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1. Introduction

One of the many appealing features attributed to the minimalsupersymmetric extension of the
standard model (MSSM) is the possibility for a dark matter candidate. If R-parity is preserved,
the lightest supersymmetric particle (LSP) is stable and may make up the inferred dark matter in
the Universe [1]. However, the MSSM, has over 100 undetermined parameters which makes a
completely general analysis unfeasible. Therefore, it is common to make some well-motivated
assumptions which relate many of these parameters, most of which are associated with supersym-
metry breaking.

For example, in models based on minimal supergravity (that is models with a flat Kähler
potential, mSUGRA), the low energy scalar potential can be written as [2, 3, 4]

V =

∣

∣

∣

∣

∂W
∂φ i

∣

∣

∣

∣

2

+
(

A0W
(3) +B0W

(2) +h.c.
)

+m2
3/2φ iφ∗

i , (1.1)

whereW is the superpotential for matter fields,

W =
(

yeH1Lec +ydH1Qdc +yuH2Quc)+ µH1H2, (1.2)

when SU(2) indices have been suppressed. In (1.1),W(3) is the part of the superpotential cubic in
fields, andW(2) is the part of the superpotential quadratic in fields, andm3/2 is the gravitino mass.
Thus, in mSUGRA models, one readily obtains scalar mass universality,m0 = m3/2 (applicable at
some input renormalization scale,Min usually associated with the grand unification scale). In addi-
tion, in mSUGRA, there is a relation between the tri- and bi-linear supersymmetry breaking terms,
B0 = A0−m0. With a minimal choice for the gauge kinetic function, gaugino mass universality
is also obtained. Furthermore, minimization of the Higgs potential leads to two conditions at the
weak scale which can be expressed as

µ2 =
m2

1−m2
2 tan2β + 1

2m2
Z(1− tan2β )+ ∆(1)

µ

tan2 β −1+ ∆(2)
µ

, (1.3)

and

Bµ = (m2
1 +m2

2+2µ2)sin2β + ∆B (1.4)

wherem1,2 are the Higgs soft masses (evaluated at the weak scale), tanβ is the ratio of the two

Higgs vacuum expectation values, and∆B and ∆(1,2)
µ are loop corrections [5]. As a result, an

mSUGRA model can be defined in terms of just 3 parameters: the gaugino mass,m1/2 along with
m0 andA0. In addition, the sign of theµ parameter must also be specified.

Often these strict mSUGRA relations are relaxed somewhat producing a slightly more general
model known as the constrained MSSM (CMSSM) [6, 7, 8, 9, 10]. In the CMSSM, the relation
betweenA0 andB0 is dropped allowing one to keep tanβ as a free parameter, and while scalar mass
universality is maintained, the relation betweenm0 and the gravitino mass is usually dropped.

In what follows, I will briefly draw some relations between SUGRA models and the CMSSM
and then concentrate on the impact of recent LHC results on the CMSSM parameter space.
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Figure 1: The (m1/2,m0) planes for (a)tanβ = 10 and µ > 0, assuming A0 = 0,mt = 173.1 GeV and

mb(mb)
MS
SM = 4.25 GeV. The near-vertical (red) dot-dashed lines are the contours mh = 119 GeV, and the

near-vertical (black) dashed line is the contour mχ± = 104GeV. The medium (dark green) shaded region
is excluded by b→ sγ, and the dark (blue) shaded area is the cosmologically preferred region. In the dark
(brick red) shaded region, the LSP is the chargedτ̃1. The region allowed by the E821 measurement of gµ −2
at the 2-σ level, is shaded (pink) and bounded by solid black lines, with dashed lines indicating the 1-σ
ranges. The curves marked LHC show the 95% CL exclusion region (to the left of the curves) for LHC
sparticle searches at 5/fb. In (b),tanβ = 55. Here, in the upper left corner, the region with no EWSB is
shaded dark pink.

2. The CMSSM vs mSUGRA

For given values of tanβ , A0, andsgn(µ), the regions of the CMSSM parameter space that
yield an acceptable relic density and satisfy other phenomenological constraints may be displayed
in the(m1/2,m0) plane [10]. In Fig. 1a, the dark (blue) shaded region corresponds to that portion of
the CMSSM plane with tanβ = 10,A0 = 0, andµ > 0 such that the computed relic density yields
the WMAP value [11] of

Ωh2 = 0.111±0.006. (2.1)

Above the blue strip, annihilation cross sections are too small to maintain an acceptable relic den-
sity andΩχh2 is too large. The strip itself is produced by co-annihilation processes between the
LSP and the next lightest sparticle (in this case theτ̃) which enhance the annihilation cross section
and reduce the relic density [12]. This occurs when the LSP and NLSP are nearly degenerate in
mass. The dark (red) shaded region hasmτ̃ < mχ and is excluded. Also shown in the figure are
some phenomenological constraints from the lack of detection of charginos [13], as well as con-
straints fromb→ sγ [14] andgµ −2 [15]. Also shown and discussed in more detail below is the
limit from LHC supersymmetry searches with 5/fb of data [16]. The locations of these constraints
are described in the caption.
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Figure 2: As in Fig. 1 for the minimal supergravity model with A0/m0 = 0 (left) and A0/m0 = 2(right). The
gravitino is the LSP below the diagonal light blue line and mτ̃ < mχ below the brown dotted curve. The
contours fortanβ are shown as solid gray curves.

At largerm1/2,m0 and tanβ , the relic neutralino density may be reduced by rapid annihilations
through direct-channelH,A Higgs bosons, as seen in Fig. 1(b) [6, 8]. Finally, the relic density can
again be brought down into the WMAP range at largem0 in the ‘focus-point’ region close the
boundary where EWSB ceases to be possible and the lightest neutralino χ acquires a significant
higgsino component [17]. The start of the focus point regionis seen in the upper left of Fig. 1b.

In mSUGRA, the (m1/2,m0) planes look very different as seen in Fig. 2 [18, 19]. To begin with,
onceA0/m0 is specified, tanβ must be computed at for each point in the plane. These are shown by
the solid gray curves in increments of 5 as labeled. Also shown is the curve (solid, diagonal, light
blue) for whichm3/2 = min(mχ ,mτ̃). Below this curve, the gravitino is the LSP. Another diagonal
line (brown dotted) shows the contour for which the lightestneutralino massmχ is equal to the
mass of the lighter stau,mτ̃1. ForA0/m0 = 0, the latter appears below the gravitino LSP line, and as
such,τ̃1 is never the LSP. As a consequence, only the dark blue shaded region at lowm1/2 above the
light blue line corresponds to neutralino dark matter at theWMAP density. The dark blue shaded
region below the light blue line corresponds to the gravitino LSP at the WMAP density assuming
that there is no nonthermal contribution to the gravitino density. Here, the gravitino density is
determined from the relic annihilations of either the neutralino or stau (if below the dotted line)
andΩ3/2h2 = (m3/2/mχ,τ̃1)Ωχ,τ̃1h

2. ForA0 = 2m0, there is a ‘normal’ WMAP co-annihilation strip
where the LSP is a neutralino. Below the strip there is a wedgewhere the LSP is a stau (shaded)
and below that, the LSP is the gravitino,with a density belowthat in Eq. (2.1).

An interesting extension of minimal supergravity is one where terms proportionalW(2) are
added to the Kähler potential as in the Giudice-Masiero mechanism [20]. For example, consider an
additional contribution toK,

∆K = cHH1H2 +h.c. , (2.2)
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Figure 3: The(m1/2,m0) planes for CMSSM based on a GM supergravity model with A0 = 0, cH 6= 0 and
with tanβ = 10 (left) andtanβ = 55(right). The meaning of the curves and shaded regions are thesame
as in Fig. 1. However, here we show the contours of the required value of cH in order to maintain the fixed
value oftanβ across the plane.

wherecH is a constant, andH1,2 are the usual MSSM Higgs doublets. The effect of∆K is manifest
on the boundary conditions for bothµ and theB term at the supersymmetry breaking input scale,
Min. Theµ term is shifted to

µ +cHm0 , (2.3)

but, for our purposes this shift is irrelevant since the input value ofµ is arbitrary and the low energy
value is fixed by the minimization condition (1.3). The boundary condition onµB shifts fromµB0

to

µB0 +2cHm2
0 . (2.4)

Therefore, it is possible to solve forB at the weak scale for an arbitrary tanβ , and still satisfy
the GUT scale supergravity boundary condition, thus solving for cH [19]. Therefore, relaxing the
condition betweenA0 and B0 and considering tanβ as an input, as is done in the CMSSM, is
equivalent to “switching on" the coefficientcH in Eq. (2.2). In other words, for a given value of
tanβ andA0, at each point (m1/2,m0) there may exist a single value ofcH respecting the mSUGRA
boundary condition forB0

B0 = A0−m0+2cHm2
0/µ0 . (2.5)

We display the iso-cH contours in Fig. 3 forA0 = 0 and tanβ = 10 and 55 [19]. As one can see,
over much of the plane, the values ofcH are reasonably small. Also note that unlike the CMSSM,
below the light blue diagonal line, the gravitino is the LSP.
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Figure 4: The (m0,m1/2) planes in the CMSSM. Left: the best-fit point [28] after incorporation of the
LHC1/fb constraints is indicated by a filled green star, and the pre-LHC fit [27] by an open star. The 68 and
95% CL regions are indicated in red and blue, respectively, the solid lines including the LHC1/fb data and
the dotted lines showing the pre-LHC fits [28]. Right: The results of the 5 fb−1 fits [21] are indicated by
solid lines and filled stars, and previous fits based on∼ 1/fb of LHC data are indicated by dashed lines and
open stars.

3. Effect of the Results from the LHC

By the end of 2011, LHC searches for jets and missingET with 5 fb−1 of data [16], made
strong inroads on the parameter space of the CMSSM [21, 22]. This limit is shown by the solid
purple curve (labelled LHC) in Figs. 1 and 2 and excludes points to the left of this curve. There
have also been analyses of the CMSSM on the implications of a Higgs boson weighing∼ 125
GeV [23, 24, 25, 22]. In [21], the LHC results were incorporated in a Markov-Chain Monte Carlo
analyses in the Mastercode (MC) framework [26] which is usedto sample the SUSY parameter
space, and construct theχ2 probability function,P(χ2,Ndof). This provides a quantitative measure
for the quality-of-fit such thatP(χ2,Ndof) can be used to estimate the absolute probability with
which the CMSSM describes the experimental data.

Some results from the MC analyses are shown in Fig. 4. In the left panel, a comparison of the
pre-LHC predictions of in them0,m1/2 parameter plane are shown in comparison with the LHC
results at 1/fb [27, 28]. The best-fit point at 1/fb is shown asa filled star and 68 and 95% CL
regions are shown as red and blue lines, respectively and correspond to∆χ2 = 2.3 (red) and 5.99
(blue) relative to the best fit point. The pre-LHC results, taken from [27], are displayed as an open
star and dotted lines. The right panel compares the 1/fb results with the additional constraint of a
Higgs with a mass of 125 GeV, and the 5/fb [21] results. The main effect of the LHC constraint is
to shave off a slice of points at lowm1/2 and moderatem0.
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Figure 5: The (mχ1,σ
ssi
p ) planes in the CMSSM showing the 68% and 95% CL contours (red and blue,

respectively) in the CMSSM. Left: the solid lines are for fitsincluding the XENON100 [30] and LHC1/fb

data, whereas the dotted lines include only the pre-LHC data[28]. Right: The results of the 5 fb−1 fits
are indicated by solid lines and filled stars, and previous fits based on∼ 1/fb of LHC data are indicated by
dashed lines and open stars.

We see in Fig. 4 that the 95% CL region in the CMSSM extends tom0 ∼ 4000 GeV and
m1/2 ∼ 2400 GeV. Note that the CMSSM fit features two disconnected 68% CL ‘islands’, the one
at lowerm0 andm1/2 corresponding to the stau coannihilation region, and that at largerm0 andm1/2

corresponding to the rapid-annihilation funnel region. However, the MC sampling also includes a
few intermediate points that also have∆χ2 < 2.30, reflecting the relative flatness of the globalχ2

function along the band between(m0,m1/2)∼ (300,900) GeV and∼ (1100,1900) GeV. Typically,
these points sit in rapid-annihilation funnels, and it is possible that a more complete sampling might
reveal a lower ‘isthmus’ connecting these islands.

Fig. 5 displays the best-fit points and the 68% and 95% CL contours (red and blue, respec-
tively) in the (mχ ,σ ssi

p ) plane in the CMSSM [27, 28, 21]. As in Fig. 4, the pre-LHC results are
shown compared with the 1/fb results on the left. In the rightpanel, the 5/fb results are compared
to the 1/fb results including a Higgs mass at 125 GeV. The solid lines on the right correspond to the
global fit to the LHC results and include new results onBs→ µ+µ− [29] and new XENON100 data
set [30]. We see that the region of the(mχ ,σ ssi

p ) favored in the CMSSM is now more restricted,
in particular at smallmχ . The main effect of the new XENON100 constraint has been to remove
focus points with largeσ ssi

p that were previously allowed at the 95% CL.

4. The impact of a 125 GeV Higgs mass on the CMSSM

In Ref. [31], the CMSSM parameter space was scanned over the ranges 100 GeV< m1/2 <

7
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Figure 6: The distribution of the mass of the lightest neutral Higgs boson, mh, in the CMSSM (a) before ap-
plying the accelerator cuts and the WMAP relic density constraint, and (b) after applying these constraints.
In the latter case, the red (light) histogram shows the points favored by the optional gµ −2 constraint.

2 TeV,m0 < 2 TeV,|A0/m1/2|< 3, 2< tanβ < 58 andµ > 0 resulting in the histogram shown Fig. 6
for mh. On the left, the only cut made in the sample is the requirement that the LSP is a neutralino
and 260,000 points are included. On the right, accelerator and relic density constraints are applied
leaving 3075 points in the sample. The still smaller sample shown in red requires that thegµ −2
discrepancy is resolved. Because of the logarithmic dependence ofmh on m1/2, even a modest
change in the position of the peak would require increasing the upper limit onm1/2 substantially.
While it is encouraging that the range found in [31] includesthe valuemh ∼ 125 GeV, it is equally
clear that this value is far from the mode of the histogram. Therefore, to accommodate a Higgs
mass of 125 GeV, higher supersymmetry breaking masses will required.

From the results seen in Fig. 1, it is clear that higher massesalone will not be sufficient for
increasing the Higgs mass to 125 GeV. A further increase inmh is possible whenA0 > 0. In the
left panel of Fig. 7, them1/2,m0 plane is shown for tanβ = 40 andA0 = 2.5m0. In addition to the
region in the lower right due to a stau LSP, there is a similarly shaded region in the upper left due
to a stop LSP. Along the boundary of this region, there is a WMAP strip caused by neutralino-stop
co-annihilations [32]. However it sits in a region excludedby b → sγ (shaded green). For these
values of tanβ andA0, the stau coannihilation region extends to larger Higgs masses, including
125 GeV.

The consequences for direct detection are rather dramatic.As we saw in Fig. 5, the predicted
elastic scattering cross section is significantly below thecurrent XENON100 limits [30]. This is
seen again in the right panel of Fig. 7, which shows the spin independent elastic cross section along
the WMAP coannihilation strip for tanβ = 40 andA0 = 0 and 2.5m0.

5. Summary

The discovery of the Higgs Boson has had an immediate impact on our understanding of

8
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Figure 7: Left: As in Fig. 1 fortanβ = 40and A0 = 2.5m0. Right: The spin independent elastic cross section
as a function of the neutralino mass along the stau coannihilation strip as compared to the XENON100
exclusion [30]. The portions of these strips allowed by the LHC missing-energy searches [16] are indicated
by (purple) square brackets:[ and the portions favored by gµ − 2 are indicated by (pink) parentheses:).
The lower bounds on m1/2 along these strips due to b→ sγ are indicated by green brackets{.

supersymmetric dark matter. Despite the fact that a 125 GeV mass for the Higgs boson fits the
predictions of simple supersymmetric models, there is no question that a Higgs mass of 125 GeV
presents a challenge for CMSSM-like models. Not only are supersymmetric particle mass scales
pushed up (consistent with the lack of discovery of supersymmetry at the LHC) but large values
of the trilinear coupling are preferred. The probability that thegµ −2 discrepancy is resolved by
supersymmetry is also greatly diminished as is the improvement by supersymmetry to the global
fit of electroweak observables over the Standard Model [21].Finally, predictions for the elastic
scattering cross sections for the direct detection of dark matter are pushed well below current
experimental limits.
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