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Standard Model
• The Standard Model works. 

- verified by collider experiments 

• The Standard Model is not complete. 
- does not include neutrino masses 

- does not include dark matter 

- does not include dark energy 

- does not include gravity 

- cannot explain the matter-antimatter asymmetry 

- does include a Hierarchy Problem 

- and more…
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Higgstory
• By 2000, all elementary particles of the SM 

(except the HIggs) had been discovered, and 
many of their properties are well-studied. 

• This picture alone predicted massless gauge 
bosons, in contradiction with observations. 

• Solution: spontaneous symmetry breaking 
(Higgs mechanism) is incorporated into the SM 
to generate masses for the W and Z bosons, 
fermion mass terms come from coupling to 
Higgs field 

• July 2012 - particle consistent with Higgs boson 
discovered at LHC
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• To understand why any Standard Model particles have mass, we must 
understand the mechanism (that leads to the Higgs field acquiring a non-
zero vacuum expectation value).

How the Higgs has 
changed the Picture

• First elementary scalar particle discovered! 

• Simplest case: 

• Vacuum state of Higgs field is shifted to a non-zero value when 
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Guidance from Naturalness

• We know the vacuum expectation value,                       , and expect 

• To first order, corrections from t, W, Z, and H yield 

• If Λ ≫ mW, then precise cancellations are necessary to preserve the 
weak scale.  

• Fine-tuning of 10% (1%) implies new physics below 2 TeV (9 TeV).

→ TeV scale

V = µ2 |�|2 + � |�|4

�µ2 = 2�v2 ⇡ (100 GeV)2

�µ =
3⇤2

32⇡2v2
⇣
�4m2

t + 2m2
W +m2

Z +m2
h

⌘

**************************

V = µ2�†�+ �(�†�)2 +
X

f,f̄

h
g�ff 0f̄Lf

0
R�+ h.c.

i

v =
q
�µ2/�

V (ff) =
X

f

"
ghffvp

2
f̄LfR +

ghffp
2
f̄LfRh+ h.c.

#

µ2 < 0

µ2 ⇡ (100GeV)2

�µ2 = �3g2Htt

8⇡2
⇤2 +

3↵w(3 + tan2 ✓W )

4⇡
⇤2 +

�

8⇡2
⇤2 + ...

1

V = µ2 |�|2 + � |�|4

�µ2 = 2�v2 ⇡ (100 GeV)2

�µ =
3⇤2

32⇡2v2
⇣
�4m2

t + 2m2
W +m2

Z +m2
h

⌘

**************************

V = µ2�†�+ �(�†�)2 +
X

f,f̄

h
g�ff 0f̄Lf

0
R�+ h.c.

i

v =
q
�µ2/�

V (ff) =
X

f

"
ghffvp

2
f̄LfR +

ghffp
2
f̄LfRh+ h.c.

#

µ2 < 0

µ2 ⇡ (100GeV)2

�µ2 = �3g2Htt

8⇡2
⇤2 +

3↵w(3 + tan2 ✓W )

4⇡
⇤2 +

�

8⇡2
⇤2 + ...

1

V = µ2 |�|2 + � |�|4

�µ2 = 2�v2 ⇡ (100 GeV)2

�µ =
3⇤2

32⇡2v2
⇣
�4m2

t + 2m2
W +m2

Z +m2
h

⌘

v = 246 GeV

**************************

V = µ2�†�+ �(�†�)2 +
X

f,f̄

h
g�ff 0f̄Lf

0
R�+ h.c.

i

v =
q
�µ2/�

V (ff) =
X

f

"
ghffvp

2
f̄LfR +

ghffp
2
f̄LfRh+ h.c.

#

µ2 < 0

µ2 ⇡ (100GeV)2

�µ2 = �3g2Htt

8⇡2
⇤2 +

3↵w(3 + tan2 ✓W )

4⇡
⇤2 +

�

8⇡2
⇤2 + ...

1

Kolda & Murayama (2000)

V = µ2 |�|2 + � |�|4

�µ2 = 2�v2 ⇡ (100 GeV)2

�µ2 =
3⇤2

32⇡2v2
⇣
�4m2

t + 2m2
W +m2

Z +m2
h

⌘

v = 246 GeV

**************************

V = µ2�†�+ �(�†�)2 +
X

f,f̄

h
g�ff 0f̄Lf

0
R�+ h.c.

i

v =
q
�µ2/�

V (ff) =
X

f

"
ghffvp

2
f̄LfR +

ghffp
2
f̄LfRh+ h.c.

#

µ2 < 0

µ2 ⇡ (100GeV)2

�µ2 = �3g2Htt

8⇡2
⇤2 +

3↵w(3 + tan2 ✓W )

4⇡
⇤2 +

�

8⇡2
⇤2 + ...

1



Guidance from Cosmology

• Galactic Rotation Curves

• Cluster Dynamics (incl. collisions)

• Velocity dispersions of galaxies - 
dark matter extends beyond the 
visible matter

• Weak Gravitational Lensing 
(distribution of dark matter)

• CMB (+ Type 1A SNe, plus BAO) 
all agree on LambdaCDM

• Structure Formation

• Some explanation is necessary for 
observed gravitational phenomena.

• It’s largely non-relativistic (cold).

• Its abundance is ΩDM≈0.26.

• It’s stable or very long-lived.

• It’s non-baryonic (BBN+CMB, 
structure).

• It’s neutral (heavy isotope 
abundances).

Observations Summary



Jungman, Kamionkowski & Griest, PR (1996)
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1.  New (heavy) particle χ
in thermal equilibrium:

  
2.  Universe expands

and cools:

  
3.  χ's “freeze out”

Guidance from Cosmology



Expansion and annihilation 
compete to determine the 
number density:

1
2

3

Stable matter with GeV-TeV 
mass and weak-scale 

annihilation cross section yields
Ωχh2 ≈ 0.1

{

Jungman, Kamionkowski & Griest, PR (1996)

Guidance from Cosmology
Weakly Interacting Massive Particles

=WIMP

→ GeV-TeV scale



The TeV Scale
• The Higgs potential and dark matter could both be addressed by 

new particles at the TeV scale.

• New sources of CP violation could generate the matter-antimatter 
asymmetry. 

• New particles would affect the running of the SM gauge 
couplings, potentially leading to unification of the SM gauge 
interactions at high energies. 

• Any higher energy phenomena should be addressed within the 
context of the theory that includes new TeV-scale physics: 
neutrino masses, flavor-mixing among quarks and leptons, gravity



The LHC
• Run 1: March 30, 2010 - February 14, 2013

• 6 fb-1 at 7 TeV (peak luminosity of 3.7×1033 cm-2s-1)

• 23 fb-1 at 8 TeV (peak luminosity of 7.7×1033 cm-2s-1) 

• Long Shutdown (LS) 1: February 14, 2013 - early 2015

• Run 2:  May 21, 2015

• 13-14 TeV, peak luminosity of 1.7×1034 cm-2s-1

• 10 fb-1 by end of 2015

• current gluino sensitivity in ~few months

• LS2: July 2018 - December 2019

• Run 3: 14 TeV, peak luminosity of 2×1034 cm-2s-1



Collider Searches for Dark Matter

New
Physics

DM

DM

 
q

q

• Direct Production (and mono-anything)

• Associated Production with New Particle(s)

• Production of heavier NPs,  then decay to DM

• SM decays to DM

Upside:

•  Independent of astrophysics

•  Can measure mass and 
couplings of new particles.

Of Note:

•Limits on the properties of new 
particles are often model-
dependent (fine print).

Downside:

•Can’t confirm that a new particle 
is dark matter (stability)            
→ need some astrophysical 
measurement. 



• Abundance of experimental data! 
‣ New physics scenarios are being explored with 

unprecedented and growing precision.

• Theoretical approaches:

Current Situation

Totally Theory-Driven

Totally Phenomenology-Driven
↕↕

Figueroa-Feliciano (2011)
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Current Situation
• Abundance of experimental data! 
‣ New physics scenarios are being explored with 

unprecedented and growing precision.

• Theoretical approaches:
Totally Theory-Driven

Totally Phenomenology-Driven

↕

↕
Hybrid / Simplified Models



From Theory to Predictions
Supersymmetry

MSSM Non-Minimal Model



The MSSM

{quarks
and squarks

{leptons
and sleptons

{Higgs bosons
and higgsinos ne
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W boson and wino
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From Theory to Predictions
Supersymmetry

MSSM Non-Minimal Model

mSUGRA

CMSSM

NUHM

Gravity Mediation Gauge Mediation … EW-Scale Inputs

pMSSM

MSSMn (n=7,9,etc.)

Relevant Parameters Only
for Specific Interaction



Constraints

• Higgs mass

• Sparticle mass limits from collider searches

• Flavor constraints

• Lepton dipole moments, etc.

• DM abundance

• Indirect and Direct dark matter searches
Lightest Supersymmetric Particle (LSP):

(bino) (wino) (higgsino)



Example
• Higgs boson mass

bino-like dark matter, on the other hand, not only is it imperative to understand the quark
content of nucleons, it may be that the coupling of dark matter to first generation quarks
can be the dominant contributor to scattering.

The outline of this paper is as follows. In section II we illustrate the relationship between
the di↵erent sectors of parameter space (heavy quark, light quark, and lepton) and the
observables on which we focus. In section III we discuss the details of predicting the spin-
independent scattering cross section of bino-like neutralinos with nuclei, including relevant
uncertainties in the quark content of the nucleons, which are necessary to parametrize the
scattering. In section IV we describe other constraints on this class of models arising from
LHC searches, dark matter annihilation, and magnetic dipole moment measurements. In
section V we present a quantitative analysis of the sensitivity of direct detection experiments
to this class of models. We conclude with a discussion of our results in section VI.

II. DECOUPLING OF THREE SECTORS

Within the MSSM, there are a plethora of observable quantities that, if di↵erent from the
Standard Model expectation, would be evidence of supersymmetry or particle dark matter.
Here, we consider the case of bino-like neutralino dark matter, which requires M1 ⌧ µ,M2,
where M1 and M2 are the bino and wino masses, respectively, and µ is the Higgs mixing
parameter. Given that no supersymmetric particles have yet been discovered at the LHC or
elsewhere, we focus on the following relevant observables:

• Higgs boson mass: In the decoupling limit, the light CP -even Higgs mass in the MSSM
can be approximated as
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2 + g02)2, and Xt =
At � µ/ tan � [7]. We have neglected b̃ and ⌧̃ loops, which can lead to percent-level
corrections, as well as hypercharge couplings from the D-term potential, which result
in contributions that are small compared to those due to the top Yukawa coupling.

• Dark matter annihilation cross section: An annihilation cross section consistent with
the measured dark matter abundance within the thermal WIMP paradigm can be
obtained in a variety of ways. For example, as shown in Refs. [3] and [4], it is possible
to achieve a relic abundance of neutralinos that would explain the dark matter in
the Universe solely via t-channel slepton exchange in “bulk”-type scenarios. In this
case, light sleptons with non-negligible left-right mixing are required. Other mech-
anisms include coannihilations with light sleptons or squarks. Coannihilations with
light neutralinos and/or charginos are also possible, and could be accomplished for
M1 ⇡ M2 or for a higgsino-like LSP, though each would lead to further complica-
tions in the analysis performed here. Likewise, doping the LSP with some higgsino
content would facilitate annihilations (see, eg. [3]), though, again, this would induce
neutralino-nucleon scattering via Higgs exchange, a scenario we do not consider for
simplicity. Finally, the measured dark matter abundance could also be accomplished
via resonant annihilations, as in the so-called Higgs funnel region [8].
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the di↵erent sectors of parameter space (heavy quark, light quark, and lepton) and the
observables on which we focus. In section III we discuss the details of predicting the spin-
independent scattering cross section of bino-like neutralinos with nuclei, including relevant
uncertainties in the quark content of the nucleons, which are necessary to parametrize the
scattering. In section IV we describe other constraints on this class of models arising from
LHC searches, dark matter annihilation, and magnetic dipole moment measurements. In
section V we present a quantitative analysis of the sensitivity of direct detection experiments
to this class of models. We conclude with a discussion of our results in section VI.
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mt̃1mt̃2 , � and v are related to the vacuum expectation values for

the Higgs doublets, tan � = vu/vd and v2u + v2d = v2 = 2m2
Z/(g

2 + g02)2, and Xt =
At � µ/ tan � [7]. We have neglected b̃ and ⌧̃ loops, which can lead to percent-level
corrections, as well as hypercharge couplings from the D-term potential, which result
in contributions that are small compared to those due to the top Yukawa coupling.

• Dark matter annihilation cross section: An annihilation cross section consistent with
the measured dark matter abundance within the thermal WIMP paradigm can be
obtained in a variety of ways. For example, as shown in Refs. [3] and [4], it is possible
to achieve a relic abundance of neutralinos that would explain the dark matter in
the Universe solely via t-channel slepton exchange in “bulk”-type scenarios. In this
case, light sleptons with non-negligible left-right mixing are required. Other mech-
anisms include coannihilations with light sleptons or squarks. Coannihilations with
light neutralinos and/or charginos are also possible, and could be accomplished for
M1 ⇡ M2 or for a higgsino-like LSP, though each would lead to further complica-
tions in the analysis performed here. Likewise, doping the LSP with some higgsino
content would facilitate annihilations (see, eg. [3]), though, again, this would induce
neutralino-nucleon scattering via Higgs exchange, a scenario we do not consider for
simplicity. Finally, the measured dark matter abundance could also be accomplished
via resonant annihilations, as in the so-called Higgs funnel region [8].
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• Higgs boson mass

• Dark matter abundance

Example

‣ t-channel slepton exchange (light sleptons w/ L-R mixing)

(and other collider constraints)
Heavy sector: μ, heavy squark masses, top trilinear coupling,  

plus decouple wino, gluino … 

Relic density sector: bino mass, slepton masses, mixing angle(s) 
(CP-violating phase free)



In Fig. 5, we also examine how these observables depend
on the masses of the smuons. We again choose a dark
matter mass of 100 GeVand α ¼ π=4þ 0.02 (the angle that
minimizes the relic density) and φ ¼ π=2 − 0.04. Within
the grey regions, one of the smuons would be the LSP. The
contours of constant relic density are shown and the red
shading indicates the #2σ region that would explain the
measured value of the anomalous magnetic moment of the
muon. For light smuons, the maximum size of the electric
dipole moment would be of order 10−9, which is well below
the current limits and is not shown for clarity. We are thus
able to find viable regions of parameter space for the light
smuons that satisfy all constraints (including the relic
density) and can even explain the measured value for
the anomalous magnetic moment of the muon.

To gain insight into how general these features are, we
can marginalize over the relevant masses and examine the
constraints on the mixing angle and CP-violating phase.
The three different charged lepton scenarios are shown in
Fig. 6. In each case, the greyed regions are excluded
because the relic density would exceed the 2σ upper limit
measured by Planck. The blue and red regions are favored
by constraints on the electric and magnetic dipole
moments, respectively.
Indeed, we see that the electron channel can be largely

ignored for s-wave annihilation; applying the constraints in
Eqs. (14) and (15) to Eq. (12), we see that any choice of α
and φ yielding c0 ∼ 1 pb would lead to a contribution to
either the electric or magnetic dipole moment of the
electron far in excess of what could be consistent with
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FIG. 4 (color online). The dependence of various observables on the smuon L-R mixing angle, α, and the CP-violating phase, φ, for
m~χ ¼ 100 GeV,m ~μ1 ¼ 120 GeV, andm ~μ2 ¼ 300 GeV. In the upper two panels, we present the neutralino relic abundance (left) and the
neutralino annihilation cross section today (right). In the lower panels, we present the contribution to the anomalous magnetic (left) and
electric (right) dipole moments of the muon. In the darker red region in the lower left panel this model fully accounts for the measured
muon anomalous magnetic moment to 2σ, while the lighter red shaded region provides a contribution that is comparable to the measured
value in magnitude. In the lower right panel, the electric dipole moment is unconstrained everywhere in the plane.
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Example
• Higgs boson mass

• Dark matter abundance
‣ t-channel slepton exchange (light sleptons w/ L-R mixing)

sleptons running in the loop, as shown in Fig. 2. Because
the dipole moment operators flip the lepton helicity, the
contributions to the dipole moments from the bino-slepton

loops can be large if L-R slepton mixing is large. But the
electric dipole moment can only receive a nonvanishing
contribution if the CP-violating phase φ is nonzero.
In the limit ml → 0, the contributions to the

anomalous magnetic moment, a ¼ g−2
2 , and the electric

dipole moment, d=jej, of the associated lepton due to new
physics are [30]

Δa ¼
mlm~χ

4π2m2
~l1

g2YLYR cosφ cos α sin α
!

1

2ð1 − r1Þ2

"
1þ r1 þ

2r1 ln r1
1 − r1

#$
− ð ~l1 → ~l2Þ

d
jej

¼
m~χ

8π2m2
~l1

g2YLYR sinφ cos α sin α
!

1

2ð1 − r1Þ2

"
1þ r1 þ

2r1 ln r1
1 − r1

#$
− ð ~l1 → ~l2Þ ð10Þ

where ri ≡m2
~χ=m

2
~li
. Since charginos are assumed to be

very heavy, diagrams with charginos and sneutrinos in the
loop do not contribute.
Because dark matter annihilation from an L ¼ 0 initial

state also requires a lepton helicity flip, one may relate the
s-wave part of the ~χ ~χ → l̄l annihilation cross section to
induced corrections to the electric and magnetic dipole
moments of l. In particular, in the limit where the ri are
small, we find

c0∼32π3
!
ðΔalÞ2þ

"
2mldl
jej

#
2
$
m−2

l þOðriÞ

∼3.9×1011 pb
!
ðΔalÞ2þ

"
2mldl
jej

#
2
$"

ml

GeV

#−2
: ð11Þ

This relation is similar to that found for scalar dark matter,
as anticipated in [31]. However, c0 is maximized for ri ∼ 1,
rj≠i → 0. In this limit, we find

c0 ∼ 72π3
!
ðΔalÞ2þ

"
2mldl
jej

#
2
$
m−2

l þOðð1− riÞ2 or rjÞ

∼ 8.7× 1011 pb
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"
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#
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GeV
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C. Mass correction

If the slepton mixing angle α is allowed to be nonzero,
then there will be a new contribution to the mass correction

for Standard Model leptons arising from the diagram in
Fig. 3, with the bino and sleptons running in the loop. Note
that this contribution includes a term which does not scale
as the bare lepton mass, implying that a small lepton mass
is no longer technically natural. Essentially, chiral sym-
metry no longer protects the fermion mass because it is
broken by the scalar mass mixing term. However, this
correction is not logarithmic in the cutoff scale; the leading
contributions from the two diagrams with the two slepton
mass eigenstates running in the loop cancel (analogous
to the Glashow-Iliopoulos-Maiani mechanism). This
contribution to the mass correction is then given by

δml ∼
m~χ

16π2
ReðλLλ%RÞ sinð2αÞ log

"m ~l2

m ~l1

#
; ð13Þ

and leads to a little hierarchy problem with ∼1% fine-
tuning. We make no attempt to address the flavor or
naturalness problems of the Standard Model, however,
and thus will not treat this little hierarchy problem as an
obstacle. Similarly, we assume a priori that mixing is only
allowed between sleptons of the same flavor, thus ensuring
that no new FCNCs are induced.

III. CONSTRAINTS

As discussed previously, the Planck satellite has very
accurately measured the dark matter abundance to be
Ωh2 ¼ 0.1196& 0.0031 [17]. This requires the dark matter

FIG. 2. The dipole moment Feynman diagram.

FIG. 3. The mass correction Feynman diagram.
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In Fig. 5, we also examine how these observables depend
on the masses of the smuons. We again choose a dark
matter mass of 100 GeVand α ¼ π=4þ 0.02 (the angle that
minimizes the relic density) and φ ¼ π=2 − 0.04. Within
the grey regions, one of the smuons would be the LSP. The
contours of constant relic density are shown and the red
shading indicates the #2σ region that would explain the
measured value of the anomalous magnetic moment of the
muon. For light smuons, the maximum size of the electric
dipole moment would be of order 10−9, which is well below
the current limits and is not shown for clarity. We are thus
able to find viable regions of parameter space for the light
smuons that satisfy all constraints (including the relic
density) and can even explain the measured value for
the anomalous magnetic moment of the muon.

To gain insight into how general these features are, we
can marginalize over the relevant masses and examine the
constraints on the mixing angle and CP-violating phase.
The three different charged lepton scenarios are shown in
Fig. 6. In each case, the greyed regions are excluded
because the relic density would exceed the 2σ upper limit
measured by Planck. The blue and red regions are favored
by constraints on the electric and magnetic dipole
moments, respectively.
Indeed, we see that the electron channel can be largely

ignored for s-wave annihilation; applying the constraints in
Eqs. (14) and (15) to Eq. (12), we see that any choice of α
and φ yielding c0 ∼ 1 pb would lead to a contribution to
either the electric or magnetic dipole moment of the
electron far in excess of what could be consistent with
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FIG. 4 (color online). The dependence of various observables on the smuon L-R mixing angle, α, and the CP-violating phase, φ, for
m~χ ¼ 100 GeV,m ~μ1 ¼ 120 GeV, andm ~μ2 ¼ 300 GeV. In the upper two panels, we present the neutralino relic abundance (left) and the
neutralino annihilation cross section today (right). In the lower panels, we present the contribution to the anomalous magnetic (left) and
electric (right) dipole moments of the muon. In the darker red region in the lower left panel this model fully accounts for the measured
muon anomalous magnetic moment to 2σ, while the lighter red shaded region provides a contribution that is comparable to the measured
value in magnitude. In the lower right panel, the electric dipole moment is unconstrained everywhere in the plane.
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In Fig. 5, we also examine how these observables depend
on the masses of the smuons. We again choose a dark
matter mass of 100 GeVand α ¼ π=4þ 0.02 (the angle that
minimizes the relic density) and φ ¼ π=2 − 0.04. Within
the grey regions, one of the smuons would be the LSP. The
contours of constant relic density are shown and the red
shading indicates the #2σ region that would explain the
measured value of the anomalous magnetic moment of the
muon. For light smuons, the maximum size of the electric
dipole moment would be of order 10−9, which is well below
the current limits and is not shown for clarity. We are thus
able to find viable regions of parameter space for the light
smuons that satisfy all constraints (including the relic
density) and can even explain the measured value for
the anomalous magnetic moment of the muon.

To gain insight into how general these features are, we
can marginalize over the relevant masses and examine the
constraints on the mixing angle and CP-violating phase.
The three different charged lepton scenarios are shown in
Fig. 6. In each case, the greyed regions are excluded
because the relic density would exceed the 2σ upper limit
measured by Planck. The blue and red regions are favored
by constraints on the electric and magnetic dipole
moments, respectively.
Indeed, we see that the electron channel can be largely

ignored for s-wave annihilation; applying the constraints in
Eqs. (14) and (15) to Eq. (12), we see that any choice of α
and φ yielding c0 ∼ 1 pb would lead to a contribution to
either the electric or magnetic dipole moment of the
electron far in excess of what could be consistent with
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FIG. 4 (color online). The dependence of various observables on the smuon L-R mixing angle, α, and the CP-violating phase, φ, for
m~χ ¼ 100 GeV,m ~μ1 ¼ 120 GeV, andm ~μ2 ¼ 300 GeV. In the upper two panels, we present the neutralino relic abundance (left) and the
neutralino annihilation cross section today (right). In the lower panels, we present the contribution to the anomalous magnetic (left) and
electric (right) dipole moments of the muon. In the darker red region in the lower left panel this model fully accounts for the measured
muon anomalous magnetic moment to 2σ, while the lighter red shaded region provides a contribution that is comparable to the measured
value in magnitude. In the lower right panel, the electric dipole moment is unconstrained everywhere in the plane.
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Fukushima, 
Kelso, Kumar, 

Sandick, 
& Yamamoto, 

 (2014)

see also 
Pierce, 
Shah, 

& Freese, 
(2013).

(and other collider constraints)
Heavy sector: μ, heavy squark masses, top trilinear coupling,  

plus decouple wino, gluino … 

A bulk-type region within the MSSM is still viable.
Important signatures/constraints: lepton anomalous 

magnetic moments, indirect dark matter searches, LHC 
slepton searches, Higgs branching fractions.



Example
• Higgs boson mass

• Dark matter abundance
‣ t-channel slepton exchange (light sleptons w/ L-R mixing)

(and other collider constraints)
Heavy sector: μ, heavy squark masses, top trilinear coupling,  

plus decouple wino, gluino … 

Relic density sector: bino mass, slepton masses and mixing angle(s) 
(CP-violating phase free)

• Dark matter-nucleon spin-independent scattering cross section
‣ Pure bino → squark exchange 

• no L-R mixing in squark sector - spin-dependent 
or velocity-suppressed 

• w/L-R mixing - velocity-independent SI scattering, 
depends only on bino mass, squark masses and 
mixing angles 

Direct detection sector: light squark masses and mixing angle(s)



Example
• Dark matter-nucleon spin-independent scattering cross section

Direct detection sector: light squark masses and mixing angle(s)

Kelso, Kumar, Sandick, & Stengel (2015)

example, for BN
s = 0.76 (corresponding to a strangeness content of y ⇡ 0.1 for ⌃⇡N = 59

MeV), the LZ-7 sensitivity region in Fig. 3 would extent beyond 3 TeV for all dark matter
masses m�̃ & 15 GeV. Moreover, the reach in ms̃1 improves for heavier ms̃2 . If, on the other
hand, the squarks are degenerate, it is clear from Eq. 3 or 4 that the scattering cross section
due to squark exchange will vanish.
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FIG. 3. Direct detection sensitivity plots in the (m�̃,ms̃1) plane for bino dark matter with ms̃2 =
10 TeV. We assume that only the strange squarks are light, with maximal left-right squark
mixing, and take the minimal reference value BN

s = 0.5. The grey region is ruled out by current
LUX data [38], while the red region could be probed by LUX with 300 days of data, and the blue
region could be probed by LZ-7 [39]. Note, only the region m�̃ < ms̃1 is physically relevant.

In Figure 4, we plot sensitivity curves for direct detection experiments in the (RN
s ,ms̃1)

plane, where RN
q ⌘ Y 2

Rq sin
2(2�q̃)(BN

q )2�2
q and we assume m�̃ = 50 GeV, ms̃2 = 10 TeV.

The color scheme is the same as in Figure 2. We see that next generation direct detec-
tion experiments will be sensitive to models with squark masses that are allowed by LHC
constraints and with mixing angles as small as �s̃ ⇠ 0.01 in the m�̃ ⌧ ms̃1 regime, even
assuming BN

s = 0.5. If m�̃ ⇠ ms̃1 , then direct detection experiments may be sensitive to
even smaller mixing angles. Note however that for �q̃ . 10�3, one would expect velocity-
suppressed contributions to the spin-independent scattering cross section (which we have
ignored) to become comparable to those arising from left-right squark mixing.

In Figure 5, we plot sensitivity curves for direct detection experiments in the (m�̃, �
p
SI)

plane, along with predictions for the models we discuss with ms̃1 = 2 TeV, ms̃2 = 10 TeV,
and sin(2�s̃) = 1. Again, the black line is the bound from current LUX data [38], while
the dashed red line is the sensitivity curve for LUX with 300 days of data, and the blue
dot-dashed curve could be probed by LZ-7 [39]. The green bands indicate the uncertainty
in the scattering cross section for the above model as a function of the strangeness content
of the nucleon. The dark green band indicates the predicted SI-scattering cross section if
one takes �0 = 27 MeV and allows the full 2� range for ⌃⇡N of 45 MeV to 73 MeV [13]
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If heavy QCD-charged particles 
couple to dark matter, 

first evidence might come from 
direct dark matter searches!

maximal mixing: 𝜙q = π/4
small strangeness content



Example
• Higgs boson mass

• Dark matter abundance
‣ t-channel slepton exchange (light sleptons w/ L-R mixing)

(and other collider constraints)
Heavy sector: μ, heavy squark masses, top trilinear coupling,  

plus decouple wino, gluino … 

Relic density sector: bino mass, slepton masses and mixing angle(s) 
(CP-violating phase free)

• Dark matter-nucleon spin-independent scattering cross section

Direct detection sector: light squark masses and mixing angle(s)

Two simplified models shed light on corners of MSSM parameter space.
(singlet DM coupled to SM fermions via charged scalars)
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Closing Thoughts
• Theoretical particle physics is at an interesting juncture: the 

SM is verified, we have a fairly successful understanding of 
the details of the SM, now we continue with enthusiasm on the 
questions of why the SM is the way it is and what is the more 
complete theory.

• Experimental searches for new physics continue to improve. 

• We are learning more about the true nature of the Universe!

• We must use extreme care in interpreting constraints (read the 
fine print) and/or hints (be skeptical).

• Theoretical analyses are responding in a variety of ways. 

• Neutralino dark matter in the MSSM remains a viable option, 
but other possibilities should not be neglected.

• We have a lot to look forward to…


