Eur. Phys. J. C (2018) 78:256
https://doi.org/10.1140/epjc/s10052-018-5697-0

THE EUROPEAN

k CrossMark
PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Likelihood analysis of the pMSSM11 in light of LHC 13-TeV data

E. Bagnaschi'*

, K. Sakurai2, M. Borsato®, O. Buchmueller*, M. Citron®, J. C. Costa*, A. De Roeck’*°,

M. J. Dolan’, J. R. Ellis®*-1°, H. Fliicher'!, S. Heinemeyer'>-!3!4, M. Lucio®, D. Martinez Santos>, K. A. Olive'>,
A. Richards?, V. C. Spanos'®, I. Suirez Fernandez’, G. Weiglein'

I DESY, NotkestraBe 85, 22607 Hamburg, Germany

2 Faculty of Physics, Institute of Theoretical Physics, University of Warsaw, ul. Pasteura 5, 02-093 Warsaw, Poland

3 Instituto Galego de Fisica de Altas Enerxias, Universidade de Santiago de Compostela, Santiago de Compostela, Spain
4 High Energy Physics Group, Blackett Laboratory, Imperial College, Prince Consort Road, London SW7 2AZ, UK

5 Experimental Physics Department, CERN, 1211 Geneva 23, Switzerland

6 Antwerp University, 2610 Wilrijk, Belgium

7 ARC Centre of Excellence for Particle Physics at the Terascale, School of Physics, University of Melbourne, 3010 Melbourne, Australia
8 Theoretical Particle Physics and Cosmology Group, Department of Physics, King’s College London, London WC2R 2LS, UK
9 National Institute of Chemical Physics and Biophysics, Révala 10, 10143 Tallinn, Estonia

10 Theoretical Physics Department, CERN, 1211 Geneva 23, Switzerland

H H. Wills Physics Laboratory, University of Bristol, Tyndall Avenue, Bristol BS8 1TL, UK

12 Campus of International Excellence UAM+CSIC, Cantoblanco, 28049 Madrid, Spain

13 Instituto de Fisica Te6rica UAM-CSIC, C/ Nicolas Cabrera 13-15, 28049 Madrid, Spain

14 Instituto de Fisica de Cantabria (CSIC-UC), Avda. de Los Castros s/n, 39005 Santander, Spain

15 William I. Fine Theoretical Physics Institute, School of Physics and Astronomy, University of Minnesota, Minneapolis, MN 55455, USA
16 Section of Nuclear and Particle Physics, Department of Physics, National and Kapodistrian University of Athens, 15784 Athens, Greece

Received: 16 November 2017 / Accepted: 3 March 2018
© The Author(s) 2018

Abstract We use MasterCode to perform a frequentist
analysis of the constraints on a phenomenological MSSM
model with 11 parameters, the pMSSM11, including con-
straints from ~ 36/fb of LHC data at 13 TeV and PICO,
XENONIT and PandaX-II searches for dark matter scat-
tering, as well as previous accelerator and astrophysical
measurements, presenting fits both with and without the
(g—2),, constraint. The pMSSM 11 is specified by the follow-
ing parameters: 3 gaugino masses Mj > 3, a common mass
for the first-and second-generation squarks m; and a dis-
tinct third-generation squark mass mg;, a common mass for
the first-and second-generation sleptons m; and a distinct
third-generation slepton mass m 3, acommon trilinear mixing
parameter A, the Higgs mixing parameter p, the pseudoscalar
Higgs mass M4 and tan 8. In the fit including (g — 2),,
a Bino-like y is preferred, whereas a Higgsino-like )?? is
mildly favoured when the (g —2),, constraint is dropped. We
identify the mechanisms that operate in different regions of
the pMSSM11 parameter space to bring the relic density of
the lightest neutralino, )Z?, into the range indicated by cos-
mological data. In the fit including (g — 2), coannihilations
with f(g and the Wino-like Xli or with nearly-degenerate first-
and second-generation sleptons are active, whereas coanni-
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hilations with the )Zg and the Higgsino-like )Zli or with first-
and second-generation squarks may be important when the
(g — 2), constraint is dropped. In the two cases, we present
x? functions in two-dimensional mass planes as well as
their one-dimensional profile projections and best-fit spectra.
Prospects remain for discovering strongly-interacting sparti-
cles at the LHC, in both the scenarios with and without the
(g —2), constraint, as well as for discovering electroweakly-
interacting sparticles at a future linear e*e™ collider such as
the ILC or CLIC.

1 Introduction

Supersymmetric (SUSY) models of TeV-scale physics are
being subjected to increasing pressure by the strengthening
constraints imposed by LHC experiments [1,2] and searches
for Dark Matter (DM) [3-6]. In particular, in the context of
models with soft supersymmetry-breaking parameters con-
strained to be universal at a high unification scale, the LHC
limits on sparticle masses have been in increasing tension
with a supersymmetric interpretation of the anomalous mag-
netic moment of the muon, (g — 2),,, which would require
relatively light sleptons and electroweak gauginos [7-13].
This pressure has been ratcheted up by the advent of ~ 36/fb
of data from Run 2 of the LHC at a centre-of-mass energy
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of 13 TeV [14-16],! which probe supersymmetric models at
significantly higher mass scales than was possible in Run 1 at
7 and 8 TeV in the centre of mass. In parallel, direct searches
for DM scattering have also been making significant progress
towards the neutrino ‘floor’ [17,18], in particular with the
recent data releases from the LUX, PICO, XENONIT and
PandaX-II experiments [3—6]. Here we analyze these con-
straints in the minimal supersymmetric extension of the Stan-
dard Model (MSSM), which, because of R-parity, has a stable
cosmological relic particle that we assume to be the lightest
neutralino, )Z? [19,20].

The strengthening phenomenological, experimental and
astrophysical constraints on supersymmetry (SUSY) were
initially explored mainly in the contexts of models in
which SUSY breaking was assumed to be universal at the
GUT scale, such as the constrained MSSM (CMSSM) [7-
11,21-31], non-universal Higgs models (NUHM1,2) [11,
12],? the minimal anomaly-mediated SUSY-breaking model
(mAMSB) [33], and models based on the SU(S) group [34].
These models are tractable by virtue of having a rela-
tively limited number of parameters, though the universality
assumptions they employ are not necessarily well supported
in scenarios motivated by fundamental principles, such as
string theory. Their limited parameter spaces are amenable to
analysis, e.g., in the frequentist approach we follow, in which
one constructs a global likelihood function that embodies all
the information provided by the multiple constraints.

Alternatively, one may study phenomenological models
in which the soft SUSY-breaking parameters are not con-
strained by any universality assumptions, though subject to
milder constraints emanating, in particular, from upper lim-
its on SUSY contributions to flavour-changing processes.
These phenomenological MSSM (pMSSM) [35-43] models
contain many more parameters, whose exploration is com-
putationally demanding. There have been cut-based global
analyses of variants of the pMSSM with as many as 19
parameters [44—48] and global fits focused on specific sec-
tors or parameter ranges [49,50], however in the past we have
restricted our frequentist attentions to a variant of the pMSSM
with 10 parameters, the p MSSM10[13,51]. These were taken
to be 3 independent gaugino masses, M2 3, a common
electroweak-scale mass for the first-and second-generation
squarks, mg, a distinct mass for the third-generation squarks,
mg,, a common electroweak-scale mass m i for the sleptons,
a single trilinear mixing parameter A that is universal at the

! We use here results from SUSY searches by the CMS Collaboration:
the results from ATLAS [2] yield similar constraints.

2 For arecent analysis of these models in light of ~ 13/fb of LHC data at
13 TeV, see [32]. This analysis does not include the PICO, XENONIT
and most recent PandaX-II results, and has other differences that are
noted later in this paper.
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electroweak scale, the Higgs mixing parameter u, the pseu-
doscalar Higgs mass, M 4 and the ratio of Higgs vevs, tan 8.3

It is desirable to extend this type of analysis to more gen-
eral variants of the pMSSM, for a couple of reasons. One
is that the lower bounds on sparticle masses will, in gen-
eral, be weaker in models with more parameters, so one
should explore such models before making statements about
the magnitudes of these lower bounds and prospects for dis-
covering sparticles at the LHC or elsewhere. Another reason
is that reconciling the strengthening LHC constraints with
the cosmological DM density constraint requires, in gen-
eral, specific relations between sparticle masses that suppress
the relic density via coannihilation effects and/or rapid anni-
hilations through direct-channel resonances. Therefore one
should study models capable of accommodating these DM
mechanisms [51].

Examples of DM mechanisms that have been studied
extensively in the past [51] include coannihilation with the
lighter stau slepton, 71, the lighter chargino, )Zli or the lighter
stop squark, 71, and rapid annihilations via the Z boson,
the 125-GeV Higgs boson, A, or the heavier MSSM Higgs
bosons, H/A. More recently, the possibility of coannihila-
tion with gluinos, g, has been explored in models with non-
universal gaugino masses [53,54], and coannihilation with
the right-handed up-type squarks of the first two generations,
g /CR,emerged as a possibility in an SU(5) model with non-
universal scalar masses ms, mg for sfermions in 5 and 10
representations [34].

All of these were possibilities in the pMSSMI10, but
in that scenario the stau and smuon masses were fixed to
be equal, putting the LHC constraints on stau coannihila-
tion in tension with the possibility of a SUSY interpre-
tation of (¢ — 2),, a tension that has increased with the
advent of the first LHC data at 13 TeV. In this paper we
study two possible resolutions of this issue. We study an
extension of the parameter space of the pMSSMI10 to 11
parameters by relaxing the equality between the soft SUSY-
breaking contributions to the stau mass and to the (still com-
mon) masses of the smuon and selectron, the pMSSM11.
In order to assess the importance of the (g — 2), con-
straint, we also consider a fit omitting the SUSY interpre-
tation of (g — 2),.. The principal results of this paper are
comparisons between the likelihoods of different spectra
in the pMSSM11 with and without (g — 2),, and com-
parisons between the likelihoods of different DM mecha-
nisms including 7, £, ¢ and § coannihilation, highlighting
the impacts of the LHC 13 TeV and recent DM scattering
data.

The layout of this paper is as follows. In Sect. 2 we
specify the framework of our analysis. Section 2.1 speci-

3 For a recent analysis of a 7-dimensional version of the MSSM in light
of ~ 13/fb of LHC data at 13 TeV, see [52].
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Table 1 The ranges of the

pMSSMI 1 parameters sampled, Parameter Range Number of segments Prior type
yvhi.Ch are divided into the M, (=4, 4) TeV 6 Soft
indicated numbers of segments,
yielding the total number of M 0,4 TeV 2 Soft
sample boxes shown in the last M3 (—4,4)TeV 4 Soft
ndcate the kind of prior wied, " oy ; o
where “soft” meansi flat prio; Mgs 0, 4)Tev 2 Soft
with Gaussian tails my 0,2)TeV 1 Soft
ms (0,2)TeV 1 Soft
My (0, 4) TeV 2 Soft
A (=5,5)TeV 1 Soft
m (=5,5)TeV 1 Soft
tan 8 (1, 60) 1 Soft
M; [55] n=173.34 GeV, 0 = 0.76 GeV 1 Gaussian
Mz [56] wn=91.1876 GeV, o = 0.0021 GeV 1 Gaussian
Aa) (M) [56] 1 = 0.02771, ¢ = 0.00011 1 Gaussian
Total number of boxes 384
fies the pMSSM1 1, establishes our notation for its parame- 3 gaugino masses : M| 3 3,
ters and describes our procedure for sampling the pMSSM1 1 2 squark masses : mg =mg,, mg,
parameter space. In Sect. 2.2 we review the MasterCode ;
tool to construct a global x? likelihood function combin- 7 Mgy = mi M.
ing constraints on model parameters, Sect. 2.3 describes 2 slepton masses : m; = my, = mg, = mzmg,
our treatments of the electroweak and flavour constraints, # mg, = msz, @8
including some updates compared with our previous anal- 1 trilinear coupling : A,
yses. In Sect. 2.4 we give details on our DM analysis, Higgs mixing parameter : 1t
which includes constraints on both spin-independent and ’
-dependent DM scattering [3-6]. Our implementations of ~ Pseudoscalar Higgs mass : My,
the constraints from ~ 36/fb of LHC at 13 TeV [14-16] ratio of vevs : tan 3,
are discussed in Sect. 2.5. Then, in Sect. 3.1 we present
results for the global likelihood function in various param-  where g1 = u,d, s, c, we assume soft SUSY-breaking

eter planes, highlighting the regions where different DM
mechanisms operate and comparing results with and with-
out the (g — 2),, constraint being applied. Section 4 displays
the one-dimensional profile likelihood functions for various
masses, mass differences and other observables in these two
cases, and also shows predictions for spin-independent and
-dependent DM scattering. Section 5 highlights the impacts
of the LHC 13-TeV data [14-16] and the recent direct
searches for astrophysical DM [3-6]. Section 6 discusses
the best-fit points, favoured and allowed spectra in these
pPMSSM scenarios. Finally, Sect. 7 summarizes our conclu-
sions.

2 Analysis framework
2.1 Model parameters

As mentioned above, in this paper we consider a pMSSM
scenario with eleven parameters, namely

parameters for left- and right-handed sfermions, and the
sneutrinos have the same soft SUSY-breaking parameter as
the corresponding charged sfermions. All of these parame-
ters are specified at a renormalisation scale Msysy given by
the geometric mean of the masses of the scalar top eigen-
states, Msysy = NP which is also the scale at which
electroweak symmetry breaking conditions are imposed. We
allow the sign of the mixing parameter u to be either positive
or negative. The important difference from the pMSSM10
scenario we studied previously [13] is that the first- and
second-generation slepton mass m; and the stau mass ms
are decoupled in the pMSSM11.#

The ranges of these parameters sampled in our analysis are
displayed in Table 1. In each case, we indicate in the third
column of Table 1 how the ranges of most of these parameters

4 In comparison, the pMSSM?7 scenario studied in [52] assumes gaug-
ino and squark/slepton mass universality at some input scale Q, and has
two trilinear couplings A; p, independent Higgs masses H, 4 and tan
as free parameters.
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are divided into segments, much as we did previously for our
analysis of the pMSSM10 [13].

These segments define boxes in the eleven-dimensional
parameter space, which we sample using the MultiNest
package [57-59]. In order to ensure a smooth overlap
between boxes and eliminate features associated with their
boundaries, we choose for each box a prior such that 80% of
the sample has a flat distribution within the nominal box, and
20% of the sample is in normally-distributed tails extend-
ing outside the box. An initial scan over all mass parame-
ters with absolute values < 4 TeV showed that non-trivial
behaviour of the global likelihood function was restricted to
M| < 1TeV and m; < 1TeV. In order to achieve high res-
olution efficiently, we restricted the range of m jto< 2TeV
in the full scan.> To study properly the impact of the (g —2) s
we performed separate sampling campaigns with and with-
out it. On the other hand, during the sampling phase the con-
straints coming from LHC13 results have not been included.
Since their impact consists in providing lower bounds to the
sparticle masses, this choice allows for a proper assessment
of their impact on the full parameter space. Moreover, we
also performed dedicated scans for various DM annihilation
mechanisms, in such a way to improve the quality of the
sample in the description of the fine-tuned spectrum config-
urations that characterize them. The data sets from the vari-
ous campaigns have been merged into a single set on which
the likelihood is computed dynamically including or exclud-
ing the (g — 2),, and/or the LHC13 constraints according to
our interest. The total number of points in our pMSSM11
parameter scan is ~ 2 x 10°.

2.2 MasterCode

We perform a global likelihood analysis of the pMSSM11
including constraints from direct searches for SUSY parti-
cles at the LHC, measurements of the Higgs boson mass and
signal strengths, LHC searches for SUSY Higgs bosons, pre-
cision electroweak observables, flavour constraints from B-
and K-physics observables, the cosmological constraint on
the overall cold dark matter (CDM) density, and upper limits
on spin-independent and -dependent LSP-nuclear scattering.
We treat (g —2),, as an optional constraint, presenting results
from global fits with and without it, and we treat m;,, oy and
Mz as nuisance parameters.

The observables contributing to the likelihood are cal-
culated using the MasterCode tool [7-13,33,34,51,60],
which interfaces and combines consistently various public
and private codes using the SUSY Les Houches Accord
(SLHA) [61]. The following codes are used in this analysis:
SoftSusy 3.3.9[62]forthe spectrum, FeynWz [63,64]

0o < 2TeV

5 Since mg > mso, this entails also the restriction to mst

visible in subsequent figures.
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for the electroweak precision observables,®
FeynHiggs 2.11.3 [66-71] for the Higgs sector’ and
(g — 2)u, SuFla [79,80] and SuperIso [81-83] for the
flavour physics observables, Micromegas-3.2 [84] for
the DM relic density, SSARD [85] for the spin-independent

and -dependent elastic scattering cross-sections GSI and

USD,S SDECAY 1.3b[89] for calculating sparticle branch-
ing ratios, and HiggsSignals 1.4.0 [90,91] and
HiggsBounds 4.3.1[92-95]for calculating constraints
on the SUSY Higgs sector.

2.3 Electroweak and flavour constraints

Our treatments of many of these constraints follow those we
have used previously, which were summarized most recently
in Table 1 in [34]. Table 2 summarizes the updates we make in
this paper. As noted there, the only change in the electroweak
sector is in My .° Here we follow [96] in combining naively
the recent ATLAS measurement My = 80.370£0.019 GeV
with the previous world average value My = 80.385 £
0.015 GeV, obtaining My = 80.379 £ 0.012 GeV.!?

Since one of our objectives in this paper is to empha-
size the impact on the pMSSM11 parameter space of the
(g — 2), constraint, for reference we also include in Table 2
the implementation of this constraint that we use as an
option.!!

As can be seen in Table 2, we have also updated a num-
ber of flavour constraints. In particular, we have updated the
global analysis of BR(Bs, g — ut ™) to include the latest

6 We use here an updated version of FeynWz (not yet publicly avail-
able) in which the My evaluation is based on [65] and is identical to
that implemented in FeynHiggs, which gives more reliable results
in parameter regions with larger SUSY masses or small SUSY mass
splittings. The other EWPO are treated in the same way as in [63,64].

7 We note that FeynHiggs incorporates resummation effects in Higgs
mass calculations that are not included in the MSSM FlexibleSUSY
generator [72] used in [32,52], although these are available through
other FlexibleSUSY generators, HSSUSY/SplitSUSY[73-75]
and FlexibleEFT[76]. It should also be noted that FeynHiggs
has recently been improved for higher SUSY mass scales [77,78].

8 The SSARD computation of the scattering cross-section follows
the computations detailed in [86-88]. The uncertainties in the cross-
sections are derived from a straightforward propagation of errors in
the input quantities which determine the cross-section. The dominant
uncertainties are discussed below in more detail.

9 We emphasize that, although they are not displayed in Table 2 because
they have not changed since[34], we use a complete set of electroweak
constraints, not restricted to My asusedin [32,52]. We also note that the
FeynWZ code we use to calculate My incorporates 2-loop corrections
that are not included in the FlexibleSUSY code [72] used in [32,52].

10 In so doing, we neglect correlations in the uncertainties due to PDFs,
QED and boson p7r modelling, but our results are relatively insensitive
to the details of this combination.

11 The (g —2),, evaluation in FeynHiggs contains less sophisticated
two-loop corrections than GM2CALC [97]. However, the difference is
small compared with other uncertainties in our analysis.
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Table 2 Experimental

Source Th./Ex.

Constraint

. S Observable
constraints that we update in this
yvo[r;lc]:o\r;pa.re; totTable 1 » My [GeV]
in . We indicate separately
aEXP _ SM

the experimental and applicable w an

theoretical errors in the SM and Ry
SUS\.( (sc.)metlmes in T(By — utp)
combination, labelled EXP/SM
“MSSM”). The contribution of BR,”, sy
the t(B; — wt ™) constraint BREXP/SM
to the global x2 likelihood lé;;/“SM
function is essentially constant BRg % u
across the relevant region of the AMEXP/SM
pMSSM11 parameter space, and Bs
it is not included in the fit. The AM ;fP/SM
new LHC constraints are all AM‘;;:P/ M
based on ~ 36/fb of data at B REXP/SM
13 TeV 115{;7va
BR K—mvv
oS!
oSD

p
g~ aqxy, b}, gy

q— axy

b— bi?

it — 130, cxl by

TE > veE R0, v R0, W
2=tz et 70, 270
Heavy stable charged particles
H/A— tHt™

[63,64]/[98,99]
[100-107}/[108,109]
[110-112]

[112]

[113]/[114]
[114,115]
[116]/[114]
[79,80,117)/[114]

[79,80,1171/[114]

[79,80,118]/[119]
[120]/[121]

80.379 £ 0.012 £ 0.010MmssMm
(30.2 & 8.8 & 2.0mssm) x 10710
2D likelihood, MFV

2.04 + 0.44(stat.) &= 0.05(syst.) ps

0.988 £ 0.045gxp & 0.068TH,sm £ 0.050TH,sUSY
0.883 £ 0.158gxp £ 0.096sMm
0.966 + 0.278gxp £ 0.037sm
0.968 £ 0.001gxp & 0.078sm

1.007 & 0.004gxp £ 0.1165Mm

1.0005 £ 0.0017gxp £ 0.0093TH
2.01 £ 1.30gxp £ 0.18sm

[3,4,6] Combined likelihood in the (m o, o) plane
[5] Likelihood in the (m 5. o) plane

[14,15] Combined likelihood in the (mz, m 70 ) plane
[14] Likelihood in the (mj, mi?) plane

[14] Likelihood in the (mj, m 70 ), plane

[14] Likelihood in the (m o m )??)’ plane

[16] Likelihood in the (m i m )??) plane

[16] Likelihood in the (mig, mi?) plane

[122] Fast simulation based on [122,123]
[124-127] Likelihood in the (M4, tan B) plane

Run 2 result from LHCb [112] as well as the Run 1 results
of CMS, LHCb [110] and ATLAS [111]. We assume mini-
mal flavour violation (MFV) when combining the BR(B; —
wT ™) constraint with that from BR(B; — ut ™) into
the quantity R, [11], and take into account the correlation
between the theoretical calculations of f5. and f3,.

The LHCb Collaboration has also published [112] a first
determination of the effective By lifetime as measured in
By — ' decays, providing a constraint on the quantity
AT via the relation

T(By — putp) 1+ 2Aarys + y2

= : 2
T(By — utu)lsm (14 ys)(I+ Aarys)
where [114]
ATy
Vs = TB, = 0.0675 £ 0.004,
Re()) A(B; — ptp)
Anr = _q s mou 3)

(I+A2" pABs — putpu)’
where tp, is the inclusive B, decay lifetime, the complex
numbers p, g specify the relation between the mass eigen-
states of the BY — B_? system and the flavour eigenstates [114],
and A(B® — putp~) and A(BO — ptu™) are the BO

and B decay amplitudes. In the Standard Model (SM),
Aar = 1sothat T(By — prp)lsm = t5,/(1 — y,) =
1.619 % 0.009 ps. On general grounds, Aar € [—1, 1]. The
LHCb measurement 1 (B; — pT ™) = 2.04+£0.44(stat.) £
0.05(syst.) ps corresponds formally to Aar = 7.7 £ 10.0,
implying that the current LHCb result does not constrain
significantly the pMSSM11 parameter space, and we do not
include it in our fit. However, in the later discussion of our fit
results we present for information the x? profile likelihood
functions we find for Aar and 7(By — ut ™).

We have also updated our implementations of b — sy,
B — tv, B — X ¢, AMp, and AMp, to take account
of updated theoretical calculations within the SM. For the
same reason, in the kaon sector we have also updated our
implementations of K — v and K — mv.'? Since there
are, in general, supersymmetric contributions to the observ-
ables commonly used in global fits to CKM parameters, we
remove these contributions and make a global fit to the CKM
parameters without them.

12 We refer to Table 1 of [34] for a complete set of the K-decay con-
straints we implement.

@ Springer
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In general, we treat the electroweak precision observables,
(g —2), and all B- and K -physics observables (except for
BR(By.q — ™)) as Gaussian constraints, combining in
quadrature the experimental and applicable SM and SUSY
theory errors.

2.4 Dark matter constraints and mechanisms

Cosmological density

Since we work in the framework of the MSSM, R-parity
is conserved, so that the lightest SUSY particle (LSP) is a
candidate to provide the CDM. We assume that the LSP is
the lightest neutralino )”(? [19,20], and that it is the dominant
component of the CDM. As in our recent papers [33,34], we
use the Planck 2015 constraint on the total CDM density:
Qcpmh? = 0.1186 £ 0.0020gxp =+ 0.00247y [128].

Density mechanisms

As one of the primary objectives in our analysis is to inves-
tigate the relevances of various mechanisms for bringing the
relic )Z? density into the range allowed by astrophysics and
cosmology, we introduce a set of measures related to parti-
cle masses that were found in our previous analyses [51] to
indicate when specific mechanisms were dominant.'? These
may be grouped as follows.

e Coannihilation with an Ino
This may be important if the )Z? is not much lighter than
the lighter chargino, )Zli and the second neutralino, f(g,
or the gluino, g. For these cases we introduce the coan-
nihilation measures

. ( Mo )
Ino coann. : — — 1) <0.25. “4)
M0
We find that chargino and f(g coannihilation is important
in our analysis, and in our 2-dimensional plots we shade
green the regions where (4) is satisfied when the Ino is the
lighter chargino, x li (which is almost degenerate with the
)Zg ). On the other hand, we find that gluino coannihilation
is not important in the pMSSMI11 when the (g — 2),
constraint is imposed. This is due to the fact that (g —2),,
forces the neutralino mass to values for which a gluino
of equivalent mass would be excluded by current LHC
results.
e Coannihilation with sleptons

13 We have checked specifically the validity of these measures using
Micromegas, finding good consistency in most cases. However, in
certain hybrid regions where more than one mechanism satisfied the
criteria we found that just one mechanism dominates. Moreover, it might
also happen that some regions of the parameter space are not classified
by a given measure even if the corresponding mechanism is active.

@ Springer

In the version of the pMSSM that we study here, the two
stau mass eigenvalues are similar, since the soft SUSY-
breaking parameters are specified at the TeV scale and
the left-right mixing o m, is relatively small, but the
stau masses are not degenerate with the selectron and
smuon masses, in general. We find that smuon and selec-
tron coannihilation are in general more important than
stau coannihilation, thanks to the greater multiplicity of
near-degenerate states. We introduce the following coan-
nihilation measure:

~ mz
£ coann. : — —1] <0.15, (@)

m,..
X

and shade in yellow (pink) the regions of our two-
dimensional plots where (5) is satisfied for £ = w, e (1),
respectively.
e Coannihilation with squarks

Similarly, this may be important for squarks g that are
not much heavier than the )Z?. The case considered most
often has been § = 71, but here we consider all possi-
bilities, including coannihilations with first- and second-
generation squarks, which we find to be important when
the LHC 13-TeV constraint or (g — 2),, is dropped. We
introduce the coannihilation measure

- mg
g coann. : — = < 0.15, (6)
mzo
and we use the following colours in our plots for the
regions where (6) is satisfied: § = d/5/ii/¢y g cyan,
grey, by purple.
e Annihilation via a direct-channel boson pole
When there is a massive boson B with mass Mg ~ 2m 705

f(? )Z? annihilation is enhanced along a ‘funnel” in param-
eter space. We have found that such a mechanism is likely
to dominate if the following condition is satisfied:

Mp
m

B funnel: -2

<0.1. 7

v

We have considered the cases B = h, Z and H/A, and
use blue shading for the regions of our subsequent plots
where (7) is satisfied when B = H/A. We comment later
on a small region where rapid annihilation via the 7 and
Z poles is important.
e Enhanced Higgsino component

We have also considered a somewhat different possibil-
ity, namely that the )Z? has an enhanced Higgsino compo-
nent because the following condition is satisfied, which
is similar to the situation in the focus-point region of the
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CMSSM:

Higgsino: ‘(L) -1

Regions where the condition (8) is satisfied generally
satisfy the chargino coannihilation condition with a
Higgsino-like LSP, and are also shaded green.
e Hybrid regions

In addition to the ‘primary’ regions where only one of
the conditions (4)—(8) is satisfied, there are also ‘hybrid’
regions where more than one condition is satisfied. These
are indicated in the following by mixtures of the corre-
sponding primary colours.

<0.3. (8)

Direct DM searches

We implement experimental constraints from direct searches
for supersymmetric DM via both spin-independent and
-dependent scattering on nuclei. We use the LUX [4],
XENONIT [6] and PandaX-II [3] constraints on the spin-
independent DM scattering cross section crgl, which we
implement via a combined two-dimensional likelihood func-
tion in the (m 20 ogl) plane.

Our treatment of the spin-independent nuclear scattering
matrix element follows that in our previous work [12] and
is based on SSARD [85]. As reviewed, for example, in [88]
the largest uncertainties in the matrix element are those asso-
ciated with the pion-nucleon o-term, Xy, and the SU(3)
octet symmetry-breaking contribution to the nucleon mass,
o0o. These may be expressed as follows in terms of gg matrix
elements in the nucleon:

my +my

San = ——— (Nliu +dd|N),
o0 = M(Nmuquad—zfsw), 9)

from which we see that the ss matrix element

_ _2NBSIN) o
~ (Nlau+dd|N)

S (10)

It is well known that crgl is sensitive to the value of y, and
hence to the values of og and X,y. We follow [129] in
interpreting the measured octet baryon mass differences as
yielding o9 = 36 + 7MeV,'* and we follow our previous
work in assuming here that ¥,y = 50 £ 7 MeV., ! corre-
sponding to a central value of y = 0.28. For comparison,
two recent determinations of X, y give somewhat larger val-
ues that are, however, compatible with the value we assume,

14 However, we note that this estimate has been challenged [130], and
flag this as an issue requiring resolution.

15 For a recent estimate with a very similar central value of ¥,y made
using covariant baryon chiral perturbation theory, see [131].

within the quoted uncertainties: ¥,y = 59.1 + 3.5MeV
(from pionic atoms) [132] and 58 & 5 MeV (from 7 -nucleon
scattering) [133] (see also [134], which found the value
YiN = 59 &= 7MeV). On the other hand, lattice calcula-
tions [135-138] yield systematically smaller values of Xy
that are in tension with these data-driven estimates, as dis-
cussed in [133]. Our value of X,y is intermediate and rela-
tively conservative in that it implies a smaller value of y than
the data-driven estimates of X, N.16

We also implement in this paper the PICO [5] constraint
on the spin-dependent DM scattering cross section GSD, also
using the SSARD code [85]. As discussed in [139], the spin-
dependent f(? p scattering matrix element is determined by
the light quark contributions to the proton spin, which we
take to be [88]

Au = +0.84 & 0.03,
Ad = —0.43 +0.03,
As = —0.09 & 0.03, (11)

where the uncertainties are dominated by those in measure-
ments of polarized deep-inelastic scattering, and hence are
correlated: the uncertainty in the combination Au — Ad (from
ga)is very small, and thatin Au 4 Ad —2As (from semilep-
tonic octet baryon decays) is also somewhat smaller.!”
Indirect astrophysical searches for DM

These include searches for y-rays from DM annihilations
near the Galactic centre and in dwarf galaxies, and for ener-
getic neutrinos produced by the annihilations of DM par-
ticles trapped inside the Sun. There are large astrophysical
uncertainties in estimates of the possible y-ray flux from
the Galactic centre, and other studies have indicated that the
available limits on the fluxes from dwarf galaxies do not yet
impose competitive constraints on supersymmetric models -
see, for example, [140] and [32]. The strongest constraints on
energetic solar neutrinos are those provided by the IceCube
Collaboration [141]. Their impact depends on the annihila-
tion final states, being strongest for annihilations into ttr—,
somewhat weaker for W W ~, and much weaker for bb final
states.

The capture of dark matter particles in the Sun is often
assumed to be dominated by energy loss due to spin-
dependent scattering on protons, in which case an upper
limit on the neutrino flux may be used to constrain the spin-
dependent cross-section O'SD, as done by the IceCube Col-

16 For comparison, a similar value of £,y = 59 £+ 9MeV is assumed
in [32], but with oy = mg(N|ss|N) = 43 £8 MeV inferred from lattice
calculations. This corresponds to X, ny — o¢g = (my, + mg)os/mg ~
3.5MeV, implying a value of o different from the value we use, which
is based on octet baryon masses.

17 The values (11) of the Ag that we use are similar to those used
in [32].
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laboration [141]. However, the interpretation of this con-
straint [141] depends on the importance of spin-independent
scattering on 4He and heavier nuclei inside the Sun, and
whether the DM density inside the Sun is in equilibrium
between capture and annihilation [142]. As discussed in
Sect. 4.10, we have found in an exploratory study that the
IceCube constraint has little impact once the more recent
PICO constraint [S] on O'SD is taken into account. In view of
the fact that it has fewer uncertainties, we use the PICO result

in our global fit, setting aside the IceCube result [141].18
2.5 13 TeV LHC constraints

The LHC constraints we consider are those from searches for
coloured sparticles in events with missing transverse energy,
ET, accompanied by jets and possibly leptons, searches for
electroweak inos in events with multiple leptons, searches for
long-lived charged particles, measurements of the 125 GeV
Higgs boson &, and searches for the heavier SUSY Higgs
bosons H, A, H*. Our principal focus in this paper is on
the implications of Run-2 LHC searches with ~ 36/fb of
data at 13 TeV, though we also make comparisons with the
situation before these constraints were released. Our imple-
mentations of the constraints from LHC Run 1 at energies of
7 and 8 TeV used in our previous analysis of the pMSSM10
model were described in [13], and our implementations of
E 1 searches with ~ 13/fb of data at 13 TeV in the gluino and
squark production channels were described in [34], as were
our implementations of searches for long-lived charged par-
ticles and for H, A, H* with similar data sets. We refer the
reader to these publications for details of those implemen-
tations, focusing here on our implementations of the Run 2
searches with ~ 36/fb of data.

Searches for gluinos and squarks

We consider the constraints from CMS simplified model
searches using events with F7 and jets but no leptons released
in [14] and events with F7 and jets and a single lepton
released in [15].

In the approach taken, e.g., by CheckMATE [143],
ColliderBit[l44]andMadAnalysis 5/[145], Monte
Carlo simulations are used to estimate the signal yield from
a model point after the event selection and to test it by com-
paring it with the upper bound given by an experimental
collaboration. However, such a method is time-consuming
and computationally prohibitive for our purpose. To circum-
vent this issue, we take the Fast1im [146] approach!'® and
consider the implications of [14] for the following super-
symmetric topologies: gg — [ch)Z?]2 and [bl;)Z?]z, and
Gq — [qx1gx 1, and the implications of [15] for the

18 Tn contrast, [32] uses the IceCube result, but not the PICO result.

19 The SmodelS code [147,148] takes a similar approach, as described
in [146].

@ Springer

topology gg¢ — [tt )(O]2 The kinematics of each of these
topologies depends on a reduced subset of sparticle masses,

e.g., (mg, ms o) in the case of the gg¢ — [ggx; 012 topology,
and the CMS pubhcatlons [14,15] provide in Root files 95%
CL upper limits oyr, on the cross sections in the correspond-
ing parameter planes. For each point in the main pMSSM11
sample, we calculate for the gg initial state and various final
states contributions to the global x? likelihood function of
the form

5 2
O55 - ~
X2 _509. | o &-sMp (12)
§—>SMgx} ) 2—SMz! ’
UL (mg, mXo)

where SM denotes the Standard Model particles considered
in each topology, SM = ¢, bb and 17, and analogously for
the §§ — [q)(1 ][q)(l] topology, where SM = ¢ and g. We
use NLL-fast [149,150] to compute the cross sections for
coloured sparticle pair-production up to NLO+NLL level.

If gluino and squarks have comparable masses, associated
gluino-squark production may be sizeable. In the mz 2 m;
region, a fraction of the gg — gg process where the
gluino decays into ¢ + ¢ may be regarded as the produc-
tion of a squark—antisquark pair with a soft quark jet. Ignor-
ing this soft jet, we can constrain this process by consid-
ering the gg — qq simplified model limit. In the analy-
ses we consider, jets are treated inclusively and this extra
quark jet tends to slightly increase the acceptance. Ignor-
ing the soft jet therefore results in underestimation of the
signal acceptance, leading to a conservative limit. In order
to constrain the gg — gq — (ﬁq process in the same
way as qq — 55, we rescale the squark cross-section as
055 —> 055 + 035 - BRg_, 45 before applying squark simpli-
fied model limit.

Similarly, in the mgz 2 mj region we rescale the gluino
cross-section as 03z — 03z + 035 - BRG_, 43 to constrain the
g9 — &g — gg&q process using the gluino simplified model
limit.

Stop and sbottom searches

Our treatment of LHC 13 TeV limits on stops and sbottoms
is similar in principle to our implementation of the gluino
and squark constraints described above. It is based on CMS
simplified model searches in the jets + 0 [14] and 1 [15]
lepton final states, where the results are 1nterpreted as limits
on the following topologies: 1] — [t} X1 N7z X 0, [ex X1 0Nex X1 03
in the compressed-spectrum reglon [bWJr ][bW’ X?] via

Xl intermediate states and b1b; — [b)(1 ][b)(1 1. We also
use Fastlimtoimplement the CMS constraints in all these
channels, following the same procedure as described above
for gluinos and squarks, and estimating the corresponding
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contributions to the global x?2 likelihood function as

2
o = 2 0
49343 q3—>SMy
x2 =599 | — — ! , (13)
g3—~>SMy; q3—>SMy; ~
oUL (mtl,mﬂ))

where SM = ¢, ¢ and bW for Gz = f; and SM = b for
43 = by, respectively.

In a significant part of the pMSSMI11 parameter space,
the neutralino relic abundance is brought into the observed
range by Wino or Higgsino coannihilation mechanisms. In
these regions, )Zli and )Z? are highly mass degenerate, with
a mass difference that is typically smaller than 5 GeV. Since
the decay products of the )Zli — )210 transition are too soft
to affect the signal acceptance, we can replace )Zli by )Z?
in the simplified topology. This approximation allows us to
constrain the f; — b)21+ (b — tX, ) topology using the
by — bil (7 — t7V) simplified model limit. Thus, in the
Wino and Higgsino coannihilation regions, we replace, e.g.,

; . RR2 _RR2
the numerator in (13) by Jﬁt_lBRtl—ni? — aflt_lBRfl_)tX? +
2

o Bt enhancing the sensitivity.
Searches for electroweak inos

The CMS Collaboration has also released results from
searches for electroweak ino production at the LHC in mul-
tilepton final states with ~ 36/fb of data at 13 TeV [16]. The
signatures we have implemented are ¥ li )Zg — [W X?] [Z f(? 1,
3¢0F + 2)2? via €%/ intermediate states, and 3t* + 2)2?
via ¥ intermediate states. As in the cases of searches
for strongly-interacting sparticles described above, we use
Fast1imtocompare the cross-section times branching ratio
with the 95% CL upper limit released by CMS [16]. We
obtain the corresponding contributions to the global y? like-
lihood function as

Xzi
i —=>SMi, 79—sMmy?
2
05 79BRzx L smz0BRyo_, smz0
~599. it | . )
(Xl _>SMX1)(X2_’SMX1)

ouL

where SM = W or Z, one or two £* and one or two

v, respectively. One complication compared to the previ-

ous coloured sparticle cases is that 0739 depends on many
MSSM parameters:

a(pp = i %3
:F(Ml,Mg,,u,tan,B,qu,m,;R,ng), (15)
and it is not feasible to tabulate the cross section directly in a
multi-dimensional look-up table. We have therefore used the

code EWK-fast [151], which is based on the observation
that o (pp — )Zli )Zg) factorizes mathematically (where ;

and yx; represent any chargino and/or neutralino):
o(pp = Tii) = Y Tu@Fq (mymg;.ma),  (16)
a

where T,(U/) is a function of the mixing matrices U =
{U, V, N} that can be calculated analytically. The factor
Fo(mg,,m i mg) captures the kinematics and the effect of
the parton distribution function and is tabulated
in 3-dimensional look-up tables as a function of mgy,, my,
and mg,, where my = mg, ,mg, ormy .

The electroweak ino analyses described above can be
extended to constrain models in which electroweak inos can
be produced in the decays of coloured sparticles. This is
because these searches do not impose conditions on the num-
ber of jets and the final states in such events resemble those
arising from the direct production of electroweak inos asso-
ciated with initial-state QCD radiation. In order to constrain
this class of events we include an extra contribution to the
electroweak ino cross-section, much as we discussed above
in the case of the gg constraint. For example, in order to
constrain §§ — Xi X j + jets, we rescale the cross-section:
Owi; > Oux; T 955 BR; iz BR?—U}Z; before applying
the electroweak ino simplified limit.?°

2.6 Combination of contributions to global x? function
from LHC sparticle searches

The total contribution of LHC Run-2 sparticle searches is
obtained by adding the contributions from the coloured spar-
ticle (12) and (13) and electroweak ino searches (14):

Topologies

Y x (17)

2 _
XLHCRun2 —

where the sum is over all the distinct SM final states men-
tioned above. The simple sum is justified because event sam-
ples with different final states are statistically independent,
so that their correlations are not important for our analysis.
We summarise the simplified model limits we use in our scan
in Table 3.

2.7 Measurements of the & (125) boson

These are incorporated via the HiggsSignals code [90,
91], which implements the information from ATLAS and
CMS measurements from LHC Run 1, as summarized in the
joint ATLAS and CMS publication [152].

20 We note here for completeness that the LHC searches for sleptons [1,
2] do not constrain the pMSSM11 parameter space significantly.
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Table 3 Summary of the
simplified model limits from

~ 36/fb of CMS data at 13 TeV
used in our study

Topology Analysis Refs.
88— 1qqx\ 1%, [bbx) 1 0 leptons + jets with Er [14]
g8 — [11_)210 1? 1 lepton + jets with E7 [15]
Gq — gz gz 0 leptons + jets with E7 [14]
51; — [bf(? ][I;)Z?] 0 leptons + jets with Er [14]
ity — x50 1 [ex®1ex?] 0 leptons + jets with Er [14]
it — [bx bgy 1— (bW 3011 bW 0] 0 leptons + jets with 7 [14]
A7) — [veE g0 et e 701 (via £F) Multileptons with E7 [16]
FEx = el et e 7)1 (via £5) Multileptons with E7 [16]
5 = wEP Iz Multileptons with E7 [16]

2.8 Searches for heavy MSSM Higgs bosons

These are incorporated via the HiggsBounds code [92—
95], which implements the information from ATLAS and
CMS measurements from LHC Run 1, supplemented by the
constraint from ~ 36/fb of data from the LHC at 13 TeV
provided by ATLAS [127].

2.9 Searches for long-lived or stable charged particles

The CMS Collaboration has published a search for charged
particles with lifetimes = 3 ns [123], and a search for mas-
sive charged particles that leave the detector without decay-
ing [122]. We do not include the results of these searches
in our global likelihood analysis, but comment later on their
potential impacts. The only constraint that we impose on
long-lived charged sparticles a priori is to require the life-
time to be smaller than 103 s so as to avoid modifying the
successful predictions of cosmological nucleosynthesis cal-
culations [153-159].

3 Global fit results

The input parameter values for our best-fit points with and
without (g —2),, are shown in the second and fourth columns
of Table 4, and the spectra and dominant decays shown
in Fig. 1. The third and fifth columns show input values
for other points of interest that we discuss below. Lower
rows of Table 4 show the total x2 per degree of free-
dom (d.o.f.) for each point, dropping the contributions from
HiggsSignals that are shown in the last line. We also
show the corresponding p-values, as calculated using the pre-
scription described in [34] to estimate the number of degrees
of freedom.?! We ignored the contribution to the likelihood

21 In previous studies (see, e.g., the first paper in [7-10]) we have vali-
dated our naive p-value approximation with toy experiments, and found
that it provides a reasonably accurate and conservative estimate of the

@ Springer

coming from the nuisance parameters, and we removed the
contribution to the likelihood from HiggsSignals, so
as to avoid biasing our results by giving too much impor-
tance to the Higgs signal rates. Since all the other con-
straints contribute significantly to x? function somewhere
in the pMSSM11, we include them all in the d.o.f. count.
However, we merged into a single constraint the LHC direct
searches for sparticle production at 8 and 13 TeV, and also
combined the 8- and 13-TeV limits on heavy Higgs bosons
from A/H — t+1~ searches. This results in totals of 31
and 30 constraints for the cases with and without (g — 2),,,
respectively. Since the number of free parameters is 11, this
yields 20 and 19 for the numbers of d.o.f. in the two cases,
as stated in Table 4. We note that the p-values are all com-
fortably high, whether (g — 2),, is included, or not.

3.1 Parameter planes

We now display results from our global fits with and with-
out (g —2),, in pairs of 2-dimensional pMSSM11 parameter
planes. We indicate the locations of the best-fit points in these
two-dimensional projections by green stars, We also show in
these planes the sz = 2.30, 5.99 and 11.3 contours, cor-
responding approximately to the boundaries of the regions
preferred/allowed/possible at the 1-/2-/3-0 levels (68%, 95%
and 99.7% CL), as red, blue and green solid lines, respec-
tively. Within the 2-o contours, we use colour coding to indi-
cate the dominant DM mechanisms, as discussed in Sect. 2.4,
for the parameter sets that minimize x? at each point in the
plane.

Squarks and gluinos

The top row of plots in Fig. 2 show (mg, m3) planes, where
mg is an average over the masses of the left- and right-handed
first- and second-generation squarks, which are very similar

underlying p-value of the likelihood distribution. This was confirmed
by a study in the last paper in [21-31], which compared for different
scenarios the naive p-value calculation with that obtained from toys.
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Table 4 Values of the

pMSSMI 1 input parameters and Parameter With LHC 13 TeV and (g —2), With LHC 13 TeV, not (g — 2),,
values of the global x? function Best fit ‘Nose’ region Best fit ‘Nose’ region
at the best-fit points including
the LHC 13-TeV constraints, M1 0.25TeV —0.39TeV —1.3TeV —1.5TeV
with and without the (g — 2),, M, 0.25TeV 1.2TeV 2.3TeV 2.0TeV
constraint, as well as at M; —3.86TeV —1.7TeV 1.9TeV 1.0 TeV
representative points in the
‘nose’ regions in the top left and mg 4.0TeV 2.00 TeV 0.9 TeV 0.9TeV
right panels of Fig. 2. Lower Mg, 1.7 TeV 4.1 TeV 2.0TeV 1.9TeV
rogshshow the totzl x*/ d~0~lf~ mg 0.35TeV 0.36 TeV 1.9 TeV 1.4TeV
and the corresponding p-values )
for each point. As discussed in ms 0.46 TeV 1.4 TeV 1.3TeV 1.4 TeV
the text, we calculate these My 4.0TeV 42TeV 3.0TeV 3.3TeV
omitting the contributions from A 2.8TeV 5.4TeV —34TeV —3.4TeV
HiggsSignals, which are “ 133TeV _57TeV —0.95TeV —0.93TeV
shown separately in the last line.
The SLHA files for these points tan § 36 19 33 33
are available on our website, at x2/d.of. 22.1/20 24.46/20 20.88/19 22.57/19
the following URL https:// p-value 0.33 0.22 0.34 025
mastercode.web.cern.ch/ )

X" (HS) 68.01 67.97 68.06 68.05

mastercode/downloads.php

in the pMSSM11.22 In the top left panel, where (g — 2) “
is included, we see 95% CL lower bounds mg = 2000 GeV
and m z 2 1400 GeV, with regions favoured at the 68% CL
appearing at slightly larger masses. We note that the best-fit
point, denoted by the green star, is at large m; > 4000 GeV
and mgz; ~ 3900GeV. The full set of pMSSM parameter
values at this point, as well as the value of the global x?2
function, are listed in the second column of Table 4. Important
sparticle production cross-sections and decay modes at this
best-fit point are shown in the top panel of Table 5.

Within the 2-o contour, the dominant DM mechanism is
slepton coannihilation, with stau coannihilation also playing
a role for mz ~ 2.5TeV, and )Zli coannihilation playing a
role at mz ~ 1500GeV and when m; 2 2500GeV and
mg 2 2800 GeV. Finally, we observe that at the 3-o level
much smaller values of m; are allowed, and that there is also
a peninsula at small mg and larger m; that appears at the
same level. These regions avoid the LHC exclusion searches
in virtue of the same mechanisms which allow lower masses
when the (g —2),, constraint is not applied and which will be
described more in detail below. However, they are not able
to satisfy the (g —2),, and this is why they take a Ax?~ 11
penalty which makes them allowed only at 3-o.

We also note a ‘nose’ feature corresponding to a reduction
in the lower bounds when m; ~ 2.2TeV and 0 < m; —
mgz < 200 GeV. We have verified that this is due to a loss of
search sensitivity when gg — g + ¢, the ¢ jet is soft, and
& — qq + x*, where x* denotes any electroweak ino other
than the LSP, compared to a high sensitivity for gg — ¢ f(?
inthe mg > my case. The input pMSSM11 parameter values
at a representative point in this ‘nose’ region are listed in the

22 This and later figures were prepared using Matplotlib [161],
except where otherwise noted.

third column of Table 4. The upper panel of Fig. 3 displays
relevant sparticle masses and the most important sparticle
decay chains at this point, and numerical values are given
in the second panel of Table 5. We see that the right-handed
squarks decay into a variety of final states involving heavier
neutralinos and charginos via intermediate gluinos due to
mg < mg, reducing the effectiveness of Er-based searches
in this ‘nose’ region, compared to simple g — g+ )Z? decays.

We see significant differences in the top right panel where
(g —2),, is dropped. The best-fit in this case is close to the
68% CL boundary at (mg,mg) ~ (1000, 1600) GeV, with
the parameters and 2 value shown in the fourth column of
Table 4. As we discuss later, BR(By;; — utu™) and the
DM density constraint play important roles in preferring a
relatively low value of m;. The dominant particle produc-
tion and decay modes for this best-fit point are shown in the
third panel of Table 5. It is notable that the 95% CL lower
limits on mg and mj are reduced to ~ 1000 GeV, and a less-
pronounced ‘nose’ feature now appears when mg ~ 1TeV
and 0 < mz —mg < 200 GeV. Again, we have verified that
this reflects a loss of search sensitivity when ¢ — ¢ + ¢,
the g jet is soft, and § — ¢ + x*(x)), where x{ is much
heavier than in the fit with (g —2),, (for which a large SUSY
contribution requires m 70 to be small), since the direct decay
g — qé)?*()??) in the m; > mg case is more sensitive than
the above cascade decay in the compressed spectrum. The
lower panel of Fig. 3 shows the most important sparticle
decay chains at the representative point in this region whose
parameters are listed in the fourth column of Table 4, and the
numerical values of branching ratios are given in the bottom
panel of Table 5.

The differences between the fits with and without the
(g — 2),, constraint are driven primarily by the fact that
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Fig. 1 Higgs and sparticle = 4400 [
spectra for the best-fit points for 6 0 i
th_e pMSSM11 with (top) anq —_ 4000 | 1{110 H* R -
without the (g — 2),, constraint @ g )
(bottom), showing also decay § 3600 - /
paths with branching ratios h
> 5%, the widths of the lines 3200 -
being proportional to the K
branching ratios. These plots 2800 [~ /
were prepared using the code )
presented in [160] 2400 - )
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the fit with (g — 2), prefers small m 705 in which case the
LHC 13-TeV searches require large mq and m; g» Whereas the
fit without (g — 2), favours a region with larger m 70 In
this case, the loss of search efficiency due to a compressed
spectrum allows mg and mg to be smaller than in the fit
with (g — 2),,. As we see later, in this compressed region
the LSP is mainly a neutral Higgsino, and coannihilations
with a nearby charged Higgsino and the )Zg are important
in determining the relic neutralino density. Coannihilations
with first- and second-generation squarks are also relevant
here and in a band with mgz ~ 1 TeV < mg (coloured cyan),
whereas coannihilations with gluinos are important along a
band with (1 TeV,2TeV) > m; < mg (coloured magenta).
In this plane the 1-, 2- and 3-o contours lie relatively close
to each other.

@ Springer

In the middle row of Fig. 2 we display the corresponding
(mg, mﬂ)) planes. We see a preference for Mo < 550 GeV
in the left panel, where the (g — 2), constraint is included,
whereas much larger values of m 70 are allowed at the 3-o
level. These larger values of m 70 appear within the 1- and
2-0 contours in the middle rlght panel where the (g — 2),
constraint is dropped. We also see again that larger values of
m are favoured when (g — 2),, is included, whereas a small
mg—m 70 mass difference is preferred when the (g — 2),
constraint is dropped. In both the mlddle panels the dominant
DM mechanisms are slepton and x i coanmhllatlon, with the
rapid annihilation via the heavy H/A Higgs bosons becom-
ing important at large masses when (g — 2),, is dropped.
Similar features are seen in the (mg, m o) planes displayed
in the bottom row of Fig. 2.

Third-generation squarks
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Table 5 Dominant particle
production and decay modes for
various pMSSM11 parameter
sets. Top panel: best-fit point
with (g — 2),,. Second panel:
representative point in the ‘nose’
region in fit with (g — 2),,.
Third panel: best-fit point
without (g — 2),,. Bottom panel:
representative point in the ‘nose’
region in fit without (g — 2),,

@ Springer

Dominant sparticle production and decay modes at best-fit point with (g —2),,

Production o [fb]

pp — hn +X 0.25

pp — biby +X 0.13
Decays (mass [GeV]) BR [%]
71(1481) — bzi=(270)/1 79 (270) /170 (249) 56/25/19
b1(1586) — t%:£(270) /b7 (270) /bx§/4(270) /b0 (249) 60/29/5/4
X1 (270) — £Fve 30 (249) /94’ 7 (249) /T, 3} (249) 52/38/1
73(270) — v z0(249) /60T 70(249) /T T 30(249) 53/37/1
Dominant sparticle production and decay modes at ‘nose’ point in fit with (g —2),

Production o [fb]

pp — qq +X 3.4

pp — 89 +X 3.4

pp —> g8+ X 0.5
Decays (mass [GeV]) BR [%]
2(1942) — qq3{(380)/q4’ ;" (1273) / ¢q 39 (1273) 45/37/18
Gr(2099) — qxiF(1273)/q&(1942)/q 79 (1273)/q %) (380) 48/26/24/2
Gr(2086) — q&(1942)/9 %" (380) 57/43
ZE(1273) — [£59¢(400) — £Fv, 70(380)1/[ve€F(404) — vet*70(380)] 50/50
79(1273) — [€EET(404) — €727 70 (380)1/[vD¢ (400) — veve 37 (380)] 50/50
Dominant sparticle production and decay modes at best-fit point without (g — 2),,

Production o [fb]
pp— qq+X 386

pp — 89 +X 51

pp— g8 +X 1

Decays (mass [GeV]) BR [%]
£(1908) — qqr(988)/q41(1008) 51/49
GL(1008) — g i (955)/q%{(954)/q %3 (954) 55/39/6
Gr(988) = g1 (954)/q %} (954) 98/2
Dominant sparticle production and decay modes at ‘nose’ point in fit without (g —2),,

Production o [fb]
pp— qq+X 619
pp—> 84 +X 586

pp — g8+ X 87
Decays (mass [GeV]) BR [%]
g(1131) = gdr(984)/qdy (1003) 44/56
GL(1003) — g%;"(939)/q%{(937)/q %3 (938) 58/38/4
Gr(984) — q13(938)/q %} (937) 96/4
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Fig. 3 Upper panel: The dominant sparticle decay chains at the repre-
sentative point in the ‘nose’ region in the top left panel of Fig. 2 (with
(g —2),) whose parameters are listed in the second column of Table 4.
Lower panel: The dominant sparticle decay chains at the representa-
tive point in the ‘nose’ region in the top right panel of Fig. 2 (without
(g —2),) whose parameters are listed in the fourth column of Table 4 —
note that the vertical scale has a suppressed zero. In both plots the widths
of the sparticles are represented as semi-transparent bands around the
bar representing the nominal mass value and of the same color

Figure 4 displays the (m;, m )E?) planes in the upper panels
and the (m b M X?) planes in the lower panels, again includ-
ing the (g —2),, constraint in the left panels and dropping itin
the right panels. We see that both the third-generation squark
masses may be considerably smaller than those in the first two
generations. Specifically, an isolated, low stop-mass region
where (m;1 ,m )Z?) ~ (500, 300) GeV is allowed at the 95%

CL? in both the cases with and without (g — 2) > Which is
connected in the latter case to the rest of the 95% CL region at
the 3-0 level. The low stop-mass island is allowed and defined
by different physics mechanisms. First, the third-generation-

23 For relatively low stop masses, large values of X; /Mg >~ A;/Mg =~
/6 are required to avoid tension with the Higgs mass measured at the
LHC. Constraints from Charged and Color Breaking (CCB) minima
can be relevant [162] in such a case, but we have not taken these in
account [163] in our analysis. This is because our best-fit point region
is characterized by relatively small values of A;/ Mgy, as it can be seen
from Table 4, for which this issue is not relevant.

squark spectra are sufficiently compressed to allow the points
to bypass the LHC13 constraints. Moreover, it is character-
ized by compressed-slepton spectra as well, which explains
the fact that the region is shaded in yellow in the plots. We also
note that it can not be extended to lower stop masses because
otherwise it would be disallowed by sbottom searches, since
in our scenario the masses of the stop and sbottom squarks
are defined by a single soft SUSY-breaking mass term and the
sbottoms would not be sufficiently compressed to be allowed
by LHC searches. LHC constraints also limit its extensions in
the direction of lower neutralino (too light third-generation
squarks) or higher stop masses (due to the loss of compres-
sion). Finally, at heavier neutralino masses slepton coanni-
hilation is insufficient to reduce the relic density into the
allowed range.4 When (g —2),, is dropped, extended 95% CL
regions with m 70 2 500 GeV appear when m; 2 1100 GeV
and mj, 2 1250 GeV. When (g — 2),, is included, there
are extended regions with 50 2 500GeV that appear at
the 3-o0 level. Within the 1- and 2-0 contours, the dominant
DM mechanisms are slepton and )Zli coannihilation, with
rapid annihilation via the heavy H/A Higgs bosons again
becoming important at large m 70 when (g —2),, is dropped.
The same mechanism is also active inside the white regions
between 800 GeV (1 TeV) S mj, (mgl) < 1.1(1.2) TeV and
400GeV <m 70 < 600 GeV, the blue shading being absent
due to the proxy-measure being not sufficiently descriptive in
this parameter space region. Stop and sbottom coannihilation
are also important for small m;, — mo and m; — mo.
Sleptons
As was to be expected, there are large differences between the
(mpg,m )??) planes with and without the (g —2),, constraint,
shown in the upper panels in Fig. 5. We see in the upper left
plane a preference for m;, < 550(750) GeV and m 70 <
500(550) GeV at the 68 (95)% CL, enforced by the (g —
2),, constraint, with larger masses allowed at the 3-o level.
There is also a 68% CL region with similar ranges of m
and m 70 in the case without (g — 2), (upper right panel),
but the 95% CL region extends to much larger values of
mp, and m 70 and there is also a second, extended 68% CL
region that is separated by a band of points with only slightly
higher x2. In both these plots, we see a very narrow strip
where slepton- )Z? coannihilation is important, whereas x li
coannihilation dominates in most of the regions allowed at the
95% CL, supplemented by annihilation via the H/A bosons
atlarge m 70 when (g —2),, is dropped. We do not display the
corresponding (mj, , mx?) and (mg, , m)z?) planes, which
are very similar because we impose universality on the soft
SUSY-breaking masses of the first two slepton generations.
However, in the pMSSM11 the soft SUSY-breaking stau
masses are allowed to be different, with the result seen in the
lower panels of Fig. 5 that large values of mz, are allowed
at the 68 and 95% CL even when (g — 2),, is imposed. The
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Fig. 4 Two-dimensional projections of the global likelihood function for the pMSSM11 in the (m7, , m )??) planes (upper panels) and the (m , m )?f’)
planes (lower panels), including the (g — 2),, constraint (left panels) and dropping it (right panels)

main differences between the cases with and without (g —2),,
are that larger values of m 70 are allowed in the latter case -
indeed, the best-fit point has Mgy ™~ Mo ~ 1TeV. We see,
once again, the importance of the slepton and )Zli coannihi-
lation mechanisms, supplemented by annihilation via H/A
at large m 70 in the case without (g — 2),,. The small ‘nose’
at (msz, m 5(?) ~ (100, 50) GeV is a remnant of rapid anni-
hilations via direct-channel Z and i (125) poles.
Electroweak inos

In the upper panels of Fig. 6 we show the (m i m 7(?) planes
with (left panel) and without (right panel) the (g — 2),
constraint. In both panels we see a )Zli coannihilation strip
starting at (m gk m )Z?) ~ (100, 100) GeV, and extending to

larger m iE in the latter case. This )Zli coannihilation strip is

@ Springer

isolated in the (g — 2), case, but connected to an extended
95% CL region at large m ik in the case without (g —2) .
both panels there is a broad band withm 20 150 to 400 GeV
where slepton coannihilation domlnates A major difference
between the plots is the extensive region at large m 70 in the
case without (g — 2),, where annihilation via H /A is impor-
tant. The best-fit points are at m gE M0~ 250 GeV in the
(g —2), case and ~ 1000 GeV in the case without it.
Heavy Higgs bosons

The 68 and 95% CL regions in the pair of (M4, tan ) planes
shown in the lower panels of Fig. 6 display the importance of
the latest ATLAS constraint on A/H — t+ 7~ decays with
~ 36/fb of data at 13 TeV [127], which disfavours regions
with My < 1TeV at larger tan 8. We also note that the
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Fig. 5 Two-dimensional projections of the global likelihood function for the pMSSM11 in the (11, , m 0 ) planes (upper panels) and the (mz, , m 0 )
planes (lower panels), including the (g — 2),, constraint (left panels) and dropping it (right panels)

dominant DM mechanisms display significant differences.
Chargino coannihilation is important in both planes, but slep-
ton coannihilation appears only in the case where (g —2),, is
included. In this case annihilation via the H /A poles appears
only when M4 < 1TeV, but it appears also at larger M4
when (g — 2),, is dropped. We see in both cases a limited
region with M4 ~ 2TeV and tan 8 < 10 where stau coanni-
hilation dominates. In our previous pMSSM 10 analysis [13]
the interplay of the LHC electroweak searches, (g — 2),
and the DM constraints, heavily relying on the fact that only
one independent slepton mass parameter was allowed, led
to a region with 25 < tan 8 < 45 being preferred at the
68% CL. However, in the pMSSM 11, dropping the restric-
tion mz = m; now allows values of tan 8 < 5 for a wide
range of M 4 values. Also, despite the updated (stronger) con-

straints on H/A — tt, values down to M4 ~ 500 GeV are
still allowed at the 95% CL.

4 One-dimensional likelihood functions

In this section we present the profile x2 likelihood func-
tions corresponding to various one-dimensional projections
of the results from our global fits, again comparing those with
and without the (g — 2),, constraint. In the following series
of plots, results including the LHC 13-TeV constraints are
shown as solid lines, and those using only 8-TeV results are
shown as dashed lines. Results obtained including (g — 2),
are shown in blue and those obtained without (g — 2),, are
shown in green.
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Fig. 6 Two-dimensional projections of the global likelihood function for the pMSSM11 in the (i zE My {)) planes (upper panels) and the (M 4, tan )
planes (lower panels), including the (g — 2),, constraint (left panels) and dropping it (right panels)

41 (g—2),

As a preliminary, Fig. 7 shows the one-dimensional profile
likelihood functions for (g — 2),, with (blue) and (green)
without applying the (g — 2),, constraint a priori. Compar-
ing the solid and dashed lines, we see very little difference
between the results using and discarding the LHC 13-TeV
data. The results including (g — 2), (blue lines) largely
reflect our implementation of the (g — 2), constraint shown
in Table 2. Interestingly, when this constraint is not applied
a priori (green lines), whilst a very small SUSY contribution
to (g —2),, is preferred, a wide range of values of (g —2),, are
found to be allowed at the A x 2~ 2 level and the experimental
value can be accommodated at the 1.5-c level. Although the
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other data certainly do not favour a large SUSY contribution
to (g — 2),, neither do they exclude it.

4.2 Sparticle masses

Squarks and gluinos

The profile likelihood functions for squarks and gluinos are
shown in Fig. 8. The left panel is for m;, where we see
that when the 13-TeV LHC data and (g — 2), constraint
are included (solid blue line), there is a monotonic decrease
in x2 as mg increases, with mg 2 1.9TeV at the 95% CL
(horizontal dotted line). This constraint is much stronger than
that obtained with 8-TeV data alone (dashed blue and green
lines): m5 2 1.0 TeV at the 95% CL. In particular, the 13-

~
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Fig. 7 One-dimensional profile likelihood functions for (g — 2), in
the pMSSM11, with (blue) and without (green) applying the (g — 2),,
constraint a priori and with (solid) and without (dashed) applying the
constraints coming from the LHC run at 13 TeV. Also shown as a dotted
line is the experimental constraint [108,109], taking into account the
theoretical uncertainty [100—107] within the Standard Model

TeV data exclude a squark coannihilation strip that had been
allowed by the 8-TeV data. When (g — 2),, is dropped but
the 13-TeV data retained (solid green line), the x?2 function
exhibits a global minimum at m; ~ 1TeV, with a plateau at
Ax? ~ 1.5 at larger mg. Important roles in the location of
this global minimum are played by the BR(Bs.g — utu™)
constraint as discussed in Sect. 4.4, whose contribution to the
global x? function at this point is ~ 1.1 lower than at large
mg, and by the relic DM density constraint, which is satisfied
thanks to multiple coannihilation processes as discussed in
Sect. 4.6.

In the right panel of Fig. 8 for m 3, we see that with both the
LHC 13-TeV dataand (g—2), included m; 2 1.8 TeV (solid
blue line), whereas without (g — 2),, we find mz 2 1.0 TeV
(solid green line). On the other hand, in the absence of the
LHC 13-TeV data (dashed lines), m ; 2 500 GeV would have
been allowed at the 95% CL, whether (g — 2),, is included,
or not. The LHC 13-TeV run has excluded a region of gluino
coannihilation that was allowed by the 8-TeV data.
Third-generation squarks
An analogous pair of plots showing the profile likelihood
functions for the masses of the #; and b 1 are shown in the
left and right panels of Fig. 9. When the LHC 13-TeV data
are included we see in the left panel a well-defined local
minimum of the x? function in a compressed-stop region
with Ay? ~ 2.3 for mj, ~ 400 GeV. This is followed by a
local maximum that exceeds Ax? > 9 for mj, ~ 800 GeV
when (g —2),, is included (solid blue line) but is lower when
(g — 2), is dropped (solid green line). This is followed in

both cases by amonotonic decrease for larger m;, and a global
minimum of x? for mj, ~ 1800 GeV.

In the case of m by (right panel of Fig. 9). when the 13-TeV
LHC data and (g —2),, are included (solid blue line) there are
some irregularities in the x2 function for m 5, ~ 1000 GeV,
but no hint of a compressed-sbottom region when (g — 2),,
is dropped (dashed blue line). Comparing with the situation
when only LHC 8-TeV used, we see that the 13-TeV data
have increased significantly the pressure on scenarios with
mp, < 1.5TeV. At larger masses the x 2 functions mg are
very similar to those for m;, , whether (g — 2),, is included
or not.

Sleptons

Figure 10 displays analogous plots of the profile likelihood
functions for m, (left panel, those for m, and m;, , are
very similar) and mz, (right panel, that for m3, is quite sim-
ilar). When the (g — 2),, constraint is implemented (blue
lines), the x? function for m i €xhibits the expected well-
defined minimum at m ;, ~ 200 to 500 GeV when the LHC
13-TeV data are included. In the absence of the (g — 2),
constraint (green lines), this is replaced by a plateau with
A x2 ~ 2 that extends to m;, ~ 900 GeV, where the pro-
file likelihood function drops to very small values for larger
m ;- The drop occurs because this fit prefers m P 900 to

1000 GeV, and any heavier 1z can decay into a )Z? in this
mass range.

We see in the right panel of Fig. 10 that when (g — 2),, is
included (blue lines) the profile likelihood function for m3
is quite different from that for m ., thanks to the decoupling
between their soft SUSY-breaking masses in the pMSSM11.
The x2 function falls monotonically to a local minimum
when mz ~ 300GeV and remains small for larger msz,,
whether the LHC 13-TeV data are included (solid line), or
not (dashed line). However, when (g —2),, is dropped (green
lines), the profile likelihood function for mz, is quite similar
to that for m  ,, also exhibiting a plateau with A x% ~ 2 and
falling to small values for mz 2 900GeV when the LHC
13-TeV data are included. This feature appears because, in
order to avoid a charged LSP, a smaller value of mz would
require a smaller value of m 705 which is disfavoured as seen
in the left panel of Fig. 11 and discussed below.
Electroweak inos
Figure 11 shows the profile likelihood functions for the
lightest neutralino )Z? (left panel) and the lighter chargino
)Zli (right panel). When the (g — 2),, constraint is applied
(blue lines), the x 2 function for m 50 including 13-TeV data
exhibits a well-defined but broad minimum at m 70 100 to
400 GeV. This preference for small m 70 was already seen in
the upper boundaries of the 68% and 95% CL regions in the
planes involving m ;o shown in the previous section when the
(g — 2), constraint is applied (left panels).
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On the other hand, when the (g —2),, constraint is dropped
(green lines) we see a preference for m R 950 GeV.
Despite the fact that the LSP is a nearly-pure Higgsino at
this best-fit point, this mass of ~ 950 GeV is below the
~ 1.1 TeV mass expected for a Higgsino dark matter candi-
date. This arises because, at the best-fit point, several of the
squark masses lie close to the LSP mass, making multiple
coannihilation important. Due to the relatively large num-
ber of states with masses close to the Higgsino, their density
actually increases the final LSP relic density,?* thereby push-
ing the mass of the Higgsino below its nominal ~ 1.1 TeV
value.

Turning now to the profile likelihood functions for the
lighter chargino )Zli (right panel of Fig. 11), we see that when
(g — 2),, is taken into account (blue lines) the x?2 function
also features a well-defined minimum for m iE 200 to

500 GeV (that for )Zg is very similar), reflecting the impor-
tance of )Zli — )Z? coannihilation. This minimum is followed
by a rise to a local maximum at m RE 600 GeV, which is
more pronounced when the 13-TeV data are included (solid
blue), followed by a slow decrease as m %E increases further.
When the (g — 2),, constraint is dropped and the LHC 13-
TeV data are included (solid green line), the x?2 functions for
M and m P have global minima at m Pl 1000 GeV,

accompanied by plateaus with Ax? ~ 2 at smaller and
larger values of m iE The dip in the x? function occurs

because the fit to BR(B;y — ™) is improved for
Mgk = Mgo ~ Mgo ~ 1 TeV. Chargino coannihilation is
important around this global minimum of the x? function,
and so are other coannihilation mechanisms, as we discuss

later.
4.3 Neutralino composition

It is interesting also to examine the profile likelihood func-
tions for the amplitudes Ny; characterizing the )ZP composi-
tion:

)Z? = Nllé+N12W3+N13I:IM+N14I:Ida (18)

which are shown in Fig. 12, again for the analysis with the
13-TeV data as solid lines and without them as dashed lines,
and with (g —2),, as blue lines and without it as green lines.
The top left panel shows that, when (g — 2),, is included, an
almost pure B composition of the )Z{) is preferred, N1; — 1,
though the possibility that this component is almost absent is
also allowed at the level A X2 ~ 4. On the other hand, when
the constraint from (g — 2), is removed, there is a mild
(Ax? ~ 1) preference for Nj; — 0. The reason for this is
again the preference for a large ﬁu,d components in the latter

24 This effect was noted previously in a different context in [164].

case, where the neutralino mass is allowed to be larger, due
to flavor constraints slightly favoring a 1 TeV neutralino as
a solution to the observed DM relic density. The upper right
panel shows that a small W3 component in the )Z? is preferred
in all cases.”> Finally, the lower panel confirms that small
FI,M components are preferred by Ax? > 4 when (g — 2) “
is included, whereas there would have been a preference for
these components to dominate in the absence of the (g —2),,
constraint.

Figure 13 displays information about the preferred and
disfavoured )Z? compositions in two triangular panels. Both
are for fits including LHC 13-TeV data (those dropping these
data are quite similar), the left panel includes the (g — 2),
constraint and the right panel drops it. The A x 2 for the best-
fit points at each location in the triangles are colour-coded as
indicated. We see in the left panel that in the case with (g —
2), a small Wino fraction N 122 < 0.1 is strongly favoured,
while the relative proportions of the Bino fraction N ]21 and
the Higgsino fraction N 123 +N 124 are relatively unconstrained
at the 95% CL. On the other hand, the right panel shows that
almost all binary combinations of Bino, Wino and Higgsino
(along the edges of the triangle) are allowed at the 95% CL,
but three-way mixtures (in the interior of the triangle) are
strongly disfavoured.

Table 6 compares the composition of the LSP x{ found at
the best-fit points in our present pMSSM 11 analysis based on
LHC 13-TeV data (with and without the (g —2),, constraint)
with the composition at the best-fit point from our previ-
ous pMSSM10 analysis that also applied the (g — 2), con-
straint [13]. We see that both the pMSSM11 and pMSSM10
analyses with (g —2),, prefer an almost pure B composition.
On the other hand, when the (g — 2),, constraint is dropped
the pMSSMll analysis prefers an almost equal mixture of
H, and H; components with a small admixture of B and
again a very small admixture of W3 because we only scan
mjy and mz, hence m B < 2TeV. Table 6 also displays the

composition of the second-lightest neutralino, )Zg, and we see
that its content is mainly W; in the fit to the pMSSM11 with
(g —2), and in the pMSSM10 fit, but is mainly Higgsino in
the fit to the pMSSM11 without (g — 2),,.

4.4 B-physics observables

Figure 14 displays the one-dimensional profile likelihood
functions for BR(Bsy — utu™) in the pMSSM11 (left
panel) and the BR(By; — Xy ) branching ratio (right panel),
with and without the LHC 13-TeV data and the (g —2),, con-
straint. We see in the left panel that a value of BR(B; 4 —
utu™) close to the SM value is preferred if both these

25 This is because we only scan mj and mz < 2TeV, hence myo <
2 TeV, so do not probe the expected Wino-like LSP region where m .o ~

X1
3TeV
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Fig. 13 Triangular presentations of the composition of the )Z? in the fit with LHC 13-TeV and with (without) the (g — 2),, constraint in the left

(right) panel

constraints are applied, though deviations at the level of
+ ~ 10% are allowed at the level of Ax2 = 4 (20), corre-
sponding to the 95% CL. On the other hand, if (g — 2), is
dropped, a larger range of BR(By ;s — utu™) is allowed,
with a larger deviation at the level of £ ~ 30% becoming
allowed at the level of Ay? = 4. In particular, when the
LHCI13 data are included but (g — 2),, is dropped, the global
x?2 function is minimized at a value of BR(Bs.q — utp™)
below the SM value, as hinted by the present experimen-
tal data, with the SM value being mildly disfavoured by
Ax? ~ 1.1t will be interesting to see how measurements
of BR(By.g — ™) evolve.

The analogous curves for BR(B; — X;y) in the right
panel of Fig. 14 show preferences for values close the SM
predictions, with 2o ranges that are £20%. Discriminating
between the SM and the pMSSM 11 would require significant
reductions in both the theoretical and experimental uncertain-
ties in BR(B; — X;y).

As already mentioned in Sect. 2.3, the LHCb Collabora-
tion has recently announced the first experimental measure-
ment of T(By; — ut ™), which is related to the quantity
Aar that takes the value +1 in the SM, but may be dif-
ferent in a SUSY model such as the pMSSM11. Figure 15
displays the profile likelihood functions for Aar (left panel)
and T(B; — ptu™)/tp, (right panel), in our pMSSM11
fits with and without the LHC 13-TeV data and (g —2),. We
restrict our attention to positive values of Aar, correspond-
ing to T(By — ptu™)/tp, > 0.94. We see that all the
fits favour values of Aar close to unity, with that dropping
both the LHC 13-TeV data and (g — 2),, allowing the widest
range. Values of 7(B; — u*;f)/rgx close to unity are also
favoured, with Ax? > 9 for (By — utu™)/tp, = 0.94.

Table 6 The amplitudes characterizing the decomposition of the LSP
X? and of the f(g into interaction eigenstates at the best-fit points in our
present pMSSM 11 analysis including LHC 13-TeV data, with and with-
out the (g —2),, constraint, compared with the composition at the best-fit
point found in our previous pMSSM10 analysis that also included the
(g — 2),, constraint, but only LHC 8-TeV data [13]

Model State B W3 ﬁu P~Id
pMSSMI1 (with (g —2),) &V 099 —0.03 0.04 —0.01
% 0.03 099 —0.06 —0.01
pPMSSMI1 (w/o (g —2)) &V 001 004 071 0.70
7 0.09 0.02 —0.70 —0.70
pMSSM10 70 099 —0.11 0.09 —0.04
b 0.12 098 —0.13 0.05

The new LHCb measurement [112] does not challenge any
of these model predictions.

4.5 Higgs observables

Figure 16 shows similar plots of M}, (upper left panel), and
of the ratios of the branching ratios for h — yy, ZZ* and
h — gg (treated as a proxy for o (gg — h)) to their values in
the SM in the upper right, lower left and lower right panels,
respectively. Taking into account the theoretical uncertainties
in the calculation of M}, in a supersymmetric model [66-71],
which we take to be &3 GeV,2° there is no tension with the
global fits. These also favour values of the decay branching

26 We implement the constraint in the fit as a Gaussian likelihood-
penalty with ¢ = 1.5 GeV, to avoid issues which would result from
using a flat interval (due to the discontinuity in the p.d.f. at the interval
extrema).
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Fig. 15 One-dimensional X2 profile likelihood functions for Aar (left panel) and t(By — ™)/ 73, (right panel), in the fits with and without

the LHC 13-TeV data and (g — 2),,

ratios that are similar to those in the SM whether (g — 2),
is included in the fit, or not, though with uncertainties that
are typically = ~ 20%. As discussed in [34], the global
combination of ATLAS and CMS measurements using LHC
Run-1 data has significantly larger uncertainties.

4.6 Dark matter measures

In Sect. 2.4 we introduced various possible mechanisms
for bringing the relic )ZP density into the range allowed by
Planck and other data, proposing measures of their prospec-
tive importance that we portrayed using different colours in
the two-dimensional parameter planes shown in Sect. 3. We
emphasized there and in the subsequent discussions of one-
dimensional profile likelihood functions earlier in Sect. 4 the

@ Springer

roles played by certain of these DM mechanisms. In this sub-
section we display profile likelihood functions for the most
interesting of these DM measures, discussing the A x 2 levels
at which they become relevant. As in the previous sections,
we compare results for the analysis in which the (g — 2),
constraint is applied with those when (g — 2),, is discarded.

Figure 17 displays the profile likelihood functions for
the selected DM measures. The top left panel shows the
first- and second-generation slepton measure, and we see that
Ax? is generally small throughout this region. The 7 mea-
sure is shown in the top right panel, and we see that with
(g — 2), included, whether or not the LHC 13-TeV results
are included, the X2 function has a shallow minimum within
the region where this mechanism may dominate (shown as
the vertical pink band), but very small values of the 7| coan-
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Fig. 16 One-dimensional profile likelihood plots for M (upper left
panel), for the 47 — yy branching ratio in the pMSSM11 relative to
that in the SM with (upper right panel), for the & — ZZ* branching
ratio (lower left panel) and for the » — gg branching ratio (lower

nihilation measure are disfavoured, and larger values of this
measure also appear with a negligible likelihood price. On the
other hand, when (g — 2),, is dropped we find that A x> ~2
is almost independent of mz, /m 70

The x2 function rises as mfl/mio — 1 when (g — 2),
is included, because this constraint prefers small values of
mso, for which the relic density constraint cannot be sat-
isfied when mgz /m 70 — 1. However, since the first- and
second-generation slepton masses are independent of mz
in the pMSSMI11 there is no such obstacle disfavouring
My, /m e 1. Therefore the profile x> function for the
first- and second-generation DM measure does not rise in
this limit, as seen in the top left panel of Fig. 17.

In the case of the )N(li coannihilation measure shown in the
middle left panel of Fig. 17, we see that the best-fit pMSSM1 1
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right panel). In the upper left panel we also show as a dotted line the
experimental constraint combined with the corresponding theoretical
uncertainty within the pMSSM11

points lie within this shaded band, whether the LHC 13-TeV
data and/or (g — 2),, are included or not. In the case with
(g — 2) 4, the best-fit point has mili/mﬂ) ~ 1.1 whether the
LHC 13-TeV data are included or not, whereas when (g —2)
is dropped there is a strong preference for m %E /m 70 close
to unity, which is possible in the case because the LSP is
Higgsino-like. As in the case of the 7| DM measure, the relic
density constraint disfavours my / myo — 1 when (g —
2), is included. We find some parameter sets with m iE

"m0 < 10MeV that have Ax? > 4, which occur when M
is negative, near the border of a region where the LSP would
be the ¥iF.

In the case of the A/ H measure shown in the middle right
panel, we see that A %2 > 3inthis region when the (g —2),
and LHC 13-TeV constraints are both used. However, the x2
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Fig. 17 One-dimensional profile likelihood plots for the measures of
the prospective importance of i g coannihilation (top left), 7; coannihi-
lation (top right), )Zli coannihilation (middle left), rapid annihilation via

A/ H bosons (middle right), JL coannihilation (bottom left) and gluino
coannihilation (bottom right). The vertical coloured bands correspond
to the DM mechanism criteria introduced in Sect. 2.4
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price of rapid annihilation through the A/ H poles is reduced
if either of these constraints is dropped. Indeed, including the
(g — 2), constraint forces the neutralino mass to be at most
=~ 500 GeV, in which case the funnel condition implies an
upper bound on M4 < 1 TeV, well within the reach of LHC
13-TeV searches for tan 8 2 15.

The bottom left panel of Fig. 17 displays the profile
likelihood function for the squark coannihilation measure
mg, /m W 1. We see that before the LHC-13 data the best-
fit point with (g — 2),, included was in the squark coannihi-
lation region with mg, /m 70 < 1.1, though this feature was
absent when (g — 2), was dropped. Including the LHC 13-
TeV data, the best-fit points with and without (g — 2),, have
mg, > m 0 but there is still a vestige of the squark coanni-

hilation region with Ax? < 4 when (g —2) w is dropped. The
reason for this is that lifting the (g — 2),, constraint allows
for a heavier neutralino, which in turn implies heavier squark
masses still allowed by LHC-13 TeV data Finally, the bottom
right panel of Fig. 17 shows the gluino coannihilation mea-
sure, and we see that this may also play arole when A x> < 4,
unless both the LHC 13-TeV data and (g —2),, are included.

4.7 NLSP lifetimes

We display in Fig. 18 the one-dimensional profile likelihood
for the NLSP lifetime, tNrsp, including all possible NLSP
species. There is little difference between the A x? functions
with (g — 2),, whether or not the LHC 13-TeV data are
included (blue curves). In both cases, we find that A X2 24
for tNLsp 2 10719 5. On the other hand, when the (g—2)yu
constraint is dropped (green curves), we see that values of
INLSP S 103 s are allowed at the Ax2 < 4 level, again
whether or not the LHC 13-TeV data are included (green
curves). As already mentioned, we exclude from our scan
parameter sets with NLSP lifetimes exceeding 10° s, as they
could alter the successful predictions of standard Big Bang
nucleosynthesis [153-159].

The upper panels of Fig. 19 display the Ay? distribu-
tions for chargino (left) and stau lifetimes (right) between
10~7 s and 103 s, for the fits omitting (g — 2),, (fits includ-
ing (g —2), give A x? outside the displayed range). We
see that, whereas shorter lifetimes are favoured, lifetimes as
long as 103 s are allowed at the 95% CL for both sparticle
species when (g — 2),, is dropped, whether or not the LHC
13-TeV data are included. The lower panels of Fig. 19 dis-
play the corresponding mass-lifetime planes for the chargino
and stau. We see that a long-lived chargino would have a
mass m iE 1.1 TeV, and a long-lived stau would have a
mass mz ~ 1.5TeV, both beyond the reaches of current
LHC searches for long-lived charged particles. We have also
checked the possible lifetimes of other NLSP candidates,
finding that squarks and gluinos generally have lifetimes
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Fig. 18 One-dimensional profile likelihood plot for the NLSP lifetime,
TNLSP, including all possible NLSP species

< 10717(10719) 5 at the 95% CL in fits including LHC 13-
TeV with (without) the (g — 2), constraint, with just a few
points having longer lifetimes. Hence they also do not offer
good prospects for LHC searches for long-lived particles.

4.8 Spin-independent scattering cross section

We now discuss the prospects for direct detection of )Z?
DM via spin-independent elastic scattering. Fig. 20 shows
(m 705 a,?l) planes, including the LHC 13-TeV data, with (left
panel) and without (right panel) the (g —2), constraint. The
values of oﬁl displayed are the nominal values calculated
using the central values of the matrix elements in the SSARD
code. The pale green shaded region is that excluded by the
combined LUX [4], XENONIT [6] and PandaX-II [3] limit,
which is shown as a solid black line.”’ The yellow shaded
region lies below the neutrino ‘floor’, which is shown as an
orange dashed line. We see that m 70 2 100 GeV in both the
cases with and without the (g — 2),, constraint, with upper
limit m)z? < 550 at the 95% CL when (g — 2),, is included.
When this constraint is dropped, the 95% CL range extends
up to 2 TeV, the upper limit for which our analysis is appli-
cable, because we have limited our scan to slepton masses
<2TeV.

We see that the nominal prediction for 031 at the best-
fit point is at the level of the sensitivities projected for
the planned LUX-Zeplin (LZ) and XENONIT/nT experi-
ments (solid purple line) when the (g — 2), constraint is

27 For completeness, we also show the constraints on rr,?l from the
CRESST-II [165], CDMSIite [166] and CDEX [167] experiments,
which are most important at low values of m 70 that are excluded by
our analysis.
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Fig. 19 Upper panels: One-dimensional profile likelihood plots for the lifetime of the )~(1i (left) and the 77 (right). Lower panels: The corresponding
mass-lifetime planes for the )Zli and 7, with the 95% CL regions shaded according to the dominant DM mechanisms

dropped, and somewhat higher if (g —2), is included. How-
ever, we emphasize that there are considerable uncertainties
in the estimate of o,?l, which are reflected in the fact that
the range of nominal SSARD predictions extends above the
current combined limit from the LUX [4], XENONIT [6]
and PandaX-II [3] experiments. There is no incompatibil-
ity when the uncertainties in the GSI estimate are taken into
account. The 68 and 95% CL ranges of the nominal values
of o 5! extend slightly below the neutrino ‘floor” in the case
with (g — 2),, included, and much lower in the case where
(g —2),, 1s dropped. In both cases, large values of 0[§I occur
in the chargino coannihilation region (green shaded area),
with other DM mechanisms including squark coannihilation
yielding large values of 051 for m 0 > 1 TeV. However, this
and the other DM mechanisms indicated also allow much
smaller values of crgl. As in the case of the pMSSM 10 stud-
ied in [13], we expect that points with very small values of
ogl would, in general, have similarly small values for the
spin-independent scattering cross section on neutrons.
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4.9 Spin-dependent scattering cross section

Figure 21 displays the corresponding planes of (m 705 O’SD)
with (left panel) and without (right panel) the (g — 2), con-
straint applied. Here the neutrino ‘floor’ is taken from [170].
As in the a,§1 case, we see that the allowed ranges of m 0
extend from ~ 100GeV to ~ 550GeV when (g — 2),, is
included and up to the sampling limit of 2 TeV when (g —2),
is dropped. The uncertainties in the calculation of JSD are
significantly smaller than those for o531, and we see that the
ranges of the 68 and 95% regions in the nominal o 1§D calcula-
tions lie below the upper limit from the PICO experiment [5]
(solid purple line). In both the left and right panels, the nom-
inal predictions for the best-fit points lie some ~ 3 orders of
magnitude below the current PICO limit. For completeness,
we also show the upper limits from SuperKamiokande [171]
and IceCube [141] searches for energetic solar neutrinos,
assuming that the LSPs annihilate predominantly into T 77~
(which is not always the case in the pMSSM11) and neglect-
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Fig. 20 Planes of (m 705 agl) with (left panel) and without (right panel)
the (g — 2),, constraint applied, where the values of O‘SI displayed are
the nominal values calculated using the SSARD code. The upper limits
established by the LUX [4], XENONIT [6] and PandaX-II [3] Collab-
orations are shown as green, magenta and blue contours, respectively,
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Fig. 21 Planes of (mo, o5P) with (left panel) and without (right

panel) the (g — 2),, constraint applied, where the values of O’;D dis-
played are the nominal values calculated using the SSARD code [85].
The upper limit established by the PICO Collaboration [5] is shown as

ing the uncertainties in interpretation mentioned earlier: see
the discussion in the following section.
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and the combined limit is indicated by a black line with green shading
above. The projected future 90% CL exclusion sensitivities of the LUX-
Zeplin (LZ) [168] and XENONI1T/nT [169] experiments are shown as
solid purple and dashed blue lines, respectively, and the neutrino back-
ground ‘floor’ is shown as a dashed light-blue line with a shading of the
same colour below
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a purple contour, with green shading above. The neutrino ‘floor’ for
O';D is taken from [170]. We also show the indicative upper limits from
SuperKamiokande [171] and IceCube [141] searches for energetic solar
neutrinos obtained assuming that the LSPs annihilate predominantly

into 7+ 7, which are subject to the caveats discussed in the text

We see in the left panel of Fig. 21 (when (g — 2), is
included) that points with chargino coannihilation as the

dominant DM mechanism yield nominal predictions for o SD
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Fig. 22 Two-dimensional projections of the global likelihood func-
tion for the pMSSMI11 in the (mg, mg) and (mg, mi?) planes (upper
panels) and the (mg, m)??) and (mi?, 03') planes (lower panels). The
plots compare the regions of the pMSSM11 parameter space favoured

that extend over many orders of magnitude below the current
PICO limit and well below the ™7 — floor. Points for which
slepton coannihilation is the dominant DM mechanism do
not reach so close to the PICO limit, but may also lie many
orders of magnitude below it. We see in the right panel (when
(g — 2), is dropped) similar ranges of nominal O‘;D values.
We also see that when m 70 2 1TeV many competing DM
mechanisms come into play, and may give small values of
o5P. However, in the case of squark coannihilation o 5P may
lie within ~ 3 orders of magnitude of the PICO upper limit.

4.10 Indirect astrophysical searches for dark matter

We have explored the possible impact of indirect searches
for DM via annihilations into neutrinos inside the Sun. If the
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at the 68% (red lines), 95% (blue lines) and 99.7% CL (green lines)
in a global fit including the LHC 13-TeV data and recent results from
the Xenon-based direct detection experiments LUX, XENONIT, and
PandaX-II [3,4,6] (solid lines), and omitting them (dashed lines)

DM inside the Sun is in equilibrium between capture and
annihilation, the annihilation is quadratically sensitive to the
local Galactic DM density. However, as discussed earlier,
equilibrium is not always a good approximation. We note
also that the capture rate is not determined solely by spin-
dependent scattering on protons in the Sun, but also depends
on the amount of spin-independent scattering on Helium and
heavy nuclei. As we have seen, the 051 matrix elementis more

uncertain than that for agD, and this uncertainty should be

propagated into the constraint on 0§D. Finally, we note that
the greatest sensitivity of the IceCube search for energetic
neutrinos from the Sun [141] is for annihilations into t ¢~
and W W™, which are not always the dominant final states
in the pMSSM11 models of interest.
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Fig. 23 Higgs and sparticle spectrum for the pMSSM11 with and without the (g — 2),, constraint applied (upper and lower panels, respectively).
The values at the best-fit points are indicated by blue lines, the 68% CL ranges by orange bands, and the 95% CL ranges by yellow bands

Using the nominal values of the matrix elements from
SSARD and neglecting the astrophysical uncertainties, we
have calculated the signals in the IceCube detector for a
subset of our pMSSM11 points that are consistent with the
PICO constraint [5]. We find that the IceCube W W~ con-
straint [141] has negligible impact on these parameter sets,
and that only a fraction are affected by the IceCube Tz~
constraint. In view of this and the uncertainties in the inter-
pretation of the IceCube searches, we have not included them
in our fits.

5 Impacts of the LHC 13-TeV and new direct detection
constraints

In this section we illustrate the impact of the LHC 13-
TeV data and the recent updates from the Xenon-based
direct detection experiments LUX, XENONIT, and PandaX-
I1[3,4,6] on relevant pMSSM 11 parameter planes. In the left
panel of Fig. 22 we display the impact of the new results on
the (mg, m;) plane: the solid red, blue and green lines are the
current 68%, 95% and 99.7% CL contours, and the dashed
lines are those for the corresponding 68, 95% and 99.7% CL
contours in a global fit omitting the LHC 13-TeV constraints
and those from the Xenon-based direct detection experi-
ments. The right panel of Fig. 22 makes a similar comparison
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Fig. 24 The x? pulls at the best-fit points in the pMSSM11 including (left) and without the (g — 2) w constraint (right). In the rightmost plot, the
%2 pull from (g — 2) u is shown (hatched orange bar), but its penalty is not included in the fit

of the 68, 95 and 99.7% CL regions in the (m)z?, ogl) plane
found in global fits including LHC 13-TeV and Xenon-based
detector data (solid lines) and omitting these data (dashed
lines).

We see in the upper left panel of Fig. 22 that the LHC
13-TeV constraints exclude bands of parameter space at low
mg and mj, disallowing in particular a squark coannihila-
tion region at m; ~ 500GeV and large mz and a gluino
coannihilation strip at mg ~ 500 GeV that were allowed by

@ Springer

the LHC 8-TeV data. The impact on the gluino and squark
coannihilation strips can also be appreciated from the upper
right and lower left panels, where they appear as dashed-blue
islands along the diagonal where the mass is degenerate with
the neutralino that disappear completely after the inclusion
of the LHC 13-TeV constraints. The bottom right panel of
Fig. 22 shows that low values of o,fl that would have been
allowed in a fit without the LHC 13-TeV data are now disal-

lowed. This effect is in addition to the downwards pressure
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ono)," exerted by the new generation of Xenon-based direct

detection experiments.

6 Best-fit points, spectra and decays

Following our previous discussions of some two-dimensional
projections of the pMSSM11 parameter space and various
one-dimension profile likelihood functions, we now discuss
in more detail the best-fit points in the pMSSM11 fits incor-
porating the LHC 13-TeV data, both with and without the
(g — 2), constraint, whose input pMSSM11 parameter val-
ues were given in the first and third columns of Table 4. We
note, however, that the likelihood functions are very flat for
larger masses, so these best-fit points should not be taken as
definite predictions.

Figure 1 displays the spectra of Higgs bosons and sparti-
cles at the best-fit points for the pMSSM11 including (upper
panel) and excluding (lower panel) the (g —2),, constraint.?
In each case we also show the decay paths with branching
ratios > 5%, the widths of the lines being proportional to
the branching ratios. The heavier Higgs bosons H, A, H +
are lighter in the case without (g —2),,, whereas the sleptons
and the electroweak inos are heavier. The branching ratio pat-
terns differ in the two cases, with the Higgs bosons mainly
decaying to SM particles when (g — 2),, is not imposed.
We note that the first- and second-generation sleptons are
much lighter than the third-generation sleptons in the case
with (g — 2),. The third-generation squarks are also heavier
when (g — 2),, is dropped, whereas the gluino and the first-
and second-generation squarks are lighter in this case. In both
cases, the third-generation squarks may lie within reach of
future LHC runs, whereas the first- and second generation
squarks would be accessible only if (g —2), is dropped. The
gluino would also be accessible in this case, and possibly
also if (g — 2),, is included.

We re-emphasize that the remarks in the previous para-
graph apply to the best-fit points, and that the spectra might
differ significantly, as the likelihood functions are quite flat
for large masses. The 68 and 95% CL ranges are displayed
in Fig. 23 as orange and yellow bands, respectively, with the
best-fit values indicated by blue lines. We see that for most
sparticles the 95 and even 68% CL ranges extend into the
ranges accessible to future LHC runs. As was to be expected,
the best prospects for measuring sparticles at a linear e*e™
collider such as ILC [172,173] or CLIC [174] are offered
by first- and second-generation sleptons and the lighter elec-
troweak inos )Z?, )Zg and )Zli in the case with the (g — 2),
constraint applied.

Figure 24 displays the breakdowns of the global x 2 func-
tions in the cases with (left panel) and without (right panel)

28 This figure was prepared using PySLHA [160].

the (g — 2), constraint.2 The different classes of observ-
ables are grouped together and colour-coded. We see that
My makes only a small contribution, and that the total con-
tribution to the global x2 function of the precision elec-
troweak observables are quite similar in the two cases. The
total contribution of the flavour sector is slightly reduced
when (g —2),, is dropped: Ax? ~ —1.2, largely because of
a better fit to BR(B; — u* ™), but this improvement is not
very significant. The contributions of the Higgs, LEP, LHC
and DM sectors are again very similar in the fits with and
without (g — 2),.

7 Conclusions

In this paper we have used the MasterCode tool to ana-
lyze the constraints on the parameter space of the pMSSM11
model, in which the soft SUSY-breaking contributions to
the masses of the first- and second-generation sleptons are
allowed to vary independently from the third-generation slep-
ton mass. We have taken into account the available con-
straints on strongly- and electroweakly-interacting sparticles
from ~ 36/fb of LHC data at 13 TeV [14-16] and the most
recent limits from the LUX, PICO, XENONI1T and PandaX-
II experiments [3—6] searching directly for DM scattering. In
addition, we have updated the constraint from the measure-
ment of My and some constraints from flavour observables,
as described in Table 2. We have presented the results from
two global fits, one including the (g — 2),, constraint and
without it. We have also made various comparisons with fits
without the LHC 13-TeV data. Comparing with our earlier fit
to the pMSSM 10 [13], we note that the freedom for m; # mz
plays an important role in best fits. Furthermore, thereis abig
difference between M| and M, at the best-fit point without
(& —2u-

The most visible impact of the LHC 13-TeV constraints
has been on the masses of the strongly-interacting sparti-
cles: see the left panels of Figs. 8 and 9 and compare the
solid and dashed curves. On the other hand, the impact of the
LHC constraints on electroweak inos has been less marked:
see Fig. 11. As was to be expected, the importance of the
(g — 2),, constraint is seen in the likelihood functions for
charged slepton masses and electroweak inos: compare the
blue and green curves in Figs. 10 and 11. The composition
of the LSP f(? is also different in the cases with and without
(g —2),:asseeninFig. 12 and Table 6, a B LSP is preferred
when (g — 2), is included, whereas a H LSP is preferred
when (g — 2),, is dropped. Moreover, the inclusion of the
(g —2),, constraint also has significant indirect implications
for the squark masses, as also seen in Figs. 8 and 9. This anal-

29 The corresponding horizontal bar has diagonal hatching, to recall
that it is not included in the fit.
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ysis reinforces the importance of clarifying the interpretation
of the difference between the experimental measurement and
the SM calculation of (g — 2),,. We therefore welcome the
advent of the Fermilab (g — 2),, experiment [175] and con-
tinued efforts to refine the SM calculation.

We have also analyzed in this paper the importances of
different mechanisms for bringing the relic LSP density into
the range favoured by Planck 2015 and other data: see the
shadings in Figs. 2, 4, 5, 6, 19, 20 and 21, and the profile X2
functions for the DM measures in Fig. 17. As we see there,
important roles are played by chargino coannihilation, slep-
ton coannihilation and rapid annihilation via direct-channel
H /A boson exchange, though other mechanisms such as
stau and squark coannihilation may be important in limited
regions of parameter space.3? In the case where the (g — 2) “
constraint is dropped, there is a preference for a region where
M0 ~ Mgk ~ mg ~ Mg where multiple coannihilation pro-
cesses play a role, and the compressed spectrum reduces the
sensitivity of the LHC sparticle searches.

In general, our analysis favours quite small deviations
from the SM predictions for electroweak, flavour and Higgs
observables: see Figs. 12 and 14, in particular. We have
also analyzed the pMSSM11 predictions for the Aar and
7(B; — ™) observables recently measured for the first
time by the LHCb Collaboration [112]. As seenin Fig. 13, the
pMSSM11 predictions for these observables are very similar
to those in the SM, deviating by much less than the current
experimental uncertainties. Accordingly, we do not include
Aar and T(By — ut ™) in our global fits.

We find that current LHC searches for long-lived particles
do not impact our scan of the pMSSM11 parameter space.
However, the pMSSM 11 still offers significant prospects for
the discovery of long-lived particles. When the (g — 2),
constraint is imposed, we find that A X2 2 4 for tNLsp 2
10710 5. However, when the (g — 2) « constraint is dropped,
values of tnpsp as long as 10° s (the limit we impose in
order to maintain successful Big Bang nucleosynthesis) are
allowed at the A x2 < 4 level,

As seen in Figs. 20 and 21, the pMSSM11 offers inter-
esting prospects for the detection of supersymmetric DM.
In both the spin-independent and -dependent cases, cross
sections close to the present experimental upper limits are
favoured at the 68% CL, whether or not (g — 2), is included
in the set of constraints. Interestingly, in the case of 031 with
(g —2),, included, there is a lower limit that is not far below

30 Compared to the pMSSM?7 analysis in [52], we find that stop coanni-
hilation is less prominent, and that rapid annihilation through the Z and
the light Higgs boson is of very limited importance. In these respects
the more general realization of the MSSM with four additional free
parameters yields substantially different results.
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the neutrino ‘floor’ ,31 whereas o pI may be much lower when

(g —2), is dropped, and low values of oﬁD are allowed in
both cases.

We turn finally to the prospects for discovering sparticles
in future runs of the LHC, or with a future linear eTe™ col-
lider. As seen in Fig. 21, whether or not (g — 2),, is included
in the global fit, the third-generation squarks may well be
within reach of future LHC runs, and the first- and second-
generation squarks and the gluino may also be accessible
if the (g — 2), constraint is dropped. If it is included, on
the other hand, there are also good prospects for discovering
electroweakly-interacting sparticles at an eTe™ collider, in
particular the e, [, )Z{), )Zg and )Eli

It is often said that the night is darkest just before dawn,
and the same may be true for supersymmetry.

Acknowledgements We thank Gino Isidori for useful discussions. The
work of E.B. and G.W. s supported in part by the Collaborative Research
Center SFB676 of the DFG, “Particles, Strings and the early Universe”.
The work of K.S. is partially supported by the National Science Cen-
tre, Poland, under research grants DEC-2014/15/B/ST2/02157, DEC-
2015/18/M/ST2/00054 and DEC-2015/19/D/ST2/03136. K.S. thanks
the TU Munich for hospitality during the final stages of this work and
has been partially supported by the DFG cluster of excellence EXC 153
“Origin and Structure of the Universe”, by the Collaborative Research
Center SFB1258. The work of M.B., I.S.F. and D.M.S. is supported by
the European Research Council via Grant BSMFLEET 639068. The
work of J.C.C. is supported by CNPq (Brazil). The work of M.J.D. is
supported in part by the Australia Research Council. The work of J.E. is
supported in part by STFC (UK) via the research grant ST/L000326/1
and in part via the Estonian Research Council via a Mobilitas Pluss
grant, and the work of H.F. is also supported in part by STFC (UK).
The work of S.H. is supported in part by the MEINCOP Spain under
contract FPA2016-78022-P, in part by the Spanish Agencia Estatal de
Investigacion (AEI) and the EU Fondo Europeo de Desarrollo Regional
(FEDER) through the project FPA2016-78645-P, in part by the AEIL
through the grant IFT Centro de Excelencia Severo Ochoa SEV-2016-
0597, and by the Spanish MICINN Consolider-Ingenio 2010 Program
under Grant MultiDark CSD2009-00064. The work of M.L. and L.S.F.
is supported by XuntaGal. The work of K.A.O. is supported in part by
DOE grant de-sc0011842 at the University of Minnesota. The work of
G.W. s also supported in part by the European Commission through the
“HiggsTools” Initial Training Network PITN-GA-2012-316704. Dur-
ing part of this work we used the middleware suite udocker [176]
to deploy MasterCode on clusters, developed by the EC H2020
project INDIGO-Datacloud (RIA 653549). We are particularly grate-
ful to Jorge Gomes for his kind support. We also thank DESY and
especially the DESY IT department for making us available the com-
putational resources of the BIRD/NAF?2 cluster, which have been used
intensively to carry out this work.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative

31 However, we repeat that the uncertainties in the calculation of oSt
are large, and these remarks apply within the framework of a calculation
of USI using SSARD.



Eur. Phys. J. C (2018) 78:256

Page 35 of 38 256

Commons license, and indicate if changes were made.
Funded by SCOAP3.

References

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

. O. Buchmueller et al., Eur. Phys. J.

. For a compendium of CMS searches for supersymme-

try, see https://twiki.cern.ch/twiki/bin/view/CMSPublic/
PhysicsResultsSUS

For a compendium of ATLAS searches for supersymme-
try, see https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
SupersymmetryPublicResults

X. Cui (PandaX-II Collaboration), arXiv:1708.06917 [hep-ex],
which updates A. Tan et al. (PandaX-II Collaboration), Phys. Rev.
Lett. 117(12), 121303 (2016). arXiv:1607.07400 [hep-ex]

D.S. Akerib et al. (LUX Collaboration), Phys. Rev. Lett. 118(2),
021303 (2017). arXiv:1608.07648 [astro-ph.CO]

C. Amole et al. (PICO Collaboration), Phys. Rev. Lett.
118(25), 251301 (2017). https://doi.org/10.1103/PhysRevLett.
118.251301

E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.
119(18), 181301 (2017). https://doi.org/10.1103/PhysRevLett.
119.181301

O. Buchmueller et al., Phys. Lett. B 657, 87 (2007). https://doi.
org/10.1016/j.physletb.2007.09.058. arXiv:0707.3447 [hep-ph]
C 72, 1878 (2012).
arXiv:1110.3568 [hep-ph]

O. Buchmueller et al., Eur. Phys. J.
arXiv:1207.7315

O. Buchmueller et al., Eur. Phys. J.
arXiv:1312.5233 [hep-ph]

O. Buchmueller et al., Eur. Phys. J.
arXiv:1312.5250 [hep-ph]

O. Buchmueller et al., Eur. Phys. J. C 74(12),
arXiv:1408.4060 [hep-ph]

K.J. de Vries et al, Eur. Phys. J. C 75(9), 422 (2015).
arXiv:1504.03260 [hep-ph]

A .M. Sirunyan et al. (CMS Collaboration), Eur. Phys. J. C 77(10),
710 (2017). https://doi.org/10.1140/epjc/s10052-017-5267-x
AM. Sirunyan et al., CMS Collaboration. Phys. Rev. Lett.
119(15), 151802 (2017). https://doi.org/10.1103/PhysRevLett.
119.151802

A.M. Sirunyan et al. (CMS Collaboration), arXiv:1709.05406
[hep-ex]

J. Billard, L. Strigari, E. Figueroa-Feliciano, Phys. Rev. D 89(2),
023524 (2014). https://doi.org/10.1103/PhysRevD.89.023524.
arXiv:1307.5458 [hep-ph]

C 72, 2243 (2012).

C 74, 2809 (2014).
C 74, 2922 (2014).

3212 (2014).

. P. Cushman, C. Galbiati, D.N. McKinsey, H. Robertson, T.M.P.

Tait, D. Bauer, A. Borgland, B. Cabrera et al., Snowmass
working group report: WIMP dark matter direct detection.
arXiv:1310.8327 [hep-ex]

H. Goldberg, Phys. Rev. Lett. 50, 1419 (1983)

J. Ellis, J. Hagelin, D. Nanopoulos, K. Olive, M. Srednicki, Nucl.
Phys. B 238, 453 (1984)

G. Bertone, D.G. Cerdeno, M. Fornasa, R. Ruiz de Austri, C.
Strege, R. Trotta, JCAP 1201, 015 (2012). https://doi.org/10.
1088/1475-7516/2012/01/015. arXiv:1107.1715 [hep-ph]

A. Fowlie, A. Kalinowski, M. Kazana, L. Roszkowski, Y.L.S.
Tsai, Phys. Rev. D 85, 075012 (2012). https://doi.org/10.1103/
PhysRevD.85.075012. arXiv:1111.6098 [hep-ph]

C. Strege, G. Bertone, D.G. Cerdeno, M. Fornasa, R. Ruiz de Aus-
tri, R. Trotta, JCAP 1203, 030 (2012). https://doi.org/10.1088/
1475-7516/2012/03/030. arXiv:1112.4192 [hep-ph]

24

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

. L. Roszkowski, E.M. Sessolo, Y.L.S. Tsai, Phys. Rev. D 86,
095005 (2012). https://doi.org/10.1103/PhysRevD.86.095005.
arXiv:1202.1503 [hep-ph]

P. Bechtle et al., JHEP 1206, 098 (2012). https://doi.org/10.1007/
JHEP06(2012)098. arXiv:1204.4199 [hep-ph]

A. Fowlie, M. Kazana, K. Kowalska, S. Munir, L. Roszkowski,
E.M. Sessolo, S. Trojanowski, Y.L.S. Tsai, Phys. Rev. D 86,
075010 (2012). https://doi.org/10.1103/PhysRevD.86.075010.
arXiv:1206.0264 [hep-ph]

K. Kowalska, S. Munir, L. Roszkowski, E.M. Sessolo, S. Tro-
janowski, Y.L.S. Tsai, Phys. Rev. D 87, 115010 (2013). https://doi.
org/10.1103/PhysRevD.87.115010. arXiv:1211.1693 [hep-ph]
C. Strege, G. Bertone, F. Feroz, M. Fornasa, R. Ruiz de Aus-
tri, R. Trotta, JCAP 1304, 013 (2013). https://doi.org/10.1088/
1475-7516/2013/04/013. arXiv:1212.2636 [hep-ph]

L. Roszkowski, E.M. Sessolo, A.J. Williams, JHEP 1408,
067 (2014). https://doi.org/10.1007/JHEP08(2014)067.
arXiv:1405.4289 [hep-ph]

P. Bechtle et al., Eur. Phys. J. C 76(2), 96 (2016). https://doi.org/
10.1140/epjc/s10052-015-3864-0. arXiv:1508.05951 [hep-ph]
C. Han, K. Hikasa, L. Wu, M. Yang, Y. Zhang, Phys. Lett. B
769, 470 (2017). https://doi.org/10.1016/j.physletb.2017.04.026.
arXiv:1612.02296 [hep-ph]

P. Athron et al., GAMBIT Collaboration. Eur. Phys. J. C 77(12),
824 (2017). https://doi.org/10.1140/epjc/s10052-017-5167-0

E. Bagnaschi et al, Eur. Phys. J. C 77(4), 268 (2017).
arXiv:1612.05210 [hep-ph]

E. Bagnaschi et al, Eur. Phys. J. C 77(2), 104 (2017).
arXiv:1610.10084 [hep-ph]

See, forexample, C.F. Berger, J.S. Gainer, J.L. Hewett, T.G. Rizzo,
JHEP 0902, 023 (2009). arXiv:0812.0980 [hep-ph]

S.S. AbdusSalam, B.C. Allanach, F. Quevedo, F. Feroz, M. Hob-
son, Phys. Rev. D 81, 095012 (2010). arXiv:0904.2548 [hep-ph]
J.A. Conley, J.S. Gainer, J.L.. Hewett, M.P. Le, T.G. Rizzo, Eur.
Phys. J. C 71, 1697 (2011). arXiv:1009.2539 [hep-ph]

J.A. Conley, J.S. Gainer, J.L. Hewett, M.P. Le, T.G. Rizzo,
arXiv:1103.1697 [hep-ph]

S.S. AbdusSalam et al., Eur. Phys. J. C 71, 1835 (2011).
arXiv:1109.3859 [hep-ph]

S. Sekmen, S. Kraml, J. Lykken, F. Moortgat, S. Padhi, L.
Pape, M. Pierini, H.B. Prosper et al., JHEP 1202, 075 (2012).
arXiv:1109.5119 [hep-ph]

A. Arbey, M. Battaglia, F. Mahmoudi, Eur. Phys. J. C 72, 1847
(2012). arXiv:1110.3726 [hep-ph]

A. Arbey, M. Battaglia, A. Djouadi, F. Mahmoudi, Phys. Lett. B
720, 153 (2013). arXiv:1211.4004 [hep-ph]

M.W. Cahill-Rowley, J.L. Hewett, A. Ismail, T.G. Rizzo, Phys.
Rev. D 88(3), 035002 (2013). arXiv:1211.1981 [hep-ph]

A. Fowlie, K. Kowalska, L. Roszkowski, E.M. Sessolo, Y.L.S.
Tsai, Phys. Rev. D 88, 055012 (2013). https://doi.org/10.1103/
PhysRevD.88.055012. arXiv:1306.1567 [hep-ph]

C. Strege, G. Bertone, G.J. Besjes, S. Caron, R. Ruiz de Austri,
A. Strubig, R. Trotta, JHEP 1409, 081 (2014). https://doi.org/10.
1007/JHEP09(2014)081. arXiv:1405.0622 [hep-ph]

M. Cahill-Rowley, J.L. Hewett, A. Ismail, T.G. Rizzo, Phys. Rev.
D 91(5), 055002 (2015). arXiv:1407.4130 [hep-ph]

L. Roszkowski, E.M. Sessolo, A.J. Williams, JHEP 1502,
014 (2015). https://doi.org/10.1007/JHEP02(2015)014.
arXiv:1411.5214 [hep-ph]

G. Bertone, F. Calore, S. Caron, R. Ruiz, J.S. Kim, R. Trotta, C.
Weniger, JCAP 1604(04), 037 (2016). https://doi.org/10.1088/
1475-7516/2016/04/037. arXiv:1507.07008 [hep-ph]

R.K. Barman, B. Bhattacherjee, A. Choudhury, D. Chowdhury, J.
Lahiri, S. Ray, arXiv:1608.02573 [hep-ph]

@ Springer



256  Page 36 of 38

Eur. Phys. J. C (2018) 78:256

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

71.

78.

C. Boehm, P.S.B. Dev, A. Mazumdar, E. Pukartas, JHEP
1306, 113 (2013). https://doi.org/10.1007/JHEP06(2013)113.
arXiv:1303.5386 [hep-ph]

E.A. Bagnaschi et al.,, Eur. Phys. J. C 75, 500 (2015).
arXiv:1508.01173 [hep-ph]

P. Athron et al. (GAMBIT Collaboration), Eur. Phys. J. C 77(12),
879 (2017). https://doi.org/10.1140/epjc/s10052-017-5196-8

J. Ellis, E. Luo, K.A. Olive, JHEP 1509, 127 (2015).
arXiv:1503.07142 [hep-ph]

J. Ellis, J.L. Evans, F. Luo, K.A. Olive, JHEP 1602, 071 (2016).
arXiv:1510.03498 [hep-ph]

(ATLAS and CDF and CMS and DO Collaborations),
arXiv:1403.4427 [hep-ex]

K.A. Olive et al. (Particle Data Group), Chin. Phys. C 38, 090001
(2014). https://doi.org/10.1088/1674-1137/38/9/090001

F. Feroz, M.P. Hobson, Mon. Not. R. Astron. Soc. 384,449 (2008).
arXiv:0704.3704 [astro-ph]

F. Feroz, M.P. Hobson, M. Bridges, Mon. Not. R. Astron. Soc.
398, 1601-1614 (2009). arXiv:0809.3437 [astro-ph]

F. Feroz, M.P. Hobson, E. Cameron, A.N. Pettitt, arXiv:1306.2144
[astro-ph]

For more information and updates, please see http://cern.ch/
mastercode/. A survey of LHC Run 1 constraints can be found
in K.J. de Vries, Global Supersymmetric Models after LHC Fits
of Run 1 (Ph.D. thesis, 2015), available on this website

P. Skands et al., JHEP 0407, 036 (2004). arXiv:hep-ph/0311123
B.C. Allanach, Comput. Phys. Commun. 143, 305 (2002).
arXiv:hep-ph/0104145

S. Heinemeyer et al.,
arXiv:hep-ph/0604147

S. Heinemeyer, W. Hollik, A.M. Weber, G. Weiglein, JHEP 0804,
039 (2008). arXiv:0710.2972 [hep-ph]

S. Heinemeyer, W. Hollik, G. Weiglein, L. Zeune, JHEP
1312, 084 (2013). https://doi.org/10.1007/JHEP12(2013)084.
arXiv:1311.1663 [hep-ph]

S. Heinemeyer, W. Hollik, G. Weiglein, Comput. Phys. Commun.
124, 76 (2000). arXiv:hep-ph/9812320

S. Heinemeyer, W. Hollik, G. Weiglein, Eur. Phys. J. C 9, 343
(1999). arXiv:hep-ph/9812472

G. Degrassi, S. Heinemeyer, W. Hollik, P. Slavich, G. Weiglein,
Eur. Phys. J. C 28, 133 (2003). arXiv:hep-ph/0212020

M. Frank et al., JHEP 0702, 047 (2007). arXiv:hep-ph/0611326
T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, G. Weiglein, Com-
put. Phys. Commun. 180, 1426 (2009)

T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, G. Weiglein, Phys.
Rev. Lett. 112(14), 141801 (2014). arXiv:1312.4937 [hep-ph].
See http://www.feynhiggs.de

P. Athron, D. Jh Park, A.Voigt Stkinger, Comput. Phys. Commun.
190, 139 (2015). arXiv:1406.2319 [hep-ph]

P. Athron, M. Bach, D. Harries, T. Kwasnitza, J.h. Park, D.
Stckinger, A. Voigt, J. Ziebell, arXiv:1710.03760 [hep-ph]

E. Bagnaschi, G.F. Giudice, P. Slavich, A. Strumia, JHEP
1409, 092 (2014). https://doi.org/10.1007/JHEP09(2014)092.
arXiv:1407.4081 [hep-ph]

E. Bagnaschi, J. Pardo Vega, P. Slavich, Eur. Phys. J. C 77(5),
334 (2017). https://doi.org/10.1140/epjc/s10052-017-4885-7.
arXiv:1703.08166 [hep-ph]

P. Athron, J.H. Park, T. Steudtner, D. Stckinger, A. Voigt, JHEP
1701, 079 (2017). https://doi.org/10.1007/JHEP01(2017)079.
arXiv:1609.00371 [hep-ph]

H. Bahl, W. Hollik, Eur. Phys. J. C 76, 499 (2016).
arXiv:1608.01880 [hep-ph]

H. Bahl, S. Heinemeyer, W. Hollik, G. Weiglein, Eur.
Phys. J. C 78(1), 57 (2018). https://doi.org/10.1140/epjc/
$10052-018-5544-3

JHEP 0608, 052 (2006).

@ Springer

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.
100.
101.

102.

103.

104.

105.

G. Isidori, P. Paradisi, Phys. Lett. B 639, 499 (2006).
arXiv:hep-ph/0605012

G. Isidori, F. Mescia, P. Paradisi, D. Temes, Phys. Rev. D 75,
115019 (2007). arXiv:hep-ph/0703035 and references therein

F. Mahmoudi, Comput. Phys. Commun. 178, 745 (2008).
arXiv:0710.2067 [hep-ph]

F. Mahmoudi, Comput. Phys. Commun. 180, 1579 (2009).
arXiv:0808.3144 [hep-ph]

D. Eriksson, F. Mahmoudi, O. Stal, JHEP 0811, 035 (2008).
arXiv:0808.3551 [hep-ph]

G. Belanger, F. Boudjema, A. Pukhov, A. Semenov, Comput.
Phys. Commun. 185, 960 (2014). arXiv:1305.0237 [hep-ph], and
references therein

Information about this code is available from K.A. Olive: it con-
tains important contributions from J. Evans, T. Falk, A. Ferstl, G.
Ganis, F. Luo, A. Mustafayev, J. McDonald, F. Luo, K.A. Olive,
P. Sandick, Y. Santoso, C. Savage, V. Spanos, M. Srednicki

J.R. Ellis, A. Ferstl, K.A. Olive, Phys. Lett. B 481,
304 (2000). https://doi.org/10.1016/S0370-2693(00)00459-7.
arXiv:hep-ph/0001005

J.R. Ellis, K.A. Olive, Y. Santoso, V.C. Spanos, Phys. Rev.
D 71, 095007 (2005). https://doi.org/10.1103/PhysRevD.71.
095007. arXiv:hep-ph/0502001

J.R. Ellis, K.A. Olive, C. Savage, Phys. Rev. D 77, 065026 (2008).
arXiv:0801.3656 [hep-ph]

M. Muhlleitner, A. Djouadi, Y. Mambrini, Comput. Phys. Com-
mun. 168, 46 (2005). arXiv:hep-ph/0311167

P. Bechtle, S. Heinemeyer, O. Stal, T. Stefaniak, G. Weiglein, Eur.
Phys. J. C 74(2), 2711 (2014). arXiv:1305.1933 [hep-ph]

P. Bechtle, S. Heinemeyer, O. Stal, T. Stefaniak, G. Weiglein,
JHEP 1411, 039 (2014). arXiv:1403.1582 [hep-ph]

P. Bechtle, O. Brein, S. Heinemeyer, G. Weiglein, K.E. Williams,
Comput. Phys. Commun. 181, 138 (2010). arXiv:0811.4169 [hep-
phl

P. Bechtle, O. Brein, S. Heinemeyer, G. Weiglein, K.E. Williams,
Comput. Phys. Commun. 182, 2605 (2011). arXiv:1102.1898
[hep-ph]

P. Bechtle et al., Eur. Phys. J. C 74(3), 2693 (2014).
arXiv:1311.0055 [hep-ph]

P. Bechtle, S. Heinemeyer, O. Stal, T. Stefaniak, G. Weiglein, Eur.
Phys. J. C 75(9), 421 (2015). arXiv:1507.06706 [hep-ph]

J. de Blas (HEPFit Collaboration), Talk given at the First FCC
Physics Workshop, CERN (2017). https://indico.cern.ch/event/
550509/contributions/2413788/attachments/1396663/2130440/
1stFCC_Ph_W_deBlas.pdf

P. Athron et al., Eur. Phys. J. C 76(2), 62 (2016). https://doi.org/
10.1140/epjc/s10052-015-3870-2. arXiv:1510.08071 [hep-ph]
LEP Electroweak Working Group (ALEPH, CDF, DO, DELPHI,
L3, OPAL and SLD Collaborations, LEP Electroweak Working
Group, Tevatron Electroweak Working Group and SLD Elec-
troweak and Heavy Flavour Groups), arXiv:1012.2367 [hep-ex]
M. Baak (Gfitter Collaboration), PoS EPS-HEP2013, 203 (2013)
D. Stockinger, J. Phys. G 34, R45 (2007). arXiv:hep-ph/0609168
J. Miller, E. de Rafael, B. Roberts, Rep. Prog. Phys. 70, 795 (2007).
arXiv:hep-ph/0703049

J. Prades, E. de Rafael, A. Vainshtein, Adv. Ser. Direct.
High Energy Phys. 20, 303 (2009). https://doi.org/10.1142/
9789814271844_0009

F. Jegerlehner, A. Nyffeler, Phys. Rep. 477, 1
arXiv:0902.3360 [hep-ph]

M. Davier, A. Hoecker, B. Malaescu, C.Z. Yuan, Z. Zhang, Eur.
Phys. J. C 66, 1 (2010). arXiv:0908.4300 [hep-ph]

J. Prades, Acta Phys. Pol. Supp. 3, 75 (2010). arXiv:0909.2546
[hep-ph]

(2009).



Eur. Phys. J. C (2018) 78:256

Page 37 of 38 256

106

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.
123.

124.

125.

126.
127.

128.

129.

130.

131.
132.
133.

134.

135.

136.

137.

. T. Teubner, K. Hagiwara, R. Liao, A.D. Martin, D. Nomura, Chin.
Phys. C 34,728 (2010). https://doi.org/10.1088/1674-1137/34/6/
019

M. Davier, A. Hoecker, B. Malaescu, Z. Zhang, Eur. Phys. J. C
71, 1515 (2011). arXiv:1010.4180 [hep-ph]

G. Bennett et al. (The Muon g-2 Collaboration), Phys. Rev. Lett.
92, 161802 (2004). arXiv:hep-ex/0401008

G. Bennett et al., Phys. Rev. D 73, 072003 (2006).
arXiv:hep-ex/0602035

V. Khachatryan et al. (CMS and LHCb Collaborations), Nature
522, 68 (2015). arXiv:1411.4413 [hep-ex]

M. Aaboud et al. (ATLAS Collaboration), Eur. Phys. J. C 76(9),
513 (2016). arXiv:1604.04263 [hep-ex]

R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 118(19),
191801 (2017). arXiv:1703.05747 [hep-ex]

M. Misiak, H.M. Asatrian, R. Boughezal, M. Czakon, T. Ewerth,
A. Ferroglia, P. Fiedler, P. Gambino et al., Phys. Rev. Lett.
114(22), 221801 (2015). https://doi.org/10.1103/PhysRevLett.
114.221801

Y. Ambhis et al. [Heavy Flavor Averaging Group (HFAG) Collab-
oration], arXiv:1412.7515 [hep-ex]

B. Kronenbitter et al. (Belle Collaboration), Phys. Rev. D 92(5),
051102 (2015). arXiv:1503.05613 [hep-ex]

T. Huber, T. Hurth, E. Lunghi, JHEP 1506, 176 (2015).
arXiv:1503.04849 [hep-ph]

A.J. Buras, P. Gambino, M. Gorbahn, S. Jager, L. Silvestrini, Nucl.
Phys. B 592, 55 (2001). arXiv:hep-ph/0007313

W.J. Marciano, Phys. Rev. Lett. 93, 231803
arXiv:hep-ph/0402299

C. Patrignani et al. (Particle Data Group), Chin. Phys. C 40(10),
100001 (2016) and 2017 update

A.J. Buras, D. Buttazzo, J. Girrbach-Noe, R. Knegjens, JHEP
1511, 033 (2015). arXiv:1503.02693 [hep-ph]

A.V. Artamonov et al. (E949 Collaboration), Phys. Rev. Lett. 101,
191802 (2008). arXiv:0808.2459 [hep-ex]

CMS Collaboration, CMS-PAS-EX0-16-036

V. Khachatryan et al. (CMS Collaboration), Eur. Phys. J. C 75(7),
325 (2015). arXiv:1502.02522 [hep-ex]

V. Khachatryan et al. (CMS Collaboration), JHEP 1410, 160
(2014). arXiv:1408.3316 [hep-ex]

P. Bechtle, S. Heinemeyer, O. Stal, T. Stefaniak, G. Weiglein, Eur.
Phys. J. C 75,9, 421 (2015). arXiv:1507.06706 [hep-ph]

The ATLAS Collaboration, ATLAS-CONF-2016-085

ATLAS Collaboration, http://cds.cern.ch/record/2273866/files/
ATLAS-CONF-2017-050.pdf

P.A.R. Ade et al. (Planck Collaboration), Astron. Astrophys. 594,
A13 (2016). arXiv:1502.01589 [astro-ph.CO]

B. Borasoy, U.G. Meissner, Ann. Phys. 254, 192 (1997).
arXiv:hep-ph/9607432

J.M. Alarcon, L.S. Geng, J. Martin Camalich, J.A. Oller, Phys.
Lett. B 730, 342 (2014). arXiv:1209.2870 [hep-ph]

X.Z. Ling, X.L. Ren, L.S. Geng, arXiv:1710.07164 [hep-ph]

M. Hoferichter, J. Ruiz de Elvira, B. Kubis, U.G. Meiner, Phys.
Rev. Lett. 115, 092301 (2015). arXiv:1506.04142 [hep-ph]

J. Ruiz de Elvira, M. Hoferichter, B. Kubis, U.G. Meiss-
ner, J. Phys. G 45(2), 024001 (2018). https://doi.org/10.1088/
1361-6471/2aa9422

J.M. Alarcon, J. Martin Camalich, J.A. Oller, Phys. Rev. D 85,
051503 (2012). arXiv:1110.3797 [hep-ph]

R.D. Young, A.W. Thomas, Phys. Rev. D 81, 014503 (2010).
https://doi.org/10.1103/PhysRevD.81.014503. arXiv:0901.3310
[hep-lat]

J. Giedt, A.W. Thomas, R.D. Young, Phys. Rev. Lett.
103, 201802 (2009). https://doi.org/10.1103/PhysRevLett.103.
201802. arXiv:0907.4177 [hep-ph]

H.W. Lin, arXiv:1112.2435 [hep-lat]

(2004).

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.
162.

163.

164.

165.

166.

167.

168.

L. Alvarez-Ruso, T. Ledwig, J. Martin Camalich, M.J. Vicente-
Vacas, Phys. Rev. D 88(5), 054507 (2013). https://doi.org/10.
1103/PhysRevD.88.054507. arXiv:1304.0483 [hep-ph]

J.R. Ellis, R.A. Flores, S. Ritz, Phys. Lett. B 198, 393 (1987)

J. Ellis, K.A. Olive, V.C. Spanos, JCAP 1110, 024 (2011).
arXiv:1106.0768 [hep-ph]

M.G. Aartsen et al. (IceCube Collaboration), Eur. Phys. J. C77(3),
146 (2017). arXiv:1612.05949 [astro-ph.HE]

J. Ellis, K.A. Olive, C. Savage, V.C. Spanos, Phys. Rev. D 81,
085004 (2010). arXiv:0912.3137 [hep-ph]

M. Drees, H. Dreiner, D. Schmeier, J. Tattersall, J.S. Kim, Com-
put. Phys. Commun. 187, 227 (2015). arXiv:1312.2591 [hep-ph]
C. Bals et al. (GAMBIT Collaboration), Eur. Phys. J. C 77(11),
795 (2017). arXiv:1705.07919 [hep-ph]

E. Conte, B. Fuks, G. Serret, Comput. Phys. Commun. 184, 222
(2013). arXiv:1206.1599 [hep-ph]

M. Papucci, K. Sakurai, A. Weiler, L. Zeune, Eur. Phys. J. C
74(11), 3163 (2014). arXiv:1402.0492 [hep-ph]

S. Kraml, S. Kulkarni, U. Laa, A. Lessa, W. Magerl, D.
Proschofsky-Spindler, W. Waltenberger, Eur. Phys. J. C 74, 2868
(2014). arXiv:1312.4175 [hep-ph]

F. Ambrogi et al., arXiv:1701.06586 [hep-ph]

W. Beenakker, C. Borschensky, M. Krmer, A. Kulesza, E. Lae-
nen, S. Marzani, J. Rojo, Eur. Phys. J. C 76(2), 53 (2016).
arXiv:1510.00375 [hep-ph]

W. Beenakker, M. Kramer, T. Plehn, M. Spira, PM. Zerwas, Nucl.
Phys. B 515, 3 (1998). arXiv:hep-ph/9710451

E.A. Bagnaschi, M. Papucci, K. Sakurai, A. Weiler, L. Zeune, in
preparation

G. Aad et al. (ATLAS and CMS Collaborations), JHEP 1608, 045
(2016). arXiv:1606.02266 [hep-ex]

T. Jittoh, K. Kohri, M. Koike, J. Sato, T. Shimomura, M.
Yamanaka, Phys. Rev. D 76, 125023 (2007). arXiv:0704.2914
[hep-ph]

K. Jedamzik, Phys. Rev. D 77, 063524 (2008). arXiv:0707.2070
[astro-ph]

K. Jedamzik, JCAP 0803, 008 (2008). arXiv:0710.5153 [hep-ph]
T. Jittoh, K. Kohri, M. Koike, J. Sato, T. Shimomura, M.
Yamanaka, Phys. Rev. D 78, 055007 (2008). arXiv:0805.3389
[hep-ph]

T. Jittoh, K. Kohri, M. Koike, J. Sato, K. Sugai, M. Yamanaka, K.
Yazaki, Phys. Rev. D 84, 035008 (2011). arXiv:1105.1431 [hep-
ph]

R.H. Cyburt, J. Ellis, B.D. Fields, F. Luo, K.A. Olive, V.C. Spanos,
JCAP 1212, 037 (2012). arXiv:1209.1347 [astro-ph.CO]

M. Kawasaki, K. Kohri, T. Moroi, Y. Takaesu, Phys. Rev. D 97(2),
023502 (2018). https://doi.org/10.1103/PhysRevD.97.023502
A. Buckley, Eur. Phys. J. C 75(10), 467 (2015). arXiv:1305.4194
[hep-ph]

J.D. Hunter, Comput. Sci. Eng. 9(3), 90-95 (2007)

W.G. Hollik, JHEP 1608, 126 (2016). https://doi.org/10.1007/
JHEPO08(2016)126. arXiv:1606.08356 [hep-ph]

J.E. Camargo-Molina, B. O’Leary, W. Porod, F. Staub, Eur.
Phys. J. C 73(10), 2588 (2013). https://doi.org/10.1140/epjc/
$10052-013-2588-2. arXiv:1307.1477 [hep-ph]

S. Profumo, A. Provenza, JCAP 0612, 019 (2006). https://doi.org/
10.1088/1475-7516/2006/12/019. arXiv:hep-ph/0609290

G. Angloher et al. (CRESST Collaboration), Eur. Phys. J. C76(1),
25 (2016). https://doi.org/10.1140/epjc/s10052-016-3877-3.
arXiv:1509.01515 [astro-ph.CO]

R. Agnese et al. (SuperCDMS Collaboration), Phys. Rev. Lett.
116(7), 071301 (2016). https://doi.org/10.1103/PhysRevLett.
116.071301. arXiv:1509.02448 [astro-ph.CO]

L.T. Yang et al. (CDEX Collaboration), Chin. Phys. C 42(2),
023002 (2018). https://doi.org/10.1088/1674-1137/42/2/023002
B.J. Mount et al., arXiv:1703.09144 [physics.ins-det]

@ Springer



256  Page 38 of 38

Eur. Phys. J. C (2018) 78:256

169.

170.

171.

E. Aprile et al. (XENON Collaboration), JCAP 1604(04),
027 (2016). https://doi.org/10.1088/1475-7516/2016/04/027.
arXiv:1512.07501 [physics.ins-det]

K.C.Y. Ng, J.F. Beacom, A.H.G. Peter, C. Rott, Phys. Rev.
D 96(10), 103006 (2017). https://doi.org/10.1103/PhysRevD.96.
103006

K. Choi et al. (Super-Kamiokande Collaboration), Phys. Rev. Lett.
114(14), 141301 (2015). https://doi.org/10.1103/PhysRevLett.
114.141301. arXiv:1503.04858 [hep-ex]

@ Springer

172.
173.

174.

175.

176.

H. Baer et al., arXiv:1306.6352 [hep-ph]

G. Moortgat-Pick et al., Eur. Phys. J. C 75(8), 371 (2015).
arXiv:1504.01726 [hep-ph]

M.J. Boland et al. (CLIC and CLICdp Collaborations),
arXiv:1608.07537 [physics.acc-ph]

J. Grange et al. (Muon g-2 Collaboration), Fermilab muon (g—2),,
technical design report, arXiv:1501.06858 [physics.ins-det]

J. Gomes et al., arXiv:1711.01758 [cs.SE]



