A Grand Scan of the pMSSM Parameter Space for Snowmass 2021

Jennet Dickinson!, Samuel Bein?, Sven Heinemeyer?, Joshua Hiltbrand?*, Jim Hirschauer!,
Walter Hopkins®, Elliot Lipeles®, Malte Mrowietz?, and Nadja Strobbe?

Fermi National Accelerator Laboratory
2University of Hamburg
3Instituto de Fisica Teérica (UAM/CSIC), Universidad Auténoma de Madrid,
Cantoblanco, 28049, Madrid, Spain
4University of Minnesota
SUniversity of Pennsylvania
6 Argonne National Laboratory

March 2022

1 Introduction

It is well known that the Standard Model of particle physics (SM) cannot be the ultimate theory of funda-
mental particles and interactions. Most obviously, the SM does not incorporate gravity and explains neither
the identity of the astronomically observed dark matter (DM) nor the observed multiplicities and hierarchies
of interactions, flavor, and fermion generations. Of the many models proposed to address the shortcomings
of the SM, supersymmetry (SUSY) garners significant interest because it simultaneously explains the finite
mass of the recently discovered Higgs particle, provides a DM candidate, and allows more precise unification
of the forces.

The minimal supersymmetric standard model (MSSM) [1-5] has 105 parameters (in addition to the SM
parameters) describing particle masses and interactions. In order to facilitate interpretation of experimental
results within the MSSM framework, there are two main possibilities to deal with this large number of free
parameters. One consists in assuming unification at some high scale, at which a certain soft SUSY-breaking
mechanism is adopted. This can reduce the number of free parameters to as few as five, depending on the
mechanism responsible for the values of the new particles’ masses, referred to as the soft SUSY breaking
mechanism. The most prominent example is the “Constrained MSSM” (cMSSM) [6-9]. Another assumes
the production of one set of SUSY particles at the electroweak (EW) scale with a fixed decay chain. This
approach is called “simplified model spectra” (SMS) approach [10-12]. While these frameworks allow for
efficient interpretation of results, they do so at the expense of sampling only a very small part of the phase
space of the MSSM and potentially focus on signatures that may not be realized in nature.

In the past years, the ATLAS and CMS collaborations [13, 14] and theorists have attempted to ameliorate
the limitations of interpretations based on the cMSSM and SMS by using the phenomenological MSSM
(pMSSM)[15-20]. The pMSSM reduces the full MSSM space to nineteen free parameters, specified at the
electroweak (EW) scale, based on assumptions consistent with current experimental constraints rather than
details of the soft SUSY breaking mechanism. The parameters of the pMSSM and their definitions are listed
in Table 1.

Building on the methods of the CMS and ATLAS collaborations, we have developed a flexible framework
for interpretation of SUSY sensitivity studies for future colliders in the framework of the pMSSM. We perform
a grand scan of the pMSSM parameter space that covers the logical OR of accessible ranges of many collider
scenarios, including electron, muon, and hadron colliders at a variety of center of mass energies. This enables
comparisons of sensitivity and complementarity of different future experiments, including both colliders and
precision measurements in the Cosmological and Rare Frontiers. The pMSSM parameter ranges considered



Param. Definition Range Sampling
My mass of psuedoscalar Higgs boson 100 GeV - 25 TeV Log
tan 3 ratio of Higgs vevs 1-60 Log

| | Higgs-higgsino mass parameter 80 GeV - 25 TeV Log

| M | bino mass parameter 1 GeV - 25 TeV Log

| Ms| wino mass parameter 70 GeV - 25 TeV Log
Ms gluino mass parameter 200 GeV - 50 TeV Linear
M1 15t /274 gen. left-handed slepton mass 90 GeV - 25 TeV Log
Mz12 15t /274 gen. right-handed slepton mass 90 GeV - 25 TeV Log
mjs 3'4 gen. left-handed slepton mass 90 GeV - 25 TeV Log
M s 3'd gen. right-handed slepton mass 90 GeV - 25 TeV Log
Mg, 15t /284 gen. left-handed squark mass 200 GeV - 50 TeV Linear
Mgl,2 15t /274 gen. right-handed u-type squark mass 200 GeV - 50 TeV Linear
M2 15t /274 gen. right-handed d-type squark mass 200 GeV - 50 TeV Linear
mgs 3'4 gen. left-handed squark mass 100 GeV - 50 TeV Linear
M3 right-handed stop quark mass parameter 100 GeV - 50 TeV Linear
m s right-handed sbottom quark mass parameter 100 GeV - 50 TeV Linear
|A;] 7 trilinear coupling 1 GeV - 7 TeV Log

| Ap| bottom trilinear coupling 1 GeV - 7 TeV Log

| Ay top trilinear coupling 1 GeV - 3(mgmgs)t/?  Log

Table 1: The 19 parameters of the pMSSM and their allowed ranges in the Snowmass 2021 scan. All complex
parameters are taken to be real.

are listed in Table 1. The lower bounds on each parameter are chosen based on experimental constraints
and phenomelology considerations. The upper bounds are chosen to be within reach of the sensitivity of a
100 TeV proton-proton collider. The top quark mass, bottom quark mass, and strong coupling constant ag
are sampled from a Gaussian distribution centered at the the measured best-fit value listed in Table 2. All
other SM parameters are fixed to the measured best-fit values.

SM Param. Definition Measurement
my top quark mass 173.1 +£ 0.9 GeV
mp bottom quark mass 4181005 GeV

Qg strong coupling constant 0.1181 4+ 0.0011

Table 2: SM parameters that are sampled in the pMSSM scan. All other SM parameters are fixed to the
best-fit values.

The output of the scan for each selected point includes the pMSSM and SM parameter values. The
SUSY particle masses are calculated by the SPheno 4.0.5 [21, 22] spectrum generator, which also produces
an SLHA file [23] for generating signal events for each point. Event generation and detector simulation is
not discussed in this whitepaper.

Section 2 describes how the scan is performed by using a Markov chain Monte Carlo procedure to sample
points from the 19-dimensional pMSSM parameter space. Section 3 describes how properties of theoretical
and experimental interest are calculated for each point. Section 4 reviews the scan coverage in terms of a
selection of interesting physics processes and estimates the impact of future precision measurements on the
pMSSM phase space. Conclusions and an outlook are given in Section 6.



2 Markov chain Monte Carlo sampling procedure

Due to the high dimensionality of the pMSSM and the large span of the parameter ranges (Table 1), the
parameter space considered in this scan is extremely large. A Markov chain Monte Carlo (McMC) [24-28]
algorithm is therefore used to explore the space in an efficient way, guided by a likelihood constructed from
existing experimental results (see Section 2.1)

To begin the McMC scan, an initial pMSSM point in the 19D parameter space is selected at random
within the ranges specified in Table 1. The SPheno spectrum generator is used to calculate the corresponding
particle masses and decays. The Higgs sector is then replaced with that calculated by FeynHiggs 2.18.0 [29-
36]. If SPheno or FeynHiggs indicate that the selected point is not a valid pMSSM model, e.g., that there is
no tachyon present in the spectrum, or the LSP is determined to not be a neutralino, a new random point
is selected until a viable initial point is obtained. The McMC likelihood for the initial point is calculated as
described in Section 2.1.

The following steps are repeated until the desired number of points is reached:

1. A new pMSSM point & is selected from the previous one (Z) by sampling randomly from the probability
distribution given by the stepping functions f;(z;), where i is the parameter index. The form of the
stepping function is discussed in detail in Section 2.2.

2. If the pMSSM point does not fall within the ranges listed in Table 1, return to step 1.

3. The particle spectrum and Higgs sector quantities for &’ are calculated with SPheno and FeynHiggs
respectively. If the pMSSM point is not a valid model or the uncertainty on the calculated Higgs boson
mass is larger than 5 GeV, return to step 1.

4. Perform additional calculations required to compute the McMC likelihood (detailed in Section 2.1).

5. If the likelihood ratio L(Z')/L(Z) > 1, the point is accepted. If the likelihood ratio satisfies L(Z')/L(Z)
1, it is compared to a random number ng in the interval [0,1], and the point is accepted if L(Z")/L(Z)
ng (this allows the McMC to move away from a local minimum). Otherwise, the point is rejected.

<
>

6. If the point is rejected, return to step 1.

7. If the point is accepted, save the point. Then take Z = ¥’ and repeat from step 1.

The final pMSSM scan comprises the union of 400 independent McMC scan threads, each starting from
a unique random initial point.
2.1 Construction of the likelihood

In order to steer the McMC out of regions of parameter space that are well excluded by existing measurements,
a likelihood function is constructed to quantify the compatibility of each generated pMSSM point with the
following experimental results:

e Measured branching ratios of B — 7v, Dy — 7v, and Dy — pv, computed by SPheno 4.0.5;
e Measurements of additional B-physics observables and their correlations, computed with Superiso [37];

e Higgs boson measurements from LEP, the Tevatron, and the LHC (computed with HiggsSignals [38,
39] and HiggsBounds [40-44];

e Measurement of Aa, from the muon g — 2 experiment (in half of scan threads, see below).

The total likelihood is taken to be a product of the contribution from each of these sources.

The branching ratios B — 7v, Dy — 7v, and Dy — pv have a Gaussian contribution to the total
likelihood, with the mean and width corresponding to the measured value and uncertainties, respectively.
The contribution of each observable to the total likelihood is the Gaussian likelihood function evaluated at
the value calculated by SPheno.



For each sampled pMSSM point, the Superiso 4.1 package [37] is used to calculate the values of nine
additional B-physics observables from the spectrum provided by SPheno. Superiso also provides the com-
patibility of the calculated observables with existing measurements in the form of a x2, which is incorporated
into the likelihood according to

2)(2 -1
L= ()(71)(72)67%/2 : (1)
221(%)
where n is the number of measurements. The B-physics observables included in the Superiso x? are listed
in Table 3, corresponding to n = 9.

Observable N(meas.)
BR(B® - K*0y) 1
BR(Bs — pj) 1
BR(Bg — i) 1
BR(b — sv) 1
BR(b — sup) 2
BR(b — see) 2

Table 3: B-physics observables included in the calculation the x2? from Superiso. For the last two rows,
measurements from two energy regions are included.

HiggsSignals 2.6.0 [38, 39] is then used to calculate each point’s compatibility with LHC Higgs rate
measurements, including measurements of the Higgs boson mass. HiggsSignals returns a x? value, which is
incorporated into the total likelihood according to Equation 1 with number of degrees of freedom n = 107.
The likelihood corresponding to H/A — 77 searches at the LHC is calculated by HiggsBounds 5.9.1 [40—44]
and included in the total McMC likelihood (for the application of the other search channels, see below).

The difference between the standard model value and the pMSSM value for the anomalous muon magnetic
moment, Aa,, is calculated for each point by the GM2Calc package [45, 46]. In order to allow for sufficient
statistics near both the SM value of Aa, = 0 and the measured central value of Aa, = 251 x 107! [47],
Aa,, is included in the likelihood for only half of the scan threads. When included in the likelihood, the Aa,,
contribution is taken to be Gaussian with mean corresponding to the measured central value, with the same
value (251 x 10711) used for the width. This approach ensures that pMSSM regions near the measured value
and the SM prediction are both populated by the scan.

The McMC likelihood does not include the following observables, though their values are computed for
each point to allow understanding of how the allowed pMSSM space relates to physical observables of interest:

e Character and composition of the lightest neutralino, which is taken as the DM candidate;
e DM-nucleon cross sections;

e DM relic density Q2.

2.2 Stepping in the McMC

Given pMSSM point &, the stepping functions f;(z;) are the probability distributions from which the next
pMSSM point is chosen, where i is the parameter index. Two forms are considered for the stepping functions
in the pMSSM scan. The first is denoted linear:

f(z;) = Gaus(p = 24,0 = 09 X W) . (2)

Here, w is the width of the parameter range allowed for parameter x; (see Table 1), and oy is a tunable step
size parameter. The second stepping function is denoted logarithmic:

f(z;) = exp [Gaus(p = In|z;|,0 = 09 X )] , (3)



where w and o have the same meanings as above.

Because the logarithmic stepping function is positive definite, each new point selected from this distri-
bution will have positive sign. However, some pMSSM parameters can have negative values (My, May, u, Ay,
Ap, A;). The sign of each parameter is therefore fixed to that of the randomly selected initial point, and the
magnitude only is determined by the stepping function. The final combination of many scans with different
initial points ensures that all sign combinations are explored.

Relative to the linear stepping function, the logarithmic stepping function ensures that lower parameter
values are explored with finer granularity than higher ones. This has several advantages for the pMSSM
scan. First, the highest parameter values are inaccessible to many collider scenarios of interest for Snowmass
2021, and the use of log stepping in some or all parameters ensures that the scan is not overwhelmed by
points only accessible at a 100 TeV proton-proton collider. Second, at lower sparticle masses, it becomes
more likely to obtain so called “compressed spectra”’ in which a more diverse array of experimental signatures
result from small differences between sparticle masses.

A series of small-scale (200,000 point) test scans are generated to optimize the choice of stepping functions.
In these tests, the logarithmic stepping function is taken as the default for all pMSSM parameters, and four
values of the step size are tested: o9 = 0.05, 0.10, 0.20, and 0.30. These scans are labelled by “Log oy”
for the remainder of this section. An additional scan setup, “Lin 0.05”, aims to sample a higher fraction of
points where the strong SUSY sector is decoupled: here, the logarithmic stepping function (o¢ = 0.05) is
used for all but the squark and gluino mass parameters, which instead employ the linear stepping function
with o9 = 0.05.

Figure 1 shows the distribution of gluino (top) up-type squark (bottom) mass parameters for points
sampled by the McMC for the different stepping configurations. For the logarithmic stepping scenarios, an
increase in o corresponds to an increase in the slope of the distribution, and therefore to the fraction of
events with high squark masses.

Log step, 0o =0.3
Log step, 0p=0.2
Log step, 0o =0.1
Log step, 0o =0.05
Lin step, 0p = 0.05
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Figure 1: Squark and gluino mass parameter values of sampled pMSSM points accepted by the McMC,
shown for different stepping configurations. The black distribution corresponds to Lin 0.05, which is chosen
as the baseline.

The test scan setups are listed in the top section of Table 4. The middle section of this table reports the
number of points sampled, accepted by the McMC, and accepted after post-processing (described in Section



3), as well as the total efficiency.
The lower portion of Table 4 shows the fraction of points in a few regions that are of special interest:

e Strong SUSY sector is decoupled: lightest squark or gluino mass > 10 TeV;

e Compressed mass spectra: Am between the lightest SUSY particle (LSP) and the stop or gluino < 500
GeV.

A high density of points in both regions is useful for Snowmass 2021 studies.

Log 0.05 Log 0.10 Log 0.20 Log 0.30 Lin 0.05

Stepping (q, §) log log log log lin
Stepping (other) log log log log log
Step width oq 5% 10% 20% 30% 5%
Sampled points 200,100 200,100 200,100 200,100 200,100
McMC accepted points 1,376 483 227 178 46,141
Post-process accepted points 345 124 53 46 23,064
Total Efficiency 0.17% 0.06% 0.03% 0.02% 11.8%
Strong decoupling 34 22 18 13 3,917
Am(LSP - §) < 500 GeV 4 2 0 0 13
Am(LSP — £) < 500 GeV 2 0 0 0 9

Table 4: Results of the test scans with different stepping configurations. The criteria for points with strong
decoupling is that the squark, gluino masses are all > 10 TeV.

The Lin 0.05 setup contains the highest fraction of points with squark and gluino masses above 10 TeV,
as seen in both Figure 1 and Table 4. Largely for this reason, the Lin 0.05 test scan is deemed the most
optimal and is used as the final stepping configuration.

In order to maximize the statistics of the final scan, the results of the four non-optimal test scans presented
in this section are combined with the results of the final configuration. However, the contribution from these
test scans is small, and the overall scan behavior follows that of Lin 0.05.

3 Selection of sampled points

Following the sampling of pMSSM points, a post-processing step is applied to further remove experimentally
disfavored regions of the parameter space from the scan. In particular, points are rejected if they satisfy one
or more of the following criteria:

e excluded at 95% CL by LHC Higgs searches, as calculated by HiggsBounds;
e excluded at 95% CL by LHC SUSY searches, as calculated by SModelS [48-51];
e excluded at 95% CL by dark matter measurements, as calculated by MiccOMEGAs [52-54].

The HiggsBounds likelihood of the H/A — 77 search is used directly in the McMC likelihood described
above. However, the boolean constraints calculated by HiggsBounds, which indicate whether a point is
excluded by LHC Higgs searches, are applied only at the post-processing stage. HiggsBounds tests each of
the Higgs bosons individually, where in each case the potentially strongest bound (i.e. the channel with the
highest expected sensitivity) is applied. A pMSSM point is rejected if it is excluded at 95% CL by at least
one of the applied Higgs boson search channels.

The exclusion limits from LHC SMS searches on each pMSSM point are calculated by SModelS 2.1
[48-51]. SModelS first decomposes each pMSSM point into all relevant SMS models, then computest the
cross section of the simplified model processes. Finally, the cross section of each simplified model process
is compared to to the experimental limit. The pMSSM point is rejected if any simplified model process is
excluded at 95% CL.



The MicrOMEGASs package [52] 5.2.7.a calculates exclusion limits from Z — invisible, DM direct de-
tection experiments [54], and searches for sparticle and DM production in ete™ collisions from LEP [53].
Points excluded by any of these measurements at 90% CL are rejected. The DM relic density Qh? is also
calculated at the post-processing step by MicrOMEGAs. Though not included in the McMC likelihood,
this observable can be used to further focus on regions of the pMSSM scan that are experimentally and
theoretically motivated.

An overview of the scanned pMSSM points is shown in Table 5. The first and second columns show the
portions of the scan that do and do not use Aa,, in the McMC likelihood, respectively. Note that the scan
efficiency is much higher when A, is not included in the likelihood, but the fraction of points with Aa,,
near the measured value (last row) is small. The total scan statistics, corresponding to the sum of the first
two columns, are shown in the final column of Table 5.

With Aa,  Without Aa, Total

Sampled points 14,194,316 16,848,695 31,043,011
McMC accepted points 156,599 6,800,642 6,957,241
Post-process accepted points 44,444 3,312,480 3,356,924
Total Efficiency 0.3% 20% 11%

Strong decoupling 5,529 577,695 583,224
Am(LSP, gluino) < 500 GeV 24 2,412 2,436
Am(LSP, stop) < 500 GeV 14 1,480 1,494

Aa,, within measured +1o of 19,540 3,212 22,752

Table 5: Summary of the scanned pMSSM points. The criteria for points with strong decoupling is that the
squark, gluino masses are all > 10 TeV.

4 Results

Precision measurements of sensitive observables can be a powerful tool for constraining physics beyond the
standard model. This section presents studies of a select few observables, and how future experiments are
projected to impact the allowed pMSSM space.

4.1 Higgs boson properties

Higgs boson couplings for each pMSSM point are calculated by FeynHiggs and studied in the x-framework
[55, 56], where for particle p with Higgs coupling A,

>\p
)\p,SM '

kp = (4)

The Higgs boson coupling to quarks (top, bottom, and charm) and leptons (tau and muon) are found to
peak sharply the expected SM value of k = 1. This is consistent with the LHC measurements to date, which
enter the McMC likelihood through the contribution from HiggsSignals.

The couplings to the top quark, bottom quark, and tau lepton are shown for each pMSSM point in
Figure 2. The sampled pMSSM points that are excluded at post-processing are shown separately from the
final accepted sample. Points accepted by the McMC but excluded at 95% CL by HiggsBounds (LHC Higgs
searches) are shown in purple. Of the remaining points, those excluded at 95% CL by SModelS (LHC SUSY
searches) are shown in dark blue. And of the remaining points, those excluded at 95% CL by MictOMEGAs
(DM measurements) are shown in light blue. The green distribution shows the points that are fully accepted
after all post-processing steps.

The distributions of k. and x, (not shown) closely resemble those of k; and k., respectively. The
distributions found for k¢, kp and k., as shown in Figure 2, agree with the deviations expected in a 2HDM
type II, i.e. the tree-level structure of the MSSM Higgs sector.! The deviations from unity scale with

1Genuine SUSY contributions to the various Higgs-boson couplings have been found to be relatively small [57].
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Figure 2: Higgs couplings k;, kp, and k. calculated by FeynHiggs for each pMSSM point.

sin(f — a) + cos(f — «)/tan S for k; and with sin(8 — «) — cos(8 — a) tan 8 for kp » (o is the angle that
diagonalizes the CP-even Higgs sector). For M4 — oo one finds f—a — 7/2 (sin(8—a) — 1). Consequently,
for tan 8 > 1 (as in this scan) one finds smaller deviations from unity for x; and larger opposite sign deviations
for kp-. The pseudo-scalar component of each Higgs-fermion coupling is also calculated, but is not found
to deviate from zero in any of the sampled pMSSM points. Taking into account the size of the deviations of
Kt b~ from unity and the expected experimental precision at current and future experiments in the various
K determinations, kp is clearly the quantity to search for deviations from the SM.

Three benchmarks [58] are selected to quantify future precision on the Higgs-bottom quark coupling ky:

e the projected precision of ILC 250: x; = 1 & 1.8%;
e the projected precision of FCC ee 240: k, = 1 4+ 1.3%;
e the projected precision of FCC ee/eh/hh: kp =14 0.43% ;

The fraction of sampled pMSSM points with x; within £1o of the SM value is shown in Figure 3 as a
function of M4 (left) and tan 8 (right). The ILC, FCC ee, and FCC ee/eh/hh benchmarks are shown in
black, orange, and red, respectively. Increasing the anticipated precision on k; cuts away particularly points
at low M4 as observed in the left plot, in agreement with the expected decoupling behavior. The behavior
with tan 8 shows that for fixed M4 the decoupling approached for increasing tan (.
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Figure 3: Fraction of scanned pMSSM points with x; within +10 of the SM value, as a function of M4 (left)
and tan 8 (right). The ILC, FCC ee, and FCC ee/eh/hh 1o benchmarks are shown in black, orange, and
red, respectively.

Figure 4 shows the fraction of the sampled pMSSM points in the M s—tan 8 plane that are found with
kyp close to unity within £1% (corresponding roughly to the anticiated 95% CL FCC ee/eh/hh limit) in the



left and within +0.2% in the right plot. The gray region is excluded by current searches for heavy MSSM
Higgs bosons. The 1% limit cuts away most points below M4 < 2000 GeV, setting an indirect lower bound
on the MSSM heavy Higgs mass scale. A stronger bound can be found for the increased precision of 0.2%,
where M4 ~ 2 TeV would only be allowed for large tan § values. The projected limits from direct searches
for heavy MSSM Higgs bosons at the HL-LHC (cyan) and the FCC-hh (green) are overlaid. Even with the
full precision on ky;, expected at the FCC-hh, the indirect limit is far less powerful than direct searches.
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Figure 4: Fraction sampled pMSSM points with &, within 1% (left) and £0.2% (right) of the SM expec-
tation, shown as a function of tan 5 and M4. The projected limits from direct searches for heavy MSSM
Higgs bosons at the HL-LHC (cyan) and the FCC-hh (green) are overlaid.

The effective coupling of the Higgs boson to photons, which occurs through loop processes dominated by
the W boson and top quark, is another sensitive observable due to the high experimental precision achievable
in diphoton final states. This effective coupling, &, is defined by

BR(H — v7v)
2
iy = BRsm(H — v7) (5)

The distribution of x, for the sampled pMSSM points is shown in Figure 5. Values of x, > 1.25 are
excluded by existing Higgs measurements.
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Figure 5: Effective Higgs-photon coupling, x~, calculated by FeynHiggs for each pMSSM point.

Figure 6 shows the fraction of the sampled pMSSM points in the M 4-tan 3 plane that are found with .,
close to unity within +0.6% (corresponding roughly to the anticiated 95% CL FCC ee/eh/hh limit) in the
left and within +0.1% in the right plot. As in Figure 4, the gray region is excluded by current searches for



heavy MSSM Higgs bosons. As precision on . increases, points with low tan 8 are cut away because Sven
knows!.
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Figure 6: Fraction sampled pMSSM points with x, within £0.6% (left) and £0.1% (right) of the SM
expectation, shown as a function of tan 5 and M 4.

Similarly, figure 7 shows the fraction of points in the chargino-neutralino mass plane with ., within
14 0.6% (left) and 1 + 0.1% (right). The gray regions are excluded by existing measurements: the low
chargino mass region by mass limits from LEP and Z — invisible, and the other blob XXXX. With increasing
precision on ., model points with light charginos are excluded because Sven knows!.
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Figure 7: Fraction sampled pMSSM points with sy within +£0.6% (left) and +£0.1% (right) of the SM

expectation, shown as a function of chargino and neutralino masses.

4.2 Anomalous magnetic moment of the muon

Recent measurements of the anomalous muon magnetic moment Aa,, [47] in comparison with the SM pre-
diction [59] have sparked renewed interest in possible physics beyond the SM contributing to this observable.
The McMC likelihood is therefore constructed to populate the region near the measured value as well as
the value predicted within the SM (Aa, = 0). The distribution of Aa, for the sampled pMSSM points,
shown in Figure 8, exhibits the desired two-peak structure. Though much of the peak at the measured
value is excluded by SModelS, approximately 10% of points passing all selection have Aa, within 1o of the
measurement (denoted by vertical lines).
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Figure 8: Distribution of Aa, for the sampled pMSSM points. The predicted Standard Model value corre-
sponds to Aa, = 0, and the measured central value and uncertainties indicated by vertical lines.

In order to achieve a value of Aa, near the measured value of Aa, = 251 x 10—, SUSY contributions in-
volving smuon-neutralino or muon sneutrino-chargino loops are required. The corresponding particle masses
should not be too high, not to suppress these loop contributions, leading typically to a light smuon (see, e.g.,
[60]). The fraction of sampled pMSSM points with Aa,, within £1o of the measured value is shown in Figure
9 as a function of the smuon mass. Three values of o are considered: the uncertainty on the 2021 Muon g —2
measurement (59 x 107!!), the projected uncertainty at the end of running of the Muon g — 2 experiment
(a factor of two improvement in over 2021 in the combined experimental and theoretical uncertainty), and
a potential future precision benchmark of five times higher precision than the 2021 result. The fraction of
sampled points satisfying the +1o criterion is high for low values of the smuon mass (< 3 TeV).

1 Muon g-2 2021
2x better
[1 5x better

10—2 i

.

FUIUJ_H”M‘

0 5000 10000 15000 20000 25000
smuon mass [GeV]

Fraction of points

Figure 9: Fraction of scanned pMSSM points with Aa,, within £1o of the measured value, as a function of
the smuon mass. The black line corresponds to the measured 2021 uncertainty o = 59 x 10711, The green
and red lines correspond to a reduction in o of a factor of two and five, respectively.

4.3 Electroweakino dark matter

The DM particle is taken to correspond to the lightest neutralino in the model, x{. The DM relic density,
Qh?, is calculated by MiccOMEGAs. Figure 10 shows the relic density of the scanned pMSSM points,
with the Planck measurement [61] indicated by a vertical line. The pMSSM scan populates values of this
parameter over a very wide range compared to the experimental precision. The impact of LHC searches on
the allowed values of Qh? is quite pronounced: the majority of points with low relic density are excluded by
SModelS.
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Figure 10: The DM relic density for each sampled pMSSM point. The measured value of Qh? is indicated
by vertical lines.

The DM candidate particle is a superposition of electroweakino states (bino, wino?, and higgsino). Each
pMSSM point is labelled by the electroweakino comprising the largest component of x?, thereby separating
the scan into samples with bino-, wino-, and higgsino-like DM. Table 6 shows the breakdown of pMSSM
points by the composition of the DM candidate.

McMC accepted Post-process accepted

Mostly wino 872,256 188,576
Mostly bino 5,513,680 3,071,103
Mostly higgsino 506,469 97,222
Mixed wino/bino 172 6

Mixed bino/higgsino 9,219 2

Mixed wino/higgsino 8,100 1

Other A7 445 14

Table 6: Number of scanned pMSSM points with different composition of the DM candidate. The DM
candidate is considered mostly pure if a single electroweakino comprises > 80% of the admixture, and mixed
if two components each contribute > 40%.

The DM relic density for each component sample is shown in Figure 11. The sampled points with very high
relic density are dominated by models with bino-like DM. Wino-like DM, on the other hand, is concentrated
at low values of Qh2. Near the measured value of the relic density, wino-, bino-, and higgsino-like DM all
contribute.

The two dimensional distribution in the space of the relic density and DM particle mass is shown in
Figure 12. Points that are excluded by SModelS, HiggsBounds, and MicrOMEGAS are shown in light gray,
and accepted points are color-coded by the DM composition. The Z- and Higgs-funnels, where the bosons
contribute resonantly to the DM annihilation cross section, are clearly visible. Points in these funnel regions
with relic density less than ~ 0.1 are excluded by DM direct detection and mass limits from LEP. The region
near neutralion mass ~ 100 GeV and Qh? ~ 0.01 is excluded by SMS searches at the LHC, particularly
XXXXXXXX. Points with neutralino mass less than ~ 1 GeV are excluded at lower relic density by limits
from Z — invisible.

Figure 13 shows the two dimensional distribution of the DM candidate mass and DM-neutron spin-
independent cross section. The cross DM-proton spin-independent cross section gives a similar distribution.
As in Figure 12, points that are excluded by SModelS, HiggsBounds, and MicrOMEGAS are shown in light
gray, and accepted points are color-coded by the DM composition. The exclusion due to DM direct detection

2Keep in mind that the on-shell mass spectrum in the chargino/neutralino sector in the case of wino DM requires higher-order
corrections that depend on the hierarchy of Ma, M; and u. These corrections so far cannot be taken into account in automated
way (see the discussion in [62]). Consequently, the results shown here for wino DM cannot be regarded as fully reliable.
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Figure 11: Distribution of the dark matter relic density for the sampled pMSSM points, after the full selection
has been applied, broken down by the electroweakino composition of the dark matter candidate.
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Figure 12: Distribution of the DM candidate mass and relic density for the sampled pMSSM points. Points
excluded by existing measurements are shown in light gray. The remaining points are broken down by the
electroweakino composition of the DM candidate. The DM candidate is considered mostly pure if a single
electroweakino comprises > 80% of the admixture, and mixed otherwise.
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experiments is clearly visible at high cross section values in the region above m(x}) ~ 10 GeV. Additional
exclusions from LHC SMS searches for heavy stable charged particles [XXXX] contribute to the dip in
allowed cross section in the range 100-1000 GeV.
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Figure 13: Distribution of the DM candidate mass and DM-neutron spin-independent cross section for the
sampled pMSSM points. Points excluded by existing measurements are shown in light gray. The remaining
points are broken down by the electroweakino composition of the DM candidate.

5 Summarizing the kinematics of non-excluded pMSSM models

Models resulting from a pMSSM scan and that have not been excluded by experimental results can be used
to identify new promising regions in experimental observable space (the space made up of all experimental
observables, such as momenta of particles and invariant masses of combinations of particles) which can be
studied to develop future BSM searches and even guide future experimental design. Non-excluded models
were explored in previous ATLAS and CMS searches WH: not sure if I should cite the ATLAS and CMS
results again to understand why they evaded the reach of these experiments. Within ATLAS, some of
these models had their mass spectra manually inspected to gain insight into their expected signature in
experimental observable space. However, the experimental observable space of the non-excluded models was
not systematically probed and no new searches were designed on the basis of the non-excluded models, owing
to the difficulty of interpreting thousands of models manually. CMS interpreted the non-excluded models
as a function of average values of observables. This yielded valuable information about the observables of
non-excluded models, but was difficult to interpret because of the large number of models.

Systematically probing the observable space of non-excluded models requires novel techniques that are
able to summarize thousands of models that populate high-dimensional observable spaces. Machine learning
(ML) is especially adept at processing high-dimensional spaces and can be utilized to identify promising
new search regions inspired by the pMSSM. In particular, ML clustering techniques, which group similar
data points together, could group multiple models with different theory parameters but similar experimental
signatures, forming the basis for new search regions (since the regions are based on models that have evaded
previous searches). A sketch of the proposed clustering workflow is shown in Figure 14. Once a set of
regions has been selected, further studies can be performed to assess the viability of robustly estimating
SM backgrounds for these regions with (semi)-data-driven methods. (These studies would address questions
such as the following: Can a control region with sufficient data statistics be designed?)

Several techniques, such as k-means [63] and density-based clustering [64], exist that can be used to group
models with similar experimental signatures together. Feasibility studies were performed which were based
on SMS searches for new physics in events with two top quarks and significant missing transverse energy
in the all-hadronic channel. The simplified model has two parameters, the top squark mass (m;) and the
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Figure 14: Workflow for interpreting non-excluded pMSSM models with clustering in a toy example two-
dimensional space. The two theory parameter values for four models (SM, pMSSM1-3) are shown in (a),
while the space that these models populate in experimental observable space (filled with MC simulations of
the models) is shown in (b) and (c).

neutralino mass (mgo), which have a known effect on the observable space. A five-dimensional observable
space, consisting of common variables used in analyses (i.e., MET, HT, pr’s of the leading four jets, and jet
multiplicity), was clustered using the k-means—+gap statistic [65] method. Additionally, simulations of a grid
of SMS models with different theory parameter values, expected to be associated with distinct distributions
of their observables, were produces using Madgraph+Delphes. The results of applying k-means to form
clusters of this theory model grid in the two-dimensional theory parameter space are shown in Figure 15a
and demonstrate that k-means groups models in a similar way as the manually designed search (which had
three major regions [66]). The exact number of clusters (i.e., regions) is not important, since the final goal of
the approach is to reduce thousands of models to a handful of promising regions. Similar to the visualization
used in the Run 1 CMS pMSSM scan, Figure 15b shows the median and 68% confidence interval (CI) of the
observables used for clustering for each of the clusters. Figure 15b could have included all the SMS models
but this would have been more difficult to interpret and would yield less insight into what type of regions
could be designed to be sensitive to non-excluded models. The reduction from 100s of SMS models to three
regions significantly helps the interpretability of the kinematics of the non-excluded models. Figure 15b also
shows

Applying the above clustering technique to pMSSM scans which include future experiments and colliders
could guide detector and trigger design by identifying regions of observable space that are populated by
pMSSM models but for which a proposed analysis, trigger, or detector designs have limited sensitivity.

6 Conclusion

An extensive scan of the pMSSM parameter space has been completed for Snowmass 2021. The scanned
parameter space covers ranges that will be accessible ranges to many future collider scenarios, including
electron, muon, and hadron colliders at a center of mass energies up to 100 TeV. The choice of a Markov
chain Monte Carlo sampling method ensures that the 19 dimensional parameter space is explored efficiently.
The inclusion of current measurements in the likelihood ensures that space that is experimentally disfavored
is not prioritized. Additional selection at the post-processing stage accounts for the effects of LHC Higgs
and SUSY SMS searches and DM measurements. The impact of future precision measurements on Higgs
couplings, Aa,,, and DM quantities is presented.
Future plans. Jim
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Figure 15: Division of a SMS model grid (a) after applying k-means on common observables. The median
and 68% CI bands of observables are shown in (b) which indicates that the leading difference for these models
is the MET and jet multiplicity, as expected. The green dots correspond to a region where the sparticle
masses are similar and thus only low- objects are produced which results in a low jet multiplicity. The red
dots, on the other hand, are have large sparticle mass splittings which results in large MET. The y-axis of
(b) is the value of the observable after being normalized to be in a range of [0,1].
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A Coverage of the scan

Throughout this section, sampled pMSSM points that are excluded at post-processing are shown separately
from the final accepted sample. Points accepted by the McMC but excluded at 95% CL by HiggsBounds
(LHC Higgs searches) are shown in purple. Of the remaining points, those excluded at 95% CL by SModels
(LHC SUSY searches) are shown in dark blue. And of the remaining points, those excluded at 95% CL by
Micromegas (dark matter measurements) are shown in light blue. The green distribution shows the points
that are fully accepted after all post-processing steps.

A.1 pMSSM parameters

The distribution of the sampled trilinear couplings (A, Ay, and A;) are shown in Figure 16. The symmetry
across 0 shows that the random selection of initial scan points does indeed populate all sign combinations
effectively.
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Figure 16: Distribution of the trilinear couplings A;, A;, and A; of sampled pMSSM points.

The distributions of the sampled gaugino mass parameters (u, My, Ms, and Ms) are shown in Figure
17. Again, good symmetry across 0 is observed in u, M;, and Ms. The power of LHC SUSY searches is
visible at low values of these mass parameters, where the SModelS exclusion rules out the majority of points
accepted by the McMC.

The sampled values of slepton mass parameters are shown in Figure 18 for left-handed (left) and right-
handed (right) sleptons. The peak at low values of the smuon/selectron mass corresponds to those points
with large Aa,. These are largely excluded by SModelS.

The sampled squark mass parameters are shown in Figure 19: the left column shows the right-handed
up-type, the center column shows the right-handed down-type, and the right column shows the left-handed
squark masses. Again, LHC searches have been able to exclude much of the parameter space at low squark
masses, as showwn by the SModelS exclusion.

The pMSSM Higgs paramters, the mass of the heavy Higgs boson M4 and tan 3, are shown in Figure
20. HiggsBounds, which includes dedicated LHC searches for the decay of the heavy Higgs, and SModelS
exclude all points with M, < 1 TeV.
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A.2 Sparticle masses

This section shows the distributions of sparticle masses of the sampled pMSSM points. Figure 21 shows the
slepton masses, and Figure 22 shows the sneutrino masses. Figure 23 shows the sbottom and stop quark
masses, and Figure 24 shows the gluino mass. The neutralino and chargino masses are shown in Figures 25
and 26, respectively.
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A.3 Standard Model observables

The top and bottom quark masses, along with the strong coupling constant ag, for each pMSSM point are
shown in Figure 27.

106 —— Measured
ul ---- *1sigma
£10° B HB excluded
; 10 EEE SModelS excluded
7 I MMG excluded
Z 10° [ Accepted
E 102
o
€
& 10!

100

4.1 4.2 4.3
bottom quark mass [GeV]

Sampled pMSSM points
Sampled pMSSM points

170 172 174 176 0.114 0.116 0.118 0.120 0.122
top quark mass [GeV] Strong coupling constant as

Figure 27: Strong coupling constant (left), bottom quark mass (center), and top quark mass (right) for each
sampled pMSSM point, with the measured value and uncertainties indicated by vertical lines.
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