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THE STORY SO FAR…

Wikipedia

• Plenty of evidence for dark matter interacting gravitationally. 
• ~5x as much dark matter as ordinary matter in the universe. 
• Present day abundance: !  (Planck, 2015)Ωh2 = 0.1188 ± 0.0011



!3James Osborne | SoCal BSM 2019 | UCI September 28, 2019 | Slide

THE STORY SO FAR…

Wikipedia

• Plenty of evidence for dark matter interacting gravitationally. 
• ~5x as much dark matter as ordinary matter in the universe. 
• Present day abundance: !  (Planck, 2015)Ωh2 = 0.1188 ± 0.0011

How does dark matter fit 
into the Standard Model? 

• Not baryonic. 
• Not electrically charged. 
• Stable on the scale of the 

lifetime of the universe. 
• Neutrinos are too hot, no 

large-scale structure.
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THE STORY SO FAR…

Weakly Interacting Massive Particles and the “WIMP miracle” 
• In the standard freeze-out scenario, the observed relic density is 

obtained for weak-scale interaction strengths and masses � !𝓞(100 GeV)

Ωh2 = 0.1188 ± 0.0011 , σ ∝ α2 /m2



!5James Osborne | SoCal BSM 2019 | UCI September 28, 2019 | Slide

THE STORY SO FAR…
So off we go searching for WIMPs

Deliyergiyev, 2016
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SUPERSYMMETRIC DARK MATTER
• Possible solution to the electroweak hierarchy problem. 
• Predicts a WIMP-like dark matter candidate, stable due to R-parity. 
• LHC probes strong dynamics well �  heavy squarks & gluinos. 
• Relatively, the electroweak sector of SUSY is poorly constrained.

⟶

Minimal Supersymmetric Standard Model (MSSM) 
• 4 Majorana neutralinos, mixtures of � . 

• Relevant parameters: � , � , � , and � . 
• Also 2 charginos, mixtures of charged wino and Higgsinos.

{B̃0, W̃0, H̃0
u, H̃0

d}

M1 M2 μ tan β

χ = N11B̃0 + N12W̃0 + N13H̃0
d + N14H̃0

u
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A NEW HOPE AT THE LHC
ATLAS search for chargino-neutralino production using “Recursive 
Jigsaw Reconstruction” (RJR), RAZOR-like variables. [� ] 
• Jackson, Rogan, and Santoni, 2016 [arXiv:1607.08307] 
• ATLAS Collaboration, 2018 [arXiv:1806.02293]
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Figure 13: Exclusion limits at 95% CL on the masses of �̃±1 /�̃
0
2 and �̃0

1 from the analysis of 36.1 fb�1 of 13 TeV
pp collision data obtained from the (a) 2` search, (b) the 3` search, (c) the statistical combination of the 2` and 3`
search channels, assuming 100% branching ratio of the sparticles to decay to SM W/Z bosons and �̃0

1. The dashed
line and the shaded band are the expected limit and its ±1� uncertainty, respectively. The thick solid line is the
observed limit for the central value of the signal cross-section. The dotted lines around the observed limit illustrate
the change in the observed limit as the nominal signal cross-section is scaled up and down by the theoretical
uncertainty and (d) comparison between the exclusion limits from this analysis and Ref. [18].

35

(a) (b)

(c) (d)

Figure 1: Diagrams for the physics scenarios studied in this paper: (a) �̃±1 �̃
0
2 with decays via leptonically decaying W

and Z bosons, (b) �̃±1 �̃
0
2 with decays to two-lepton plus two-jet plus Emiss

T final states through a hadronically decaying
W boson and a leptonically decaying Z boson, (c) �̃±1 �̃

0
2 production in association with an initial state radiation

jet (labeled ‘ j’ in the figure) with decays via leptonically decaying W and Z bosons and (d) �̃±1 �̃
0
2 production in

association with an initial state radiation jet with decays to two-lepton plus two-jet plus Emiss
T final states through a

hadronically decaying W boson and a leptonically decaying Z boson.

pp collisions simulated with the soft QCD processes of Pythia 8.186 using the A2 tune [71] and the
MSTW2008LO parton distribution functions [72]. The MC samples were generated with a variable num-
ber of additional pp interactions in the same and neighboring bunch crossings, and were reweighted to
match the distribution of the mean number of interactions observed in data.

For all SM background samples the response of the detector to particles was modeled with a full ATLAS
detector simulation [73] based on Geant4 [74]. Signal samples were prepared using a fast simulation
based on a parameterization of the performance of the ATLAS electromagnetic and hadronic calorimeters
and on Geant4 elsewhere.

6
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ANATOMY OF THE ATLAS EXCESS
What can this tell us about the MSSM and dark matter? 
• Carena, Osborne, Shah, and Wagner, 2018 [arXiv:1809.11082]

Signal Region Observed Events BG Events Events above BG Signi� cance (Z)

SR2ℓLow 19 8: 4 � 5: 8 10: 6 � 5: 8 1.39

SR2ℓISR 11 2: 7+2: 8
−2: 7 8: 3+2: 8

−2: 7 1.99

SR3ℓLow 20 10 � 2 10 � 2 2.13

SR3ℓISR 12 3: 9 � 1: 0 8: 1 � 1: 0 3.02

Table 1. Expected and observed events for the 2ℓ and 3ℓ SRs, as well as the signi� cance of the excess
(Z). The number of observed events, background estimates and signi� cance of the excess are taken
from Ref. [22]. The errors on the background show statistical plus systematic uncertainties. The
third column has been added to show the estimated number of events above expected background.

bins, assuming a mass difference ∆m = 100 GeV. The results are shown in Fig. 2 as solid

lines. The bands show the � 1σ uncertainties estimated by propagating the background

uncertainties. For reference, we also show the NLO-NLL wino-like χ̃ �

1 χ̃
0
2 production cross

section (black dashed line) with a � 1σ uncertainty band [31{ 33]. The production cross-

section of Higgsino-like χ̃ �

1 χ̃
0
2 (not shown) is approximately a factor of 4 smaller. In the

MSSM, generically the neutralinos are expected to be admixtures rather than pure states.

As such, the pure wino cross section denoted in Fig. 2 should be treated as an upper bound

Figure 2. Signal cross sections that reproduce the observed excesses in each SR as a function
of mχ� = χ0

2
, assuming ∆m = 100 GeV, with � 1σ bands obtained by propagating the background

uncertainties. The black dashed line denotes the NLO-NLL pure wino-like χ̃ �
1 χ̃

0
2 production cross

section with a � 1σ uncertainty band.

{ 4 {

Signal Region Observed Events BG Events Events above BG Signi� cance (Z)

SR2ℓLow 19 8: 4 � 5: 8 10: 6 � 5: 8 1.39

SR2ℓISR 11 2: 7+2: 8
−2: 7 8: 3+2: 8

−2: 7 1.99

SR3ℓLow 20 10 � 2 10 � 2 2.13

SR3ℓISR 12 3: 9 � 1: 0 8: 1 � 1: 0 3.02

Table 1. Expected and observed events for the 2ℓ and 3ℓ SRs, as well as the signi� cance of the excess
(Z). The number of observed events, background estimates and signi� cance of the excess are taken
from Ref. [22]. The errors on the background show statistical plus systematic uncertainties. The
third column has been added to show the estimated number of events above expected background.

bins, assuming a mass difference ∆m = 100 GeV. The results are shown in Fig. 2 as solid

lines. The bands show the � 1σ uncertainties estimated by propagating the background

uncertainties. For reference, we also show the NLO-NLL wino-like χ̃ �

1 χ̃
0
2 production cross

section (black dashed line) with a � 1σ uncertainty band [31{ 33]. The production cross-

section of Higgsino-like χ̃ �

1 χ̃
0
2 (not shown) is approximately a factor of 4 smaller. In the

MSSM, generically the neutralinos are expected to be admixtures rather than pure states.

As such, the pure wino cross section denoted in Fig. 2 should be treated as an upper bound

Figure 2. Signal cross sections that reproduce the observed excesses in each SR as a function
of mχ� = χ0

2
, assuming ∆m = 100 GeV, with � 1σ bands obtained by propagating the background

uncertainties. The black dashed line denotes the NLO-NLL pure wino-like χ̃ �
1 χ̃

0
2 production cross

section with a � 1σ uncertainty band.

{ 4 {

Signal Region Observed Events BG Events Events above BG Signi� cance (Z)

SR2ℓLow 19 8: 4 � 5: 8 10: 6 � 5: 8 1.39

SR2ℓISR 11 2: 7+2: 8
−2: 7 8: 3+2: 8

−2: 7 1.99

SR3ℓLow 20 10 � 2 10 � 2 2.13

SR3ℓISR 12 3: 9 � 1: 0 8: 1 � 1: 0 3.02

Table 1. Expected and observed events for the 2ℓ and 3ℓ SRs, as well as the signi� cance of the excess
(Z). The number of observed events, background estimates and signi� cance of the excess are taken
from Ref. [22]. The errors on the background show statistical plus systematic uncertainties. The
third column has been added to show the estimated number of events above expected background.

bins, assuming a mass difference ∆m = 100 GeV. The results are shown in Fig. 2 as solid

lines. The bands show the � 1σ uncertainties estimated by propagating the background

uncertainties. For reference, we also show the NLO-NLL wino-like χ̃ �

1 χ̃
0
2 production cross

section (black dashed line) with a � 1σ uncertainty band [31{ 33]. The production cross-

section of Higgsino-like χ̃ �

1 χ̃
0
2 (not shown) is approximately a factor of 4 smaller. In the

MSSM, generically the neutralinos are expected to be admixtures rather than pure states.

As such, the pure wino cross section denoted in Fig. 2 should be treated as an upper bound

Figure 2. Signal cross sections that reproduce the observed excesses in each SR as a function
of mχ� = χ0

2
, assuming ∆m = 100 GeV, with � 1σ bands obtained by propagating the background

uncertainties. The black dashed line denotes the NLO-NLL pure wino-like χ̃ �
1 χ̃

0
2 production cross

section with a � 1σ uncertainty band.

{ 4 {

• Heavy colored sector 
• Wino-like cross-sections 
• Bino-like LSP 
• Low mass regime 
• Degenerate !  
• Compressed Spectrum

χ̃±
1 / χ̃0

2

Δm ≡ mχ̃±
1 /χ̃ 0

2
− mχ̃ 0

1
∼ 100 GeV
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ANATOMY OF THE ATLAS EXCESS
What can this tell us about the MSSM and dark matter? 
• Carena, Osborne, Shah, and Wagner, 2018 [arXiv:1809.11082]

Figure 3. Contours of χ̃ �
1 χ̃0

2 production cross sections (solid black) and mχ̃0
2
(dashed white) in the

� vs. M2 plane for tanβ = 20. All other parameters are � xed to the BM values shown in Table 2.

bounds from squark and gluino searches, we set their soft masses to 2 TeV. Following the

direct detection and a� discussions of Secs. 3 and 4, we require � ; M2 < 0 and M1 > 0,

and choose soft slepton masses ML̃ ! 500 GeV. Finally, the SM-like Higgs mass is required

to be between 124{ 126 GeV. Parameters not labeled in the following � gures are set to

benchmark (BM) values presented in Table 2.

We � rst stress that when considering the LHC production cross section for electroweaki-

nos, unlike the simpli� ed case targeted by the ATLAS and CMS experiments, there can

be relevant Higgsino components in χ0
2 and χ �

1 in the MSSM. This, in general, leads to

a reduction of the signal cross section compared to pure wino-like production. To ac-

count for this, we calculated the MSSM production cross section to NLO accuracy using

Prospino2 [96]. As expected, larger values of j � j lead to larger values of the LHC cross

section due to the larger wino component of the chargino and second lightest neutralino.

This is shown in Fig. 3, where we present the signal cross sections for the production of the

second lightest neutralino in association with the lightest chargino at the LHC in the M2

vs. � plane for tan β = 20. We note here that since the Higgsino components of a mostly

wino-like neutralino are only weakly dependent on tan β [38], the plot shown will not be

modi� ed signi� cantly by varying tan β. The mass of the almost degenerate χ̃0
2 = χ̃

�

1 pair is

denoted by the white dashed lines, whereas the color coding shows the values of the LHC

production cross section. Black labeled contour lines for the production cross section are

also provided to guide the eye. Fig. 3 shows that while the dependence on � is mild, there

is a strong dependence of the cross section on M2. This is due in part to the fact that in

{ 12 {

• Mixing reduces cross section 
• Additional light states 

contaminate searches 
• !  searches want !3ℓ σ ∼ 3 pb

Gambit [arXiv:1809.02097]
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ANATOMY OF THE ATLAS EXCESS
What can this tell us about the MSSM and dark matter? 
• Carena, Osborne, Shah, and Wagner, 2018 [arXiv:1809.11082]

Figure 4. Top left: Regions in the � − mχ̃1
plane that produce a relic abundance ΩCDMh2 =

0 : 12 � 50% for different values of tanβ. The red, green and blue regions correspond to tanβ = 10,
20, and 60, respectively (corresponding to the Higgs resonance), while the purple region corresponds
to the Z resonance which is approximately independent of tanβ. The lower gray shaded region is
excluded by SD constraints set by LUX, which are again approximately independent of the value
of tanβ for moderate to large values of tanβ. The three remaining plots show contours of the SI
scattering cross section σSI

p in the MH { � plane for tanβ = 10 (top right), 20 (bottom left), and 60
(bottom right) with � xed mχ̃0

1
= 61 : 7 GeV. The narrow black regions are excluded by SI constraints

set by XENON1T. Other parameters are � xed to the BM values shown in Table 2.

ally consistent thermal relic density in the scenario under study would be the t-channel

interchange of light staus, with masses of the order of the lightest chargino mass. An ex-

ample of such a scenario would be the addition of ∼ 200 GeV right-handed staus [38, 98].

All other sleptons may be kept heavy in order to ful� ll the collider and g − 2 constraints.

We have checked that consistency with the relic density and all other phenomenological

constraints may be obtained for tan β ≃ 100. Such large values of tan β may be acceptable

provided there are large corrections to the bottom Yukawa coupling [55{ 57, 99], keeping

the perturbativity of the bottom sector up to high scales [100, 101]. We note that consis-

tent relic density for a heavier slepton spectrum may be also be obtained in the NMSSM,

where either co-annihilation with singlinos [102] or resonant annihilation through a singlet-

{ 14 {

• SIDD blind spot: 

!  

• !  

• Z resonance: ! , 
tension with previous searches? 

• h resonance: large !  

• SDDD constrains !  

• Independent of !

σSI
p ∝

m4
Z

μ4
2

m2
h (mχ̃ 0

1
+ 2

μ
tan β ) + 𝓞

1
m2

heavy

2

mχ̃ 0
1

≈ M1 → M1 > 0, μ < 0

mχ̃±
1 /χ̃ 0

2
∼ 145 GeV

tan β

μ ≲ − 275 GeV

M2
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ANATOMY OF THE ATLAS EXCESS
What can this tell us about the MSSM and dark matter? 
• Carena, Osborne, Shah, and Wagner, 2018 [arXiv:1809.11082]
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plane that produce a relic abundance ΩCDMh2 =
0 : 12 � 50% for different values of tanβ. The red, green and blue regions correspond to tanβ = 10,
20, and 60, respectively (corresponding to the Higgs resonance), while the purple region corresponds
to the Z resonance which is approximately independent of tanβ. The lower gray shaded region is
excluded by SD constraints set by LUX, which are again approximately independent of the value
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scattering cross section σSI
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1
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set by XENON1T. Other parameters are � xed to the BM values shown in Table 2.

ally consistent thermal relic density in the scenario under study would be the t-channel

interchange of light staus, with masses of the order of the lightest chargino mass. An ex-

ample of such a scenario would be the addition of ∼ 200 GeV right-handed staus [38, 98].

All other sleptons may be kept heavy in order to ful� ll the collider and g − 2 constraints.

We have checked that consistency with the relic density and all other phenomenological

constraints may be obtained for tan β ≃ 100. Such large values of tan β may be acceptable

provided there are large corrections to the bottom Yukawa coupling [55{ 57, 99], keeping

the perturbativity of the bottom sector up to high scales [100, 101]. We note that consis-

tent relic density for a heavier slepton spectrum may be also be obtained in the NMSSM,

where either co-annihilation with singlinos [102] or resonant annihilation through a singlet-

{ 14 {
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MUON ANOMALOUS MAGNETIC MOMENT
• Longstanding Brookhaven anomaly, ! . 
• Fermilab !  experimental results expected soon.

∼ 3.5 σ
(g − 2)μ

δaμ = aexp
μ − atheory

μ = 268(63)(43) × 10−11

δaμ ≃
α

8πs2
W

m2
μ

m̃2
Sgn(μM2) tan β ≃ 130 × 10−11 ( 100 GeV

m̃ )
2

Sgn(μM2) tan β

• Requires slepton masses of order a few hundred GeV
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ANATOMY OF MUON G-2

Figure 5. Regions of parameter space that produce the observed excess in the anomalous magnetic
moment of the muon. Solid lines denote consistency with the current experimental values, while
shaded regions show 1σ variations. Left: The M2 and � dependence for several choices of the
slepton soft mass parameter ML̃ and tanβ = 20. Right: The ML̃ and � dependence for several
values of tanβ and M2 = −172 GeV. Other parameters not shown are � xed to the BM values shown
in Table 2.

and 10 <
∼ tan β <

∼ 20 (with larger values of the heavy Higgs mass for larger values of tan β),

or for Higgs masses ! 2 TeV for tan β = 60. As shown in the left-hand upper panel of Fig. 4

this would lead to a preference for the Z-resonance annihilation region for the smaller tan β

values.

Finally, Fig. 5 shows the region of parameter space that accommodates the observed

deviation of the anomalous magnetic moment of the muon with respect to the SM predic-

tion. The left panel of Fig. 5 shows the preferred values of M2 and � for different values of

the slepton masses, and tan β = 20. For simplicity, we have assumed equal soft supersym-

metry breaking parameters for left- and right-handed sleptons, characterized by ML̃ ≃ Mν̃ .

The solid lines denote the values of � leading to agreement with the observed value of a� ,

while the shaded bands show the range of � consistent with the current 1σ experimental

uncertainty on this quantity. Overall, the dependence of a � on the supersymmetry break-

ing mass parameters is in agreement with our general expectations based on Eqs. (4.3) and

(4.4). Lighter (heavier) sleptons imply larger (smaller) preferred values of j � j , with values

of j � j in the range 200{ 500 GeV for this value of tan β and slepton masses at the weak

scale.

The right panel of Fig. 5 shows the dependence of the preferred values of the slepton

masses and the Higgsino mass parameter for different values of tan β and M2 = −172 GeV.

While values of tan β = 10 demand values of these parameters of the order of 200-300 GeV,

the slepton masses can be signi� cantly larger for values of tan β = 60. In particular, for

tan β = 60 and j � j = 300 GeV, slepton masses of the order of 500 GeV (700 GeV) are

consistent with the central experimental value (a deviation of one standard deviation with

{ 16 {

• Requires ! . 
• Left-handed sleptons cascade decay, reducing LHC constraints. 
•

μ × M2 > 0 → μ < 0, M2 > 0

ML̃ ∼ 400 GeV
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ANOMALIES BENCHMARK
Param. [GeV] Param. [GeV] Param. [GeV] Param. [GeV]

µ -300 M2 -172 ML̃ 400 MH 1500

M1 63.5 M3 2000 MQ̃ 2000 At 3000

Table 2. Benchmark values of MSSM input parameters for micrOMEGAs with tanβ = 20. The
squark and slepton soft masses are degenerate between generations and chiralities.

Part. m [GeV] Part. m [GeV] Part. m [GeV] Part. m [GeV]

h 125.84 χ̃±

1 165.0 ν̃e 395.0 ũR 2069.8

H 1500.03 χ̃±

2 333.6 ν̃µ 395.0 ũL 2069.5

H3 1500.00 τ̃1 389.5 ν̃τ 395.0 d̃R 2070.3

H± 1502.38 τ̃2 415.0 g̃ 2129.2 d̃L 2071.0

χ̃0
1 61.7 ẽR 402.4 t̃1 1927.7 s̃R 2070.3

χ̃0
2 164.8 ẽL 402.6 t̃2 2131.6 s̃L 2071.0

χ̃0
3 314.2 µ̃R 402.4 b̃1 2067.1 c̃R 2069.8

χ̃0
4 331.2 µ̃L 402.6 b̃2 2074.1 c̃L 2069.5

Table 3. Benchmark mass spectrum generated from the input parameters of Table 2.

improve the consistency with the trilepton RJR searches at the expense of increasing the

tension with previous analyses. Regarding the direct detection cross sections for our BM

point, while they are sufficiently suppressed to evade current limits, they may be probable

in the near future through SD interactions. Lastly, we see that the resulting value of aµ is

well within 1σ of the currently observed experimental value.

Finally, we would like to reiterate that the excess of events observed in the ATLAS RJR

analysis is interesting but cannot be yet taken as a significant signal of new physics. We

present this BM point only as an example of the possible parameters in the electroweak

sector consistent with current data. Quite generally, we show that if future LHC data

provides a confirmation of electroweakinos at the weak scale, it is not difficult to fulfill

other observational and experimental constraints as well. Accommodating the observed

relic density is generically the most stringent requirement.

7 Conclusions

Despite a lack of any conclusive evidence for its presence at the weak scale, supersymmetry

remains a well motivated extension of the SM, and may answer many open questions in

particle physics. In this article we have presented a study of the current constraints on

the electroweak sector in low energy supersymmetry models. As an example, we have

taken gaugino and Higgsino mass parameters that can be consistent with a new physics

interpretation of recent event excesses in the ATLAS search for electroweakinos using the

RJR method. The large cross sections associated with these excesses imply that the second

– 18 –
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1 61.7 ẽR 402.4 t̃1 1927.7 s̃R 2070.3

χ̃0
2 164.8 ẽL 402.6 t̃2 2131.6 s̃L 2071.0

χ̃0
3 314.2 µ̃R 402.4 b̃1 2067.1 c̃R 2069.8

χ̃0
4 331.2 µ̃L 402.6 b̃2 2074.1 c̃L 2069.5

Table 3. Benchmark mass spectrum generated from the input parameters of Table 2.

improve the consistency with the trilepton RJR searches at the expense of increasing the

tension with previous analyses. Regarding the direct detection cross sections for our BM

point, while they are sufficiently suppressed to evade current limits, they may be probable

in the near future through SD interactions. Lastly, we see that the resulting value of aµ is

well within 1σ of the currently observed experimental value.

Finally, we would like to reiterate that the excess of events observed in the ATLAS RJR

analysis is interesting but cannot be yet taken as a significant signal of new physics. We

present this BM point only as an example of the possible parameters in the electroweak

sector consistent with current data. Quite generally, we show that if future LHC data

provides a confirmation of electroweakinos at the weak scale, it is not difficult to fulfill

other observational and experimental constraints as well. Accommodating the observed

relic density is generically the most stringent requirement.

7 Conclusions

Despite a lack of any conclusive evidence for its presence at the weak scale, supersymmetry

remains a well motivated extension of the SM, and may answer many open questions in

particle physics. In this article we have presented a study of the current constraints on

the electroweak sector in low energy supersymmetry models. As an example, we have

taken gaugino and Higgsino mass parameters that can be consistent with a new physics

interpretation of recent event excesses in the ATLAS search for electroweakinos using the

RJR method. The large cross sections associated with these excesses imply that the second

– 18 –

Degenerate soft parameters between generations and chiralities for simplicity only.
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GALACTIC CENTER EXCESS

Fermi-LAT Gamma ray excess ! . [arXiv:1511.02938] 
• Dark matter annihilation? [arXiv:1010.2752, etc.] 
• Point-like sources, unknown population of millisecond pulsars? [arXiv:1506.05104, etc.]

∼ few GeV

Fermi-LAT sees 
gamma ray 
excess, AMS 
sees anti-proton 
excess. Both are 
consistent with 
! .χ̃ χ̃ → bb
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GALACTIC CENTER EXCESS

Fermi-LAT Gamma ray excess ! . [arXiv:1511.02938] 
• Dark matter annihilation? [arXiv:1010.2752, etc.] 
• Point-like sources, unknown population of millisecond pulsars? [arXiv:1506.05104, etc.]

∼ few GeV

Fermi-LAT sees 
gamma ray 
excess, AMS 
sees anti-proton 
excess. Both are 
consistent with 
! .χ̃ χ̃ → bb

Gamma ray excess 
• Dark matter annihilation? [arXiv:1010.2752, etc.] 
• Point-like sources, unknown population of millisecond pulsars? [arXiv:1506.05104, etc.]
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ANATOMY OF THE GCE
What can we infer from the GCE if we take the ATLAS excess as signal? 
• Carena, Osborne, Shah, and Wagner, 2019 [arXiv:1905.03768]

Cholis, Linden, Hooper, 2019 [arXiv:1903.02549]

• ! . 

• MSSM doesn’t work: 
requires ! . 

• Mismatch between relic 
resonance at finite temp. 
and indirect detection at 0 
temp. 

• CPV-MSSM: complex !  
leads to s-wave component 
to h-mediated annihilation. 

• NMSSM: Additional CP-odd 
singlet !  boosts resonant 
annihilation at 0 temp.

mχ̃ 0
1

∼ 60 GeV

mχ > 60 GeV

M1

A1Rest of the story stays the same!
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ANATOMY OF THE GCE
What can we infer from the GCE if we take the ATLAS excess as signal? 
• Carena, Osborne, Shah, and Wagner, 2019 [arXiv:1905.03768]

• CPV-MSSM: complex �  introduces electric dipole moments (EDMs). 
• Scales as the inverse of slepton mass squared �  no �  contribution.

M1

⟶ (g − 2)μ

Param. Value Param. [GeV] Param. [GeV] Param. [GeV]

arg[M1] 5.8◦ µ -300 M3 3000 At 2500

tan β 20 M1 63.425 ML̃ 3000 Ab 2500

MH± 1500 GeV M2 -185 MQ̃ 3000 Aτ 1000

Table 1. Benchmark values of CPVMSSM input parameters for micrOMEGAs. The squark and
slepton soft masses are degenerate between generations and chiralities, and all unlisted A-terms are
zero.

Part. m [GeV] Part. m [GeV] Part. m [GeV] Part. m [GeV]

h 125.5 χ̃±

1 165.2 ν̃e 2999.3 ũR 2999.8

H2 1497.9 χ̃±

2 331.9 ν̃µ 2999.3 ũL 2999.5

H3 1497.9 τ̃1 2998.4 ν̃τ 2999.3 d̃R 3000.1

H± 1500.0 τ̃2 3002.3 g̃ 3000.0 d̃L 3000.6

χ̃0
1 62.7 ẽR 3000.3 t̃1 2945.8 s̃R 3000.1

χ̃0
2 165.0 ẽL 3000.4 t̃2 3058.4 s̃L 3000.6

χ̃0
3 309.6 µ̃R 3000.3 b̃1 2997.6 c̃R 2999.8

χ̃0
4 329.0 µ̃L 3000.4 b̃2 3003.1 c̃L 2999.5

Table 2. Benchmark mass spectrum generated from the input parameters of Table 1.

Although the introduction of a non-vanishing phase to M1 does not impact the tri-

lepton signatures at the LHC, it does lead to the appearance of electric dipole moments (EDMs)

which are strongly constrained experimentally [40]. The appearance of CP-violation only

in the bino mass parameter, together with a sizable value of the heavy Higgs boson masses,

mH+ > 1 TeV, suppresses the two-loop contributions to the EDMs [41–44]. In this case,

the main contribution to the electron EDM comes at 1-loop, and scales as the inverse

square of the selectron masses. Values of the selectron masses of a few TeV are sufficient to

evade the current EDM bounds. However, slepton masses at a scale of a few TeV will not

give any significant contribution to the anomalous magnetic moment of the muon, which

then remains suppressed as compared to the experimentally favored value.

We numerically verified the above conclusions by using the CPVMSSM implementation

in micrOMEGAs 5.0.8 [45, 46] which uses CPsuperH 2.3 [47, 48] as the spectrum generator.

We found that for

mχ = |mχ| exp(iφ), (2.2)

small values of φ for a neutralino mass |mχ| ∼ 60 GeV can lead to resonant annihilation via

h, and one may obtain consistency with the GCE signatures and the observed relic density.

The full set of CPVMSSM parameters are shown in Table 1, leading to approximately the

same physical spectrum, tabulated in Table 2, as the one presented in Ref. [7]. We take all

SUSY scalar masses of order MS ≃ 3 TeV, which suppresses all EDMs, and the value of

– 4 –

• NMSSM: no problem accommodating � .(g − 2)μ

Param. Value Param. [GeV] Param. [GeV] Param. [GeV]

tan β 20 µeff -300 M3 3000 Aλ -1260

λ 0.15 M1 62.62 ML̃ 450 Aκ -10.8

κ -0.55 M2 -171. MQ̃ 3000 At 4000

Table 3. Benchmark values of NMSSM input parameters for micrOMEGAs. The squark and slepton
soft masses are degenerate between generations and chiralities, and all unlisted A-terms are set to
1 TeV.

Part. m [GeV] Part. m [GeV] Part. m [GeV] Part. m [GeV]

h 124.8 χ̃±

1 165.2 A1 120.8 ũR 3100.7

H2 969.6 χ̃±

2 336.7 A2 974.1 ũL 3100.5

H3 2185.5 τ̃1 438.3 ν̃e,µ,τ 445.7 d̃R 3101.0

H± 972.9 τ̃2 465.5 g̃ 3198.1 d̃L 3101.5

χ̃0
1 60.7 ẽR 452.0 t̃1 2955.6 s̃R 3101.0

χ̃0
2 165.0 ẽL 452.3 t̃2 3120.5 s̃L 3101.5

χ̃0
3 315.8 µ̃R 452.0 b̃1 3076.3 c̃R 3100.7

χ̃0
4 333.9 µ̃L 452.3 b̃2 3077.8 c̃L 3100.5

Table 4. NMSSM Benchmark mass spectrum generated from the input parameters of Table 3.

the dominant contribution to the finite temperature annihilation cross section relevant for

the relic density).1

One advantage of the NMSSM compared to the CPVMSSM scenario is the possibility

of preserving CP and hence avoiding the EDM constraints. One can then lower the slepton

masses to values of order 400 GeV, leading to a sizable contribution to the muon anomalous

magnetic moment, which is experimentally favored [15]. Using NMSSMTools 5.1.1 [56–61]

which is the spectrum generator for the NMSSM in micrOMEGAs 5.0.8, we choose param-

eters tabulated in Table 3, such that, as shown in Table 4, a similar neutralino/chargino

spectrum as in our previous work [7] is obtained. These parameters are consistent with the

observed ATLAS excess. Moreover, with the choice of slepton masses ML̃ = 450 GeV, these

parameter choices also lead to consistency with the muon anomalous magnetic moment,

aMSSM
µ = 217× 10−11.

The values of the parameters in the singlet sector are selected to keep the lightest

neutralino MSSM-like. This is achieved for |κ/λ| > 1, for which the singlino state becomes

heavier than the Higgsinos. Since the singlet CP-even scalar tends to be heavy in this

region of parameters it does not lead to any large mixing effects on the SM-like Higgs

properties. The value of Aκ is chosen to obtain a lightest CP-odd mass consistent with

1 Details of such a mechanism may be found in Ref. [36], where it is shown that for a slightly lighter

singlino-Higgsino DM candidate of mass mχ ∼ 40 GeV, A1 can assist annihilation close to the Z funnel,

and yield consistency with the GCE and the observed relic density.

– 6 –
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A NEW HOPE AT THE LHC (?)
ATLAS search for chargino-neutralino production using “emulated 
Recursive Jigsaw Reconstruction” (eRJR). [! ] 
• Confirms !  excess with !  data set, full Run 2 data set excess reduced to ! . 
• ATLAS Collaboration, 2019 [ATLAS-CONF-2019-020]

Run 2, 139 fb−1

3 σ 36 fb−1 ∼ 1 σ

Table 6: The observed and expected yields after the background-only fit in the SRs. The normalization factors of
the W Z sample for the low-mass and ISR regions are di�erent and are treated separately in the combined fit. The
Other category includes triboson, Higgs boson, and rare top-quark processes. Combined statistical and systematic
uncertainties are presented. The individual uncertainties can be correlated and do not necessarily add in quadrature
to the total background uncertainty.

SR-low SR-ISR

Observed events 51 30

Fitted SM events 46 ± 5 23.0 ± 2.2

W Z 38 ± 5 19.5 ± 2.0
Z Z 4.9 ± 0.6 0.38 ± 0.07
Others 1.3 ± 0.7 1.2 ± 0.7
Top-quark like 0.03+0.18

�0.03 1.9 ± 0.8
Fake/non-prompt 1.6 ± 1.3 0.01+0.05

�0.01

Table 7: Summary of the expected background and data yields in SR-low and SR-ISR. The second and third
columns show the data and total expected background with systematic uncertainties. The fourth column gives the
model-independent upper limits at 95% CL on the visible cross section (�vis). The fifth and sixth columns give the
visible number of observed (S95

obs) and expected (S95
exp) events of a generic beyond-the-SM process, where uncertainties

on S
95
exp reflect the ±1� uncertainties on the background estimation. The last column shows the discovery p-value and

Gaussian significance Z assuming no signal.

Signal channel Nobs Nexp �vis[fb] S
95
obs S

95
exp p(s = 0) (Z)

SR-low 51 46 ± 5 0.16 22.0 20.7+6.2
�4.3 0.27 (0.60)

SR-ISR 30 23.0 ± 2.2 0.13 18.0 12.1+5.3
�2.0 0.10 (1.27)

derived for each SR. A log-likelihood fit is performed to the number of observed events in the target SR and
the associated CR, and a generic BSM process is assumed to contribute to the SR only. No theoretical or
systematic uncertainties are considered for the signal model except the luminosity uncertainty. The observed
(S95

obs) and expected (S95
exp) limits on the number of BSM events are shown in Table 7. Also shown are the

observed limits on the visible cross section �vis, defined as S
95
obs normalized to the integrated luminosity,

which represents the product of the production cross section, acceptance, and selection e�ciency of a
generic BSM signal. Limits on �vis are set at 0.16 fb in SR-low and 0.13 fb in SR-ISR. The p-value,
representing the probability of the SM background alone fluctuating to the observed number of events, and
the associated significance Z are also shown.

Exclusion limits are derived at 95% CL for the �̃±1 �̃
0
2 models which decay exclusively into W and Z bosons.

Limits are obtained through a profile log-likelihood ratio test using the CLs prescription, following the
simultaneous fit to the low-mass and ISR CRs and SRs [70]. The low-mass and ISR regions do not a�ect
the nominal fit in the other region due to their orthogonality, but uncertainties that are correlated across
regions may be constrained. Experimental uncertainties are treated as correlated between signal and
background events and across low-mass and ISR regions. The theoretical uncertainty on the signal cross
section is accounted for by repeating the limit-setting procedure with the varied signal cross sections and
reporting the e�ect on the observed limit.
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Figure 7: Expected (dashed blue) and observed (solid red) exclusion contours on �̃±1 �̃
0
2 production assuming on-shell

W/Z decays as a function of the �̃±1 / �̃0
2 and �̃0

1 masses, and derived from the combined fit of low-mass and ISR
regions. The yellow band reflects the ±1� uncertainty on the expected limits due to uncertainties in the background
prediction and experimental uncertainties a�ecting the signal. The dotted red lines correspond to the ±1� cross
section uncertainty of the observed limit derived by varying the signal cross section within its uncertainty.
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• Emulated search using traditional 
variables. 

• Correlation between search 
variables good for some, not all. 

• Awaiting RJR analysis of full Run 2 
data, CMS equivalent.
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RETURN OF THE WIMP
• Dark matter picture only cares about �  and �  for SIDD: � . 

• Excess fit for wino-like � , bino-like � . 

• LHC cross sections depend on �  and mixing. Higgsino cross 
sections �  smaller than wino, unconstrained by LHC. 

• Muon �  suggests light sleptons, � , which avoid 
LHC bounds by cascade decaying first to heavier charginos and 
neutralinos. 

• Light spectrum is important to understand, as it can dramatically 
alter the interpretation of LHC SUSY searches. 

• GCE may hint that an extended SUSY model is needed: CPV-MSSM or 
NMSSM to decouple relic density and indirect detection.

M1 μ M1 × μ < 0

mχ̃±
1 /χ̃ 0

2
∼ 160 GeV mχ̃ 0

1
∼ 60 GeV

M2
∼ 1/4

(g − 2) ML̃ ∼ 400 GeV
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CONCLUSIONS

WIMP paradigm is still alive! Anomalies paint a detailed picture of 
what we might expect in the future.

LHC Run 3 and next generation astrophysical probes may finally 
begin to illuminate WIMP dark matter.

Low energy SUSY may still be waiting to be discovered at the LHC! 
Electroweak sector with a rich spectrum, not tightly constrained.

Thank You!




