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BayesFITS	
  Group	
  in	
  Warsaw	
  
Ø  New	
  research	
  group	
  at	
  Na3onal	
  Centre	
  for	
  Nuclear	
  Research,	
  formed	
  in	
  

mid-­‐2011	
  
Ø  Funded	
  by	
  a	
  4.5-­‐yr	
  grant	
  (~1.5MEuro)	
  from	
  Founda3on	
  for	
  Polish	
  Science	
  
Ø  Currently	
  four	
  postdocs,	
  1	
  PhD	
  student,	
  plus	
  several	
  local	
  and	
  external	
  

collaborators	
  

Ø  So	
  far	
  9	
  papers	
  out,	
  	
  6	
  published	
  or	
  accepted	
  (PRD,	
  JHEP),	
  more	
  in	
  pipeline	
  
Ø  Research	
  area:	
  

§  ``new	
  physics’’	
  (SUSY)	
  and	
  astropar3cle	
  physics	
  (dark	
  ma`er)	
  in	
  the	
  LHC	
  era	
  
§  Early	
  Universe,	
  relics,	
  etc	
  
§  Flavor	
  physics,	
  …	
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² Summary	
  

Based	
  on:	
  	
  
•  Two	
  ul3mate	
  tests	
  of	
  constrained	
  SUSY,	
  1302.5956	
  
•  The	
  Constrained	
  NMSSM	
  with	
  a	
  125	
  GeV	
  Higgs	
  boson	
  -­‐-­‐	
  A	
  global	
  analysis,	
  1211.1693	
  
•  Di-­‐photon	
  rate	
  enhancement	
  in	
  the	
  NMSSM	
  with	
  nearly	
  degenerate	
  scalar	
  and	
  pseudoscalar	
  Higgs	
  bosons,	
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  a	
  125	
  GeV	
  Higgs	
  boson,	
  1206.0264	
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Where	
  is	
  SUSY?	
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We	
  know	
  be`er	
  now	
  where	
  
SUSY	
  is	
  not.	
  

Hints	
  where	
  SUSY	
  may	
  
actually	
  be.	
  

Aher	
  LHC(7/8TeV):	
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BSM:	
  hints	
  from	
  the	
  LHC….	
  



Main	
  news	
  from	
  the	
  LHC	
  so	
  far…	
  
Ø Higgs(-­‐like)	
  par3cle	
  at	
  ~126	
  GeV	
  	
  
	
  
Ø No	
  (convincing)	
  devia3ons	
  	
  
	
  	
  	
  	
  	
  from	
  the	
  SM	
  

	
  

Ø  Stringent	
  lower	
  limits	
  	
  
	
  on	
  superparner	
  masses	
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BR(Bs → µ+µ−) =
�
3.2+1.5

−1.2

�
× 10−9

SUSY	
  masses	
  reaching	
  1	
  TeV	
  scale+…	
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! Excluded squarks to ~2.0 TeV and gluinos to ~1.2 TeV - 
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…and	
  from	
  the	
  media…	
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Energy, luminosity and 
the number of physicist 
failing to find SUSY 
have all increased by 
factor of 10...  

Nothing	
  new…	
  

CDF,	
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Constrained	
  SUSY	
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  s3ll	
  alive?	
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Really?	
  

The	
  constrained	
  MSSM	
  (CMSSM)	
  paradigm	
  is	
  
“hardly	
  tenable”	
  

At	
  Open	
  Symposium	
  of	
  the	
  European	
  Strategy	
  
Preparatory	
  Group,	
  Krakow,	
  Poland,	
  10-­‐12	
  Sept.	
  2012	
  

Constrained	
  SUSY	
  is	
  in	
  coma	
  
A.	
  Masiero,	
  PLANCK-­‐13	
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Really?	
  

The	
  constrained	
  MSSM	
  (CMSSM)	
  paradigm	
  is	
  
“hardly	
  tenable”	
  

At	
  Open	
  Symposium	
  of	
  the	
  European	
  Strategy	
  
Preparatory	
  Group,	
  Krakow,	
  Poland,	
  10-­‐12	
  Sept.	
  2012	
  

F.	
  Zwirner,	
  Moriond	
  EW	
  (2013)	
  summary	
  talk	
  

Conven3onal	
  susy	
  models	
  (CMSSM,	
  NMSSM,	
  ….)	
  
do	
  not	
  work	
  as	
  such	
  and	
  should	
  finally	
  rest	
  in	
  peace	
  

Constrained	
  SUSY	
  is	
  in	
  coma	
  
A.	
  Masiero,	
  PLANCK-­‐13	
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My	
  conjecture:	
  

SUSY	
  cannot	
  be	
  experimentally	
  ruled	
  out.	
  

It	
  can	
  only	
  be	
  discovered.	
  

Or	
  else	
  abandoned.	
  

(Coined	
  before	
  LHC	
  era.)	
  



SUSY:	
  Constrained	
  or	
  Not?	
  
•  Constrained:	
   •  Phenomenological:	
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Low-­‐energy	
  SUSY	
  models	
  with	
  	
  
unifica3on	
  rela3ons	
  among	
  	
  gauge	
  
couplings	
  and	
  (soh)	
  SUSY	
  mass	
  parameters	
  

Many	
  models:	
  
•  CMSSM	
  	
  (Constrained	
  MSSM):	
  4+1	
  parameters	
  
•  NUHM	
  (Non-­‐Universal	
  Higgs	
  Model):	
  6+1	
  
•  CNMSSM	
  (Constrained	
  Next-­‐to-­‐MSSM)	
  5+1	
  
•  CNMSSM-­‐NUHM:	
  7+1	
  
•  String-­‐inspired,	
  split,	
  ``natural’’,	
  etc	
  

Virtues:	
  
•  Well-­‐mo3vated	
  
•  Predic3ve	
  (few	
  parameters)	
  
•  Realis3c	
   Many	
  models:	
  	
  

•  general	
  MSSM	
  –	
  over	
  120	
  params	
  
•  MSSM	
  +	
  simplifying	
  assump3ons	
  
•  pMSSM:	
  MSSM	
  with	
  19	
  params	
  
•  p9MSSM,	
  p12MSSM,	
  pnMSSM,	
  …	
  

figure	
  from	
  hep-­‐ph/9709356	
  

Supersymmetrized	
  SM…	
  

Features:	
  
•  Many	
  free	
  parameters	
  
•  Broader	
  than	
  constrained	
  SUSY	
  

MSSM	
   CMSSM	
  



The	
  126	
  GeV	
  SM-­‐Like	
  Higgs	
  Boson	
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A	
  blessing	
  or	
  a	
  curse	
  for	
  SUSY?	
  



The	
  126	
  GeV	
  Higgs	
  Boson	
  and	
  SUSY	
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A	
  blessing…	
  

Ø Fundamental	
  scalar	
  -­‐>	
  SUSY	
  
Ø Light	
  and	
  SM-­‐like	
  -­‐>	
  SUSY	
  

Low	
  energy	
  SUSY	
  predic3on:	
  	
  
Higgs	
  mass	
  up	
  to	
  ~135	
  GeV	
  

Constrained	
  SUSY	
  predic3on:	
  	
  
SM-­‐like	
  Higgs	
  with	
  mass	
  	
  
up	
  to	
  ~130	
  GeV	
  	
  

Higgs mass

MSSM

SM (valid up to MP)

Composite PGB Higgs
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Rough Higgs-mass range predictions
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A	
  curse…	
  

-­‐>	
  Mul3-­‐TeV	
  scale	
  of	
  
SUSY	
  

to compare those results with our recent CMSSM analysis [25]. In doing so, one needs to take into
account the differences between the numerical codes and constraints adopted in both studies. We
summarize them here.

1. In this study we use NMSSMTools for calculating the supersymmetric spectrum, while in [25]
we used SoftSUSY. We have repeatedly cross-checked the spectra obtained in the MSSM limit of the
NMSSM with the ones generated by SoftSUSY, finding some differences, especially with respect
to loop corrections giving the largest values of the lightest Higgs mass. In some regions of the
parameter space the difference between the two generators amounted to ∼ 0.5− 1GeV. Given the
experimental and theoretical uncertainties in the Higgs mass, such difference amounts to ∼ 0.25
units of χ2, which is not significant for the purpose of the global scan.

2. In this paper we have applied a new limit on BR (Bs → µ+µ−), obtained from the combina-
tion of LHCb, ATLAS and CMS data [33]. We have further modeled the Bs → µ+µ− likelihood
according to the procedure described is Sec. 3.1. The SM rate rescaled by the time dependent asym-
metries [34] is now BR (Bs → µ+µ−)SM = (3.53± 0.38)× 10−9, which is a value more appropriate
for comparison with the experimental rate than the unscaled, ∼ 3.2× 10−9, one.

3. We have updated the nuisance parameters Mt and mb(mb)MS following [31]; see Table 2.
The upgrade in Mt has significant implications for mh1 . The leading one-loop corrections to the
Higgs mass squared are given by

∆m2
h =

3m4
t

4π2v2

�
ln

�
M2

SUSY

m2
t

�
+

X2
t

M2
SUSY

�
1− X2

t

12M2
SUSY

��
, (18)

where mt is the running top quark mass,4 MSUSY is the geometrical average of the physical stop
masses, MSUSY ≡ √mt̃1mt̃2 , and Xt = At−µeff cotβ. Since ∆m2

h ∝ m4
t it is now easier to generate

Higgs masses in agreement with the experimental values. In particular, as we highlighted in [25],
a Higgs mass compatible with the observed excess at 125GeV was rather difficult to achieve over
the CMSSM parameter space. That tension has now become somewhat reduced, and we will show
below that the correct Higgs mass can be obtained in the CMSSM limit of the CNMSSM.

4.1 Impact of the relic density

To set the ground for the presentation of our numerical results, we first comment on the role of the
relic density of DM in selecting favored regions. The relic density is a strong constraint, since it is a
positive measurement (in contrast to a limit) with a rather small experimental uncertainty; Table 1.
On top of it, it is well known that in unified SUSY models with neutralino LSP the corresponding
abundance Ωχh2 is typically too large, or in other words, its annihilation in the early Universe
is ‘generically’ too inefficient. Specific mechanisms for enhancing it are therefore needed which,
however, are only applicable in specific SUSY configurations. As a result, in most cases the regions
of high probability in the global posterior will reflect one or more of the regions of parameter space
where Ωχh2 is close to the measured relic density of DM. The regions that are still allowed by direct
SUSY searches are:

1. The stau-coannihilation (SC) region [65]. As is known, in constrained SUSY models, like the
C(N)MSSM, this is a narrow strip at a sharp angle to the m1/2 axis. The values of A0 and tanβ
are also constrained, as only for |A0| not exceeding ∼ 2TeV the running parameter Aτ at the EW
scale does allow the stau to become light enough to be comparable with the neutralino. Also, too
large values of tanβ can push the mass of the stau below the neutralino mass and make it the LSP.
Values of m1/2 that are excessively large, on the other hand, can suppress the annihilation cross

4Note that running top quark mass is related to the pole mass through the formula given in Eq. (10) of Ref. [64].
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Only	
  m_h~126	
  GeV	
  and	
  CMS	
  lower	
  
bounds	
  on	
  SUSY	
  applied.	
  



How	
  to	
  compare	
  theory	
  with	
  experiment	
  

Ø Rigid	
  step-­‐func3on	
  applica3on	
  of	
  limits/allowed	
  
ranges	
  (e.g.	
  DM	
  relic	
  abundance,	
  etc)	
  

Ø Frequen3st	
  (chi^2-­‐based)	
  
Ø Bayesian	
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How to compare theory with expt...
rigid step-function application of limits/ranges (e.g., DM Ωχh2 at
95%)

frequentist (χ2-based)

Bayesian

Frequentist: “probability is the number of times the event occurs over the total number of
trials, in the limit of an infinite series of equiprobable repetitions”

Bayesian: “probability is a measure of the degree of belief about a proposition”

theory defined by a number of free parameters

its contributions to observables can be confronted with diverse data

statistical question: Which ranges of the model’s parameters (if any)
fit the data well/so-so/poorly,... ?

draw probability maps in the model’s parameter space

compare different models... L. Roszkowski, Beijing, 10 November 2011 – p.6

MasterCode,	
  Fiuno,	
  …	
  

BayesFITS,	
  Allanach,	
  SuperBayes,	
  Balazs,	
  Kraml…	
  

Both	
  F	
  and	
  B	
  are	
  based	
  on	
  the	
  likelihood	
  func3on.	
  

Mahmoudi	
  et	
  al,	
  	
  
Hewe`	
  et	
  al,	
  …	
  



The	
  Likelihood	
  func3on	
  
Central	
  object:	
  Likelihood	
  func3on	
  

•  Limits:	
  

• 	
  Smear	
  out	
  bounds.	
  
• 	
  Add	
  theory	
  error.	
  

•  Posi3ve	
  measurements:	
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•  LHC	
  direct	
  limits:	
  

•  Need	
  careful	
  
treatment.	
  Typically	
  
use	
  Poisson.	
  



Bayesian	
  sta3s3cs	
  

Bayes	
  theorem:	
  
	
  

If	
  hypothesis	
  is	
  a	
  func^on	
  of	
  parameters,	
  then	
  posterior	
  	
  
becomes	
  posterior	
  probability	
  func^on	
  (pdf).	
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Posterior	
  à	
  	
  credible	
  regions	
  at	
  chosen	
  CL	
  

Minimum	
  chi2	
  approach:	
  find	
  best-­‐fit	
  and	
  draw	
  confidence	
  regions	
  about	
  it	
  

Posterior = Prior×Likelihood
Evidence

p(m|d) = p(d|m)π(m)
p(d)

Prior π(m)

Likelihood p(d|m)

Posterior p(m|d)
Evidence p(d)

– what we know about the model m before seeing the data d

– the probability of obtaining data d if model m is true

– the probability about m after seeing d.

– normalization factor, important for model comparison



Constrained	
  Minimal	
  Supersymmetric	
  	
  
Standard	
  Model	
  (CMSSM)	
  

G.	
  L.	
  Kane,	
  C.	
  F.	
  Kolda,	
  L.	
  Roszkowski	
  and	
  
J.	
  D.	
  Wells,	
  Phys.	
  Rev.	
  D	
  49	
  (1994)	
  6173	
  

	
  	
  	
  	
  	
  	
  

figure	
  from	
  hep-­‐ph/9709356	
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Reproducing	
  CMS	
  limits	
  on	
  SUSY	
  

L.	
  Roszkowski,	
  KITP,	
  UCSB,	
  9	
  July	
  2013	
   21	
  

Excellent	
  agreement	
  	
  
Applies	
  to	
  both	
  signs	
  of	
  mu	
  
And	
  to	
  similar	
  models:	
  NUHM,	
  CNMSSM,…	
  	
  

BayesFITS �2013�
CMSSM, Μ � 0 
tanΒ � 3, A0 � 0

Likelihood
ΑT  4.98 fb�1�s � 7 TeV

68.3� CL
95.0 � CL
99.73� CL

CMS ΑT  95� CL

1000 2000 3000 4000

200

400

600

800

1000

m0 �GeV�

m
1�2�G

eV
�

(a)

BayesFITS �2013�
ΑT  11.7 fb�1�s � 8 TeV
Likelihood 95� CL

CMSSM

NUHM:
mHd�2600 GeV

mHd�500 GeVmHu�870 GeV

mHu�800 GeV

1000 2000 3000 4000

200

400

600

800

1000

m0 �GeV�

m
1�2�G

eV
�

(b)

BayesFITS �2013�
CMSSM, Μ � 0
tanΒ � 3, A0 � 0

95� CL

BayesFITS combo of

ATLAS 5.8 fb�1 �s � 8 TeV

CMS bounds

95� CL

1000 2000 3000 4000

200

400

600

800

1000

m0 �GeV�

m
1�2�G

eV
�

(c)

Figure 3: (a) The 68.3% CL (red solid thin), 95.0% CL (red solid thick), and 99.7% CL (red dashed

thin) exclusion bounds for the CMSSM from our approximation of the αT likelihood (
√
s = 7TeV,

∼ 5/fb) compared to the original CMS 95% CL exclusion bound (dashed black). (b) 95% CL

exclusion bound (solid red) for the CMSSM from our approximation of the αT likelihood (
√
s =

8TeV, ∼ 12/fb) compared with the bounds obtained for the NUHM, when mHu < mHd (dashed

blue) and mHd < mHu (dot-dashed black). (c) 95% CL exclusion bound (solid red) for the CMSSM

from our combination of CMS searches (solid red) compared the current ATLAS bound (dotted

gray).
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We	
  approximate	
  CMS	
  limits	
  by	
  deriving	
  
likelihood	
  maps	
  

3.1.1 Combination of CMS SUSY search limits

In previous work [17, 47] we presented a methodology for deriving approximate but accurate

likelihood functions for two of the direct SUSY searches with all-hadronic final states at

CMS: αT (Ref. [47]) and razor (Ref. [17]). Our approximation correctly reproduced the

95% CL exclusion bounds of those searches in the (m0, m1/2) plane. In [33] we then showed

that the same procedure for the razor search could be extended to the CNMSSM.

The likelihood maps were developed through a step-by-step procedure which included

generation of the SUSY signal at the scattering level with PYTHIA6.4 [57] and a simulation

of the CMS detector response with PGS4 [58] to calculate the efficiency once the kinematic

cuts were applied. The obtained signal yields were finally statistically compared to the

publicly available observed and background yields of the searches to construct the likelihood

map.

As mentioned in the Introduction, the most constraining limit for the CMSSM presently

comes from the ATLAS search for squarks and gluinos with jets and missing transverse

energy in the final states, with 5.8/fb of data at
√
s = 8TeV [13]. The recent limits pro-

duced by the CMS Collaboration with comparable or larger luminosity [14, 16] are slightly

weaker. On the other hand, riding on our accurate method for constructing the likelihood

function for all-hadronic SUSY search limits with the information provided by the CMS

Collaboration, we are in a position of deriving an approximate statistical combination of

the most recent CMS searches.

We prefer to follow this procedure rather than taking the ATLAS limit as a hard cut

(as recently done, e.g., in [24, 59]) for one important reason. Most recent analyses of the

CMSSM have pointed out that the region of parameter space which best fits the constraints

(particularly the Higgs mass) is the SC region. Since this is the region directly adjacent to

the exclusion bounds, accurate modelling of the likelihood function becomes important.

In what follows we briefly summarize the methodology adopted for the razor in our

previous papers, since it will be used again here. We then proceed to statistically combining

it with more recent data from other CMS searches to update our exclusion bound.

Razor 4.4/fb,
√
s = 7TeV

The CMS razor search, based on 4.4/fb of
√
s = 7TeV data, found no excess of events

over the SM prediction. In deriving the likelihood map for the razor analysis we followed

the CMS procedure described in [15]. All accepted events were divided into 38 separate

bins in the two-dimensional space of the razor variables R2 and MR, and the likelihood

of observing a certain number events in a given bin was defined as a Poisson distribution

convolved with a Gaussian or log-normal function that would take care of the predicted

error on the background yields. The details of our analysis can be found in [17].

αT 4.98/fb,
√
s = 7TeV

The CMS αT search, based on 4.98/fb of
√
s = 7TeV data, showed no excess of events

over the SM prediction. In deriving the likelihood map corresponding to that search, we

closely followed the experimental procedure given in [16] and our method of deriving the

likelihood maps described in details in [47, 48]. The accepted events were divided into 4

– 12 –

SM background events bi, is given by a Poisson distribution convolved with a Gaussian,

to account for the predicted error on the background yield. The ranges of HT in every

bin, together with the corresponding numbers of the observed events, expected background

events, and errors on the expected background yield provided by the CMS Collaboration,

are given in [16].

We validated our result against the official CMS plot [16] by deriving the 95% CL

exclusion limits using the ∆χ
2
statistics test. The comparison is presented in Fig. 3(a),

showing an excellent agreement.

αT 11.7/fb,
√
s = 8TeV

The CMS αT search, performed with 11.7/fb of data based on
√
s = 8TeV pp collisions,

shows no significant deviation from the SM prediction [14]. This analysis follows closely

the one with 4.98/fb at
√
s = 7TeV, with only two minor changes: an extra category

for b-jet multiplicity is added, nb ≥ 4; and the events are further divided into additional

boxes according to the number of the reconstructed jets for event, 2 ≤ nj ≤ 3 and nj ≥
4. The numbers of the observed events, expected background events and errors on the

expected background yield for eight combinations of b-jet multiplicity nb and the number

of reconstructed jets nj , provided by the CMS Collaboration, are given in [14]. We show

the resulting 95% contour as a solid red line in Fig. 3(b). Note that for this particular

search the CMS Collaboration has not provided an official 95% CL exclusion limit for the

CMSSM. It is a big advantage of the likelihood map methodology that it allows one to

derive likelihood functions for SUSY searches even where the official limits are not available.

Furthermore, we also show in Fig. 3(b) that the derived exclusion limit can be applied

not only to the CMSSM, but also to the NUHM. The exclusion bounds obtained for two

different choices of the parameters mHu and mHd (shown in dashed blue and dot-dashed

black) do not differ from the CMSSM one. The reason is that the soft masses of the

Higgs sector enter the one-loop renormalization group equations of the first two generation

quarks only by the terms multiplied by the Yukawa couplings, and therefore are strongly

suppressed, while the term proportional to the difference (m
2
Hu

−m
2
Hd

) is multiplied by the

factor g
2
1/10 and is also negligible, unless the mass difference is very large. The NUHM

exclusion limits shown at Fig. 3(b) correspond precisely to the choice of parameters that

would maximize the difference |m2
Hu

− m
2
Hd

|, and at the same time remain in agreement

with the physicality condition.

In [17] we showed that the 95%CL limit based on the 4.4/fb razor search is not affected

by the change of the sign of parameter µ. The same is true for the NUHM.

Limit combination procedure and results

In our approximate combination of the recent SUSY searches by CMS we used all bins

presented in the CMS reports [14, 16], as well as the ones from the razor analysis [17].

Following the statistical approach of Modified Frequentist Confidence Levels [60] we as-

sumed that the three searches are statistically independent and we treated every bin as a
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Figure 3: (a) The 68.3% CL (red solid thin), 95.0% CL (red solid thick), and 99.7% CL (red

dashed thin) exclusion bounds for the CMSSM from our approximation of the αT likelihood

(
√
s = 7TeV, ∼ 5/fb) compared to the original CMS 95% CL exclusion bound (dashed

black). (b) 95% CL exclusion bound (solid red) for the CMSSM from our approximation

of the αT likelihood (
√
s = 8TeV, ∼ 12/fb) compared with the bounds obtained for the

NUHM, when mHu < mHd (dashed blue) and mHd < mHu (dot-dashed black). (c) 95% CL

exclusion bound (solid red) for the CMSSM from our combination of CMS searches (solid

red) compared the current ATLAS bound (dotted gray).

The accepted events were divided into 8 separate boxes, according to the number of jets

originating from b-quarks, nb = 0, 1, 2, 3 or ≥ 4 and to the number of reconstructed jets per

event, 2 ≤ nj ≤ 3 and nj ≥ 4. In every box, the events were classified based on the value

of the variable HT , defined as the sum of all jets’ transverse energies. The likelihood for

observing oi events in the i-th bin, given the known number of the expected events si, and
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CMSSM parameter Description Prior Range Prior Distribution

m0 Universal scalar mass 100, 4000 Log

m1/2 Universal gaugino mass 100, 2000 Log

A0 Universal trilinear coupling -7000, 7000 Linear

tanβ Ratio of Higgs vevs 3, 62 Linear

sgnµ Sign of Higgs parameter +1 or −1 Fixed
a

Nuisance Description Central value ± std. dev. Prior Distribution

Mt Top quark pole mass 173.5± 1.0GeV Gaussian

mb(mb)
MS
SM Bottom quark mass 4.18± 0.03GeV Gaussian

αs(MZ)
MS

Strong coupling 0.1184± 0.0007 Gaussian

1/αem(MZ)
MS

Inverse of em coupling 127.916± 0.015 Gaussian

a The sign of parameter µ is fixed for a given scan.

Table II: Priors for the parameters of the CMSSM and for the SM nuisance parameters used in our scans. Masses
and A0 are in GeV.

C. The Higgs likelihood

In this paper we investigate the impact of the Higgs discovery at the LHC on the CMSSM. In the CMSSM, so long
as mA � mZ , the lightest Higgs boson is to a very good accuracy SM-like, i.e., its couplings to ZZ and WW are
almost the same as those of the SM Higgs (the so-called decoupling regime) [? ]. This has been a conclusion of many
previous studies, and has been also carefully checked in Ref. [? ] with experimental constraints available at that
time (among which the constraints on m0 and m1/2 were clearly weaker than those available now). We will show in
Sec. III A that this assumption is justified a posteriori, given the present constraints. While the results from the LHC
on the Higgs boson do indicate that the discovered boson is indeed SM-like, here we will assume that it is the lightest
Higgs boson of the CMSSM that has actually been discovered. Note that in our analysis we will be using information
about the Higgs mass but will not be applying constraints on its couplings, in particular on the one to γγ.
In setting up the Higgs likelihood function one has to take into account an appreciable theoretical error on the

light Higgs mass calculation in the MSSM which comes primarily from neglecting higher-order loop corrections,
renormalization scheme differences, etc., which is estimated to be around 2 − 3GeV [? ]. One therefore has to
distinguish between the “true” value of the Higgs mass m̂h which would result from an exact calculation (and which
we identify with the physical mass), and the value of the Higgs mass, denoted here by mh, calculated within a given
approximation encoded in one or another spectrum calculator.3

The Higgs mass can initially be measured with only a limited precision. We assume that the mass of a SM-like
Higgs is measured at m̂h = 125 GeV with a Gaussian experimental uncertainty of σ = 2 GeV,

p(d|m̂h) = exp
�
−(125GeV − m̂h)

2/2σ2
�
. (13)

Since we have only an imperfect Higgs mass calculation, we assume that the Higgs masses calculated with SOFT-
SUSY are Gaussian-distributed around the “true” Higgs masses, that is

p(m̂h|mh) = exp
�
−(m̂h −mh)

2/2τ2
�
, (14)

with a theoretical error of τ = 2GeV.4 Our likelihood is defined as a convolution of the two functions [? ],

L(mh) =

�
p(d|m̂h)× p(m̂h|mh) dm̂h. (15)

We choose to add the experimental and theoretical errors in quadrature, finally obtaining

Lmh�125GeV(mh) = exp
�
−(125GeV −mh)

2/2(τ2 + σ2)
�
. (16)

3 In our numerical scans we use SOFTSUSY version 3.2.4 [? ] but one should be aware that all available Higgs mass codes presently have
similar (or larger) theoretical errors.

4 Alternatively we could take a linear, rather than Gaussian distribution, which would be much more conservative.
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Measurement Mean or Range Exp. Error Th. Error Likelihood Distribution Ref.

CMS razor 4.4/fb analysis See text See text 0 Poisson [2]

SM-like Higgs mass mh 125 2 2 Gaussian [8, 9, 44]

Ωχh
2

0.1120 0.0056 10% Gaussian [46]

sin
2 θeff 0.23116 0.00013 0.00015 Gaussian [47]

mW 80.399 0.023 0.015 Gaussian [47]

δ (g − 2)
SUSY
µ ×10

10
28.7 8.0 1.0 Gaussian [47, 48]

BR
�
B → Xsγ

�
×10

4
3.60 0.23 0.21 Gaussian [47]

BR (Bu → τν)×10
4

1.66 0.66 0.38 Gaussian [49]

∆MBs 17.77 0.12 2.40 Gaussian [47]

BR
�
Bs → µ+µ−� < 4.5× 10

−9
0 14% Upper limit – Error Fn [23]

Table III: The experimental measurements that we apply to constrain the CMSSM’s parameters. Masses are in GeV.

The experimental constraints applied in our scans are listed in Table III. In comparison with our previous papers
Ref. [25, 26], the new upper limit on BR (Bs → µ+µ−) is used, which is evidently more constraining than the old
one. Note also that LEP and Tevatron limits on the Higgs sector and superpartner masses are not listed in Table III
because the subsequent LHC limits were generally stronger, and in any case in this paper we consider only the case
of the Higgs signal. The razor and Higgs limits are included as described in Sec. II.

In Ref. [26] we showed that the effect of the current limits from FermiLAT and XENON100 strongly depends on
a proper treatment of astrophysical uncertainties. If the uncertainties are treated in a conservative way, both direct
and indirect limits from DM searches are not more constraining than the accelerator ones, hence we ignore them in
the present analysis.

We have developed a new numerical code, BayesFITS, similar in spirit to the MasterCode [50] and Fittino [51]
frameworks (which perform frequentist analyses), and to SuperBayeS [52] and PySUSY5 (which perform Bayesian
analyses). BayesFITS engages several external, publicly available packages: for sampling it uses MultiNest [53] with
4000 live points, evidence tolerance factor set to 0.5, and sampling efficiency equal to 0.8. The mass spectrum is
computed with SOFTSUSY and written in the form of SUSY Les Houches Accord files, which are then taken as input
files to compute various observables. We use SuperIso Relic v3.2 [54] to calculate BR

�
B → Xsγ

�
, BR (Bs → µ+µ−),

BR (Bu → τν), and δ (g − 2)SUSY
µ , and FeynHiggs 2.8.6 [55] to calculate the electroweak variables mW , sin2 θeff ,

and ∆MBs . The DM observables, such as the relic density and direct detection cross sections, are calculated with
MicrOMEGAs 2.4.5 [56].

Below we will present the results of our scans as one-dimensional (1D) or two-dimensional (2D) marginalized
posterior pdf maps of parameters and observables. In evaluating the posterior pdf’s, we marginalize over the given
SUSY model’s other parameters and the SM’s nuisance parameters, as mentioned above and described in detail in
Refs. [25, 26].

A. The CMSSM with (g − 2)µ

In Figs. 2(a) and 2(b) we show the marginalized posterior pdf in the (m0, m1/2) plane and in the (A0, tanβ) plane,
respectively. In these and the following plots we show the Bayesian 68.3% (1σ) credible regions in dark blue, encircled
by solid contours, and the 95% (2σ) credible regions in light blue, encircled by dashed contours.

The posterior presented in Fig. 2(a) features a bimodal behavior, with two well-defined 1σ credible regions. One
mode, smaller in size, which is located at small m0, is the τ̃ -coannihilation region, whereas a much more extended
mode lies in the A-funnel region. Although the bimodal behavior is superficially similar to what was already observed
in Ref. [25], there are substantial differences. Most notably, the high probability mode which, in that paper and in
Ref. [26], was spread over the focus point (FP)/hyperbolic branch (HB) region at large m0 and m1/2 � m0, has now
moved up to the A-funnel region.

The reason for the different behavior of the posterior with respect to Ref. [25] is twofold. On the one hand, we have
found that the highest density of points with the right Higgs mass can be found at m1/2 ∼> 1TeV, which moves the
posterior credible regions up in the plane. On the other hand, some points with a large mh can also be found in the
FP/HB region but the scan tends to ignore them in favor of points in the A-funnel region over which the b-physics
constraints are better satisfied. The new upper bound on BR (Bs → µ+µ−) from LHCb also yields a substantial

5 Written by Andrew Fowlie, public release forthcoming, see http://www.hepforge.org/projects.

SM value: � 3.5 × 10−9

10	
  dof	
  

Measurement Mean or Range Error: (Exp., Th.) Distribution Ref.

Combination of:

CMS razor 4.4/fb ,
√
s = 7TeV See text See text Poisson [15]

CMS αT 11.7/fb ,
√
s = 8TeV See text See text Poisson [14]

mh by CMS 125.8GeV 0.6GeV, 3GeV Gaussian [3]

Ωχh
2 0.1120 0.0056, 10% Gaussian [48]

δ (g − 2)SUSY
µ ×1010 28.7 8.0, 1.0 Gaussian [49, 50]

BR
�
B → Xsγ

�
×104 3.43 0.22, 0.21 Gaussian [51]

BR (Bu → τν)×104 1.66 0.33, 0.38 Gaussian [52]

∆MBs 17.719 ps−1 0.043 ps−1, 2.400 ps−1 Gaussian [49]

sin2 θeff 0.23116 0.00012, 0.00015 Gaussian [49]

MW 80.385 0.015, 0.015 Gaussian [49]

BR
�
Bs → µ+µ−�

current
× 109 3.2 +1.5− 1.2, 10% (0.32) Gaussian [5]

BR
�
Bs → µ+µ−�

proj
× 109 3.5 (3.2∗) 0.18 (0.16∗), 5% [0.18 (0.16∗)] Gaussian [5]

∗ We will also consider the case of projected uncertainties around the current measured central value.

Table 1: The experimental constraints that we apply to constrain model parameters.

in our scans the top mass is one of the nuisance parameters and the effect of varying it is

included parametrically.

2. The projected ‘best-case’ scenario for the determination of BR (Bs → µ+µ−), where

the experimental and theoretical uncertainties are both reduced to 5% of the measured

value (see bottom row in Table 1), as explained in Sec. 2. In addition, as a sensitivity test,

we considered both the case where the measurement will be narrowed down to the time-

averaged SM value, 3.5× 10−9, and the case where the current central LHCb experimental

value, 3.2×10−9, will be confirmed by future sensitivities. This second case can in principle

improve the fit for the AF region in the µ < 0 case, since the branching ratio there assumes

values more than 1σ below the SM determination (see Fig. 1(d) and [16]). Finally, we will

double the assumed error around the SM value, again as a sensitivity test.

Following the procedure already adopted in our previous papers, we did not include

the XENON100 upper bound explicitly in the likelihood function. The theory uncertainties

are very large (up to a factor of 10) and strongly affect the impact of the experimental

limit on the parameter space. The main source of error (the so-called ΣπN term [55]) arises

from different, and in fact partly incompatible, results following from different calcula-

tions based on different assumptions and methodologies. Such uncertainties do not follow

a particular statistical distribution, and are not well suited for inclusion in a likelihood

function. Moreover, we showed in a previous publication [47] that, when smearing out

the XENON100 limit with a theoretical uncertainty of order ten times the given value of

σSI
p the effect on the posterior is negligible for regions of parameter that appear up to one

order of magnitude above (and below) the experimental limit. However, even if we do not

include the XENON100 bound in the likelihood, below we shall comment on its possible

effects on the posterior pdf.

The likelihood for limits from direct SUSY searches deserves a more detailed explana-

tion, which we give in the following subsection.
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Figure 1.4: The lighter MSSM Higgs boson mass as a function of Xt in the DR scheme for
tan β = 10 and MS =MA =1 TeV with mt = 178 GeV. The full and dashed lines correspond,
respectively, to the two–loop and one–loop corrected masses as calculated with the program
SuSpect, while the dotted line corresponds to the two–loop Mh value obtained in the Feynman
diagrammatic approach with FeynHiggs; from Ref. [121].

for tanβ = 2, 20 and MS = 1 TeV; the on–shell scheme has been adopted. While the one–

loop contributions increase Mh by approximately 30 to 50 GeV depending on the mixing

in the stop sector, the inclusion of the QCD and leading logarithmic top Yukawa coupling

corrections decrease the correction by ∼ 10–15 GeV. The full O(α2
t ) contributions increase

again the correction by a few GeV [in the DR scheme, the two loop corrections are much

smaller; see Fig. 1.4 for instance]. The impact of the additional corrections due to the

bottom–quark Yukawa coupling at both the one–loop and two-loop levels, where in the

latter case only the O(αsαb) are included, is displayed in Fig. 1.6 for a large values of the

mixing parameter Xb = Ab − µ tanβ ≈ −µ tanβ. For the chosen values, tanβ = 45 and

µ = −1 TeV, they induce an additional negative shift of a few GeV. Smaller shifts can

also be generated by the O(αtαb) and O(α2
b) contributions which are not displayed. The

corrections due to the τ–Yukawa coupling, which complete the set of corrections due to

strong interactions and third generation Yukawa couplings, are negligibly small.

In Fig. 1.6, the impact of the radiative corrections is also shown for the heavier CP–even

Higgs mass. For small MA values, MA <∼ 100–140 GeV, the trend is very similar to what has

been discussed for the h boson. However for large MA values, when the decoupling limit is

reached, all the corrections become very small and H and A stay almost degenerate in mass

even after including radiative corrections. This is also the case of the lighter Higgs boson

for small MA values, in this case the roles of the H and h bosons are interchanged.
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to compare those results with our recent CMSSM analysis [25]. In doing so, one needs to take into
account the differences between the numerical codes and constraints adopted in both studies. We
summarize them here.

1. In this study we use NMSSMTools for calculating the supersymmetric spectrum, while in [25]
we used SoftSUSY. We have repeatedly cross-checked the spectra obtained in the MSSM limit of the
NMSSM with the ones generated by SoftSUSY, finding some differences, especially with respect
to loop corrections giving the largest values of the lightest Higgs mass. In some regions of the
parameter space the difference between the two generators amounted to ∼ 0.5− 1GeV. Given the
experimental and theoretical uncertainties in the Higgs mass, such difference amounts to ∼ 0.25
units of χ2, which is not significant for the purpose of the global scan.

2. In this paper we have applied a new limit on BR (Bs → µ+µ−), obtained from the combina-
tion of LHCb, ATLAS and CMS data [33]. We have further modeled the Bs → µ+µ− likelihood
according to the procedure described is Sec. 3.1. The SM rate rescaled by the time dependent asym-
metries [34] is now BR (Bs → µ+µ−)SM = (3.53± 0.38)× 10−9, which is a value more appropriate
for comparison with the experimental rate than the unscaled, ∼ 3.2× 10−9, one.

3. We have updated the nuisance parameters Mt and mb(mb)MS following [31]; see Table 2.
The upgrade in Mt has significant implications for mh1 . The leading one-loop corrections to the
Higgs mass squared are given by

∆m2
h =

3m4
t

4π2v2

�
ln

�
M2

SUSY

m2
t

�
+

X2
t

M2
SUSY

�
1− X2

t

12M2
SUSY

��
, (18)

where mt is the running top quark mass,4 MSUSY is the geometrical average of the physical stop
masses, MSUSY ≡ √mt̃1mt̃2 , and Xt = At−µeff cotβ. Since ∆m2

h ∝ m4
t it is now easier to generate

Higgs masses in agreement with the experimental values. In particular, as we highlighted in [25],
a Higgs mass compatible with the observed excess at 125GeV was rather difficult to achieve over
the CMSSM parameter space. That tension has now become somewhat reduced, and we will show
below that the correct Higgs mass can be obtained in the CMSSM limit of the CNMSSM.

4.1 Impact of the relic density

To set the ground for the presentation of our numerical results, we first comment on the role of the
relic density of DM in selecting favored regions. The relic density is a strong constraint, since it is a
positive measurement (in contrast to a limit) with a rather small experimental uncertainty; Table 1.
On top of it, it is well known that in unified SUSY models with neutralino LSP the corresponding
abundance Ωχh2 is typically too large, or in other words, its annihilation in the early Universe
is ‘generically’ too inefficient. Specific mechanisms for enhancing it are therefore needed which,
however, are only applicable in specific SUSY configurations. As a result, in most cases the regions
of high probability in the global posterior will reflect one or more of the regions of parameter space
where Ωχh2 is close to the measured relic density of DM. The regions that are still allowed by direct
SUSY searches are:

1. The stau-coannihilation (SC) region [65]. As is known, in constrained SUSY models, like the
C(N)MSSM, this is a narrow strip at a sharp angle to the m1/2 axis. The values of A0 and tanβ
are also constrained, as only for |A0| not exceeding ∼ 2TeV the running parameter Aτ at the EW
scale does allow the stau to become light enough to be comparable with the neutralino. Also, too
large values of tanβ can push the mass of the stau below the neutralino mass and make it the LSP.
Values of m1/2 that are excessively large, on the other hand, can suppress the annihilation cross

4Note that running top quark mass is related to the pole mass through the formula given in Eq. (10) of Ref. [64].
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where mt is the running top quark mass,4 MSUSY is the geometrical average of the physical stop
masses, MSUSY ≡ √mt̃1mt̃2 , and Xt = At−µeff cotβ. Since ∆m2
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positive measurement (in contrast to a limit) with a rather small experimental uncertainty; Table 1.
On top of it, it is well known that in unified SUSY models with neutralino LSP the corresponding
abundance Ωχh2 is typically too large, or in other words, its annihilation in the early Universe
is ‘generically’ too inefficient. Specific mechanisms for enhancing it are therefore needed which,
however, are only applicable in specific SUSY configurations. As a result, in most cases the regions
of high probability in the global posterior will reflect one or more of the regions of parameter space
where Ωχh2 is close to the measured relic density of DM. The regions that are still allowed by direct
SUSY searches are:

1. The stau-coannihilation (SC) region [65]. As is known, in constrained SUSY models, like the
C(N)MSSM, this is a narrow strip at a sharp angle to the m1/2 axis. The values of A0 and tanβ
are also constrained, as only for |A0| not exceeding ∼ 2TeV the running parameter Aτ at the EW
scale does allow the stau to become light enough to be comparable with the neutralino. Also, too
large values of tanβ can push the mass of the stau below the neutralino mass and make it the LSP.
Values of m1/2 that are excessively large, on the other hand, can suppress the annihilation cross
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Figure 11: (a) Scatter plot showing the value of mh in the (m0, m1/2) plane of the CMSSM for the case with the
assumed light Higgs mass around 125GeV. (b) Marginalized posterior pdf in the parameters Xt vs MSUSY , relevant

for the loop corrections to the Higgs mass, for the same case.

plane, for the signal case. One can see that Higgs masses compatible with 125GeV at 1σ can be obtained in large
number across the whole plane. Particularly, the mass distribution presented in Fig. 11(a) has one interesting aspect.
The one-loop contribution to the Higgs mass in the decoupling limit (mA � mZ) for moderate-to-large tanβ is given
by [56]

∆m2
h ∝ ln

M2
SUSY

m2
t

+
X2

t

M2
SUSY

�
1− X2

t

12M2
SUSY

�
, (18)

where mt is the top quark mass, MSUSY is the geometrical average of the physical stop masses, and Xt = At−µ cotβ.
While the presence of a relatively heavy Higgs is not a surprise in the A-funnel region, where the one-loop contribution
to mh is driven up by a large SUSY scale, it is more striking in the τ̃ -coannihilation region. This effect is particularly
strong in the case of a putative Higgs signal. As anticipated above, to ensure such a heavy Higgs mass in the region of
low m0 and m1/2, the contribution from the Xt factor in Eq. (18) should be significant. (Xt ∼ At almost throughout
the whole parameter space.) In fact, it turns out that the τ̃ -coannihilation region is the only region of parameter
space where the factor |Xt|/MSUSY reaches values close to ∼ 2.5, the maximal contribution from the stop-mixing.

The interplay between MSUSY and Xt just described is often claimed in the literature to be an indication of fine-
tuning [57], thus making the CMSSM a less natural model than, for instance, the Next-to-Minimal Supersymmetric
Standard Model [17]. We plot in Fig. 11(b) the two-dimensional marginalized posterior in the (MSUSY , Xt) plane for
the case with the Higgs signal. One can see two separate high probability regions. The one on the right corresponds
to the A-funnel region, where the best-fit point lies, while the one on the left, smaller in size, to the τ̃ -coannihilation
region. We gather that, even if the model might be intrinsically fine-tuned, given the present status of experimental and
theoretical uncertainties, our global set of constraints favors 2σ credible regions that span an area of ∼ 10TeV2, thus
allowing a broad range of values for these parameters. Moreover, it appears clear that the present set of constraints
highly favor negative values of Xt.

B. Impact of (g − 2)µ and the case µ < 0

Since the poor global fit is mainly a result of the (g − 2)µ constraint, and the SM prediction is to this day still
marred by large theoretical uncertainties, we have also performed scans without the (g − 2)µ constraint included in
the likelihood. When doing so, it is not necessary anymore to assume sgnµ = +1, as the main reason for such choice
was to improve the fit to this particular measurement. For this reason we will not show the case with (g − 2)µ and
µ < 0 because the global fit worsens. We will summarize the goodness of all the fits in Table IV.
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by tuning λ∗ or, in other words, by accurate variations of Mh and Mt. The existence of

the false vacuum depends critically on the exact values of the SM parameters and requires

dialing Mh and Mt by one part in 106. However, the exact value of the needed top mass has a

theoretical uncertainty, reduced down to ±0.5GeV thanks to our higher-order computation.

Note from fig. 7 that the field value where the false vacuum is positioned is larger than what

was reported in [6,18]. The corrections in eq. (52) [3,5] are mostly responsible for the larger

field values found in our analysis.

4.4 Supersymmetry

Our higher order computation of the relation between the Higgs mass and the Higgs quartic

coupling λ has implications for any model that can predict λ. If supersymmetry is present

at some scale m̃, then in the minimal model one finds the tree-level relation

λ(m̃) =
1

8

�
g2(m̃) + g�2(m̃)

�
cos2 2β . (70)
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As a side remark, we note that in [16] the best-fit point was located in the AF region.3

With the new improved fit the best-fit point is now found in the SC region – this is due

to the updated (somewhat increased) value of the top pole mass which made it easier to

3It was also emphasized there that the location of the best-fit point in the CMSSM is very sensitive to

exact values of input parameters, approximations used, etc.
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Measurement Mean or Range Error: (Exp., Th.) Distribution Ref.

Combination of:

CMS razor 4.4/fb ,
√
s = 7TeV See text See text Poisson [15]

CMS αT 11.7/fb ,
√
s = 8TeV See text See text Poisson [14]

mh by CMS 125.8GeV 0.6GeV, 3GeV Gaussian [3]

Ωχh
2 0.1120 0.0056, 10% Gaussian [48]

δ (g − 2)SUSY
µ ×1010 28.7 8.0, 1.0 Gaussian [49, 50]

BR
�
B → Xsγ

�
×104 3.43 0.22, 0.21 Gaussian [51]

BR (Bu → τν)×104 1.66 0.33, 0.38 Gaussian [52]

∆MBs 17.719 ps−1 0.043 ps−1, 2.400 ps−1 Gaussian [53]

sin2 θeff 0.23116 0.00012, 0.00015 Gaussian [53]

MW 80.385 0.015, 0.015 Gaussian [53]

BR
�
Bs → µ+µ−�

current
× 109 3.2 +1.5− 1.2, 10% (0.32) Gaussian [5]

BR
�
Bs → µ+µ−�

proj
× 109 3.5 (3.2∗) 0.18 (0.16∗), 5% [0.18 (0.16∗)] Gaussian [5]

∗ We will also consider the case of projected uncertainties around the current measured central value.

Table 1: The experimental constraints that we apply to constrain model parameters.

distribution of m. Finally, p(d) is the evidence and is a normalization constant as long as only

one model is considered, but serves as a comparative measure for different models or scenarios.

Bayes’ theorem provides an efficient and natural procedure for drawing inferences on a subset

of r specific model parameters (including nuisance parameters), or observables, or a combination

of both, which we collectively denote by ψi. They can be obtained through marginalization of

the full posterior pdf, carried out as

p(ψi=1,..,r|d) =
�

p(m|d)dn−rm, (12)

where n is the total number of input parameters. An analogous procedure can be performed

with the observables and with a combination of the model’s parameters and observables.

3.1 Experimental Constraints

The central object in our analysis is the likelihood function as the place where theoretical

predictions are compared with experimental data. The constraints that we include in the current

analysis are listed in Table 1. As a rule, following the procedure developed earlier [54], we

implemented positive measurements through a Gaussian likelihood, in which the experimental

and theoretical uncertainties were added in quadrature. For the Higgs mass, we used the most

recent CMS determination of its central value and experimental uncertainty, as it is in perfect

agreement with the determination obtained by ATLAS at the end of the
√
s = 8TeV run. The

theoretical uncertainty was estimated to be 3GeV [16, 55].

As stated above, for BR (Bs → µ+µ−
) we considered two cases:

1. The current measurement at LHCb, for which we adopted a theoretical uncertainty of

10% of the measured value (see next-to-bottom row in Table 1), in agreement with [40] once the
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(a) (b)

(c) (d)

Figure 4: Marginalized 2D posterior pdf in (a) the (m0, m1/2) plane of the CMSSM for

µ > 0, (b)) the (A0, tanβ) plane for µ > 0, (c) the (m0, m1/2) plane for µ < 0, and (d))

the (A0, tanβ) plane for µ < 0, constrained by the experiments listed in Table 1, with the

exclusion of δ (g − 2)µ for µ < 0. The 68% credible regions are shown in dark blue, and the

95% credible regions in light blue. The dashed red line shows the CMS combined 95% CL

exclusion bound.

As a side remark, we note that in [16] the best-fit point was located in the AF region.3

With the new improved fit the best-fit point is now found in the SC region – this is due

to the updated (somewhat increased) value of the top pole mass which made it easier to

3It was also emphasized there that the location of the best-fit point in the CMSSM is very sensitive to

exact values of input parameters, approximations used, etc.
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LHC	
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  ~2.7	
  GeV	
  	
  
Squarks:	
  ~3	
  TeV	
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Figure 4: Marginalized 2D posterior pdf in (a) the (m0, m1/2) plane of the CMSSM for µ > 0,

(b)) the (A0, tanβ) plane for µ > 0, (c) the (m0, m1/2) plane for µ < 0, and (d)) the (A0, tanβ)

plane for µ < 0, constrained by the experiments listed in Table 1, with the exclusion of δ (g − 2)µ

for µ < 0. The 68% credible regions are shown in dark blue, and the 95% credible regions in light

blue. The dashed red line shows the CMS combined 95% CL exclusion bound.

(somewhat increased) value of the top pole mass which made it easier to obtain a 126GeV Higgs

mass in the SC region, also in the CNMSSM, as we discussed in detail in [32].

In the case of µ < 0 (but without δ (g − 2)µ) the AF region is much less prominent than

18
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CoGeNT

CDMS (2010/11)
EDELWEISS (2011/12)

XENON10 (2011)

XENON100 (2011)

COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expected! 2 ±
 expected! 1 ±

FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1σ/2σ) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1σ/2σ) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections σχ is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ρχ = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Leff parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1σ/2σ) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for mχ > 8GeV/c2 with a minimum of
σ = 2.0 × 10−45 cm2 at mχ = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg×days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic differ-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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(a) (b)

(c) (d)

Figure 4: Marginalized 2D posterior pdf in (a) the (m0, m1/2) plane of the CMSSM for

µ > 0, (b)) the (A0, tanβ) plane for µ > 0, (c) the (m0, m1/2) plane for µ < 0, and (d))

the (A0, tanβ) plane for µ < 0, constrained by the experiments listed in Table 1, with the

exclusion of δ (g − 2)µ for µ < 0. The 68% credible regions are shown in dark blue, and the

95% credible regions in light blue. The dashed red line shows the CMS combined 95% CL

exclusion bound.

As a side remark, we note that in [16] the best-fit point was located in the AF region.3

With the new improved fit the best-fit point is now found in the SC region – this is due

to the updated (somewhat increased) value of the top pole mass which made it easier to

3It was also emphasized there that the location of the best-fit point in the CMSSM is very sensitive to

exact values of input parameters, approximations used, etc.
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  EW,…	
  
	
  	
  
Ø  (g-­‐2)_muon	
  
	
  

   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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BR(Bs → µ+µ−) =
�
3.2+1.5

−1.2

�
× 10−9
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2012/11/13 M. Palutan, Bsmumu at LHCb

Standard Model  prediction
FCNC process  ! very small branching fraction: 

5

Buras et al., arXiv:1208.0934

De Bruyn et al., PRL 109, 041801 (2012)

uses LHCb-CONF-2012-002

To compare with experiment need a time integrated branching fraction,   taking 
into account the finite width of the B0s system:

The authors used fBs = (227±8) MeV,  averaging from recent lattice inputs

Na et al., arXiv:1202.4914
Mc Neile et al., PRD 85 (2012) 031503

Bazavov et al., arXiv:1112.3051
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2012/11/13 M. Palutan, Bsmumu at LHCb

Status of B0s!μ+μ! search

3

JHEP 1204 (2012) 033

PRL 108(2012) 231801

PLB 713 (2012) 387           

LHC combination (June 2012): B(B0s!μ+μ!)<4.2"10-9 at 95% CL

LHCb-CONF-2012-017

CMS-PAS-BPH-12-009 

ATLAS-CONF-2012-061

LHCb and CMS getting 
very close to get 
sensitivity for observing a 
SM rate...

March 2012
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Note	
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  weaker	
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We	
  approximate	
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  Gaussian	
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– sensitive probe of new physics

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
 

Altmannshofer, MC, Shah,Yu ’12

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

! 

32

! 

tan"

Loop-induced 
A/H mediated 

FCNC’s

intimately connected 
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-

Thursday, March 7, 2013

BR(Bs → µ+µ−) ∝ tan6 β/m4
A

BR(Bs → µ+µ−) =
�
3.2+1.5

−1.2

�
× 10−9

LHCb	
  result	
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SM	
  value	
  =>	
  limits	
  on	
  
SUSY	
  

SM	
  value	
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mu>0	
  

Effect of precise BR(Bs → µ+µ−)

If BR(Bs → µ+µ−) � SM value

with 5-10% precision

(both TH and EXPT)

⇒ A funnel region gone
(a) (b)

(c) (d)

Figure 8: Marginalized 2D posterior pdf in the (BR (Bs → µ+µ−), σSI
p ) plane for the

CMSSM constrained by the experiments listed in Table 1. (a) µ > 0, current uncertain-

ties in BR (Bs → µ+µ−), (b) µ < 0, current uncertainties in BR (Bs → µ+µ−), (c) µ > 0,

projected uncertainties in BR (Bs → µ+µ−), and (d) µ < 0, projected uncertainties in

BR (Bs → µ+µ−). The dashed red vertical lines show the current [(a) and (b)] and pro-

jected [(c) and (d)] uncertainties on BR (Bs → µ+µ−) at 1σ. A distribution of samples

uniformly selected from our nested sampling chain is superimposed.

able by one-tonne detectors, while in the SC region a well known cancellation of two terms

reduces σSI
p to hopelessly low values. This actually gives one a chance, even if somewhat

indirect one, to additionally determine the sign of µ since any DM measurement indicative

of the SC region would most likely favor the positive sign of µ.

– 22 –
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CMSSM constrained by the experiments listed in Table 1. (a) µ > 0, current uncertain-

ties in BR (Bs → µ+µ−), (b) µ < 0, current uncertainties in BR (Bs → µ+µ−), (c) µ > 0,

projected uncertainties in BR (Bs → µ+µ−), and (d) µ < 0, projected uncertainties in

BR (Bs → µ+µ−). The dashed red vertical lines show the current [(a) and (b)] and pro-

jected [(c) and (d)] uncertainties on BR (Bs → µ+µ−) at 1σ. A distribution of samples

uniformly selected from our nested sampling chain is superimposed.

able by one-tonne detectors, while in the SC region a well known cancellation of two terms

reduces σSI
p to hopelessly low values. This actually gives one a chance, even if somewhat

indirect one, to additionally determine the sign of µ since any DM measurement indicative

of the SC region would most likely favor the positive sign of µ.

– 22 –

projected	
  

(a) (b)

(c) (d)

Figure 4: Marginalized 2D posterior pdf in (a) the (m0, m1/2) plane of the CMSSM for

µ > 0, (b)) the (A0, tanβ) plane for µ > 0, (c) the (m0, m1/2) plane for µ < 0, and (d))

the (A0, tanβ) plane for µ < 0, constrained by the experiments listed in Table 1, with the

exclusion of δ (g − 2)µ for µ < 0. The 68% credible regions are shown in dark blue, and the

95% credible regions in light blue. The dashed red line shows the CMS combined 95% CL

exclusion bound.

As a side remark, we note that in [16] the best-fit point was located in the AF region.3

With the new improved fit the best-fit point is now found in the SC region – this is due

to the updated (somewhat increased) value of the top pole mass which made it easier to

3It was also emphasized there that the location of the best-fit point in the CMSSM is very sensitive to

exact values of input parameters, approximations used, etc.

– 17 –

(a) (b)

Figure 5: Marginalized 2D posterior pdf in the (m0, m1/2) plane of the CMSSM constrained by

the experiments listed in Table 1 with projected uncertainties for BR (Bs → µ+µ−). (a) µ > 0, (b)

µ < 0. The 68% credible regions are shown in dark blue, and the 95% credible regions in light blue.

The dashed red line shows the CMS combined 95% CL exclusion bound.
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Figure 6: Scatter plot of the points in the (m0, m1/2) plane of the CMSSM for (a) µ > 0, and (b)

µ < 0, satisfying Ωχh2 at 2σ (pink squares), Ωχh2 + BR(Bs → µ+µ−) at 2σ (blue circles), and

Ωχh2 at 2σ and |mA − 2mχ| < 100GeV (green triangles).
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(a) (b)

(c) (d)

Figure 7: Marginalized 2D posterior pdf in the (mχ, σSI
p ) plane for the CMSSM con-

strained by the experiments listed in Table 1. (a) µ > 0, current uncertainties in

BR (Bs → µ+µ−), (b) µ < 0, current uncertainties in BR (Bs → µ+µ−), (c) µ > 0,

projected uncertainties in BR (Bs → µ+µ−), and (d) µ < 0, projected uncertainties in

BR (Bs → µ+µ−). The dashed red line show the 90% CL exclusion bound by XENON100

(not included in the likelihood), and the dashed gray line the projected sensitivity for

XENON-1T. A distribution of samples uniformly selected from our nested sampling chain

is superimposed.

below the XENON100 exclusion line but will be almost entirely probed by future one-

tonne detectors, as a projected sensitivity line for XENON-1T [68] indicates. Note that, in

the absence in the likelihood function of any constraint to favor the SC or AF regions, the
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Ways	
  to	
  rule	
  out	
  the	
  CMSSM:	
  
•  No	
  DM	
  signal	
  in	
  1-­‐tonne	
  
detectors	
  

•  DM	
  signal	
  at	
  ~500	
  to	
  750	
  
GeV	
  

mu>0	
  

Effect of precise BR(Bs → µ+µ−)

If BR(Bs → µ+µ−) � SM value

with 5-10% precision
⇒ A funnel region gone

BR(Bs → µ+µ−) today

BR(Bs → µ+µ−) ultimate

SC: for µ < 0 σSI
p lower (cancellations)

NUHM,	
  CNMSSM:	
  similar	
  ranges	
  of	
  sigma_p	
  
but	
  DM-­‐favored	
  regions	
  overlap	
  	
  	
  



Constrained	
  SUSY	
  is	
  alive	
  and	
  well…	
  

•  Even	
  the	
  simplest	
  unified	
  SUSY	
  model	
  (CMSSM)	
  is	
  
consistent	
  with	
  all	
  data	
  (Higgs	
  mass,	
  DM	
  relic	
  
density,	
  direct	
  limits,	
  flavor-­‐viola3ng	
  processes,	
  …)	
  

	
  
•  M_SUSY	
  >~	
  (or	
  even	
  >>)	
  1	
  TeV	
  favored	
  by	
  ~126	
  GeV	
  
Higgs	
  

•  In	
  less	
  unified	
  models	
  somewhat	
  lower	
  SUSY	
  
masses	
  are	
  allowed	
  (but	
  not	
  by	
  much)	
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…except	
  for	
  very	
  fine	
  tuned	
  corners	
  

…except	
  for	
  g-­‐2,	
  R(gamma gamma)	
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3. Implications for the MSSM: mass
Constrained MSSMs are interesting from model building point of view:
– concrete schemes: SSB occurs in hidden sector

gravity,..→ MSSM fields
– provide solutions to some MSSM problems: CP, flavor, etc..
– parameters obey boundary conditions⇒ small number of inputs...
• mSUGRA: tan β , m1/2 , m0 , A0 , sign(µ)
• GMSB: tanβ , sign(µ) , Mmes , ΛSSB , Nmess fields

• AMSB:,m0 , m3/2 , tan β , sign(µ)
full scans of the model parameters with 123 GeV≤Mh≤129 GeV

very strong constraints and some (minimal) models ruled out...
Planck 2013–Bonn, 20/05/2013 Implications of the Higgs discovery – A. Djouadi – p.13/24

Djouadi	
  

Ø  Generally:	
  ~126	
  GeV	
  Higgs:	
  need	
  ~>1TeV,	
  typically	
  mul3-­‐TeV	
  M_SUSY	
  scale	
  
Ø  Warning:	
  different	
  models	
  scanned	
  with	
  different	
  ranges,	
  precision,	
  completeness,	
  

etc	
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Constrained	
  Non-­‐Minimal	
  SSM	
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125GeV Higgs boson(s) and γγ rate in GUT-constrained NMSSM

Non-minimal SUSY

The (GUT-)Constrained NMSSM

� Assuming ‘full’ unification at the GUT-scale leads to

pi = {m0, m1/2, A0, λ}
� Two variants studied

i) CNMSSM: mS �= m0 → pi + {tanβ, κ or sgn[µeff ]}
ii) CNMSSM-NUHM: mS , mHu

, mHd
�= m0; Aλ = Aκ �= A0 →

pi + {tanβ, κ, µeff , Aλ}
� Tree-level masses of the lightest CP-even Higgs bosons

m
2

h1,2
≈

1

2

�
M

2

Z
+ 4(κs)2 + κsAκ ∓

��
M2

Z
− 4(κs)2 − κsAκ

�
2
+ 4λ2v2 [2λs − (Aλ + κs) sin 2β]2

�

� Possible LHC-observation-like Higgs boson scenarios

→ mh1
� 125 GeV, h2 undetected

→ mh2
� 125 GeV, h1 undetected

→ mh1
� mh2

� 125 GeV

→ mh1
� ma1

� 125 GeV

Richer	
  Higgs	
  phenomenology	
  than	
  MSSM:	
  

ß	
  par3cularly	
  interes3ng	
  case	
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125GeV Higgs boson(s) and γγ rate in GUT-constrained NMSSM

CNMSSM

Scanned parameter space

CNMSSM parameter Prior Range Prior Distribution
m0 100 - 4000 (GeV) Log
m1/2 100 - 2000 (GeV) Log
A0 −7000 - 7000 (GeV) Linear
tanβ 3 - 62 Linear
λ 0.0001 - 0.7 Linear
Nuisance Central value ± error Prior Distribution
Mt 172.9± 1.1 (GeV) Gaussian

mb(mb)MS
SM 4.19± 0.12 (GeV) Gaussian

αs(MZ )MS 0.1184± 0.0007 Gaussian

of the SM Higgs-like boson. We separately consider the cases of this boson being h1, or h2, or a
combination of both. We test the parameter space of the model against the currently published,
already stringent constraints from SUSY searches at the LHC and other relevant constraints from
colliders, b-physics and dark matter (DM) relic density. Our goal is to map out the regions of
the parameter space of the CNMSSM that are favored by these constraints. As in our CMSSM
study [30], the CMS razor limit based on 4.4/fb of data is implemented through an approximate
but accurate likelihood function. We also study the effects of relaxing the (g − 2)µ constraint.

The article is organized as follows. In Sec. 2 we briefly revisit the model, highlighting some of
its salient features. In Sec. 3 we detail our methodology, including our statistical approach and our
construction of the likelihoods for the BR (Bs → µ

+
µ
−) signal, the CMS razor 4.4/fb analysis, and

the CMS Higgs searches. In Sec. 4 we present the results from our scans and discuss their novel
features. We summarize our findings in Sec. 5.

2 The NMSSM with GUT-scale universality

The NMSSM is an economical extension of the MSSM, in which one adds a gauge-singlet superfield
S whose scalar component couples only to the two MSSM Higgs doublets Hu and Hd at the tree
level.1 The scale-invariant superpotential of the model has the form

W = λSHuHd +
κ

3
S
3 + (MSSM Yukawa terms) , (1)

where λ and κ are dimensionless couplings. Upon spontaneous symmetry breaking, the scalar Higgs
field S develops a vev, s ≡ �S�, and the first term in Eq. (1) assumes the role of the effective µ-term
of the MSSM, µeff = λs. The soft SUSY-breaking terms in the Higgs sector are then given by

Vsoft = m
2
Hu

|Hu|2 +m
2
Hd

|Hd|2 +m
2
S |S|2 +

�
λAλSHuHd +

1

3
κAκS

3 + h.c.

�
, (2)

where Aλ and Aκ are soft trilinear terms associated with the λ and κ terms in the superpotential.
The vev s, determined by the minimization conditions of the Higgs potential, is effectively induced
by the SUSY-breaking terms in Eq. (2), and is naturally set by MSUSY, thus solving the µ-problem
of the MSSM.

We define the CNMSSM in terms of five continuous input parameters and one sign,

m0,m1/2, A0, tanβ,λ, sgn(µeff) , (3)

where unification conditions at a high scale require that all the scalar soft SUSY-breaking masses
in the superpotential (except mS) are unified to m0, the gaugino masses are unified to m1/2, and
all trilinear couplings, including Aλ and Aκ, are unified to A0. This leaves us with two additional
free parameters: λ and the singlet soft-breaking mass m

2
S
. The latter is not unified to m

2
0 for

both theoretical and phenomenological reasons. From the theoretical point of view, it has been
argued [39] that the mechanism for SUSY breaking might treat the singlet field differently from the
other superfields. From the phenomenological point of view, the freedom in mS allows for easier
convergence when the renormalization group equations (RGEs) are evolved from the GUT scale
down to MSUSY. It also yields, in the limit λ → 0, and with λs fixed, effectively the CMSSM
plus a singlet and singlino fields that both decouple from the rest of the spectrum. Through the
minimization equations of the Higgs potential,m2

S
can then be traded for tanβ (the ratio of the vev’s

1For simplicity we will be using the same notation for superfields and their bosonic components.
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of the neutral components of the Hu and Hd fields) and either sgn(µeff) or κ. We choose sgn(µeff)
for conventional analogy with the CMSSM. Both λ and tanβ are defined at MSUSY. Our choice of
the parameter space is the same as the one used by one of us in a previous Bayesian analysis [31],
of which this paper is, in some sense, an update. Of course, there exist different possibilities that
have been explored in the literature. Some authors have studied the more constrained version of
the CNMSSM, characterized by m

2
S = m

2
0 [26]. But it is also true that the underlying assumption

employed here, of a different treatment of the singlet field by the SUSY breaking mechanism, would
allow for freedom in Aκ at the GUT scale [39]. We will give some comment in the Conclusions
about the possible impact of relaxing the unification condition for Aκ.

3 Statistical treatment of experimental data

We explore the parameter space of the model with the help of Bayesian formalism. We follow the
procedure outlined in detail in our previous papers [40, 41, 30], of which we give a short summary
here. Our aim is to map out the 68% and 95% credible regions of p(m|d), the posterior probability
density function (pdf), given by Bayes’ theorem,

p(m|d) = p(d|ξ(m))π(m)

p(d)
. (4)

p(d|ξ(m)) ≡ L is the likelihood function, which describes the probability of obtaining the data d

given the computed value of some observable ξ(m), which is a function of the model’s parametersm.
L also incorporates the experimental and theoretical uncertainties. Prior probability π(m) encodes
assumed range and distribution of m. Finally, p(d) is the evidence, which is a normalization
constant as long as only one model is considered, but serves as a comparative measure for different
models or scenarios.

Bayes’ theorem provides an efficient and natural procedure for drawing inferences on a subset
of r specific model parameters (including nuisance parameters), or observables, or a combination
of both, which we collectively denote by ψi. They can be obtained through marginalization of the
full posterior pdf, carried out as

p(ψi=1,..,r|d) =
�

p(m|d)dn−r
m, (5)

where n is the total number of input parameters. An analogous procedure can be performed with
the observables and with a combination of the model’s parameters and observables.

In order to evaluate the posterior probability given by Eq. (4), one needs to first construct the
likelihood function. The constraints that we include in the current analysis are listed in Table 1.
We shall be discussing them in turn below. As a rule, following the procedure developed earlier [49],
we implement positive measurements through the usual Gaussian likelihood, while upper or lower
limits through an error function smeared with both theory and, when available, experimental error.
The construction of the likelihoods for direct SUSY and Higgs searches is more involved, and will
be explained in detail later in this section.

3.1 Likelihood for BR (Bs → µ+µ−)

In November 2012 the LHCb Collaboration published the most recent update of their search for the
rare decay Bs → µ

+
µ
− [35], based on a combination of the 2012 data samples of 1.1/fb of proton-

proton collisions at
√
s = 8TeV and the 2011, 1.0/fb data at

√
s = 7TeV. The data superseded

the combination of 2011 data from ATLAS, CMS and LHCb published in June 2012 [50].
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� Evaluation of posterior probability for various scenarios

BayesFITS package → MultiNest, NMSSMTools v3.0.2,

SuperIso v3.2 and MicrOMEGAs v2.4.5

� Experitmental constraints imposed during the scan

Measurement Mean or range Error (Exp., Th.) Distribution
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δ (g − 2)
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10
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BR
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�
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4
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BR (Bu → τν)×10
4

1.66 0.66, 0.38 Gaussian

∆MBs ( ps
−1
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BR
�
Bs → µ+µ−�

3.2× 10
−9

+1.5− 1.2, 10% Gaussian
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;
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(a) (b)

Figure 2: Marginalized 2D posterior pdf in (a) the (m0, m1/2) plane and (b) the (A0, tanβ) plane
of the CNMSSM for Case 1, constrained by the experiments listed in Table 1. The 68% credible

regions are shown in dark blue, and the 95% credible regions in light blue. The solid black (dashed

gray) line shows the CMS razor (ATLAS hadronic) 95% CL exclusion bound.

can suppress the annihilation cross section [69]. After other relevant constraints are included, the

parameters of interest are, therefore, m0 � 600GeV, m1/2 � 1000GeV, |A0| � 3000GeV and,

when the neutralino is close to 100% bino, tanβ < 30. A similar effect can also be obtained for

large A0 with the stop t̃1 replacing τ̃1 [70].

2. The A-funnel (AF) region, where neutralinos annihilate through the resonance with the

lightest pseudoscalar [71]. This mechanism can occur over broad ranges of the (m0, m1/2) plane

where the pseudoscalar mass is close to twice the neutralino LSP mass, and is enhanced by large

tanβ (tanβ ∼> 35) and positive A0.

3. The focus point/hyperbolic branch (FP/HB) region [72, 73], where the annihilation cross

section can be enhanced by an increased higgsino component of the neutralino. For this to occur, µ
(or µeff in the NMSSM) must be of the order of a few hundred GeV, and tanβ cannot be too large,

tanβ � 45. In the (m0, m1/2) plane the condition corresponds to the region where m0 � m1/2.

4.2 Impact of the Higgs mass

The measurement of the Higgs mass has added an important additional constraint on unified SUSY

models. Below we will be discuss in turn the three cases listed earlier in Sec. 3.3.

Case 1. In Fig. 2(a) we show the marginalized posterior pdf in the (m0, m1/2) plane of the

CNMSSM for Case 1, obtained by imposing simultaneously all the constraints shown in Table 1. In

these and the following plots the Bayesian 68% (1σ) credible regions are indicated in dark blue and

the 95% (2σ) credible regions in light blue. Notice that the regions of high probability are located

above the CMS razor limit, which we implemented in the likelihoood as described in Sec. 3.2, and
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Figure 5: Marginalized 2D posterior pdf in the (λ, κ) plane, for the CNMSSM constrained by the
experiments listed in Table 1 for Case 1. The color code is the same as in Fig. 2.

of some tension between the relic abundance and Higgs mass constraints in the AF region, which
was investigated for the CMSSM in our previous paper [29]. The tension persists in the CNMSSM.

Only a limited fraction of the FP/HB region (which appears as a narrow 95%-credibility ‘tail’
at m0 � m1/2) survives, as was the case for the CMSSM, despite the fact that the relic density is
well satisfied over there. As we pointed out in [29], some tension with the 126-GeV Higgs boson
mass arises not only in the AF but also in the FP/HB region where µeff is smaller than anywhere
else. In fact, small values of µeff do not allow to obtain large negative At through running, as
can be seen in Fig. 4(a), where we show the posterior in the weak scale parameters At and µeff

(notice that At � Xt over all parameter space). For the chosen range of m0, in the FP/HB region
MSUSY cannot be very large either, so that the correct Higgs mass cannot be reached. The region
of high posterior thus moves up towards larger m1/2, where the neutralino has still a non-negligible
higgsino component, but MSUSY is large enough to give the correct Higgs mass.

It is worth pointing out that A0 ∼ 0 is not realized in the CNMSSM. This is because the lightest
pseudoscalar a1 becomes non-physical for such values. The mass of a1 is, for moderate and large
values of tanβ, well approximated by m2

a1 ≈ −3κsAκ [74]. Aλ and Aκ are unified to A0 at the
GUT scale, and Aκ barely runs, since the one-loop contribution to its β-function is negligible. As
a consequence, in the CNMSSM κ and Aκ have always opposite signs and there are no points in
the scan with A0 = 0 or κ = 0.

We present in Fig. 4(b) the marginalized posterior pdf in the (At, Aτ ) plane. The parameters
show a clear linear correlation, which in the SC region (bottom left corner) results in large negative
values for both observables, due to the fact that the correct Higgs boson mass requires large stop
mixing, as discussed above.

Figure 5 shows the 2D-posterior in the (λ, κ) plane. One can notice the known correlation
between κ and λ [31], as |κ| cannot exceed a given value of λ by too much without causing a
Landau pole in RGE running and, on the other hand, λ cannot exceed a given value of |κ| by
too much without lowering mh1 much below the observed value, where the likelihood becomes
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(a) (b)

Figure 10: Marginalized 2D posterior pdf in the (mχ, σSI
p ) plane of the CNMSSM constrained

by the experiments listed in Table 1 in (a) case 1 and (b) case 2. The solid red line shows the
90% C.L. exclusion bound by XENON100 (not included in the likelihood), and the dashed gray
line the projected sensitivity for XENON1T. The color code is the same as in Fig. 2.

the range shown in the figure). However, we would like to point out that in case 2 (and case 3)
strong constraints on the full parameter space can be placed as a result of the interplay between
the limits provided by two completely different experiments –that test different observables by
means of different experimental techniques –namely LHCb and XENON100. This is illustrated in
Figs. 11(a) and 11(b), where we show the posterior pdf in the

�
BR (Bs → µ+µ−) ,σSI

p

�
plane for

case 1 and case 2, respectively. The solid blue horizontal line shows the minimum 90% C.L. upper
bound on σSI

p by XENON100 (obtained at mχ � 50GeV), and the dotted blue horizontal line the
corresponding projected sensitivity for XENON1T. The pink vertical band encompasses the 1σ
experimental uncertainty on the recent LHCb measurement of BR (Bs → µ+µ−) [35]. Figure 11(b)
shows that, for cases 2 and 3, in the SC region BR (Bs → µ+µ−) is strongly enhanced, due to the
large values assumed by tanβ there, and it could be excluded by the next updated results from
LHCb.

4.5 Fine-tuning

In this subsection we will address the issue of fine-tuning. Note that we will not delve into it,
nor will we discuss which values of fine-tuning are acceptable or not from the point of view of
naturalness. Our aim here is to simply present an estimate of fine-tuning (provided as an output
by NMSSMTools v3.2.1) for the preferred parameter space of the model, leaving aside the discussion
of the viability of the model itself, which would be a matter of personal prejudices.

The mass of the Z boson (which determines the EW symmetry breaking scale) can be expressed
in terms of the supersymmetric parameters through the minimization condition of the Higgs po-
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Case mh2 � 126GeV

(a) (b)

Figure 7: Marginalized 2D posterior pdf in (a) the (m0, m1/2) plane and (b) the (A0, tanβ) plane
of the CNMSSM constrained by the experiments listed in Table 1 for case 2. The color code is the
same as in Fig. 2.

under the assumption of a moderate-to-large tanβ and as long as the parameters µeff , κs, and
A(κ,λ) do not exceed the EW scale by too much, a good approximation to the masses of the two
lightest CP -even Higgs bosons at the tree level was found in [75]:

m2
h1,2

≈ 1

2

�
M2

Z + 4(κs)2 + κsAκ ∓
��

M2
Z − 4(κs)2 − κsAκ

�2
+ 4λ2v2 [2λs− (Aλ + κs) sin 2β]2

�
.

(17)
In Eq. (17), the second term under the square root is suppressed with respect to the EW scale
because λ is small, as we shall see below. One can see that in the regime where |κ|s < MZ ,
the mass of h2 is of order MZ and mh1 scales as |κ|s. Thus, the physicality condition m2

h1
≥ 0

translates into the approximate relation |Aκ| � 4|κ|s. On the other hand, in the regions where
|κ|s > MZ , mh2 ∼ κs and mh1 ∼ MZ . Values of mh2 much greater than 126GeV are disfavored
by the likelihood function, so that |κ|s presents an upper bound, which translates into an upper
bound on |Aκ|.

Since in most of the parameter space s is very large, and λ and κ are correlated, the scan also
shows upper bounds for λ and κ, in a fashion very similar to what is shown in Fig. 5 for case 1. For
case 2, in the SC region λ is very small, λ � 0.01, while in the FP/HB region it can assume slightly
larger values, λ � 0.04. Obviously, the upper bound on |κ|s does not depend on any particular
position in the parameter space, but the bound on κ (or λ) does, and is affected particularly by
µeff . In the SC region µeff > 600GeV while in the FP/HB region µeff � 200GeV.

Given the strong constraint on |A0| placed by the mass of h2, the only way of obtaining the relic
density though coannihilation with the lightest stau is if the lightest neutralino is a nearly pure
singlino and very light. This is exactly what is observed in the SC region and, as a consequence,
in that region λ and κ are bounded to be much smaller than in case 1 (the neutralino mass matrix
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• requires relaxing strict CNMSSM conditions
mHu , mHd , mS �= m0 (CNMSSM-NUHM)

h1: SM-like (doublet-dominated)

Aλ = Aκ �= A0

Goal: boost γγ mode but keep ZZ/WW SM-like

a1: singlet-dominated with enhanced a1 → γγ

RY
γγ(obs) = RY

γγ(h1) + RY
γγ(a1) � 1 + RY

γγ(a1)

RY
WW/ZZ(obs) = RY

WW/ZZ(h1) � 1

this requires light higgsino-like chargino
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Figure 1: (a) Distribution of points obtained in our scan of the CNMSSM-NUHM parameter space
in the (mχ±

1

,Ca1(γγ)) plane. The dashed line shows the effective upper limit observed in the

scan. The solid line is based on a perturbative upper limit on λ and is shown for comparison. (b)
Distribution of points in the (mχ±

1

,Rbb
γγ(a1)) plane. The dashed line shows the effective upper limit

observed in our scan.

4 Methodology and results

We perform scans of the parameter space of CNMSSM-NUHM requiring the masses of h1 and a1 to
be 125.5GeV, with the theoretical and experimental errors taken in quadrature as 3GeV around
this mean. We impose the latest 95% confidence level (CL) exclusion limit on SUSY provided by the
ATLAS collaboration [37].3 We additionally include Gaussian likelihoods for the most significant
b-physics observables, with their measured mean values and errors taken as:

• BR(Bs → µ+µ−) = (3.2+1.5
−1.2 ± 0.32) × 10−9,

• BR(Bu → τν) = (1.66 ± 0.66± 0.38) × 10−4,

• BR
(

B → Xsγ
)

= (3.43 ± 0.22 ± 0.21) × 10−4 and

• ∆MBs = (17.72 ± 0.04± 2.4) ps−1.

For testing the compatibility of the regions of interest against the direct detection cross section,
σSI
p , we use the XENON100 90% CL exclusion limits [38]. Note that we neglect the aµ constraint

here, since it is well known that the regions where correct aµ can be obtained in the parameter
spaces of SUSY models with unification of squark and slepton soft masses are strongly disfavored
by the direct SUSY searches at the LHC [39, 14, 7].

The numerical analysis was performed using the BayesFITS package which engages several ex-
ternal, publicly available tools: MultiNest [40] for sampling of the CNMSSM-NUHM parameter

3These limits were originally published assuming the CMSSM. However, it has been verified in [14, 7] that they
have negligible dependence on the Higgs sector parameters and are, therefore, applicable to any R-parity conserving
SUSY model with unified m0 and m1/2.
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and ma1 obtained in this region. See text for details.
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4.2 bb̄/τ+τ− rate enhancement

In this subsection we highlight only the important features corresponding to the τ+τ− decay channel
of a1 for the three regions discussed in detail above. As noted in Sec. 2.3, contrary to the case of
a MSSM-like scalar Higgs boson, tan β affects the bb̄/τ+τ− rate of a1 only indirectly through the
term in the denominator of Eq. (10). Instead, a sizable Rbb

bb̄/τ+τ−
(a1) is an additional consequence

of the conditions necessary to obtain an enhancement in Rbb
γγ(a1), i.e., large λ and small µeff . This

is demonstrated in Fig. 6(a) for the higgsino region, where one can see that the enhancement in
Rbb

bb̄/τ+τ−
(h1 + a1) rises with increasing λ and decreasing µeff . In the singlino-higgsino region (not

shown in the figure) Rbb
bb̄/τ+τ−

(h1 + a1) is always larger than 1.6 for the entire range of λ, seen in

Fig. 2(d), and can be as high as 1.9. It will therefore result in a small blue region at the top left
corner of Fig. 6(a).

In the FP region Rbb
bb̄/τ+τ−

(a1) can in fact have extremely large values, ∼100. However, this

should not be interpreted as a characteristic feature specific to the FP region, but as a result of
negative µeff assumed for this region. Rbb

bb̄τ+τ−
(a1) increases as the denominator, ASUSY

λ +κs, of |P ′′
11|

in Eq. (10) approaches zero. For small negative µeff and large positive λ, resulting in small negative
s, the size of the denominator reduces as κ grows. In Fig. 6(b) we show how Rbb

bb̄/τ+τ−
(h1 + a1)

enhances with increasing κ and decreasing value of the above denominator term, and can acquire a
huge value before the perturbative upper limit on the former is reached. Evidently a similar effect
of negative µeff should manifest in the other two regions also. However, since negative µeff causes a
tension between ma1 and mh1

and does not allow both of these to be around 125GeV, as discussed
in detail in Sec. 2.1 and as noted in the FP region, we retain µeff > 0 in the singlino-higgsino and
the higgsino regions. We thus expect the enhancement in the bb̄/τ+τ− channels to be larger in
these two regions also for µeff < 0, but at the cost of mh1

and aµ lying far from their respective
experimentally measured values.
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  FIG. 5: Total cross sections for pp, pp̄ → (bb̄)h (h = h0,H0) in the MSSM with no bottom quark

jet identified in the final state in the 4FNS (at NLO) and 5FNS (at NLO and NNLO) as a function

of the light and heavy MSSM Higgs boson masses, at both the Tevatron and the LHC. The error

bands have been obtained by varying the renormalization and factorization scales as described in

the text.

at the Tevatron this process, with h → τ+τ−, has been used to search for the neutral MSSM

Higgs boson [25]. In the 5FNS this process has been computed to NNLO [19], and has only

a small renormalization and factorization scale dependence. In the 4FNS, the production

processes gg, qq̄ → (bb)h, where the outgoing bottom quarks are not observed, are known at

NLO [23, 26] and have been recalculated for the purpose of this review. A comparison of the

total production rates in the 4FNS and 5FNS within the MSSM for tan β = 40 is shown in

Fig. 5. The bands represent the theoretical uncertainty due to the residual scale dependence

at NLO (NNLO). In the 4FNS they have been obtained by varying the renormalization (µr)

and factorization (µf) scales independently from µ0/4 to µ0, where µ0 =mb + Mh/2. In the

5FNS, the renormalization scale is fixed to µr = Mh and the factorization scale is varied

around the central scale µf = Mh/4 from 0.1Mh to 0.7Mh. There is good agreement between

the results of the two schemes within their respective scale uncertainties, although the 5FNS

at NNLO is slightly higher than the 4FNS for all values of the Higgs boson masses.

B. Results for semi-inclusive b(b̄)h production

If a single bottom quark is tagged then the final state is bh or b̄h. A recent Tevatron

study [24] used the search for neutral MSSM Higgs bosons in events with three bottom

13
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Figure 2: (a)-(d) Ranges of CNMSSM-NUHM paramaters corresponding to the singlino-higgsino
region. (e) σSI

p obtained for this region as a function of mχ. (f) Ranges of mh1
and ma1 obtained

in this region. See text for details.
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2 Model description and numerical methodology

As mentioned in the Introduction, and proved by many studies (see for example our previous
work [20, 70, 25, 71]), the discovery of the Higgs mass has made the multi-TeV scale of MSUSY ≈ mt̃
difficult to avoid in constrained SUSY models (although, given the theoretical uncertainties, in the
stau-coannihilation region of the CMSSM the mass of the lightest Higgs is consistent with the
measured value even if MSUSY � 1TeV, thanks to maximal |Xt|/MSUSY [20, 25]). On the other
hand, several groups [49, 55, 72] have shown that in the general MSSM, the parameter space is
much less constrained given the large number of free parameters.

In this paper we investigate the impact of the global constraints on the p9MSSM, whose 9 free
parameters have been chosen on the basis of their relevance for the constraints involving DM, the
Higgs sector, and other relevant quantities. In this section, we will describe our p9MSSM parameter
choice.

We make some reasonable and simplifying assumptions, as is usually done in the MSSM. First,
we assume universality for the bino and wino masses, M1 = 0.5M2, resulting in the absence of
wino-like neutralinos. It is known that a wino-like neutralino can hardly satisfy the relic density
constraint, unless taken to be very heavy (mχ ∼> 1.6TeV [28, 73] but see [47] for very recent
numerical work on the issue), and it has been shown to be in conflict with ID experiments due to
its large annihilation cross section [74]. On the other hand, in order to mitigate possible impacts on
the DM sector from LHC multi-jet limits, we treat the gluino mass M3

∼= mg̃ as a free parameter.
We scan it in the range 0.7TeV < M3 < 8TeV since lower values are now disfavored by most LHC
direct SUSY searches.

The squarks of the first two generations are strongly constrained by direct searches at the LHC
and are basically irrelevant for the constraints that we will employ. We therefore fix them at a
decoupled scale, mQ̃1,2

= m
ũ(1,2)
R

= m
d̃(1,2)R

= 2.5TeV. Instead, we allow wide ranges for the third-

generation squark masses, mQ̃3
= mt̃R

= mb̃R
, because they are not constrained by the LHC as

strongly as the first and second generations, and they affect the Higgs sector.
In order to save computer time and make sure we do not generate many points with charged

lightest SUSY particle (LSP), which would then be rejected, we unify the first- and second-
generation sleptons and set them to mL̃1,2

= mẽR = mµ̃R = M1 + 50GeV. It will be shown
that, when the relic density constraint is taken into account, this choice does not compromise good
coverage of the sector related to (g − 2)µ.

On the other hand, we scan over mL̃3
= mτ̃R to investigate scenarios where the relic density is

obtained via stau-coannihilation.
We unify all the lepton trilinear couplings to Ae = Aµ = Aτ . All up-type squark trilinear

couplings are unified to At but down-type squark trilinear couplings are fixed to Ab = −0.5TeV,
since our likelihood function will not be sensitive to down-type squark trilinear couplings. We allow
broad ranges for At and Aτ to investigate the Higgs sector and mechanisms for stau-coannihilation,
respectively.

We investigate the Higgs sector by scanning over mA, the Higgs/higgsino mass parameter µ,
and the ratio of the Higgs doublets’ vacuum expectation values (vev), tanβ.

In summary, our multi-dimensional scan is parametrized by 9 free SUSY parameters:

M2, M3, mQ̃3
, mL̃3

, At, Aτ , mA, µ, tanβ .

In addition, we scan over the bottom quark mass, mb(mb)MS , and top quark pole mass, Mt, to
include SM uncertainties. In contrast to our previous papers, we do not vary the strong interaction
coupling, αs, or the electromagnetic coupling αem because they are well constrained. Moreover,

4

Parameter Range

gluino mass 0.7 < M3 < 8

wino mass 0.01 < M2 < 4

bino mass M1 = 0.5M2

stop trilinear coupl. −7 < At < 7

τ trilinear coupl. −7 < Aτ < 7

sbottom trilinear coupl. Ab = −0.5
pseudoscalar mass 0.2 < mA < 4

µ parameter 0.01 < µ < 4

3rd gen. soft squark mass 0.3 < mQ̃3
< 4

3rd gen. soft slepton mass 0.1 < mL̃3
< 2

1st/2nd gen. soft slepton mass mL̃1,2
= M1 + 50GeV

1st/2nd gen. soft squark mass mQ̃1,2
= 2.5

ratio of Higgs doublet VEVs 3 < tanβ < 62

Nuisance parameter Central value, error

Bottom mass mb(mb)
MS

(GeV) (4.18, 0.03)

Top pole mass Mt (GeV) (173.5, 1.0)

Table 1: The prior ranges for our p9MSSM input parameters, over which we perform our scan. All

masses and trilinear couplings are inTeV, unless indicated otherwise.

αem is used in CMSSM and NUHM scans to set the GUT scale, which is not an issue in here, since

soft-breaking parameters are defined at the scale MSUSY =
√mt̃1mt̃2 , which is found iteratively by

our RGE code (softsusy-3.3.5 [75]).

The set of input parameters we consider in this paper, together with their scanned ranges, is

shown in Table 1.

We perform our scans by using the package BayesFITS, which interfaces different publicly

available programs. For sampling, it uses MultiNest [76] with 20000 live points, evidence tolerance

factor equal to 10
−4

, and sampling efficiency equal to 0.8. We compute mass spectra and mW with

softsusy-3.3.5 [75] and pass the spectra via SUSY LesHouches Accord to superiso v3.3 [77] to

calculate BR
�
B → Xsγ

�
, BR (Bs → µ+µ−

), BR (Bu → τν), and δ (g − 2)
SUSY
µ . DM observables,

such as the relic density and DD and ID observables, are calculated with MicrOMEGAs 2.4.5 [78] and

DarkSUSY [79]. Higgs cross sections, ∆MBs , and sin θeff are computed with FeynHiggs 2.9.4 [80,

81, 82, 83]. In addition, we also check the exclusion bounds obtained from the Higgs searches at

LEP and the Tevatron with HiggsBounds 3.8.0 [84].

Note that MultiNest is optimized for Bayesian sampling. The scans are driven by the likelihood

function, and the input parameters are subject to prior distributions. We combine six separate

scans: three with log priors in the mass parameters (with the exclusion of µ) and three with flat

priors, so to obtain good coverage of the parameter space. We take flat priors for the trilinear

couplings, for µ, and for tanβ in all six scans. Moreover, the nuisance parameters are always

scanned over with Gaussian prior distributions.

We employ in this work the profile-likelihood approach, which we briefly summarize in the

next section, to draw inferences on the multi-dimensional parameter space of the p9MSSM. The

advantage of the profile-likelihood method with respect to our previous papers [85, 20, 70], where

we were calculating Bayesian inferences based on the posterior probability density function, is that
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Measurement Mean or range Error: exp., th. Distribution Ref.

CMS αT 11.7/fb ,
√
s = 8TeV See text. See text. Poisson [66]

mh (by CMS) 125.8GeV 0.6GeV, 3GeV Gaussian [87]

Ωχh
2

0.1199 0.0027, 10% Gaussian [88]

BR
�
B → Xsγ

�
×10

4
3.43 0.22, 0.21 Gaussian [89]

BR (Bu → τν)×10
4

1.66 0.33, 0.38 Gaussian [90]

∆MBs 17.719 ps−1
0.043 ps−1, 2.400 ps−1

Gaussian [91]

sin
2 θeff 0.23146 0.00012, 0.00015 Gaussian [91]

MW 80.399GeV 0.023GeV, 0.015GeV Gaussian [91]

BR
�
Bs → µ+µ−�× 10

9
3.2 +1.5,−1.2, 10% Gaussian [30]

mb(mb)
MS

4.18GeV 0.03GeV, 0 Gaussian [91]

Mt 173.5GeV 1.0GeV, 0 Gaussian [91]

δ (g − 2)
SUSY
µ ×10

10
28.7 8.0, 1.0 Gaussian [39, 92]

XENON100 (2012) See text. See text. Poisson [67]

CMS 3l + Emiss
T 9.2/fb,

√
s = 8TeV See text. See text. Poisson [38]

Table 2: The experimental constraints that we include in our likelihood functions to constrain our
p9MSSM model. We denote the first block of constraints as basic.

we can merge together many chains with different priors to explore the whole parameter space in
good detail, without worrying about appropriate prior weights.

3 Statistical treatment of experimental constraints

In this section we briefly describe the profile-likelihood method and the experimental constraints
used in this analysis. We will later show our results as 68% (1σ) and 95% (2σ), or 90% (1.65σ)
confidence intervals in the p9MSSM parameter space.

For a theory described by a set of n parameters m, one can compare experimental observables
ξ(m) with data d through the likelihood function L(m) ≡ p(d|ξ(m)), which at any point m in
parameter space gives the probability of the data d given m.

One can draw inference on a subset of r ≤ n specific model parameters or observables, or
a combination of both (collectively denoted by ψi) by “profiling” the likelihood along the other
directions in the parameter space [86, 65],

L(ψi=1,..,r) = max
m∈Rn−r

L(m) . (1)

Confidence intervals are calculated from tabulated values of δχ2 ≡ −2 ln(L/Lmax). For example,
in r = 2 dimensions, 68.3% confidence regions are given by δχ2 = 2.30 and 95.0% confidence regions
by δχ2 = 5.99.

The constraints that we include in the likelihood function are listed in Table 2. For purposes of
presentation, we denote the constraints in the first block of the table as basic, as we shall explain
in Sec. 4. As a rule, following the procedure developed earlier [93], we implement positive measure-
ments through a Gaussian likelihood, in which the experimental and theoretical uncertainties are
added in quadrature. For the Higgs mass, we use the most recent CMS determination of its central
value and experimental uncertainty, as it is in good agreement with the determination obtained
by ATLAS at the end of the

√
s = 8TeV run. The theoretical uncertainty is estimated to be

3GeV [20, 6]. For the relic densisty we use the recent determination by PLANCK [88].
Additionally, we impose 95% C.L. lower limits from direct searches at LEP [91], smeared with

5% theoretical errors, for the following particles:
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1 Introduction

in progress
The article is organized as follows. In Sec. ?? we briefly revisit the model, highlighting some of

its salient features. In Sec. ?? we detail our methodology, including our statistical approach and
our construction of the likelihoods for implementation of the bounds from BR (Bs → µ+µ−), the
CMS razor 4.4/fb analysis and from the CMS Higgs searches. In Sec. 4 we present the results from
our scans and discuss their novel features. We summarize our findings in Sec. 5.

2 Experimental constraints

Recently, many experiments published their results which make the SUSY parameter space more
constrained. Especially, ATLAS and CMS discover Higgs candidate and LHCb Collaboration ob-
served an excess of BR (Bs → µ+µ−) over the background, consistent with the SM prediction, in
a statistical significance of 3.5 σ. As seen in Table 1, we include the most updated experimental
results as constraints. For LEP limits [?], we use smearing bounds with 5% theoretical errors on
90 % lower limits, such as

mχ > 46GeV,

mẽ > 107GeV,

mg̃ > 500GeV,

mχ±
1

> 94GeV if mχ±
1
−mχ > 3GeV and tan β < 40,

mµ̃ > 94GeV if mµ̃ −mχ > 10GeV and tan β < 40,

mτ̃ > 81.9GeV if mτ̃R −mχ > 15GeV,

mb̃1
> 89GeV if mb̃1

−mχ > 8GeV,

mt̃1
> 95.7GeV if mt̃1 −mχ > 10GeV. (1)

The mh in Table 1 only refer to the lightest Higgs. One might be interesting on second Higgs
mass mH ∼ 126GeV or degenerate case mh ∼ mH ∼ 126GeV. However, unlike NMSSM where
one can have singlet like Higgs to escape LEP limit, MSSM Higgs is constrained by LEP limit,
mh ! 114GeV. In addition, in MSSM, because of the chargino LEP limit on µ, one can work out
the lower limit on mA via the relationship between µ and mA. This mA limit will force mh and
mH cannot be too closed to each other and mH cannot be too lower to close 126GeV. Hence, we
will only consider mh ∼ 126GeV scenario in this paper.

• alphaT...in progress

Based on the method described above, we can hence conduct our αT likelihood.
It is not straightforward to compare the BR (Bs → µ+µ−) value predicted by SUSY theory

and experimental measurement. It is due to the fact that the theoretical calculation can ignored
the effect of Bs − B̄s oscillations after doing time-average. On the other hand, the experimental
measurement is relative to this Bs − B̄s oscillations. Therefore, we have to add a factor in order to
include this effect [?, ?],

BR
(

Bs → µ+µ−
)

untag
=

(

1 +A∆Γ ys
1− y2s

)

BR
(

Bs → µ+µ−
)

, (2)
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Figure 6: p9MSSM points that are allowed at 2σ by the basic constraints on the (mχ, σSI
p )

plane. The points consistent at 2σ with the basic and XENON100 constraints are divided by the
composition of the neutralino: gaugino-like (green squares), mixed (blue circles), or higgsino-like
(red stars). Points excluded at the 95% C.L. by basic+XENON100 are shown as gray crosses. (a)
ΣπN � 43± 12 MeV, (b) ΣπN � 66± 6 MeV.

the AF region [122].
Finally, as one considers ever heavier µ along the FP/HB region, the neutralino becomes almost

purely higgsino-like, at mχ ≈ µ � 1TeV (1TH region). In this region, indicated with red stars in
Fig. 5(a), χ and χ0

2 are either both higgsino-like or one of them is higgsino- and the other bino-
like, respectively, while χ±

1 is always higgsino-like. The relic density constraint is satisfied for broad
ranges of M1, partially through LSP co-annihilation with the second lightest neutralino, χ0

2, and/or
the lightest chargino χ±

1 .

4.1 Impact of the XENON100 limit

In this subsection we analyze the impact of the XENON100 90% C.L. upper bound on the parameter
space of the p9MSSM. We emphasize that the bound is applied through the likelihood function
given by Eq. (8).

In Figs. 6(a) and 6(b), we show the difference between the basic 95% confidence region (all
points) and the 95% confidence region obtained by adding the likelihood of Eq. (8) (all points
except gray crosses) on the (mχ, σSI

p ) plane. The color code describes the gaugino fraction of the
LSP, and it is the same as in Fig. 5.

In Fig. 6(a), we show the case with nuclear physics uncertainties parametrized around ΣπN =
43± 12MeV, as described in Sec. 3.2. One can see that a small fraction of points characterized by
mixed gaugino-higgsino composition and mχ � 60 − 90GeV is excluded at the 95% C.L. by the
global likelihood. For these points, in fact, lightest Higgs boson exchange in the t-channel due to the
non-negligible higgsino fraction of the neutralino can enhance σSI

p . At the tree level, there are only

15

	
  arXiv:1306.1567	
  

(a) (b)

Figure 6: p9MSSM points that are allowed at 2σ by the basic constraints on the (mχ, σSI
p )

plane. The points consistent at 2σ with the basic and XENON100 constraints are divided by the
composition of the neutralino: gaugino-like (green squares), mixed (blue circles), or higgsino-like
(red stars). Points excluded at the 95% C.L. by basic+XENON100 are shown as gray crosses. (a)
ΣπN � 43± 12 MeV, (b) ΣπN � 66± 6 MeV.

the AF region [122].
Finally, as one considers ever heavier µ along the FP/HB region, the neutralino becomes almost

purely higgsino-like, at mχ ≈ µ � 1TeV (1TH region). In this region, indicated with red stars in
Fig. 5(a), χ and χ0

2 are either both higgsino-like or one of them is higgsino- and the other bino-
like, respectively, while χ±

1 is always higgsino-like. The relic density constraint is satisfied for broad
ranges of M1, partially through LSP co-annihilation with the second lightest neutralino, χ0

2, and/or
the lightest chargino χ±

1 .

4.1 Impact of the XENON100 limit

In this subsection we analyze the impact of the XENON100 90% C.L. upper bound on the parameter
space of the p9MSSM. We emphasize that the bound is applied through the likelihood function
given by Eq. (8).

In Figs. 6(a) and 6(b), we show the difference between the basic 95% confidence region (all
points) and the 95% confidence region obtained by adding the likelihood of Eq. (8) (all points
except gray crosses) on the (mχ, σSI

p ) plane. The color code describes the gaugino fraction of the
LSP, and it is the same as in Fig. 5.

In Fig. 6(a), we show the case with nuclear physics uncertainties parametrized around ΣπN =
43± 12MeV, as described in Sec. 3.2. One can see that a small fraction of points characterized by
mixed gaugino-higgsino composition and mχ � 60 − 90GeV is excluded at the 95% C.L. by the
global likelihood. For these points, in fact, lightest Higgs boson exchange in the t-channel due to the
non-negligible higgsino fraction of the neutralino can enhance σSI

p . At the tree level, there are only

15

(g-­‐2)_muon	
  not	
  applied	
  

(a)

Figure 3: The spin-independent neutralino-proton scattering cross section versus the pion-nucleon

Σ term for three p9MSSM points (shown in Table 3), characterised by their neutralino composition:

the dash-dotted blue line shows a point corresponding to mixed neutralino, the solid red line to

a higgsino-like neutralino and the dashed green line to a gaugino-like neutralino. 1σ confidence

intervals for the pion-nucleon Σ term from [69] (light red) and [114] (light green) are shown by

vertical shaded blocks. The default values of ΣπN in the programs DarkSUSY and MicrOMEGAs are

shown by arrows on the abscissa.

This value is substantially lower than the values previously calculated using phase-shift analyses

from the GWU/SAID database [112], or using chiral perturbation theory [113], and it can have

substantial implications, as we shall see, when deriving limits on SUSY from DD experiments.

To make the point, we show in Fig. 3 the dependence of the SI cross section on the ΣπN term

for three different neutralino masses and gaugino/higgsino fractions. One can see that σSI
p can vary

by more than one order of magnitude over the plotted range of ΣπN , and by a factor of five over the

1σ range of [69] (pink band). Thus, in this study we include the most recent ΣπN determination

of [69] (with its uncertainties) in the likelihood function for XENON100.

The likelihood function for XENON100 is given by the product of an experimental and a theo-

retical part. We build the experimental, model-independent part following the procedure described

in detail in Sec. IIIB of Ref. [115]. We assume that number of observed events follows a Poisson

distribution about the number of “signal+background” events. The systematic uncertainties are

parametrized by marginalizing the background prediction with a Gaussian distribution of mean

b = 1 and standard deviation δb = 0.2, as given by the XENON Collaboration [67]. An “exclusion
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CMS 3l + Emiss
T 9.2/fb,

√
s = 8TeV (EW-production)

We follow the same procedure to construct the likelihood function for chargino-neutralino pair
production (EW production). We use the CMS search [38], which currently gives the strongest
direct limits.

We consider the channels with three leptons in the final state: an opposite-sign-same-flavor
(OSSF) lepton pair, ee or µµ, and a third lepton being either an electron or a muon. We have
checked on a few test scans that these channels yield the highest sensitivity. The observed and
background events are given in Table 1 of [38]. We validate our procedure against the official CMS
95% C.L. exclusion bound for a SMS with ml̃ = 0.5mχ+0.5mχ±

1
[38]. The result is shown in Fig. 2,

where the color code is the same as in Fig. 1. As one can see the discrepancy in the chargino mass
bound is less than 50GeV for the neutralino mass range.

Given our parameter choice and ranges, the likelihood for EW-production of neutralinos and
charginos can rule out a large fraction of the total number of scanned points. Even by preliminarily
considering only the points that can satisfy all other constraints, the number of points in our
scans that can be potentially affected by the EW-production likelihood is about 400,000 (out of
1.8 millions in total). For this reason including this search in the global likelihood function has
proven to be a numerically unmanageable task. Thus, the contribution to the χ2 of this search is
calculated on a randomly chosen sample of approximately 40,000 points from our chains. This will
be enough to draw general conclusions. We will use this information to check the consistency of
this search with the other constraints (and particularly δ (g − 2)µ), and also we will test the best-fit
points from the global likelihood against EW-production to make sure that they are not excluded.

3.2 XENON100 likelihood

A proper treatment of the XENON100 90% C.L. bound on the (mχ, σSI
p ) plane [103, 104, 105] is not

straightforward because, as it has been long known, the limits from DD of DM experiments on SUSY
parameter space are marred by large nuclear physics uncertainties [106, 107]. The astrophysics
uncertainties resulting from the DM local density and velocity distribution, on the other hand,
affect the elastic scattering cross section by only around 50% in the mass range considered in this
paper [108].

Nuclear physics uncertainties enter the picture through the calculation of the cross section of
DM-quark elastic scattering. To connect this prediction with experiment one requires to estimate a
nucleon mass matrix, �N |q̄q|N�, to transform the cross section from the quark level to the nucleon
level. The nucleon mass matrix calculation is subject to uncertainties on the quark masses md,c,b,t,
on the ratios mu/md and ms/md, and on the hadronic quantities related to the change in the
nucleon mass due to non-zero quark masses, σ0 and ΣπN :

σ0 =
mu +md

2
�N |ūu+ d̄d− 2s̄s|N�,

ΣπN =
mu +md

2
�N |ūu+ d̄d|N� . (4)

ΣπN is generally derived by extrapolating information from experimental input, generally π–N
elastic scattering cross sections. It has been long known that these hadronic uncertainties can be
much larger than astrophysical uncertainties (see [109] and references therein).

In a recent paper [69], the differential elastic π–N scattering cross sections [110] measured with
the CHAOS detector at TRIUMF [111] were employed to derive a new determination of the ΣπN

term, ΣπN = 43 ± 12MeV, where the error bar is mostly due to the experimental uncertainties.
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�N |ūu+ d̄d− 2s̄s|N�,

ΣπN =
mu +md

2
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Figure 8: Our chargino-neutralino pair production (EW) likelihood in the (mχ, δ (g − 2)µ) plane for

a thinned sample of p9MSSM points consistent at 2σ with the basic constraints. The allowed 2σ
interval for (g− 2)µ is shown with horizontal solid lines. The δχ2 from EW production is indicated

by the different colors: grey dots, cyan circles and blue triangles are excluded at the 99.7%, 95%

and 68.3% C.L., respectively.
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…	
  a	
  ques3on	
  on	
  many	
  people’s	
  mind…	
  

But	
  what	
  about	
  fine-­‐tuning/naturalness?!	
  
•  I	
  prefer	
  to	
  follow	
  what	
  the	
  data	
  implies,	
  rather	
  than	
  theore3cal	
  prejudice	
  
•  Stabilizing	
  mass	
  hierarchy:	
  ini3al	
  mo3va3on	
  for	
  SUSY	
  but	
  why	
  should	
  we	
  

treat	
  it	
  as	
  a	
  sacred	
  cow	
  	
  
	
  
•  Naturalness:	
  fundamental	
  Higgs	
  -­‐>	
  SUSY	
  
•  126	
  GeV	
  -­‐>	
  generically	
  1TeV	
  <~	
  M_SUSY	
  tens	
  of	
  TeV	
  
	
  
•  Fine-­‐tuning	
  is	
  needed	
  at	
  any	
  scale	
  above	
  the	
  EW	
  scale!	
  

•  If	
  SUSY	
  is	
  discovered,	
  large	
  FT	
  issue	
  will	
  have	
  to	
  be	
  understood/accepted	
  
•  If	
  SUSY	
  is	
  not	
  discovered,	
  the	
  issue	
  will	
  become	
  irrelevant	
  
•  Naturalness	
  argument	
  gone	
  astray:	
  

1	
  TeV	
  is	
  not	
  a	
  magic	
  number	
  

Ini3al	
  mo3va3on	
  for	
  cosmic	
  
infla3on	
  was	
  to	
  rid	
  the	
  Universe	
  of	
  
unwanted	
  relics	
  like	
  monopoles.	
  

Now:	
  primordial	
  density	
  
perturba3on	
  

mt

mb
∼ mc

ms
� 14 ⇒ mt � 60GeV



To	
  take	
  home:	
  
Ø   Even the simplest constrained SUSY model CMSSM is 

consistent with all experimental constraints. 
        except (g-2)_muon, R(gamma gamma)  

  
Ø  Higgs of 126 GeV --> typically M_SUSY at multi-TeV scale. 
 
 
Ø   1-tonne DM detectors to probe most CMSSM parameters. 
 
 

Ø  1TeV (higgsino) LSP DM – generic prediction of constrained 
SUSY models (and also MSSM – but inconsistent with g-2!) 

Ø  MSSM: (g-2)_muon: some EWinos within ~500 GeV 

Ø  CNMSSM+NUHM: h1+a1 degeneracy: simultaneous 
enhancement of Higgs to 2-photon, tau-tau and bbar, but not 
ZZ, WW signal in (SM-subdominant)  bbbar H mode 
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Plus	
  a	
  window	
  of	
  light	
  stop_1	
  (~1TeV)	
  –	
  best	
  fit	
  region	
  (stau	
  coann.)	
  

(Other simple constrained SUSY models: more freedom or similar story.) 

Far	
  beyond	
  direct	
  LHC	
  reach.	
  

Other simple constrained SUSY models: similar story. 
Big	
  bite	
  by	
  LUX	
  in	
  2014.	
  

MSSM:	
  wide	
  ranges	
  within/outside	
  1-­‐tonne	
  detector’s	
  reach.	
  	
  



The	
  real	
  message:	
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SUSY	
  may	
  be	
  too	
  heavy	
  for	
  the	
  LHC	
  

Dark	
  ma`er	
  searches	
  are	
  likely	
  to	
  come	
  
to	
  the	
  rescue	
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High	
  FT:	
  problem	
  or	
  a	
  hint?	
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Ø  m_h~126	
  GeV	
  -­‐>	
  M_SUSY	
  ~>	
  1	
  TeV	
  -­‐>	
  high	
  FT	
  is	
  basically	
  ``an	
  experimental	
  fact’’	
  

Ø  EWSB:	
  	
  

Ø  FT	
  argument:	
  	
  	
  

Ø  Standard	
  approach:	
  look	
  for	
  ways	
  to	
  reduce	
  it	
  

Ø  Another	
  approach:	
  accept	
  it	
  as	
  an	
  anthropic	
  ``accident’’	
   	
   	
   	
  (Ibanez)	
  

Ø  Our	
  way:	
  Do	
  the	
  regions	
  favored	
  by	
  m_h~126	
  GeV	
  and	
  DM	
  density	
  map	
  out	
  
certain	
  rela3ons	
  at	
  the	
  GUT	
  scale?	
  	
  

…despite	
  various	
  ``islands’’	
  of	
  smaller	
  M_SUSY	
  here	
  and	
  there	
  

m2
Hu,d

: tree + 1L corrs

m2
Hu

, m2
Hu

and µ2 need to be all fine-tuned to give M2
Z

Is	
  nature	
  telling	
  us	
  something?	
  

May 23, 2013

GUT conditions for pure higgsino neutralino region

• GUT relation between m2
Hu

(MGUT) (where MGUT is the GUT scale) and soft stop masses and
trilinear coupling.

This relation is due to the minimization condition

µ2 = −1

2
M2

Z +
m2

Hd
(MSUSY)− tan2βm2

Hu
(MSUSY)

tan2β − 1
(1)

where MSUSY is the SUSY scale. If µ ∼ 1 TeV, as it is required in pure higgsino region in order to get
correct relic density, and tanβ is not too low, one can write

µ2 ∼ −m2
Hu

(MSUSY) ∼ (1 TeV)2 (2)

Thus this region is highly fine-tuned1. Solving one loop RGE for mHu assuming intermediate (or low)
tanβ one gets2

m2
Hu

(MSUSY) =
(
1− 1

2
y
)
m2

Hu
(MGUT)−

1

2
y
[
m2

Q3
(MGUT) +m2

tR(MGUT)
]
+

−1

2
y(1− y)

[
A2

t (MGUT)− 2At(MGUT)
3∑

i=1

ξ̂iMi(MGUT)
]

(3)

+
3∑

i=1

3∑

j≥i

{
δij ηHu,i +

1

2
y
[
− (η̂ij + δij η̂ji) + (2− δij)yξ̂iξ̂j

]}
Mi(MGUT)Mj(MGUT)−DHu

with all the coefficients defined in the appendix. Especially 0 < y < 1.
In the considered chain GUT scale values ofmHu , soft squark masses and At are large in comparision

with mHu(MSUSY), so one can put # 0 at the LHS of above equation. Taking only leading terms one
can then write

m2
Hu

(MGUT) # 0.5
[
m2

Q3
(MGUT) +m2

tR(MGUT)
]
+ (0.13÷ 0.18)A2

t (MGUT) (4)

which corresponds to y = 2
3 . Above equation works to a good approximation for the whole

range of tanβ for points in the chain. The uncertainty is hidden in the coefficient in ∼ A2
t,GUT

term. This uncertainty is due to omission of the other terms in the eq. (4) and higher loop corrections.
The accuracy of fit is shown in Fig. 1.

Above equation can be further simplified noticing different relations between squark mass parame-
ters and trilinear coupling, as will be shown below.

1According to the definition given by Baer, Barger et al e.g. in hep-ph/1212.2655.
2In fact 1-loop RGE for mHu does not depend on bottom Yb and tau Yτ Yukawa couplings. Dependence on bottom

and tau Yukawa couplings is small, since it is only through other running parameters appearing in RGE for mHu , that
themselves depend on Yb and/or Yτ . Hence presented solution is valid to a good approximation also for large tanβ.
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