and decay rates
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Soft supersymmetry Breaking Parameters in the MSSM

M. C., S. Gori, N. Shah, C. Wagner ’11
+L.T.Wang ‘12

Large stop sector mixing 
  At > 1 TeV

 
No lower bound on the lightest stop

One stop can be light and the other heavy   
 or

in the case of similar stop soft masses. 
both stops can be below 1TeV

Similar results from 
Arbey, Battaglia, Djouadi, Mahmoudi, Quevillon ’11

Draper Meade, Reece, Shih’11
Shirman et al.

   Large mixing also constrains
 SUSY breaking model building
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How much can we perturb the gluon production mode?

Is it possible to change WW and ZZ decay rates independently?

Can we vary the Higgs rate into di-photons independently from the rate into WW/ZZ?

Can we change the ratio of b-pair to tau pair decay rates?

Can departures from the SM in the production/decay rates at the LHC
disentangle among different SUSY spectra?

The event rates: 

• All three quantities may be affected by new physics. 
•  If one partial width is modified, the total width is modified as well, modifying  all BR’s.

Main production channel:
       Gluon Fusion

Main/first search modes:
decay into γγ/ZZ/WW
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Possible departures in the production and decay rates at the LHC

!  Through SUSY particle effects in loop induced processes 

!  Through enhancement/suppression of the Higgs-bb and Higgs-di-tau 
coupling strength via mixing in the Higgs sector :                              

This affects in similar manner BR’s into all other particles  

squarks squarks and sleptons 

~ 

~ 

~ 
charginos 

❖Through vertex corrections to Yukawa couplings: different for bottoms and taus
This destroys the SM relation BR(h     bb)/BR(h    ττ) ~ mb2/mτ2

❖Through decays to new particles (including invisible decays)
This affects in similar manner BR’s to all SM particles 

❖ Through enhancement/suppression of the Hbb and Hττ coupling strength
  via mixing in the scalar boson sector :

This affects in similar manner BRʼs into all other particles
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Gluon Fusion in the MSSM

 See also Dermisek, Low’07.
Natural SUSY fit:  Espinosa, Grojean, Saenz,Trotta ‘12

Light stops can increase the gluon fusion rate, but for large stop mixing Xt 

as required for mh~125 GeV mostly leads to moderate suppression
[light sbottoms lead to suppression for large tanβ]

Squark effects in gluon fusion overcome 
opposite effects in di-photon decay rate:

δAt̃
γγ,gg ∝ m2

t
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If one stop much heavier: mQ >> mU 
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At/mQ <1

At/mQ >1

M.C.,Gori, Shah, Wagner, Wang 

Ellis, Gaillard, Nanopoulos ’76
Shifman, Vainshtein, Voloshin, Zakharov’79; MC. Low, Wagner’12
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Higgs Production in the di-photon channel in the MSSM  

.  M.C, Gori, Shah, Wagner 

  for Mh ~ 125 GeV  

Contours of constant  

! 

" gg#h( )Br(h#$$ )
" gg#h( )SM Br(h#$$ )SM

Light staus with large mixing  
   [sizeable µ and tan beta]: 
     ! enhancement of the  
 Higgs to di-photon decay rate   

Charged scalar particles with no color charge can change di-photon rate  
without modification of the gluon production process  

M. C, S. Gori, N. Shah, C. Wagner,’11 +L.T.Wang’12

For a generic discussion of modified γγ and Zγ widths by new charged particles, 
see M. C. ,Low and C. Wagner’12; for specific connection with light staus: Giudice, Paradisi,Strumia’12

  MSSM scan: Benbrik, Gomez Bock, Heinemeyer, Stal, Weigein, Zeune’12 

 - up to 50 % with SM-like ZZ/WW -

Mh = 125 GeV

tanβ= 60

Higgs Production in the di-photon channel in the MSSM
Charged scalar particles with no color charge can change di-photon rate 

without modification of the gluon production process

δAhγγ ∝ − m2
τ

m2
τ̃1
m2

τ̃2

(m2
τ̃1 +m2

τ̃2 − χ2
τ )

Higgs Production in the di-photon channel in the MSSM  

.  M.C, Gori, Shah, Wagner 

  for Mh ~ 125 GeV  

Contours of constant  

! 

" gg#h( )Br(h#$$ )
" gg#h( )SM Br(h#$$ )SM

Light staus with large mixing  
   [sizeable µ and tan beta]: 
     ! enhancement of the  
 Higgs to di-photon decay rate   

Charged scalar particles with no color charge can change di-photon rate  
without modification of the gluon production process  

Thursday, March 7, 2013



Additional modifications of the Higgs rates into gauge bosons 
via stau induced mixing effects in the Higgs sector

me3= mL3 

mStau~ 90 GeV;  mh~ 125 GeV

  Important Aτ induced radiative corrections to the mixing angle α  

Small variations in BR [H to bb] induce
 significant variations in the other Higgs BR’s

M. C. Gori, Shah, Wagner,’11 + Wang’12

Similar results for example within pMSSM/MSSM fits:    Arbey, Battagllia, Djouadi,Mahmoudi ’12
                                                                              Benbrik, Gomez Bock, Heinemeyer, Stal, Weiglein, Zeune’12 

ghb̄b,hτ+τ− ∝ − sinα/ cosβ

mA = 1 TeV

Values of the soft parameters larger than ~ 250 GeV
tend to lead to vacuum stability problems
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! 

hd

Suppression of the h to taus to h to b’s ratio
due to different radiative SUSY corrections to higgs-fermion couplings 

M. C., Gori,  Shah,  Wagner,  Wang’12

mb,τ � hb,τv√
2
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�
1 +

∆hb,τ
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�

   Δb,τ
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tanβ tanα

�

! 

destroy basic relation   
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Suppression of 
di-tau rate 

not larger than 10% 
due to metastability 

constraints

M.C. Mrenna, Wagner ʼ98
Haber,Herrero, Logan, Penaranda,
Rigolin, Temes ʼ00
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Benchmark Scenarios for the Search of MSSM Scalar Bosons
with 125.5 GeV signal interpreted as h (or H)

M.C., Heinemeyer, Stal, Wagner, Weiglein ’13

mhmax scenario  ( updated with Mgluino = 1.5 TeV,   mt = 173.2 GeV)

Green region favored by LHC observation

Without 3 GeV
 Theory Uncertainty 

in evaluation of Exp.  Bounds 

No ∆mTheory
h

Lower bound on tanβ, MA and MH+ 

 (slightly relaxed if MSUSY ~ 2TeV)
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M.C., Heinemeyer, Stal, Wagner, Weiglein ’13

mhmod scenario  (moderate stop mixing scenario)

effect of  A/H suppressed decays 
into charginos and neutralinos

A/H \→ χiχj

Green region 
favored by

 LHC observation

Additional Benchmark Scenarios: 
Light stops, Light staus, τ-phobic and SM-like H with mH ~125 GeV
 with interesting phenomenology for the MSSM scalar boson sector   

Benchmark Scenarios for the Search of MSSM Scalar Bosons
with 125.5 GeV signal interpreted as h (or H)
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Many Minimal SUSY models can produce mh=125 GEV

Extra singlet S with extra parameter λ

Hall, Pinner, Ruderman’11
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Figure 6: Contours of mh = 125 GeV in the NMSSM, taking mQ3 = mu3 = mt̃ and varying

tan β = 2, 5, 10 from left to right, and varying λ within each plot. We add the tree-level Higgs

mass (with NMSSM parameters chosen to maximize it) to the two-loop stop contribution from

Suspect. The tree-level Higgs mass is largest at lower values of tan β and larger values of λ,
where only modestly heavy stops, mt̃ ∼ 300 GeV, are needed to raise the Higgs to 125 GeV.

Heavy stops are still required for lower values of λ and larger values of tan β.

to many studies of the NMSSM which focus on the scenario with no dimensionful terms in the

superpotential. We define the parameter µ = µ̂ + λ �S�, which acts as the effective µ-term and

sets the mass of the charged Higgsino.

We also include the following soft supersymmetry breaking terms,

Vsoft ⊃ m
2
Hu

|Hu|2 +m
2
Hd
|Hd|2 +m

2
S
|S|2 + (BµHuHd + λAλ SHuHd + h.c.) . (9)

For simplicity, we have not included the trilinear interaction S
3
in the superpotential or scalar

potential because we do not expect its presence to qualitatively change our results. We neglect

CP phases in this work and take all parameters in equations 8 and 9 to be real.

In this section, we focus on the scenario where the lightest CP-even scalar is mostly doublet,

with doublet-singlet mixing not too large. The lightest CP-even scalar mass that results from

the above potential is bounded from above at tree-level [14],

(mh
2
)tree ≤ m

2
Z
cos

2
2β + λ2

v
2
sin

2
2β. (10)

Since we take the lightest scalar to be dominantly doublet, this is a bound on the Higgs mass.
1

The first term is the upper bound in the MSSM, while the second term is the contribution

from the interaction involving the singlet. The above bound is saturated when the singlet is

integrated out with a large supersymmetry breaking mass, m
2
S
> M

2
S
[19], which, in practice,

1It is also interesting to consider the case where the lightest eigenstate is dominantly singlet. Then, singlet-
doublet mixing can increase the mass of the dominantly doublet eigenstate [29].
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Figure 1: The Higgs mass in the MSSM as a function of the lightest top squark mass, mt̃1 , with

red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal

top squark mixing assuming degenerate stop soft masses and yield a 124 (126) GeV Higgs mass

for mt̃1 in the range of 350–600 (500–800) GeV, while the two lower lines are for zero top squark

mixing and do not yield a 124 GeV Higgs mass for mt̃1 below 3 TeV. Here we have taken

tan β = 20. The shaded regions highlight the difference between the Suspect and FeynHiggs

results, and may be taken as an estimate of the uncertainties in the two-loop calculation.

the Higgs doublets, λSHuHd, that is perturbative to unified scales, thereby constraining λ � 0.7

(everywhere in this paper λ refers to the weak scale value of the coupling). The maximum mass

of the lightest Higgs boson is

m
2
h = M

2
Z cos

2
2β + λ2

v
2
sin

2
2β + δ2t , (2)

where here and throughout the paper we use v = 174 GeV. For λv > MZ , the tree-level

contributions to mh are maximized for tan β = 1, as shown by the solid lines in Figure 2,

rather than by large values of tan β as in the MSSM. However, even for λ taking its maximal

value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and

δt � 28 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

125 GeV, as shown by the shaded bands of Figure 2, at least for low values of tan β in the region

of 1–2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs

heavy enough. In section 3 we demonstrate that, for a 125 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but only for .6 � λ � .7, near the

boundary of perturbativity at the GUT scale.

2

rad. corrections
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Figure 3: The Higgs mass in λ-SUSY, as a function of the singlet soft mass mS. Here, λ = 2,
tan β = 2, and the other parameters are as described in Table 1, which gives the light Higgs a
mass of mh = 280 GeV in the limit of heavy singlet mass. However, we see that lowering the
singlet mass mS results in a lighter Higgs due to mixing of the singlet with the Higgs.

cations of a 3× 3 mass matrix for the CP even Higgs scalars. However, this decoupling is itself

unnatural since the soft Higgs doublet mass parameter is generated by one-loop renormalization

group scaling at order λ2m2
S. For λ = 2, avoiding additional tuning at the 20% level requires

mS � 1 TeV [15]. Once s is no longer decoupled, it is crucial to include doublet-singlet Higgs

mixing. In the limit of decoupling one Higgs doublet, s mixes with the remaining light neutral

doublet Higgs h at tree-level via the mass matrix

M2 =

�
λ2v2 sin2 2β +M2

Z cos2 2β λv(µ,MS, Aλ)
λv(µ,MS, Aλ) m2

S

�
. (3)

In general there are several contributions to the off-diagonal entry and these will be discussed

in section 4; but all are proportional to λv, which is large in λ-SUSY, so that mixing cannot

be neglected even for rather large values of m2
S. This is illustrated in Figure 3 where, for a set

of reference parameters of the model discussed later, the two eigenvalues of this mixing matrix

are shown as a function of mS. At the reference point λ = 2 and tan β = 2, so that in the

absence of mixing the Higgs mass would be 280 GeV, but this is reduced to 125 GeV for mS ∼
500 GeV. As the blue curve of Figure 3 crosses 125 GeV its slope is quite modest – a central

claim of this paper is that a 125 GeV Higgs from doublet-singlet mixing in λ-SUSY is highly

natural. However, moving along the blue curve of Figure 3, the tuning rapidly increases as the

4

SM + singlet limit

has been studied, and refs. therein).
It is well known that, for small values of tan β, the coupling λSHuHd in the superpo-

tential leads to a positive contribution to the mass squared of the SM-like Higgs boson
HSM relative to the MSSM [15,16,19]. However, HSM −S mixing has an additional impact
on the physical spectrum: if the diagonal mass term m2

SS is larger than the one of HSM ,
the mixing reduces the mass of HSM ; if the diagonal mass term m2

SS is smaller than the
one of HSM , the mixing leads to an additional increase of the mass of HSM . In this latter
case, the mass of the lighter eigenstate H1 can be well below 114 GeV and compatible with
constraints from LEP [31], if its reduced signal strength ξ21 ≡ ḡ12 × BR(H1 → bb̄) is small
enough. (Here ḡ1 is the reduced coupling of H1 to the Z boson normalized with respect to
the SM, and BR(H1 → bb̄) is the branching ratio into bb̄ normalized with respect to the
SM.)

In addition, HSM−S mixing can lead to an increase of the branching ratio BR(Hi → γ γ)
of one of the eigenstates Hi with respect to the SM: if the coupling to b b̄ and hence the
partial decay width into b b̄ (which is close to the total width ΓTot) is strongly reduced
with respect to the SM, BR(Hi → γ γ) = Γ(Hi → γ γ)/ΓTot is correspondingly enhanced.
This phenomenon has been discussed in the context of the lighter eigenstate H1 in [32],
but is equally possible for the heavier eigenstate as will be discussed below. In view of the
latest LHC results, the possible enhancement of BR(Hi → γ γ) in the NMSSM was also
discussed in [13], and a Higgs mass near 125 GeV in the constrained NMSSM – but without
enhancement of BR(Hi → γ γ) – in [33].

In the next Section we will study a region of the parameter space of the NMSSM with
a scale invariant superpotential, which leads naturally to an eigenstate H2 after HSM − S
mixing with a mass in the 124 − 127 GeV range. Its BR(H2 → γ γ) is always enhanced
with respect to the SM. The lighter eigenstate H1 has a mass in the 70 − 120 GeV range,
compatible with LEP constraints, and is potentially also observable at the LHC. In Section 3
we conclude and summarize the possibilities allowing to distinguish this scenario from the
SM and/or the MSSM.

2 Implications of HSM − S mixing in the NMSSM in

the light of recent and future LHC results

The NMSSM differs from the MSSM due to the presence of the gauge singlet superfield S.
In the simplest Z3 invariant realisation of the NMSSM, the Higgs mass term µHuHd in the
superpotential WMSSM of the MSSM is replaced by the coupling λ of S to Hu and Hd and
a self-coupling κS3. Hence, in this simplest version the superpotential WNMSSM is scale
invariant, and given by:

WNMSSM = λŜĤu · Ĥd +
κ

3
Ŝ3 + . . . , (1)

where hatted letters denote superfields, and the dots denote the MSSM-like Yukawa cou-
plings of Ĥu and Ĥd to the quark and lepton superfields. Once the real scalar component
of Ŝ develops a vev s, the first term in WNMSSM generates an effective µ-term

µeff = λ s . (2)

2

• Higgs mixing effects can be also triggered by extra new parameter λ 
• Higgs-Singlet mixing ==> wide range of ZZ/WW and Diphoton rates 
• Light staus cannot enhance the di-photon rate (at low tanβ stau mixing is negligible)
• Light chargino at low tanβ can contribute to enhance the di-photon rate 
  

NMSSM : At low tan beta, trade requirement on large stop mixing by sizeable trilinear    
             Higgs-Higgs singlet coupling λ         more freedom on gluon fusion production 
         

Ellwanger’ 12; Benbrik, Bock, Heinemeyer, Stal,  Weiglein,Zeune’12; Gunion, Jiang, Kraml ’12

see Ellwanger’s talk
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Extensions with extra gauge groups: 125 GeV Higgs mass from D terms
        plus chargino contribution to the quartic (plus usual top-stop)

Split SUSY: (no extra light scalars below 100-1000 TeV)      
                             diphoton rate constrained to be about the SM value 

Compared to the MSSM, the effective SU(2)L D-term is enhanced by this factor ∆. The tree-level

CP-even Higgs mass matrix becomes

M2
H0 =

�
1
4(g

2∆+ g�2)v2 cos2 β +M2
A
sin

2 β −(
1
4(g

2∆+ g�2)v2 +M2
A
) sinβ cosβ

−(
1
4(g

2∆+ g�2)v2 +M2
A
) sinβ cosβ 1

4(g
2∆+ g�2)v2 sin2 β +M2

A
cos

2 β

�
, (28)

where g� is the SM U(1)Y gauge coupling and MA is the mass parameter of the CP-odd Higgs. The key

observation of BDKT was that in the decoupling limit, with large MA, the mass of the light, neutral,

CP-even Higgs is not bounded at tree level by MZ | cos 2β|, but rather by

mh ≤ 1

2

�
g2∆+ g�2v| cos 2β|. (29)

The tree-level mass splitting between the charged and CP-odd Higgs is also modified [27]:

m2
H± −m2

A =
g2∆

4
v2. (30)

Here, as before, the weak coupling constant is defined as g = g1g2/
�
g21 + g22.

3.2 The Chargino Loop Contribution to the Higgs Diphoton Decay Rate

The Higgs diphoton decay is loop induced and may include contributions from bosons, fermions and

scalars (see for instance [19,30,31])

Γ(h → γγ) =
α2m3

h

1024π3

����
ghV V

m2
V

Q2
V A1(τV ) +

2g
hff̄

mf

Nc,fQ
2
f
A1/2(τf ) +Nc,SQ

2
S

ghSS
m2

S

A0(τS)

����
2

, (31)

where τi = 4m2
i
/m2

h
and V , f , and S refer to spin-1, spin-1/2, and spin-0 fields. The corresponding ghii,

Qi and Nc,i denote the coupling, electric charge and number of colors of each particle contributing to the

amplitude. A1 , A1/2 andA0 are the related loop-functions.

For heavy particles in the loop, the Higgs diphoton partial width may also be quantified using Higgs

low-energy theorems [32,33]

Lhγγ � α

16π

h

v

∂

∂ log v

�
�

i

bV,i log
�
detM2

V,i

�
+

�

i

bf,i log
�
detM†

f,i
Mf,i

�

+

�

i

bS,i log
�
detM2

S,i

�
�
FµνF

µν , (32)

where Mi are the mass matrices and bi are the coefficients of the QED one-loop beta function [19].

In the SM, it is well known that the dominant contribution to the amplitude is from the W±
boson

loops. For a 125 GeV Higgs boson, the loop factor AW
1 in Eq. (31) is about −8.32 and destructively

interferes with the top-loop contribution, which gives a subdominant contribution NcQ2
tA1/2 � 1.84.

In general, the bi coefficients of all matter particles are positive. Hence if the determinant of the mass

matrix of some new matter sector has a negative dependence on v, then these new particles will contribute

additively to the W±
loop and they will enhance the Higgs-diphoton partial width. There are several

different ways to achieve this that have been explored in the literature [11–23]. In this work, we shall

assume that all sfermion masses are of at least a few hundred GeV and therefore their contributions to

Eq. (31) is suppressed.

The above situation applies in the MSSM to the charginos. Since the Higgs vev v appears only in the

off-diagonal entries of the mass matrix

M±
ij

=

�
M2

1√
2
gv sinβ

1√
2
gv cosβ µ

�
, (33)

7

we have detM±
ij = M2µ− 1

4g
2
v
2 sin 2β. Therefore, in the low energy limit,

lim
p→0

M(Xh)MSSM ∝ ∂

∂v
log detM±

ij = − g
2
v sin 2β

2M2µ− 1
2g

2v2 sin 2β
� −g

2
v sin 2β

2M2µ
, (34)

and the chargino contribution to the amplitude constructively interferes with the dominant W
± loop

to enhance the Higgs diphoton decay rate. Note that the contribution is proportional to sin 2β and
therefore has a maximum near tanβ = 1. Unfortunately, the MSSM chargino alone cannot account for
the observed enhancement [23,34]. This can be understood as a limitation imposed by the size the weak
gauge coupling g. We can try to increase the effect by making the charginos lighter, but we are limited
by the experimental lower bound on their masses of about 103.5 GeV at low tanβ [35, 36].

In certain regions of parameter space of our model, the lightest chargino can have a large W̃2 com-
ponent. In this case, the above constraints can be overcome – the lightest chargino couples to the Higgs
with a factor enhanced by g2/g with respect to the MSSM. The estimation of the amplitude in our model
proceeds as in the MSSM case, with the added complication of the extended 4× 4 chargino mass matrix,
Eq. (15). For simplicity, we shall assume, that both MΣ̃ and MW̃1

are large; therefore, at low energies,

the lightest charginos are mostly admixtures of the Higgsino and the wino W̃2, which couples strongly to
the Higgs. The heavy charginos are then composed mostly of Σ̃ and W̃1, and decoupling them introduces
a seesaw-like correction to the effective 2× 2 mass matrix of the lightest charginos:

M
±,eff
ij ∼



 MW̃2
− 1

2
g22u

2

MΣ̃
− g21g

2
2

4
u4

M2
Σ̃
MW̃1

1√
2
g2vsβ

1√
2
g2vcβ µ



 , (35)

where we have neglected higher-order corrections from decoupling MW̃1
. We perform a detailed study of

the rate of the Higgs decay into diphotons, the electroweak constraints and the vacuum stability in the
SU(2)1 ⊗ SU(2)2 gauge extended model. To this end, we have used a modified version of the program
FeynHiggs [37] that incorporates the extended chargino and neutralino sectors.

3.3 Radiative Corrections to the Higgs Mass and Vacuum Stability Constraints

The tree-level Higgs mass enhancement from the non-decoupling D-term is also accompanied by a po-
tentially large loop correction. As motivated earlier, the diphoton enhancement calls for a light, strongly
interacting chargino in our model. As fermions, these charginos contribute to the renormalization group
equation (RGE) of the Higgs quartic coupling in a way similar to the top quark, i.e. they produce a large
negative beta function contribution. The chargino effects are small in the MSSM because the coupling g

is small, but they are potentially relevant in our model because their RGE contribution is proportional
to g

4
2.
This effect can be explained in two different ways. Fixing the low energy quartic coupling by the

measured Higgs mass Mh ∼ 125 GeV, the bottom-up RGE running of the quartic coupling drives it to
negative values. In this case, a new vacuum deeper than the physical one is generated and the physical
vacuum becomes unstable. This is generally the viewpoint adopted in non-supersymmetric models. To
solve this problem, we need new bosons at some intermediate scale that stabilize the potential via positive
contributions to the RGE and possible tree-level threshold corrections [28, 38–40].

On the other hand, in our model, we can inversely fix the quartic coupling by Eq. (29) at the scale

mW � =
�

1
2(g

2
1 + g

2
2)u, where SUSY is broken for the new W

� and W̃
� sector. The quartic coupling will

then be enhanced in its RG evolution to low energies via the effects of the charginos and the top quark and
its supersymmetric partners. Such effects may be strong enough to drive the Higgs mass to values larger
than 125 GeV, and therefore a detailed analysis of these effects is required. Working in the unbroken
phase of the electroweak interactions and with gauge eigenstates (W̃ , W̃

�
, H̃), the (overall) new chargino

8

Chargino Effects in the MSSM are very small

SU(2) x SU(2) Extension of the weak interactions

SU(2)1 × SU(2)2 → SU(2)L
Third generation and Higgs charged 

under strongly coupled SU(2)

Charginos of the strongly coupled

SU(2)1 may be light. For

tanβ � 1, they may provide

the dominant contribution to the

Higgs mass and enhance the

diphoton rate
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Figure 3: Chargino mass and diphoton decay BR contours, for the slice with g2/g1 = 2.08, u = 3160 GeV,

MW̃1
= 5 TeV and MΣ̃ = 10 TeV. The grey region is excluded by the LEP bound on the lightest chargino

mass Mχ̃±
1
> 103.5 GeV. The diphoton decay BR enhancement contours are blue curves. The effective

RGE starting scale Mχ̃± contours are red dashed curves. At the tangent point of the 103.5 GeV lightest

chargino mass bound and the Mχ̃± = 490 GeV curve, a Higgs diphoton decay BR of 3.75 × 10
−3

, or an

enhancement of about 61%, can be achieved.

In Fig. 4 we show the chargino and neutralino contributions to the electroweak precision measurement

S and T parameters, where we have also included the small contributions associated with the stop sector.

The total contributions to S and T are small and positive, and remain consistent with the allowed values

of these parameters obtained from a fit to the electroweak precision data [35]. We can see that at the

corresponding point for maximal Higgs diphoton decay BR enhancement, T = 0.075, S = 0.11.
As previously emphasized, in our benchmark scenario, we have employed light top squarks with

masses of about 550 GeV in order to minimize the value of the effective chargino mass Mχ̃± . Such

light stops enhance the gluon fusion rate by about 10% compared with the SM, and provide an additional

enhancement to all Higgs production rates in the gluon fusion channel. Larger stop masses will reduce this

rate enhancement, but due to their impact on the Higgs mass, they will reduce the possibility of having

light charginos with strong coupling to the Higgs, as is assumed in this work. Therefore, a prediction of

this model would be a slight enhancement of the gluon fusion Higgs production channels compared to the

SM ones. No such enhancement should be observable in the weak boson fusion channels, apart from the

obvious case of the diphoton decay rate, that was analysed in detail in this work.

In the MSSM, for tanβ � 1.2, the top Yukawa coupling is large and in the RGE running blows up

below the GUT scale. However, in our model, there are additional strong SU(2)2 gauge coupling effects
that induce a large negative contribution to the top Yukawa RGE. Using the modified RGE evolution of

the gauge and Yukawa couplings, and taking into account the breaking of SU(2)1 ⊗ SU(2)2 → SU(2)L

in a consistent way [26], we have checked that the top Yukawa coupling remains perturbative up to the

scales of the order of the Planck scale.

Relaxing the exact condition tanβ = 1 increases the tree-level contribution to the Higgs mass, Eq. (29),

and therefore reduces the possible chargino contributions to the running of the Higgs quartic coupling

RGE. The tree-level contribution depends on the value of ∆, which in turn depends on mΣ. Choosing

values of the scalar (and fermion) triplet mass to be of the order of the heavy gauge boson masses,

13

R. Huo, G. Lee, A. Thalapillil, C.W.’12

Wednesday, December 19, 2012

Huo, Lee,Thalapillil, Wagner’12

SU(2) x SU(2) Extension of the weak interactions
Third generation and Higgs charged under strongly coupled SU(2)

Enhancement of γγ rate from new (strong) charginos 
(~60%  max. to avoid too large Higgs mass)  

LEP excluded:
 Mχ< 105 GeV

Models with mixtures of singlets,  W’ Z’, triplets:
look at specific models 

or consider an EFT approach if new physics beyond direct reach

Dine, Seiberg, Thomas; Antoniadis, Dudas, Ghilencea, Tziveloglou
M.C, Kong, Ponton, Zurita

Arkani Hamed et al. ’12 
Thursday, March 7, 2013



How are mh~125 GeV SUSY scenarios constrained by data? 
--- Third generation direct particle searches (stau, stops, sbottoms, charginos)
          more experimental efforts needed in these direction

!  LHC looks for staus produced through SUSY cascade decays  

!  LHC looks at long-lived staus 

!  Interesting channel to look for: signature: 
Lepton, 2 taus,  
missing energy 

Estimation at the parton 
level shows promising 
results at 8 TeV LHC

Physical background: Wγ*, WZ*Final
Fake background: W+jets

~ 50 fb 

• In principle also                                              can be interesting, but more challenging

• Another interesting possibility: 
    Staus in “light” Stop decays                                                

M. C., Gori,  Shah,  Wagner,  Wang

t̃1 → bχ̃+ → bτ̃ ν

Stop Branching Ratios in Light Stau Scenario
M. Carena, S. Gori, N. Shah, C. W. and L.T. Wang, to appear
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• How to disentangle between SUSY Higgs vs 2HDM’s in the absence of obvious   
   SUSY partner effects?

How are mh~125 GeV SUSY scenarios constrained by data? 
--- Direct searches of other SUSY Higgs particles 
          more comprehensive searches/decay modes need to be considered

 Example: 
-- Strong constraints in MSSM on mΑ-tan beta from A/H to ττ, however,   
   change of analysis/results if other channels open up; A/H to charginos/staus/...

-- NMSSM; many possible Higgs decay chains  Hi to A A  (Ellwanger’s talk)

-- other extensions with different relations among Higgs masses 
The channels A/H to hh and H+ to hW+ replaced by h/H to AA and H+ to AW+ in BMSSM

-- spectra with quasi degenerate Higgs bosons?

Thursday, March 7, 2013



CP-violation in the Higgs sector:

MSSM: Upper bound on Higgs mass same as in the CP conserving case
Similar requirement on the SUSY parameters 
harder to achieve enhanced di-photon rate (?)

Other extensions:  CP violation at tree level

Strong bounds on CP phases from EDM’s

Interplay between collider and EDM’s/MDM’s data 
(only in model dependent scenarios) ?

Thursday, March 7, 2013



The Higgs discovery and

the Higgs-flavor connection in the MFV MSSM

Thursday, March 7, 2013
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Mh ~ 125 GeV and flavor in the MSSM
•      Bu !"# transition  

(H ± )

MSSM charged Higgs & SM contributions interfere destructively 
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Independent on stop mixing 
Almost independent of
 SUSY breaking scale

it became less powerful than direct 
Heavy Higgs searches for large tanβ

A/H → ττ)

•      Bu !"#

mu = 4,  1,   -1.5 TeV

Altmannshofer, MC, Shah,Yu ’12.
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Mh ~125 GeV and Higgs-flavor connection in the MFV MSSM

Positive values of At less constraining for sizeable mA and large tan beta

A/H → ττ)

mu = 1TeV  (At >0)

mu = 4TeV

mu = 1TeV (At <0)

mu = -1.5TeV

! 

32

! 

tan"

SUSY effects intimately connected to the structure of the squark mass matrices

           Bounds from Bs →µ+µ- Bounds from Bs →Xs γ

Altmannshofer, MC, Shah,Yu ’12
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Conclusions:

The Higgs discovery is of paramount importance

but

We need more precise measurements of Higgs properties
 

and/or 

direct observation of new physics 

to further advance in our understanding of EWSB

Thursday, March 7, 2013



Extras
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Additional effects at large tan beta  
from sbottoms: 

and staus:  

with  

receiving one loop corrections that depend on the sign of  

Dep. on the  sign of  with 

 Both corrections give negative contributions to the Higgs mass 
 hence  smaller values of      and  positive  values of         and          
 enhance the value of the Higgs mass 

Maximal effect: lower mh by several GeV 
! 

µM ˜ g 

! 

µM2

! 

µ
! 

µM2
! 

µM ˜ g 
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Mixing Effects in the CP- even Higgs Sector
                   can have relevant effects in the production and decay rates 

Radiative corrections to the CP-even mass matrix
 affect the mixing angle alpha 

that governs couplings of Higgs to fermions

 

sin! cos! = M
12

2
/ Tr M

2( )
2

" 4 det M
2

If off diagonal elements suppressed/enhanced: same occurs for sinα or cosα
==> suppression/enhancement of SM-like Higgs coupling to bb and ττ

leads to enhancement/suppression of BR(h/H to WW/ZZ/γγ)  for mh/H < 135 GeV 

g
hbb̄,Hbb̄,Abb̄

→ − sinα/ cosβ, cosα/ cosβ, tanβ

Normalized 
to SM ones

ghuū,Huū,Auū → cosα/ sinβ, sinα/ sinβ, 1/ tanβ

(same for leptons)
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 After SUSY breaking all fermions couple to both Higgs Doublets

                   can change the relative strength of Higgs decays to b and tau pairs

! 

destroy basic relation   
gh,H,Abb gh,H ,A "" #mb m"

M.C. Mrenna, Wagner ʼ98
Haber,Herrero, Logan, Penaranda, Rigolin, Temes ʼ00

             Radiative corrections ==> main decay modes of the  
SM-like MSSM Higgs into b- and tau-pairs can be drastically changed  

Modification of the tree level relation between hb,τ and mb,τ

mb,τ � hb,τv√
2

cosβ

�
1 +

∆hb,τ

hb,τ
tanβ

�

   Δb,τ

ghbb,hττ = − mb,τ sinα

v cosβ(1 +∆b,τ )

�
1− ∆b,τ

tanβ tanα

�

! 

hd
ghbb,hττ = −hb,τ sinα+∆hb,τ cosα
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•  At loop level:  FCNC generated by two main effects: 

       1) Both Higgs doublets couple to up and down sectors 
   ==> important effects in the B system at large tan beta 

        2) Soft SUSY parameters obey RG equations: 
     given their values at the SUSY scale, they change significantly at low energies 
        ==> RG evolution adds terms prop. to  

 In both cases the effective coupling governing FCNC processes  

Minimal Flavor Violation 

•  At tree level: the quarks and squarks diagonalized 

by the same matrices 

Hence, in the quark mass eigenbasis the only FC  

effects arise from charged currents via VCKM as in SM. ! 

˜ D L,R = DL ,R ;   ˜ U L ,R = UL,R

! 

hdhd
+   and  huhu

+,   and  h.c.

! 

(XFC )ij = (hu
+hu )ij "mt

2 V3i
CKM*V3j

CKM     for i # j

! 
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D’Ambrosio, Giudice, Isidori, Strumia 

Isidori, Retico:  Buras et al. 
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Dedes, Pilaftsis 
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M
h 
~ 125 GeV and Minimal Flavor Violation in the MSSM 
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•  FCNC’s induced by Higgs-squark loops depend on the flavor structure of the    
   squark soft SUSY breaking parameters 

•  If SUSY is transmitted to the observable sector at high energies M~MGUT     
              even starting with universal masses (MFV) in the supersymmetric theory:                  

Due to RG effects: 
Ellis, Heinemeyer, Olive, Weiglein 
M.C, Menon, Wagner 

1) The effective FC strange-bottom-neutral Higgs is modified:  

FCNC and the scale of SUSY Breaking 

2) Flavor violation in the gluino sector induces relevant contributions to  b! s"

•  If  SUSY is transmitted at low energies:  M~ MSUSY,   
Squark mass matrices  approx. block diag, only FC effects in the chargino-stop& H+ loops 
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Mh ~ 125 GeV and flavor in the MSSM
           Bounds from Bs →µ+µ-

Red solid line: Bs → mu+mu- with low energy SUSY breaking effects
 Red dashed (dotted) line has high energy MFV with running of all (1st-,2nd vs 3rd gen.) parameters
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Positive values of At  and µ less constraining for sizeable mA and large tan beta
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to the structure of the
squark mass matrices
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FIG. 6. Constraints in the mQ3–µ plane from the Bs → µ+µ−
decay, with fixed M3 = 3M2 = 6M1 = 1.5 TeV, MA = 800 GeV

and tanβ = 45. The solid bounded regions correspond to a degenerate squark spectrum. The dashed and dotted bounded

regions correspond to choosing the first two squark generations 50% heavier than the third generation squark masses, with an

alignment of ζ = 1 and ζ = 0.5, respectively. The gray horizontal band corresponds to the constraint from direct searches of

charginos at LEP. The vertical dotted lines show contours of constant At such that Mh = 125 GeV. In the gray regions in the

lower left corners, the lightest Higgs mass is always below Mh < 125 GeV, taking into account a 3 GeV theory uncertainty.

half of the squark mass splitting induces flavor viola-

tion in the down-sector. For negative At, the obtained

bounds show a strong dependence on the value of ζ. The
BR(Bs → µ+µ−

) bounds in Fig. 6 clearly display the

non-decoupling behavior mentioned above. Due to this

non-decoupling, the BR(Bs → µ+µ−
) results can con-

strain SUSY parameter space in regions that are beyond

the current and expected future reach of direct searches.

A crucial element of our analysis is the viability of the

cancellation of the SUSY contribution to the Bs → µ+µ−

branching ratio. This cancellation is driven by the pres-

ence of �FC in (45), which is schematically given in (23)

and its various contributions are detailed in (21), (25)

and (26). First, in the following discussion, we neglect

the wino contribution given by (26), which is generally

smaller than the gluino contribution. This is due to the

smallness of M2 and α in (26) compared to M3 and αs

in (25) (of course, our numerical analysis always includes

the wino contribution). Since each SUSY contribution

is proportional to µ, we see that switching the sign of

µ changes the relative sign between the SUSY and SM

amplitudes. Furthermore, by switching the sign of At,

between the left and right panels of Fig. (6), we change

the relative sign between the gluino contribution and the

Higgsino contribution. Thus, for a particular choice of

sign(At) and sign(µ), we can exploit a cancellation be-

tween the gluino vs. Higgsino loop, diminishing the mag-

nitude of the SUSY contribution, and a second cancella-

tion between the overall SUSY contribution and the SM

amplitude. In particular, even if the magnitude of the

SUSY contribution is by itself larger than the SM con-

tribution, we can exercise the second cancellation where

the SUSY amplitude overshoots the SM one.

These cancellations are clearly in effect in the left and

right panels of Fig. 6. We first focus on the regions

bounded by solid lines, which correspond to degenerate

squark masses. This implies that the SUSY contribution

dominantly arises from �H̃
b

in (21). In the upper half of

the left panel corresponding to positive At and positive µ,
the SUSY contribution cancels with the SM contribution

and always leads to a BR(Bs → µ+µ−
) below the current

bound. In the lower half of the left panel, with positive

At and negative µ, the Higgsino contribution adds con-

structively with the SM contribution, leading to signifi-

cant constraints. In the upper half of the right panel, the

Higgsino contribution also adds constructively with the

SM, leading again to a bound. This bound is less strin-

gent compared to the positive At and negative µ case,

because for positive µ, the �b and �0 terms in (45) lead

to a suppression of the SUSY amplitude. Finally, in the

lower half of the right panel, with negative At and nega-

tive µ, the Higgsino contribution interferes destructively

with the SM. The constraint is non-vanishing, however,

because for negative µ, the tanβ resummation factors,

given in (45), enhance the SUSY amplitude such that it

can be more than twice as large as the SM amplitude.

When we include squark splitting, we further

strengthen the SUSY contribution for positive At, be-

cause the gluino and Higgsino contributions add con-
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Mh ~ 125 GeV and flavor in the MSSM 
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Orange solid line from B Xs gamma with low energy SUSY breaking effects
Orange  dashed (dotted) line has high energy MFV with running of all (1st-,2nd vs 3rd generation) parameters

Bounds from Bs →Xs γ
17

1.4

1.6 1.8 2 2.2

1.0 1.5 2.0 2.5�2

�1

0

1

2

MQ3
� �TeV�

Μ
�TeV�

positive At

M
A
�
80
0
G
eV
,t
an
Β
�
45

�2.7

�1.8 �2.1 �2.4 �2.7

1.0 1.5 2.0 2.5�2

�1

0

1

2

MQ3
� �TeV�

Μ
�TeV�

negative At

M
A
�
80
0
G
eV
,t
an
Β
�
45

FIG. 10. Constraints in the mQ3–µ plane from the B → Xsγ decay, for fixed M3 = 3M2 = 6M1 = 1.5 TeV. The solid bounded

regions correspond to a degenerate squark spectrum. The dashed and dotted bounded regions correspond to choosing the

first two squark generations 50% heavier than the third generation squark masses, with an alignment of ζ = 1 and ζ = 0.5,
respectively. The gray horizontal band corresponds to the constraint from direct searches of charginos at LEP. The vertical

dotted lines show contours of constant At such that Mh = 125 GeV. In the gray regions in the lower left corners the lightest

Higgs mass is always below Mh < 125 GeV, taking into account a 3 GeV theory uncertainty.

only on the sign of µ. For positive (negative) µ, gluinos
interfere destructively (constructively) with the SM.

The plots of Fig. 10 clearly show the decoupling be-
havior of the MSSM contributions to the b → sγ transi-
tion. For a degenerate squark spectrum (mQ3 = mQ =
mU3 = mU = mD3 = mD = m̃) and a heavy charged
Higgs, the bound from BR(B → Xsγ) hardly constrains
the MSSM parameter space beyond squark masses that
are already excluded by direct SUSY searches, namely
m̃ � O(1 TeV). In the presence of a mass splitting be-
tween the first two and the third generations of squarks,
the B → Xsγ constraint can become relevant for nega-
tive At, since the gluino and Higgsino contributions add
constructively. Squark masses significantly above 1 TeV
can be probed in that case. For positive values of At, on
the other hand, the gluino and Higgsino loops partially
cancel and the bound from B → Xsγ is barely relevant.

D. Discussion of RGE Effects

Our phenomenological analysis of MSSM mass param-
eters serves our purpose of understanding the flavor con-
straints on the low energy MSSM spectrum. However,
we also want to connect these constraints to parame-
ters of a high scale SUSY parameter space. To this
end, we consider a typical example in the large tanβ
and MA region compatible with direct H/A → τ+τ−

searches at the LHC. We show typical mass differences

between soft parameters for squarks in the plane of the
mSUGRA boundary conditions, m0 and m1/2, fixing the
remaining mSUGRA parameters to A0 = ±2 TeV and
tanβ = 45. We also chose the SUSY breaking scale to be
the GUT scale, 1016 GeV. We deviate slightly from the
strict mSUGRA prescription and work in a non-universal
Higgs mass (NUHM) scenario by fixing the Higgs soft
mass m

2
Hu

= 1 TeV2 and adjusting m
2
Hd

at the high
scale to obtain MA within 10% of 800 GeV at the low
scale of Q = 1 TeV. Using these boundary conditions and
the usual low energy Yukawa constraints derived from
fermion masses run to Q = 1 TeV, we numerically solve
the RGE system dictated by 2-loop running from [194]
and 1-loop radiative corrections from [195]. Our choice
of A0 typically gives the lightest SM-like Higgs a mass of
122±2 GeV. For the bulk of the region in the (m0,m1/2)
plane, adjusting A0 (in particular, At) to obtain a Higgs
mass of 125 GeV changes the quantitative picture by less
than a few percent. For very small m0 and m1/2, how-
ever, where some squarks or sleptons become close to
tachyonic, the mass splittings can vary significantly as
result of changing A0.
We highlight that the B observable constraints can

vary significantly as a result of Yukawa-induced squark
mass splittings inherent in RG running, as seen in Fig. 6
and Fig. 10, respectively. In particular, the most signifi-
cant mass splittings among the squarks occur as a result
of the top and bottom Yukawas, where a significant en-
hancement of the bottom Yukawa occurs for large tanβ.
We can obtain a semi-analytic understanding of the re-
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