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We present a frequentist analysis of the parameter space of the pMSSM10, in which the following 10 soft
SUSY-breaking parameters are specified independently at the mean scalar top mass scale M

SUSY

⌘ p
m

˜t1
m

˜t2
:

the gaugino masses M
1,2,3, the first-and second-generation squark masses mq̃1 = mq̃2 , the third-generation squark

mass mq̃3 , a common slepton mass m
˜` and a common trilinear mixing parameter A, as well as the Higgs mixing

parameter µ, the pseudoscalar Higgs mass MA and tan�, the ratio of the two Higgs vacuum expectation values.
We use the MultiNest sampling algorithm with ⇠ 1.2⇥ 109 points to sample the pMSSM10 parameter space. A
dedicated study shows that the sensitivities to strongly-interacting sparticle masses of ATLAS and CMS searches
for jets, leptons + /ET signals depend only weakly on many of the other pMSSM10 parameters. With the aid
of the Atom and Scorpion codes, we also implement the LHC searches for electroweakly-interacting sparticles
and light stops, so as to confront the pMSSM10 parameter space with all relevant SUSY searches. In addition,
our analysis includes Higgs mass and rate measurements using the HiggsSignals code, SUSY Higgs exclusion
bounds, the measurements of BR(Bs ! µ+µ�) by LHCb and CMS, other B-physics observables, electroweak
precision observables, the cold dark matter density and the XENON100 and LUX searches for spin-independent
dark matter scattering, assuming that the cold dark matter is mainly provided by the lightest neutralino �̃0

1

.
We show that the pMSSM10 is able to provide a supersymmetric interpretation of (g � 2)µ, unlike the CMSSM,
NUHM1 and NUHM2. As a result, we find (omitting Higgs rates) that the minimum �2 = 20.5 with 18 degrees of
freedom (d.o.f.) in the pMSSM10, corresponding to a �2 probability of 30.8%, to be compared with �2/d.o.f. =
32.8/24 (31.1/23) (30.3/22) in the CMSSM (NUHM1) (NUHM2). We display the one-dimensional likelihood
functions for sparticle masses, and show that they may be significantly lighter in the pMSSM10 than in the other
models, e.g., the gluino may be as light as ⇠ 1250 GeV at the 68% CL, and squarks, stops, electroweak gauginos
and sleptons may be much lighter than in the CMSSM, NUHM1 and NUHM2. We discuss the discovery potential
of future LHC runs, e+e� colliders and direct detection experiments.

KCL-PH-TH/2015-15, LCTS/2015-07, CERN-PH-TH/2015-066,

DESY 15-046, FTPI-MINN-15/13, UMN-TH-3427/15, SLAC-PUB-16245, FERMILAB-PUB-15-100-CMS
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EXPERIMENTAL CONSTRAINTS

We use a suite of constraints from

• Higgs Physics
• Precision Electroweak
• Direct Detection and Cosmology 
• Flavour Physics
• LHC SUSY Searches

SoftSusy, FEWZ,  FeynHiggs, SuFla, SuperIso, Micromegas, SSARD, 
HiggsSignals, HiggsBounds, ATOM



LHC SUSY SEARCHES
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Figure 2. Left panel: Histogram of the di↵erences between the values of the likelihood function
�2(Scorpion) evaluated using individual LHC8

col

searches for 1000 randomly-selected points and the
estimate �2(LHC8

col

) obtained by interpolation from a look-up table as described in the text. Right panel:
Scatter plot in the (�2(Scorpion),�2(LHC8

col

)) plane of the �2 values obtained from the two approaches;
the vertical and horizontal dashed lines in this plot correspond to the 95% CLs in each approach.

decay �̃0

2

! �̃0

1

h [61, 62]. The same two-lepton
analyses constrain slepton pair production, lead-
ing to the limits m

˜`L(R)

<⇠ 270 (200)GeV for

m�̃0
1

<⇠ 100 (50)GeV [59, 60]. Therefore, the uni-
versal limit approach that we use to combine and
characterise searches for coloured sparticles is in-
applicable to searches for electroweakly-produced
sparticles, and we use an alternative method.
For model points where the production of

electroweakly-produced sparticles provides a non-
trivial constraint, they must be much lighter than
the coloured sparticles, since otherwise the much
higher rates of production of coloured sparticles
would already exclude the model points. There-
fore, in the region of interest, there can be only
a few particles lighter than the electroweakly-
produced sparticles, implying that one can use a
combination of a few simplified models (SMS) to
approximate the sensitivities of the LHC searches
for the production of these sparticles. Depend-
ing on the decay mode and final state, we select
ATLAS and/or CMS limits derived from relevant
simplified models to calculate the contributions
of these searches to our global �2 function. For

the LHC searches that constrain electroweakly-
produced gauginos, Higgsinos and sleptons, to
a good approximation all relevant �2 contribu-
tions can be extracted from simplified chargino-
neutralino and simplified smuon and selectron
models.

For each simplified model limit we construct
a function �2

SMS

that depends on the two rele-
vant masses: (m�̃±

1
' m�̃0

2
,m�̃0

1
) for the simpli-

fied chargino-neutralino model and (m
˜`,m�̃0

1
) for

the simplified slepton (˜̀ ⌘ ẽ, µ̃) model. We as-
sume that �2

SMS

= 15 in the bulk of the region
excluded in the simplified model, and that this
�2 penalty vanishes exponentially when crossing
the boundary to the allowed region, with the gen-
eral form

�2

SMS

= min
l,r


15 ·B · 1

e(dl,r�µl,r)/�l,r + 1

�
, (2)

where the subscripts l, r indicate the simplified
model exclusion contour to the left and right (in
the horizontal direction, i.e., m�̃±

1
' m�̃0

2
or m

˜`)
of the point on the contour with the largest value
of m�̃0

1
, B is the branching ratio of the decay in

14

Figure 5. Scatter plots in the (m�̃±
1
,m�̃0

1
) plane of the contributions to the global �2 functions from

the electroweakly-interacting sparticle constraints for 1000 randomly-selected points accessible to LHC
searches, as calculated using the LHC8

EWK

method based on simplified model searches (�2(LHC8
EWK

),
left panel) and the Atom code (�2(Atom), right panel).

Figure 6. Left panel: Histogram of the di↵erences between the values of the contributions of the
electroweakly-interacting sparticle constraints to the global likelihood function �2(LHC8

EWK

) evaluated
using simplified model searches for the 1000 randomly-selected points and the estimate �2(Atom) obtained
using the Atom code. Right panel: Scatter plot in the (�2(Atom),�2(LHC8

EWK

)) plane of the �2 values
obtained from the two approaches; the vertical and horizontal dashed lines in this plot correspond to the
95% CLs in each approach.

Point-by-point event generation unfeasible
Interpolation and lookup tables with simplified models

• Coloured: 4D grid in
• Stop searches: 
• Electroweak: 

LHC searches for SUSY particles in the pMSSM:

3 limits:

1. searches for colored particles

4-dim grid in mχ̃0
1
, mq̃, mq̃, mq̃3, mg̃

2. searches for compressed stop spectra

t̃ → bχ̃±
1 , t̃ → bW χ̃0

1 , t̃ → bντ̃1 , t̃ → cχ̃0
1

3. searches for light EW particles

χ̃±
1 χ̃

0
2 via l̃ , χ̃±

1 χ̃
0
2 via WZ , l̃ → lχ̃0

1,2, νlχ̃
±
1
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Comparison of     from interpolation vs ATOM/Scorpion χ2 comparison for light stop searches

⇒ tested with Atom/Scopion
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MODELS SCANNED
• The CMSSM, NUHM1, NUHM2

• pMSSM avatar with 10 parameters (pMSSM10)

3

particles have much less impact.
An alternative approach is to make no assump-

tion about the RGE extrapolation to very high
energies, but take a purely phenomenological ap-
proach in which the soft SUSY-breaking parame-
ters are specified at low energies, and are not re-
quired to be universal at any input scale, a class
of models referred to as the phenomenological
MSSM with n free parameters (pMSSMn) [14].
This is the framework explored in this paper.
Favoured mass patterns in a pMSSMn analysis
might then give hints for (alternative) GUT-scale
scenarios.

In the absence of any assumptions, the pMSSM
has so many parameters that a thorough anal-
ysis of its multi-dimensional parameter space is
computationally prohibitive. Here we restrict
our attention to a ten-dimensional version, the
pMSSM10, in which the following assumptions
are made. Motivated by the absence of signifi-
cant flavor-changing neutral interactions (FCNI)
beyond those in the Standard Model (SM), we as-
sume that the soft SUSY-breaking contributions
to the masses of the squarks of the first two gen-
erations are equal, which we also assume for the
three generations of sleptons. The FCNI argu-
ment does not motivate any relation between the
soft SUSY-breaking contributions to the masses
of left- and right-handed sfermions, but here we
assume for simplicity that they are equal. As a
result, we consider the following 10 parameters in
our analysis (where “mass” is here used as a syn-
onym for a soft SUSY-breaking parameter, and
the gaugino masses and trilinear couplings are
taken to be real):

3 gaugino masses : M
1,2,3 ,

2 squark masses : mq̃1 = mq̃2 6= mq̃3 ,

1 slepton mass : m
˜` ,

1 trilinear coupling : A , (1)

Higgs mixing parameter : µ ,

Pseudoscalar Higgs mass : MA ,

Ratio of vevs : tan� .

All of these parameters are specified at a low
renormalisation scale, the mean scalar top mass
scale, M

SUSY

⌘ p
m

˜t1m˜t2 , close to that of elec-

troweak symmetry breaking.
In any pMSSM scenario such as this, the dis-

connect between the di↵erent gaugino masses al-
lows, for example, the U(1) and SU(2) gauginos to
be much lighter than is possible in GUT-universal
models, where their masses are related to the
gluino mass and hence constrained by gluino
searches at the LHC. Likewise, the disconnect be-
tween the di↵erent squark masses opens up more
possibilities for light stops, and the disconnect be-
tween squark and slepton masses largely frees the
latter from LHC constraints.

An important feature of our global analysis is
that the possibilities for light electroweak gaug-
inos and sleptons reopen an opportunity for an
significant SUSY contribution to (g � 2)µ in the
pMSSM, a possibility that is precluded in sim-
ple GUT-universal models such as the CMSSM,
NUHM1 and NUHM2 by the LHC searches for
strongly-interacting sparticles. As we discuss in
detail in this paper, the pMSSM10’s flexibility re-
moves the tension between LHC constraints and
the measured value of (g � 2)µ [15], with the re-
sult that the best fit in the pMSSM10 has a global
�2 probability that is considerably better than in
the CMSSM, NUHM1, NUHM2 or SM.

The main challenges for a global fit of the
pMSSM10 are the e�cient sampling of the ten-
dimensional parameter space and the accurate
implementation of the various SUSY searches by
ATLAS and CMS. As in [16], here we use the sam-
pling algorithm MultiNest [17] to scan e�ciently
the pMSSM10 parameter space. To achieve suf-
ficient coverage of the relevant parameter space,
approximately 1.2 ⇥ 109 pMSSM10 points were
sampled. However, confronting all these sam-
ple points individually with all relevant collider
searches is computationally impossible. In order
to overcome this problem and still to apply the
SUSY searches in a consistent and precise man-
ner, we split the LHC searches into three cate-
gories. In the first category we consider inclu-
sive SUSY searches that mainly constrain the pro-
duction of coloured sparticles, namely the gluino
and squarks. To apply these searches to the
pMSSM10 parameter space, we follow closely an
approach proposed in [18], which uses a vari-
ety of inclusive SUSY searches covering di↵er-

5

Parameter Range Number of
segments

M
1

(-1 , 1 ) TeV 2
M

2

( 0 , 4 ) TeV 2
M

3

(-4 , 4 ) TeV 4
mq̃ ( 0 , 4 ) TeV 2
mq̃3 ( 0 , 4 ) TeV 2
m

˜l ( 0 , 2 ) TeV 1
MA ( 0 , 4 ) TeV 2
A (-5 , 5 ) TeV 1
µ (-5 , 5 ) TeV 1

tan� ( 1 , 60) 1

Total number of boxes 128
Table 1
Ranges of the pMSSM10 parameters sampled, together with the numbers of segments into which each
range was divided, and the corresponding number of sample boxes.

2.3. Electroweak, Flavour, Cosmological
and Dark Matter Constraints

For many of these constraints, we follow very
closely our previous implementations, which were
summarized recently in Table 1 in [16]. Specif-
ically, we treat all electroweak precision ob-
servables, all B-physics observables (except for
BR(Bs,d ! µ+µ�)), (g � 2)µ, and the relic den-
sity as Gaussian constraints. The �2 contribution
from BR(Bs,d ! µ+µ�), combined here in the
quantity Rµµ [21], is calculated using the com-
bination of CMS [5] and LHCb [4] results de-
scribed in [7]. We incorporate the current world
average of the branching ratio for BR(b ! s�)
from [38] combined with the theoretical estimate
in the SM from [39], and the recent measure-
ment of the branching ratio for BR(Bu ! ⌧⌫⌧ )
by the Belle Collaboration [40] combined with
the SM estimate from [41]. We use the upper
limit on the spin-independent cross section as a
function of the lightest neutralino mass m�̃0

1
from

LUX [42], which is slightly stronger than that
from XENON100 [43], taking into account the
theoretical uncertainty on �SI

p as described in [21].

2.4. Higgs Constraints
We use the recent combination of ATLAS and

CMS measurements of the mass of the Higgs bo-
son: Mh = 125.09±0.24 GeV [44], which we com-

bine with a one-� uncertainty of 1.5 GeV in the
FeynHiggs calculation of Mh in the MSSM.

In addition, we refine substantially our treat-
ment of the Higgs boson constraints, as com-
pared with previous analyses in the MasterCode
framework. In order to include the ob-
served Higgs signal rates we have incorporated
HiggsSignals [35], which evaluates the �2 con-
tribution of 77 channels from the Higgs bo-
son searches at the LHC and the Tevatron (see
Ref. [35] for a complete list of references). A dis-
cussion of the e↵ective number of contributing
channels is given in Sect. 3.2 below.

We also take into account the relevant searches
for heavy neutral MSSM Higgs bosons via the
H/A ! ⌧+⌧� channels [45, 46]. We evaluate
the corresponding �2 contribution using the code
HiggsBounds [36], which includes the latest CMS
results [45] based on ⇠ 25 fb�1 of data 1. These
results include a combination of the two possi-
ble production modes, gg ! H/A and bb̄ !
bb̄H/A, which is consistently evaluated depend-
ing on the MSSM parameters. Their implementa-
tion in HiggsBounds has been tested against the
published CMS data, and very good qualitative
and quantitative agreement had been found [47].
Other Higgs boson searches are not taken into

1The corresponding ATLAS results [46] have similar sen-
sitivity, but are documented less completely.



CONSTRAINED MODELS

• CMSSM & NUHM1/2: SUSY searches push up squark and gluino masses

• This pushes up slepton and neutralino masses

• You fail to fit g-2:      hit of about 9 leads to marginal p-values
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ever multiple values of these parameters are given
for di↵erent values of m�̃0

1
, the parameters for in-

termediate values of m�̃0
1
are obtained by linear

interpolation, and taken as constants elsewhere.
As for our LHC8

col

and LHC8
EWK

limit im-
plementations, it is also important to deter-
mine accurately the uncertainty in the dedicated
limit procedure for the compressed stop region.
Note that in the compressed region not only the
constraints from LHC8

stop

but also those from
LHC8

EWK

play a role. Therefore we first assess
the qualitative agreement between �2(LHC8

stop

)
and the “true” �2(Atom and Scorpion) as cal-
culated using the Scorpion and Atom codes,
for points with �2(LHC8

EWK

) < 2. Fig. 8
compares scatter plots in the (m

˜t1 ,m�̃0
1
) plane

of �2(LHC8
EWK

) + �2(LHC8
stop

) (left panel)
and �2(Atom and Scorpion) (right panel). The
colour code used is indicated on the right-hand
sides of the panels, and we see that the patterns
of colours in the two scatter plots are qualitatively
similar. This is remarkable, given the interplay of
so many di↵erent decay chains.
More quantitative comparisons of the con-

tributions to the global �2 function calculated
on the basis of the simplified model searches
for stops and electroweakly produced sparti-
cles (�2(LHC8

EWK

) + �2(LHC8
stop

)) with re-
sults from Scorpion and Atom for these 1000
randomly-selected pMSSM10 points (�2(true))
are shown in Fig. 9. The left panel shows a his-
togram of the di↵erence between �2(LHC8

EWK

)+
�2(LHC8

stop

) and �2(true), showing that it is rel-
atively small, with an r.m.s. di↵erence ��2 = 3.15.
The right panel of Fig. 9 displays a scatter plot
in the (�2(Atom and Scorpion),�2(LHC8

EWK

)+
�2(LHC8

stop

)) plane. We see that points that are
(dis)favoured at the 95% CLs level in the simpli-
fied approach are, in general, also (dis)favoured
at the 95% CLs level in the more sophisticated
approach based on Scorpion and Atom.

To determine quantitatively the e↵ect of the
uncertainty in the LHC8

stop

procedure, we trans-
late the impact of the above-mentioned ��2 =
3.15 uncertainty into the (m

˜t1 ,m�̃0
1
) plane in the

lower right panel of Fig. 3. This shows the im-
pacts of ± 1 ��2 variations on our 68% and 95%

contours in this plane, which is rather small ex-
cept for small values of m

˜t1 and m�̃0
1
.

Based on this study, we conclude that the
computationally-manageable simplified approach
LHC8

stop

is su�ciently reliable for our physics
purposes. Specifically, we note that there are
points with low m

˜t1 that survive the full LHC
constraints with relatively low �2.

3. Results

3.1. Mass Planes
Fig. 10 displays the two-dimensional profile

likelihood functions in planes of (from top left to
bottom right) the masses of the gluino, the first-
and second-generation squarks, the lighter stop
and sbottom squarks, the lighter chargino and the
lighter stau, each versus the lightest neutralino
mass m�̃0

1
. In each panel the solid (dashed)

red/blue contours denote the 68%/95% CL con-
tours for the case where we do (not) apply any
LHC constraints, respectively 5. The green filled
and empty stars indicate the corresponding best-
fit points. In the cases of the gluino and squarks,
the filled stars lie beyond the displayed parts of
the corresponding planes, and their locations are
indicated by arrows. In these cases the likelihood
function varies little as a function of the coloured
sparticle mass.

On the other hand, we find that in general
m�̃0

1
. 300 GeV at the ⇠ 68% CL, increasing to

⇠ 500 GeV at the ⇠ 95% CL. This and the pref-
erence for low stau masses (. 700 GeV at the
⇠ 68% CL, . 1000 GeV at the ⇠ 95% CL) are
reflections of the fulfilment of the (g � 2)µ con-
straint in the pMSSM10, cf., Fig. 15 below, and
(in the latter case) the restriction to a common
slepton mass for all three generations.

We can distinguish two ranges of m�̃0
1
that are

allowed at the 95% CL: a narrow band where
m�̃0

1
. 80 GeV and a broader region at larger

m�̃0
1
that also includes regions favoured at the

68% CL. In the low-m�̃0
1
region, before apply-

ing the LHC8 constraints the smuon, selectron
and stau could have been relatively light, and t-
channel sfermion exchange could bring the relic
density into the range allowed by cosmology.

5However, the LEP SUSY constraints [67] are applied.
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contours in this plane, which is rather small ex-
cept for small values of m

˜t1 and m�̃0
1
.

Based on this study, we conclude that the
computationally-manageable simplified approach
LHC8

stop

is su�ciently reliable for our physics
purposes. Specifically, we note that there are
points with low m

˜t1 that survive the full LHC
constraints with relatively low �2.

3. Results

3.1. Mass Planes
Fig. 10 displays the two-dimensional profile

likelihood functions in planes of (from top left to
bottom right) the masses of the gluino, the first-
and second-generation squarks, the lighter stop
and sbottom squarks, the lighter chargino and the
lighter stau, each versus the lightest neutralino
mass m�̃0

1
. In each panel the solid (dashed)

red/blue contours denote the 68%/95% CL con-
tours for the case where we do (not) apply any
LHC constraints, respectively 5. The green filled
and empty stars indicate the corresponding best-
fit points. In the cases of the gluino and squarks,
the filled stars lie beyond the displayed parts of
the corresponding planes, and their locations are
indicated by arrows. In these cases the likelihood
function varies little as a function of the coloured
sparticle mass.

On the other hand, we find that in general
m�̃0

1
. 300 GeV at the ⇠ 68% CL, increasing to

⇠ 500 GeV at the ⇠ 95% CL. This and the pref-
erence for low stau masses (. 700 GeV at the
⇠ 68% CL, . 1000 GeV at the ⇠ 95% CL) are
reflections of the fulfilment of the (g � 2)µ con-
straint in the pMSSM10, cf., Fig. 15 below, and
(in the latter case) the restriction to a common
slepton mass for all three generations.

We can distinguish two ranges of m�̃0
1
that are

allowed at the 95% CL: a narrow band where
m�̃0

1
. 80 GeV and a broader region at larger

m�̃0
1
that also includes regions favoured at the

68% CL. In the low-m�̃0
1
region, before apply-

ing the LHC8 constraints the smuon, selectron
and stau could have been relatively light, and t-
channel sfermion exchange could bring the relic
density into the range allowed by cosmology.

5However, the LEP SUSY constraints [67] are applied.
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Figure 15. Profile likelihoods for the SUSY contribution to (g � 2)µ. The left panel shows the ��2

contributions from (g� 2)µ to the global likelihood functions of our fits to the CMSSM (blue dotted line),
the NUHM1 (blue dashed line), the NUHM2 (blue solid line) and the pMSSM10 (black solid line), as well
as the experimental likelihood function that we assume (solid red line). The right panel displays the global
�2 function calculated without (dashed line) and with (solid line) the contribution of the electroweakly-
interacting sparticle searches implemented via LHC8

EWK

.

red/blue contours denoting the ��2 = 2.30/5.99
level contours for the case where we do (not)
apply the LHC8 constraints, respectively, and
the green filled and empty stars indicating the
corresponding best-fit points 8. Qualitatively,
this plane is quite similar to the corresponding
(m⌧̃1 ,m�̃0

1
) plane shown in the bottom right panel

of Fig. 10, though we note, e.g., that the best-fit
value of mµ̃R is ⇠ 100 GeV larger than the best-
fit value of m⌧̃1 . This feature is apparent also
when one compares the right panel of Fig. 16,
which displays the one-dimensional profile like-
lihood function for mµ̃R with the corresponding
plot for m⌧̃1 in the bottom right panel of Fig. 13.
In both cases, the one-dimensional profile like-
lihood function in the pMSSM10 is shown as a
solid black line, that in the NUHM2 as a solid
blue line, that in the NUHM1 as a dashed blue
line, and that in the CMSSM as a dotted blue
line.

8We do not show the corresponding results for the µ̃L,
which are very similar.

3.6. Interplay of the LHC8EWK, (g � 2)µ
and Dark Matter Constraints

The 68% and 95% CL regions in the
(mµ̃R , tan�) plane before (dashed lines) and af-
ter (solid lines) implementation of the LHC8 and
other constraints are displayed in Fig. 17. We
see that the lowest values of tan� receive a �2

penalty, which is due to a combination of di↵erent
e↵ects. In particular, the LHC8

EWK

constraint
disfavours lower values of mµ̃R,L which, in com-
bination with (g � 2)µ, results in a �2 penalty
for tan� <⇠ 10. Because we impose slepton
mass universality in the pMSSM10, stau masses
are also pushed to higher values. In this way
the LHC8

EWK

constraints eliminate pMSSM10
models with a Bino-like LSP and small �SI

p , for
which stau coannihilation and t-channel slepton
exchanges brought the relic LSP density into
the allowed range. The remaining models with
tan� <⇠ 30 then fall foul of the LUX upper limit
[42] on �SI

p , because the LSP has a substantial
Higgsino component, which enhances �SI

p . The
overall combined e↵ect of the LHC8

EWK

, (g�2)µ
and dark matter constraints is to prefer values of
tan� between about 15 and 45 at the 68% CL,

If you’re agnostic about g-2 these 
models are (statistically) fine. 

They still have heavy stops (scalar 
mass universality)

Also see M. Hamer’s talk
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Figure 10. The two-dimensional profile likelihood functions for (top left to bottom right) the masses of the
gluino, the first- and second-generation squarks, the lighter stop and sbottom squarks, the lighter chargino
and the lighter stau, each versus the lightest neutralino mass m�̃0

1
. In each panel the solid (dashed)

red/blue contours denote the ��2 = 2.30/5.99 level contours for the case where we do (not) apply the
LHC8 constraints, respectively. The green filled and empty stars indicate the corresponding best-fit points.

Squark/Gluino - LSP mass planes
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Figure 10. The two-dimensional profile likelihood functions for (top left to bottom right) the masses of the
gluino, the first- and second-generation squarks, the lighter stop and sbottom squarks, the lighter chargino
and the lighter stau, each versus the lightest neutralino mass m�̃0

1
. In each panel the solid (dashed)

red/blue contours denote the ��2 = 2.30/5.99 level contours for the case where we do (not) apply the
LHC8 constraints, respectively. The green filled and empty stars indicate the corresponding best-fit points.
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CONSTRAINTS ON PMSSM10

Stop/Chargino - LSP mass planes



BEST-FIT POINT SPECTRUM

Heavy stops for Higgs mass

Light EW for DM/g-2
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Figure 11. The particle spectrum and dominant decay branching ratios at our best-fit pMSSM10 point.
Note the near-degeneracies between �̃0

1

, �̃0

2

and �̃±
1

, between the sleptons, between �̃0

3

, �̃0

4

and �̃±
2

, between
the q̃L and q̃R, between the heavy Higgs bosons, and between the stops and bottoms, which are general
features of our 68% CL region. On the other hand, the overall sparticle mass scales, in particular of the
coloured sparticles, are poorly determined.

Figure 12. Summary of mass ranges predicted in the pMSSM10. The light (darker) peach shaded bars
indicate the 95% (68%) CL intervals, whereas the blue horizontal lines mark the values of the masses at
the best-fit point.
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ñt

t̃2

c̃0
1

c̃0
2 c̃±

1

c̃0
3

c̃0
4 c̃±

2

Figure 11. The particle spectrum and dominant decay branching ratios at our best-fit pMSSM10 point.
Note the near-degeneracies between �̃0

1

, �̃0

2

and �̃±
1

, between the sleptons, between �̃0

3

, �̃0

4

and �̃±
2

, between
the q̃L and q̃R, between the heavy Higgs bosons, and between the stops and bottoms, which are general
features of our 68% CL region. On the other hand, the overall sparticle mass scales, in particular of the
coloured sparticles, are poorly determined.

Figure 12. Summary of mass ranges predicted in the pMSSM10. The light (darker) peach shaded bars
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PREDICTED MASS RANGES

• g-2 is driving light electroweak states and also light dark matter

• Light colored states not required by any observables
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Figure 20. The one-dimensional profile likelihood functions for BR(Bs ! µ+µ�) relative to the SM value.
The solid black line is for the pMSSM10, the solid blue line for the NUHM2, the dashed blue line for the
NUHM1, the dotted blue line for the CMSSM, and the red line is the �2 penalty from the experimental
constraint.

Figure 21. Left panel: The one-dimensional profile likelihood in the pMSSM10 for m�̃0
1
(black line),

compared with the NUHM2, the NUHM1 and the CMSSM (solid, dashed and dotted blue lines, respec-
tively).Right panel: The two-dimensional profile likelihood function in the pMSSM in the (m�̃0

1
,�SI

p )-plane,
showing the regions excluded by the XENON100 and LUX experiments (shaded green), the neutrino ‘floor’
(shaded yellow), and the prospective sensitivity of the LZ experiment (purple) [72].

ever, disfavoured by the combined e↵ects of the
LHC8

EWK

and (g � 2)µ constraints. Our best-fit
region is close to the present experimental up-
per limit on �SI

p [42], and consequently within

LZ Sensitivity
XENON/LUX limits

More details in talk tomorrow



EXTRAPOLATION TO HIGH SCALES

• What happens if we run up to the GUT scale?

• Impose anti-tachyon cut:  
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reach of future direct detection experiments such
as LZ [72], as indicated by the magenta line in
the right panel of Fig. 21. On the other hand,
we note that before applying these constraints,
and even afterwards at the 95% CL, there are
values for �SI

p that go far below this neutrino
‘floor’, highlighting the complementarity of direct
detection experiments and searches at the LHC.
Since these very low values of �SI

p are due to can-
cellations between di↵erent contributions to the
spin-independent scattering matrix element, one
may ask whether the spin-independent cross sec-
tions on proton and neutron targets could be very
di↵erent when this cancellation occurs. More
specifically, one may wonder whether, for mod-
els in which �SI

p is below the neutrino ‘floor’, the
cross-section �SI

n for scattering on a neutron tar-
get may be less suppressed, perhaps remaining
above the neutrino ‘floor’? As we see in Fig. 22,
the spin-independent cross sections on proton and
neutron targets are generally very similar when
�SI

p > 10�47 cm2, but may indeed be quite dif-
ferent when �SI

p < 10�49 cm2, which is approx-
imately the lowest level of the neutrino ‘floor’,
whose height varies as seen in the right panel
of Fig. 21. Points coloured black (green) [blue]
{red} have both �SI

p and �SI

n above the neutrino
‘floor’ shown in the right panel of Fig. 21 (�SI

p

below and �SI

n above) [�SI

p above and �SI

n below]
{�SI

p and �SI

n both below}. We see that there
is a significant population of models whose spin-
independent scattering cross sections on protons
and neutrons are both below the ‘floor’ (indicated
in red), so there is no ‘no-lose’ theorem for dark
matter scattering in the pMSSM10 9.

4. Extrapolation to High Scales

In our analysis of the pMSSM10 we have not
imposed any restriction on the possible extrap-
olation of the (purely phenomenological) soft

9We do not include in the right panel of Fig. 21 and in
Fig. 22 the contributions of loop-induced scattering o↵
gluons [74]. In general, these contributions are relatively
small [75], but they would also shift slightly the param-
eters of the models exhibiting strong cancellations in �SI

p

and �SI

n . We thank N. Nagata for discussions on these
points.

SUSY-breaking parameters to high scales using
the renormalization-group equations (RGEs). In
many cases, one could expect that renormali-
sation by the gaugino masses may drive some
soft supersymmetry-breaking sfermion masses-
squared m2

0

to negative values at high-energy
scales [76]. This raises cosmological issues that
have been studied, for example, in [77], and such
scenarios do not necessarily lead to an unaccept-
able evolution of the Universe. However, it is in-
teresting to study the implications of requiring
m2

0

> 0. We emphasise that this cut reduces the
data set significantly, and one may anticipate that
part of the parameter space would be recovered
in a dedicated scan. Nevertheless, we expect that
the main features discussed here would be present
also in a more complete scan.
Fig. 23 displays the two-dimensional likelihood

functions in some relevant sparticle mass planes.
In each panel, the red (blue) lines are the 68%
(95%) CL contours, the solid (dashed) lines be-
ing after (before) a cut requiring m2

0

> 0 for
all the sleptons and squarks at the GUT scale
⇠ 2 · 1016 GeV. The upper left panel shows
the (mq̃,mg̃) plane, and can be compared with
Fig. 3 (upper left plot). We see that the pri-
mary impact of the anti-tachyon cut is to remove
all models above a diagonal line where the neg-
ative renormalisation by M

3

drives the squark
masses-squared negative at the GUT scale. The
upper right panel of Fig. 23 shows the impact
of the anti-tachyon cut on the (m

˜t1 ,m�̃0
1
) plane,

which can be compared with the middle left
panel of Fig. 10. Here the most obvious impact
is to remove the compressed stop region where
m

˜t1�m�̃0
1
< mt

10. The lower left panel of Fig. 23
shows the impact in the (m�̃±

1
,m�̃0

1
) plane, where

we see that many models with small m�̃±
1
�m�̃0

1

survive the anti-tachyon cut. The anti-tachyon
cut leads to a more pronounced preference for
small values of m�̃0

1
and in particular m�̃±

1
. Fi-

nally, the lower right panel of Fig. 23 displays the
(mµ̃R ,m�̃0

1
) plane, where we see that the anti-

tachyon cut has very little e↵ect, except to re-
move some points with small mµ̃R � m�̃0

1
. In

10The 68% CL region extends to much larger values of
m

˜t1
, where larger values of m�̃0

1
are also found.
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Figure 23. The impacts of the optional anti-tachyon cut on the two-dimensional profile likelihood functions
in the (mq̃,mg̃), (m˜t1 ,m�̃0

1
), (m�̃±

1
,m�̃0

1
) and (mµ̃R ,m�̃0

1
) planes. In each panel the solid (dashed) red/blue

contours denote the ��2 = 2.30/5.99 level contours for the case where we do (not) apply the anti-tachyon
constraint, respectively. The green filled and empty stars indicate the corresponding best-fit points.

ple that would survive the anti-tachyon cut.
Fig. 25 shows a plane of the root-mean-squared
deviations from gaugino- and sfermion-mass uni-
versality, defined by

�M,m ⌘
vuut

NX

i

(mi � m̄)2/N , (4)

where the mi denote, respectively, the various
gaugino mass parameters and the square roots
of the (positive) squark and slepton m2

0

pa-
rameters in the pMSSM10 at the GUT scale,
and m̄ denotes their respective averages. Exact
unification of the gaugino (sfermion) masses is
achieved when �M (�m) vanishes. We see that
sfermion-mass universality is quite strongly vio-

lated, and gaugino-mass universality is also dis-
favoured, though still possible at the 95% CL. As
we have already commented, the favoured points
in the narrow �̃±

1

� �̃0

1

coannihilation strip must
have near-degenerate �̃0

1

and �̃0

2

and hence M
2

'
M

1

at the SUSY-breaking scale, corresponding
to a breakdown of universality by a factor ⇠ 2 at
the GUT scale, i.e. M

1

(M
GUT

) ⇠ 2M
2

(M
GUT

).
As can also be inferred by comparing the top left
and middle right panels of Fig. 24, a violation
of GUT-scale M

3

� M
1

universality is also sug-
gested. Thus, refined future fits based on more
data might lead to a preference for some di↵erent
scenario for unification.

Solid: with cut. Dashed: without cut
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Figure 23. The impacts of the optional anti-tachyon cut on the two-dimensional profile likelihood functions
in the (mq̃,mg̃), (m˜t1 ,m�̃0

1
), (m�̃±

1
,m�̃0

1
) and (mµ̃R ,m�̃0

1
) planes. In each panel the solid (dashed) red/blue

contours denote the ��2 = 2.30/5.99 level contours for the case where we do (not) apply the anti-tachyon
constraint, respectively. The green filled and empty stars indicate the corresponding best-fit points.
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versality, defined by
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As can also be inferred by comparing the top left
and middle right panels of Fig. 24, a violation
of GUT-scale M

3
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1

universality is also sug-
gested. Thus, refined future fits based on more
data might lead to a preference for some di↵erent
scenario for unification.

Solid: with cut. Dashed: without cut

EXTRAPOLATION TO HIGH SCALES

Heavy gluino and light 
squarks not stable RG 

trajectory
Hard to get hierarchy between 
stops and gluinos/other squarks
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Figure 23. The impacts of the optional anti-tachyon cut on the two-dimensional profile likelihood functions
in the (mq̃,mg̃), (m˜t1 ,m�̃0

1
), (m�̃±

1
,m�̃0

1
) and (mµ̃R ,m�̃0

1
) planes. In each panel the solid (dashed) red/blue

contours denote the ��2 = 2.30/5.99 level contours for the case where we do (not) apply the anti-tachyon
constraint, respectively. The green filled and empty stars indicate the corresponding best-fit points.

ple that would survive the anti-tachyon cut.
Fig. 25 shows a plane of the root-mean-squared
deviations from gaugino- and sfermion-mass uni-
versality, defined by
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(mi � m̄)2/N , (4)

where the mi denote, respectively, the various
gaugino mass parameters and the square roots
of the (positive) squark and slepton m2

0

pa-
rameters in the pMSSM10 at the GUT scale,
and m̄ denotes their respective averages. Exact
unification of the gaugino (sfermion) masses is
achieved when �M (�m) vanishes. We see that
sfermion-mass universality is quite strongly vio-

lated, and gaugino-mass universality is also dis-
favoured, though still possible at the 95% CL. As
we have already commented, the favoured points
in the narrow �̃±

1

� �̃0

1

coannihilation strip must
have near-degenerate �̃0

1

and �̃0

2

and hence M
2

'
M

1

at the SUSY-breaking scale, corresponding
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As can also be inferred by comparing the top left
and middle right panels of Fig. 24, a violation
of GUT-scale M

3

� M
1

universality is also sug-
gested. Thus, refined future fits based on more
data might lead to a preference for some di↵erent
scenario for unification.

Run up to GUT scale and ask: how far from soft-breaking universality 
are we?

Sum over scalars or gauginos
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Figure 25. Two-dimensional likelihood function in the plane of the root-mean-square deviations from
sfermion- and gaugino-mass universality, �m and �M , defined in the text.

5. Prospects for Sparticle Detection in Fu-
ture LHC Runs

At the time of writing, the LHC is starting
Run 2, taking data at 13 TeV, and it is expected
that an integrated luminosity of 300 fb�1 will be
collected by the early 2020s. There are also plans
for a subsequent high-luminosity upgrade to ac-
cumulate 3000 fb�1. In this Section we describe
some prospects for future direct LHC searches for
sparticles by ATLAS and CMS that follow from
our analysis of the pMSSM10.
With the increase of the LHC centre-of-mass

energy from 8 TeV to 13 TeV for Run 2, there
will be large increases in the reaches for high-
mass sparticle states. As shown in Fig 10, gluino
masses ⇠ 1.25 TeV (top left panel) and first-
and second-generation squark masses ⇠ 1.5 TeV
(top right panel) are within our 68% CL region.
These masses will be probed by ATLAS and CMS
with just a few fb�1 of data, demonstrating that
already in an early phase of Run 2 the discov-
ery of SUSY might well be possible. For third-
generation squarks, it is important to point out

that besides masses of ⇠ 800 GeV for t̃
1

(middle
left panel) and ⇠ 1 TeV for sbottoms (middle left
panel), we also find in our 95% CL region masses
that are ⇠ 200 to 600 GeV in the compressed stop
region and ⇠ 500 GeV for sbottoms. These re-
gions have not been excluded by the LHC searches
so far, but should become partly accessible in
the first years of 13-TeV operation. As we com-
ment later, in the cases of compressed-spectrum
charginos (bottom left panel) and sleptons (bot-
tom right panel) comprehensive coverage of the
preferred parameter space in the pMSSM10 by
the LHC experiments will be challenging. How-
ever, depending on the decay modes of the elec-
troweakly produced sparticles, early discovery at
13 TeV might also be possible.

Turning to the long-term prospects for the
LHC, the ATLAS Collaboration has made physics
studies that explore the discovery and exclu-
sion reach of ATLAS with 300 and 3000 fb�1

at 14 TeV: see Fig. 13 of [78]. In Fig. 26 we
display in the (mq̃,mg̃) plane our 68% (95%)
CL contours in red (blue) as well as the esti-



FUTURE SEARCH PROSPECTS

• How much of the best-fit region can we cover at 13/14 TeV?
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Figure 26. The (mq̃,mg̃) plane with our 68 and 95% CL contours shown as solid red and blue lines,
respectively, and the best-fit point as a green star. Also shown as solid (dashed) magenta lines are the
estimated ATLAS sensitivities for 5-� discovery (95% CL exclusion) of SUSY via the generic /ET search
with 300 fb�1 at 14 TeV.

mated 5-� discovery (95% CLs exclusion) sensi-
tivity with 300 fb�1 as solid (dashed) magenta
contours 11. This shows that a substantial region
of our preferred parameter space, including our
best-fit point, is within reach of future LHC runs.
However, we recall that the position of our best-
fit point in the (mq̃,mg̃) plane is rather poorly
determined.

In the following we revisit the mass planes of
Fig. 10, assessing carefully the decay modes of the
respective SUSY particles. A recurring theme is
that the �̃±
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are nearly degenerate in mass
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in the 68% CL region, so that squarks
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in large fractions
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With this in mind we turn to Fig. 27, where
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Figure 26. The (mq̃,mg̃) plane with our 68 and 95% CL contours shown as solid red and blue lines,
respectively, and the best-fit point as a green star. Also shown as solid (dashed) magenta lines are the
estimated ATLAS sensitivities for 5-� discovery (95% CL exclusion) of SUSY via the generic /ET search
with 300 fb�1 at 14 TeV.
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Figure 27. Upper left panel: The (m
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respectively. The shadings indicate where the branching ratios exceed 50%. Also shown as solid (dashed)
yellow/orange/purple lines are the projected LHC 95% CLs exclusion reaches for associated �̃±
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and �̃0
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production with decays via W/Z/W/h/˜̀L/⌫̃`L/⌧̃L/⌫̃⌧L with 300 (3000) fb�1 of data if these decays are
dominant. Lower left panel: The (mµ̃R ,m�̃0

1
) plane with our 68 and 95% CL contours shown as solid red

and blue lines, respectively, with pale blue shading showing also where the branching ratio for µ̃R ! µ�̃0

1

is dominant, typically & 90%. The solid (dashed) pale blue lines show our estimates of the LHC 95%
exclusion reach with 300 (3000) fb�1. Lower right panel: Similarly for the (mµ̃R ,m�̃0
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) plane, displaying
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that have masses nearly degenerate with �̃0
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Figure 26. The (mq̃,mg̃) plane with our 68 and 95% CL contours shown as solid red and blue lines,
respectively, and the best-fit point as a green star. Also shown as solid (dashed) magenta lines are the
estimated ATLAS sensitivities for 5-� discovery (95% CL exclusion) of SUSY via the generic /ET search
with 300 fb�1 at 14 TeV.

mated 5-� discovery (95% CLs exclusion) sensi-
tivity with 300 fb�1 as solid (dashed) magenta
contours 11. This shows that a substantial region
of our preferred parameter space, including our
best-fit point, is within reach of future LHC runs.
However, we recall that the position of our best-
fit point in the (mq̃,mg̃) plane is rather poorly
determined.

In the following we revisit the mass planes of
Fig. 10, assessing carefully the decay modes of the
respective SUSY particles. A recurring theme is
that the �̃±
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in the 68% CL region, so that squarks
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in large fractions
of the preferred parameter space. This general
scenario is consistently indicated using pale blue
shading.

With this in mind we turn to Fig. 27, where
in the upper left panel we explore the possi-

11The 5-� discovery contour for 3000 fb�1 is almost coin-
cident with the 95% exclusion contour for 300 fb�1.

ble future LHC sensitivity to direct stop pro-
duction in the compressed-spectrum region. As
previously, our present 68% (95%) CL contours
are shown in red (blue). The colour shadings
code the regions where the corresponding branch-
ing ratio, shown in the legend, exceeds 50% for
the point at each location that minimises the
�2 function over the remaining parameters, and
the thin diagonal dashed black lines correspond
to �m ⌘ m

˜t1 � m�̃0
1
= 0,MW + mb and mt.

The solid dashed black lines show the projected
LHC 95% CLs exclusion sensitivities for t̃

1

! �̃0

1

t
decays with 300 fb�1 [79] (similar sensitivity is
found in this region with 3000 fb�1). These do
not cover the case of a compressed spectrum re-
gion, which includes the 95% CL region where the
dominant t̃

1

decays are to �̃±
1

b. Here we rescale
from the present 95% CLs limit from the dibot-
tom analysis, assuming that m�̃±

1
�m�̃0

1
⇠ 5 GeV

and using the Collider Reach tool [80] to rescale
the production cross-section, and assume that fu-

Reach estimates for 300 and 3000/fb

Coloured by dominant decay branching ratio



38

Figure 27. Upper left panel: The (m
˜t1 ,m�̃0

1
) plane with our 68 and 95% CL contours shown as solid

red and blue lines, respectively, as well as coloured regions where the indicated branching ratios exceed
50%. The projected LHC sensitivity with 300 fb�1 for t̃

1

! �̃0

1

+ t decays is shown as a thick black
line, and the corresponding sensitivity for t̃

1

! �̃±
1

b decays is shown as a pale blue dashed line. Upper
right panel: The (m�̃±

1
,m�̃0

1
) plane with our 68 and 95% CL contours shown as solid red and blue lines,

respectively. The shadings indicate where the branching ratios exceed 50%. Also shown as solid (dashed)
yellow/orange/purple lines are the projected LHC 95% CLs exclusion reaches for associated �̃±

1

and �̃0

2

production with decays via W/Z/W/h/˜̀L/⌫̃`L/⌧̃L/⌫̃⌧L with 300 (3000) fb�1 of data if these decays are
dominant. Lower left panel: The (mµ̃R ,m�̃0

1
) plane with our 68 and 95% CL contours shown as solid red

and blue lines, respectively, with pale blue shading showing also where the branching ratio for µ̃R ! µ�̃0

1

is dominant, typically & 90%. The solid (dashed) pale blue lines show our estimates of the LHC 95%
exclusion reach with 300 (3000) fb�1. Lower right panel: Similarly for the (mµ̃R ,m�̃0

1
) plane, displaying

the regions where the µ̃L ! µ�̃0

1

, µ�̃0

2

/⌫µ�̃
±
1

or µ�̃0

4

/⌫µ�̃
±
2

decay modes have branching ratios exceeding
50%. The red lines indicate the 95% exclusion reach with 300 (3000) fb�1 if µ̃L ! µ�̃0

1

were dominant,
but are also indicative for the decay into �̃±

1

/�̃0

2

that have masses nearly degenerate with �̃0

1

.

FUTURE SEARCH PROSPECTS
Low values of smuon masses preferred by g-2 will be probed

Estimates of smuon search bounds with 300 & 3000/fb (ColliderReach)
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Figure 29. The one-dimensional profile likelihood functions for various thresholds in e+e� annihilation.
Upper left panel: The threshold for �̃0

1

�̃0

1

production. Upper right panel: The threshold for associated
�̃0

1

�̃0

2

production. Lower left panel: The threshold for associated �̃0

1

�̃0

3

production. Lower right panel: The
threshold for �̃±

1

�̃⌥
1

production.

The results of our analysis of the pMSSM10 are
described in Section 3, where we provide many
details of the global likelihood function. We give
there the parameters of our best-fit pMSSM10
point, while cautioning that its squark and gluino
mass parameters are poorly constrained. On the
other hand, some of the pMSSM10 parameters in
the electroweak sector are relatively tightly con-
strained. For example, we find relatively narrow
ranges of �̃0

1

and slepton masses, which are quite
light, and thatm�̃0

1
' m�̃0

2
' m�̃±

1
in the region of

parameter space that is preferred at the 68% CL.
The light spectrum of electroweakly-interacting
sparticles is preferred by the (g � 2)µ constraint,
and the neutralino and chargino mass degenera-
cies are then required to obtain a satisfactory cold
dark matter density. In addition to the best-fit
point, we have presented and analyzed several al-
ternative pMSSM10 points with low stop, squark
and gluino masses that may serve as benchmarks
for LHC Run 2 analyses 14.

14SLHA files [37] for these points can be downloaded from

Likelihood functions for various thresholds



SUMMARY

Model independent global fits of SUSY theories possible

SUSY search likelihoods requires interpolation/simplified model 
approach

Coloured sparticles relatively unconstrained

Light EW sparticles for g-2/DM have good prospects

Await Run II results with interest!


