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Many	  open	  ques?ons	  in	  par?cle	  physics	  

•  Origin	  of	  par?cle	  masses?	  
•  Origin	  of	  EWSB?	  
•  Origin	  and	  structure	  of	  flavor	  and	  CP	  X?	  
•  New	  physics	  beyond	  the	  Standard	  Model?	  
•  Dark	  maMer	  in	  the	  Universe?	  
•  Unifica?on	  of	  fundamental	  forces?	  
•  Role	  of	  gravity?	  
•  History	  of	  the	  early	  Universe?	  
•  …	  
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LHC:	  chance	  to	  shed	  light	  on	  some	  of	  them	  



Many	  BSM	  ideas	  wai?ng	  to	  be	  tested…	  

•  Supersymmetry	  of	  several	  sorts	  
•  Large/warped	  extra	  dimensions	  
•  Low-‐scale	  gravity,	  microscopic	  black	  holes	  
•  LiMle	  Higgs	  framework	  
•  Extra	  gauge	  bosons	  
•  Extra	  fermions	  
•  Extra	  interac?ons	  
•  …	  
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Main	  news	  from	  the	  LHC	  so	  far…	  

•  Higgs(-‐like)	  par?cle	  at	  ~126	  GeV	  	  

•  No	  (convincing)	  devia?ons	  from	  the	  SM	  
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…a	  BSM	  theorist’s	  perspecMve!	  

2012/11/13 M. Palutan, Bsmumu at LHCb

Conclusions

44

B(B0s!μ+μ!) = (3.2+1.5!1.2)"10-9  

We presented today an updated search for  B0(s) → μ+μ! combining 7 TeV 
(1.0 fb-1) and 8 TeV (1.1 fb-1) data

We see an excess of B0s → μ+μ! signal above background expectation with a 
p-value of 5.3x10-4, corresponding to 3.5 σ

A maximum likelihood fit to data yields

in agreement with SM expectation

On the same dataset, we set the most stringent limit on B0 → μ+μ! decay:
B(B0!μ+μ!) < 9.4"10-10  at 95% CL

We warmly thank our colleagues in the CERN accelerator 
departments for the excellent performance of the LHC!! 

this is the first evidence of B0s!μ+μ!  decay!
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The	  Higgs	  boson!	  

•  First	  fundamental	  (?)	  spin-‐0	  (?)	  state	  
•  Valida?on	  of	  last	  50	  years	  of	  theory	  work	  
•  Plan	  A	  confirmed	  (EWSB	  via	  Higgs	  
mechanism)	  	  
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…with	  no	  real	  Plan	  B	  in	  the	  sleeve	  



Is	  the	  Higgs	  boson	  SM-‐like?	  

•  Possibly,	  not	  enough	  data	  and	  precision	  yet	  

•  Enhancements/deficits	  real?	  	  
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Too	  early	  too	  tell.	  Current	  situa?on	  somewhat	  confusing.	  
Many	  specula?ons,	  unlikely	  to	  pass	  the	  test	  of	  ?me.	  



Ways	  to	  go	  

•  SM	  confirmed	  –	  end	  of	  the	  story	  (and	  collider	  
physics?)	  

•  Higgs	  is	  fundamental	  -‐	  >	  SUSY	  
•  Higgs	  is	  composite	  -‐>	  effec?ve	  theory	  
•  …	  
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My	  approach	  in	  this	  talk:	  
	  

Main	  interest:	  prospects	  to	  discover	  signatures	  at	  the	  LHC(14TeV)	  
	  
Much	  less:	  theore?cal	  and/or	  esthe?c	  arguments	  (fine-‐tuning,	  
naturalness,	  etc).	  



m_h~126	  GeV	  

•  SM:	   	   	  Higgs	  mass	  not	  predicted	  
m_h^2	  =	  lambda	  *	  v^2	  	  

-‐>	  lambda	  ~0.25	  –	  perturba?ve	  theory!	  

•  SUSY:	  	  
	  m_h	  ~<	  135	  GeV	  

•  Composite	  Higgs:	  	  
	  m_h	  ~>	  110	  GeV	  	  
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A.	  Pomarol	  



Higgs	  as	  a	  Pseudo-‐Goldstone	  Boson?	  
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``LiMle	  Higgs’’	  models	  
PGB:	  result	  of	  breaking	  of	  a	  global	  
symmetry	  

=>	  Goldstone	  boson	  

SM	  couplings	  break	  global	  symmetry	  	  =>	  PGB	  

LH:	  Strong	  sector	  =>	  hard	  to	  make	  predic?ons	  

New	  vector-‐like	  fermions	  
With	  EM	  charges	  of	  5/3,	  2/3,	  -‐1/3	  

Current	  limits:	  ~500-‐700	  GeV	  

Possible	  signature:	  same-‐sign	  dileptons	  



	  Supersymmetry	  
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Claims	  about	  SUSY	  

WRONG	  
•  SUSY	  can	  explain	  

everything	  
(Eg.	  135	  GeV	  gamma	  line	  from	  GC)	  

	  

•  SUSY	  has	  been	  discovered!	  
	  
•  SUSY	  has	  been	  ruled	  out!	  

RIGHT	  
•  SUSY	  cannot	  be	  ruled	  out.	  

It	  can	  only	  be	  discovered…	  
(…	  or	  abandoned)	  

	  

•  Mo?va?on	  for	  SUSY	  has	  
become	  stronger	  

Light	  Higgs!	  
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SUSY	  is	  not	  only	  shy	  but	  probably	  also	  heavy	  (~1	  TeV)	  
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~126	  GeV	  Higgs	  and	  SUSY	  

7	  January	  2013	   L.	  Roszkowski,	  Epiphany	  2013	   12	  

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
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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

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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Ø  1	  loop	  correc?on	  

Sufficient	  to	  take	  large	  enough	  M_SUSY	  and/or	  adjust	  X_t	  

Can	  one	  have	  ~126	  GeV	  Higgs	  in	  unified	  SUSY?	  
	  

	  …	  with	  M_SUSY	  \lsim	  1	  TeV?	  
	  
…	   	  …	  and	  with	  other	  	  constraints	  sa?sfied?	  
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Figure 7: (a) Marginalized 1D posterior pdf of mh in the CMSSM constrained by the experiments listed in Table III.

(b) Scatter plot showing the distribution of the total χ2
of the points in our chain versus the Higgs mass.
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posterior pdf in the parameters Xt vs MSUSY, relevant for the loop corrections to the Higgs mass.

contribution to the Higgs mass in the decoupling limit (mA � mZ) for moderate-to-large tanβ is given by [? ]
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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. 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. (17)

should be significant. (Xt ∼ At almost throughout the whole parameter space.) In fact, it turns out that the



Hide	  and	  seek	  with	  SUSY	  
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SUSY:	  most	  important	  constraints:	  	  
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Ø  Dark	  maMer	  density	  

Ø  The	  Higgs	  mass	  

Ø  B_s	  -‐>	  mu	  mu	  
Seminarium Fizyki Wielkich Energii, 05.10.12

Artur Kalinowski, Wydział Fizyki, UW
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Ø 	  Direct	  search	  limits	  
	  

PosiMve	  measurement,	  inconsistent	  with	  SM	  

Lower	  limit…	  

Ø Other	  flavor	  (b	  to	  s	  gamma,	  etc)	  
Ø M_W,	  EW,…	  
	  	  
Ø  (g-‐2)_muon	  
	  

2012/11/13 M. Palutan, Bsmumu at LHCb

Conclusions

44

B(B0s!μ+μ!) = (3.2+1.5!1.2)"10-9  

We presented today an updated search for  B0(s) → μ+μ! combining 7 TeV 
(1.0 fb-1) and 8 TeV (1.1 fb-1) data

We see an excess of B0s → μ+μ! signal above background expectation with a 
p-value of 5.3x10-4, corresponding to 3.5 σ

A maximum likelihood fit to data yields

in agreement with SM expectation

On the same dataset, we set the most stringent limit on B0 → μ+μ! decay:
B(B0!μ+μ!) < 9.4"10-10  at 95% CL

We warmly thank our colleagues in the CERN accelerator 
departments for the excellent performance of the LHC!! 

this is the first evidence of B0s!μ+μ!  decay!
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The	  Likelihood	  func?on	  
Central	  object:	  Likelihood	  func?on	  

Limits:	  

• 	  Smear	  out	  bounds.	  
• 	  Add	  theory	  error.	  

Posi?ve	  measurements:	  
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LHC	  direct	  limits:	  

•  Need	  careful	  
treatment.	  
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New!	  
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SM value: � 3.5 × 10−9

10	  dof	  

9

Measurement Mean or Range Exp. Error Th. Error Distribution

CMS razor 4.4/fb analysis See text See text 0 Poisson

SM-like Higgs mass mh 125.3 0.6 2 Gaussian

Ωχh
2

0.1120 0.0056 10% Gaussian

sin
2 θeff 0.23116 0.00013 0.00015 Gaussian

mW 80.399 0.023 0.015 Gaussian

δ (g − 2)
SUSY
µ ×10

10
28.7 8.0 1.0 Gaussian

BR
�
B → Xsγ

�
×10

4
3.60 0.23 0.21 Gaussian

BR (Bu → τν)×10
4

1.66 0.66 0.38 Gaussian

∆MBs 17.77 ps−1
0.12 ps−1

2.40 ps−1
Gaussian

BR
�
Bs → µ+µ−�

(3.2+1.5
−1.2)× 10

−9
11% Gaussian

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

III. RESULTS

In this section we will present our numerical results. We scanned the parameter space of the CMSSM over the
ranges given in Table II. Note that, compared to Ref. [? ], we doubled the ranges of m0 and m1/2, which are now the
same as in Ref. [? ], and we enlarged the range of A0 from (−2TeV, 2TeV) to (−7TeV, 7TeV) in order to approach
mh ∼ 125 GeV. As before, we applied a log prior to the mass parameters m0 and m1/2, and a linear one to A0 and
tanβ. We performed our scans for µ > 0 and µ < 0 separately, for each case with and without the (g−2)µ constraint.

In the current analysis we have improved our treatment of the SM nuisance parameters. In our previous analyses, we
sampled the nuisance parameters from finite linear intervals (linear priors), and included Gaussian likelihood functions
that described their experimental measurements. In this analysis, we sample the nuisance parameters directly from
Gaussian priors that describe their experimental measurements and do not include them into the likelihood function.
This improves our algorithm’s efficiency and is a more intuitive method.

The experimental constraints applied in our scans are listed in Table III. In comparison with our previous papers
Ref. [? ? ], 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. [? ] 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 [? ] and Fittino [? ]
frameworks (which perform frequentist analyses), and to SuperBayeS [? ] and PySUSY5 (which perform Bayesian
analyses). BayesFITS engages several external, publicly available packages: for sampling it uses MultiNest [? ] 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 [? ] to calculate BR

�
B → Xsγ

�
, BR (Bs → µ+µ−),

BR (Bu → τν), and δ (g − 2)SUSY
µ , and FeynHiggs 2.8.6 [? ] 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 [? ].

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. [? ? ].

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



Constrained	  Minimal	  Supersymmetric	  	  
Standard	  Model	  (CMSSM)	  

Kane,	  Kolda,	  Roszkowski	  and	  Wells,	  	  
Phys.	  Rev.	  D	  49	  (1994)	  6173	  

	  	  	  	  	  	  

figure	  from	  hep-‐ph/9709356	  
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Light	  Higgs	  mass	  and	  SUSY	  
•  In	  SUSY	  m_h	  is	  a	  calculated	  quan?ty.	  
•  1-‐loop:	  	  
	  
•  2-‐loop:	  DR-‐bar	  (Slavich,…)	  used	  in	  SogSusy,	  Spheno,	  
Suspect,	  and	  on-‐shell	  (Hollik,…)	  in	  FeynHiggs	  

	  	  differ	  by	  a	  few	  GeV	  
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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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Although transparent and useful for a qualitative understanding, the ε approach is not

a very good approximation in many cases. A more accurate determination of the CP–even

Higgs boson masses is obtained by including the RGE improved corrections of eq. (1.127).

However, the additional non–logarithmic contributions can generate shifts of a few GeV in

the Higgs boson masses and should therefore also be included. Before turning to this point,

let us first briefly describe the situation in which these corrections can be large and maximize

the lighter Higgs boson mass. At tree–level, we have already seen that the maximal h boson

mass is obtained when MA and tan β take large values. At the one–loop level, the radiative

corrections are enhanced when the logarithm in the first term of eq. (1.126) is large, i.e. for

large MS values, corresponding to heavy stops. In addition, the corrections are largest and

maximize the lightest h boson mass in the so–called “maximal mixing” scenario, where the

trilinear stop coupling in the DR scheme is such that

maximal mixing scenario : Xt = At − µ cotβ ∼
√

6MS (1.134)

while the radiative corrections are much smaller for small values of Xt, close to the

no mixing scenario : Xt = 0 (1.135)

An intermediate scenario, sometimes called the “typical–mixing scenario”, is when Xt is of

the same order as the SUSY scale, Xt $ MS [135]. The impact of stop mixing is exemplified

in Fig. 1.4, where the lighter Higgs boson mass is displayed as a function of the parameter

Xt, for mt = 178 GeV [44], mb = 4.88 GeV [136], MS = MA = 1 TeV and tan β = 10; the

one– and two–loop corrections, as calculated in the DR scheme by the program SuSpect, are

shown. As one can see, the h boson mass Mh has a local minimum for zero stop mixing, and

it increases with |Xt| until it reaches a local maximum at the points Xt = ±
√

6MS ∼ 2.45

TeV [the maximum being higher for positive values of Xt], where it starts to decrease again.

Note that if the radiative corrections were implemented in the on–shell scheme, the

maximal mixing scenario would have occurred for XOS
t ∼ 2MOS

S , where XOS
t and MOS

S are

the unphysical parameters obtained by rotating the diagonal matrix of the on–shell stop

masses by the on–shell mixing angle; see e.g. Ref. [137] for a discussion. In Fig. 1.4, the

dotted curve is obtained with the program FeynHiggs which uses the on–shell scheme, but

since Mh is plotted as a function of the DR parameter Xt, the maximum value of Mh is

roughly at the same place. Comparing the solid and dotted lines, it can be seen that the

results obtained in the DR and on–shell schemes are different [up to 3–4 GeV higher in the

OS calculation]. The difference can be used as an estimate of the higher–order corrections.

Let us now discuss the individual effects of the various components of the corrections,

starting with the case of the top/stop loops. In Fig. 1.5, the mass of the lighter h boson is

displayed as a function of MA in the no–mixing (left) and maximal mixing (right) scenarios

50

Djouadi,	  arXiv:hep-‐ph/0503173	  

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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Substan?al	  	  
theory	  error!	  

To	  maximize	  m_h:	  
-‐>	  increase	  M_SUSY,	  or	  
-‐>	  take	  large	  |X_t|~|A_t|	  

Top	  (pole)	  mass:	  
§  Tevatron	  combo	  2012: 	  173.18	  pm	  0.56	  pm	  0.75	  GeV	  
§  LHC	  2012	   	   	   	  173.3	  pm	  0.5	  pm	  1.3	  GeV	  
§  PDG	  2012: 	   	   	   	  173.5	  pm	  1.0	  GeV	  
§  	  CDF	  (16	  may	  2012) 	   	  173.9	  pm	  1.9	  GeV	  



Higgs	  mass	  in	  the	  CMSSM	  
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LHC(5/fb) + mh=125.3 GeV~125	  GeV	  Higgs	  near	  lowest	  chi2	   	  (SC,AF)	  

Unified	  SUSY:	  m_h~125	  GeV	  typically	  a	  bit	  too	  
high	  (unless	  M_SUSY	  >>	  1TeV)	  

Stau	  coannihila?on	  

A-‐funnel	  

All	  relevant	  
constraints	  
included	  
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Stau	  coannihila?on	  

A-‐funnel	  

à  Stop	  mass	  of	  ~1	  TeV	  favored.	  

Maximal	  mixing	  	  
with	  X_t<0.	  

Window	  of	  opportunity	  for	  LHC(14TeV)?	  



Beyond	  the	  Constrained	  MSSM	  

Less	  constrained	  unified	  
SUSY	  models:	  
	  
•  Add	  Higgs	  singlet	  

(CNMSSM)	  
	  =>	  very	  CMSSM-‐like	  

•  Relax	  Higgs	  mass	  
unifica?on	  (NUHM)	  
	  =>	  slight	  increase	  in	  
	  max	  m_h	  

•  …	  
	  

SUSY	  at	  the	  EW	  scale	  
(MSSM,	  NMSSM…):	  

	  =>	  easy	  to	  generate	  	  
	  m_h~126	  GeV	  
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	  Figure 2: Results from the MSSM parameter scan for the partial widths Γ(h,H → γγ) of

h (left) and H (right), and the corresponding branching ratios. The full result of the scan
(all points allowed by the theoretical constraints and the direct search limits for sparticles)
is shown in grey. The blue points are compatible with the direct Higgs search limits (from
HiggsBounds 3.6.1, i.e. including LHC2011), while the black points in addition give a result
in agreement with (g − 2)µ and BR(b → sγ). The solid (red) curve shows the respective
quantities evaluated in the SM.

SM result with MHSM
set equal to the corresponding MSSM Higgs mass. It should be noted

that here (and in all the following plots) different densities of points appearing in different
regions have no physical meaning, as the point density is related to the specific procedure
chosen for the sampling of the SUSY parameter space.

We first focus on the light CP-even Higgs boson, h, decaying into two photons. The
extra particles in the MSSM yield additional loop contributions, which can both lower and
raise Γ(h → γγ) compared to the SM case. For Mh < 114.4 GeV6 most of the scenarios
where Γ(h → γγ) > Γ(HSM → γγ) are ruled out by the direct Higgs search limits, but we
also find allowed points in this region. For those h couples with about SM strength to gauge

6We neglect here, and in the following, the theory uncertainty of the Higgs boson mass evaluation, which
for the light Higgs boson should be roughly at the level of 2− 3 GeV [24].
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..and	  also	  gamma-‐gamma	  enhancement	  

Generally	  in	  unified	  SUSY:	  no	  enhancement	  
in	  gamma-‐gamma!	  

MSSM	  
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To	  summarize:	  126	  GeV	  Higgs	  and	  SUSY	  
Light	  Higgs	  m_h~126	  GeV:	  
	  
either	  
•  M_SUSY>>	  1	  TeV	  =>	  bad	  news	  for	  the	  LHC?	  
or	  	  
•  `light’	  stop	  of	  ~	  1	  TeV,	  or	  even	  less	  	  =>	  window	  for	  LHC	  
	  
•  (Simplest)	  unified	  SUSY:	  ?ghtly	  constrained;	  only	  few	  specific	  regions	  

allowed	  by	  all	  relevant	  constraints	  
	  

•  General	  MSSM	  and	  such:	  lots	  of	  room,	  much	  weaker	  bounds	  on	  
superpartners	  (below	  ~1	  TeV)	  
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To	  be	  partly	  explored	  at	  LHC(14TeV)	  and	  in	  DM	  searches	  

•  Some	  specula?ons	  about	  heavy	  Higgs	  at	  126	  GeV,	  two	  Higgs	  degenerate	  in	  
mass,	  etc:	  long	  shot,	  partly	  inconsistent	  with	  LHC	  and	  DM	  limits.	  



CMSSM:	  Impact	  of	  BR(Bs-‐>mu	  mu)	  

7	  January	  2013	   L.	  Roszkowski,	  Epiphany	  2013	   23	  

 0

 500

 1000

 1500

 2000

 2500

 0  500  1000  1500  2000  2500  3000  3500  4000

m
1

/2
 (

G
e
V

)

m0 (GeV)

 
BayesFITS (2012)

BR(Bs-> µ+µ-)
CMSSM, µ >0
with δ(g-2)µ

LHC (5/fb) + mh=125.3 GeV

[cv - 1 σ, cv + 1 σ]
> cv + 1 σ
< cv - 1 σ

Consistent	  with	  the	  stau	  coannihila?on	  region.	  
The	  A-‐funnel	  region	  slightly	  disfavored.	  

Abreu,	  et	  al.	  	  
BayesFITS	  (in	  prep.)	  
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LHC	  limits	  on	  SUSY	  have	  pushed	  
sigma_p	  down,	  well	  below	  current	  
XENON100	  limit.	  

One	  will	  need	  1	  tonne	  DM	  
detectors	  to	  probe	  favored	  
ranges.	  

07/01/2013	  

(One-‐tonne	  detector	  reach:	  	  
sigma_p~<	  few	  x10^-‐11	  pb.)	  
	  
General	  MSSM:	  

MasterCode	  	  
(similar	  results)	  

Larger	  sigma_p	  allowed	  but	  s?ll	  
need	  1	  tonne	  detectors	  to	  
probe	  most	  ranges	  
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Figure 1: Left: SM RG evolution of the gauge couplings g1 =
�
5/3g�, g2 = g, g3 = gs, of the

top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling λ. All couplings are

defined in the MS scheme. The thickness indicates the ±1σ uncertainty. Right: RG evolution of

λ varying Mt and αs by ±3σ.

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of λ around the weak scale, caused by the −32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ∆λ(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

�
Mt [GeV]− 173.1

0.7

�
− 0.5

�
αs(MZ)− 0.1184

0.0007

�
± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

αs we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2σ (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed

2

7	  January	  2013	   L.	  Roszkowski,	  Epiphany	  2013	   25	  

Degrassi,	  et	  al.,	  1205.6497	  

Standard	  Model:	  
	  
	  
m_h~	  126	  GeV	  	  
=>	  lambda	  ~0.25	  
	  
	  
small	  Higgs	  self-‐coupling:	  loop 
effects due to t-quark drive 
quartic coupling < 0 
at some scale mu 
	  

m_h^2	  =	  lambda	  *	  v^2	  	  
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Degrassi,	  et	  al.,	  1205.6497	  

Standard Model: 125 GeV Higgs => Vacuum metastable? 
(lifetime >> age of the Universe) 

SUSY	  can	  stabilize	  it	  
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The	  LHC	  era	  has	  only	  just	  begun…	  

Ø  Simplest	  unified	  SUSY	  models	  under	  some	  pressure	  for	  
M_SUSY~<1	  TeV	  

Ø  Much	  more	  room	  (below	  1	  TeV)	  in	  SUSY	  at	  the	  EW	  scale	  

Ø  Generally	  m_h~126	  GeV	  implies	  large	  scale	  of	  new	  physics	  (partly	  
beyond	  the	  reach	  of	  LHC(14	  TeV)	  but	  pockets	  of	  lighter	  mass	  
spectra	  remain	  in	  many	  BSM	  models	  

Ø  Some	  cleaing	  up	  has	  also	  begun:	  	  
E.g.	  spin-‐2	  boson	  with	  graviton-‐like	  couplings	  (in	  warped	  extra	  dimension	  of	  
AdS	  type)	  inconsistent	  with	  measured	  couplings	  to	  vector-‐boson	  pairs	  (WW,	  
gamma-‐gamma)	  

	  
Ellis,	  et	  al.,	  1211.3068	  
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Gazing into a crystal ball...

L. Roszkowski, Obserwatorium Astronomiczne UW, Vernal Equinox 2012 – p.27

7	  January	  2013	  

We	  need	  more	  data!	  


