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What didn’t we find at the LHC?
• No squarks/gluinos                                            

decaying into jets+                                                     
with masses

• No evidence of non-SM                                                
Higgs physics.

• Things we were looking                                                   
for were motivated by                                             
“simple” supersymmetry or were “easy” to find.

• Interesting things can still be lurked at or below a TeV:
• 3rd generation partners
• Degenerate mass spectrum
• Direct electroweak production                             

(sleptons, charginos, etc.)
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Where should we look next?
• Evidence of Beyond the Standard Model Physics:
• Neutrino Masses
• Dark Matter

• Two general ways to look for dark matter-related 
physics at the LHC:
• Look for the decay matter “directly” via large       

missing energy signatures.
• Look for additional new particles that the 

accompany the dark matter.
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Supersymmetric Dark Matter
• Pure higgsino or wino thermal dark matter would 

have masses of
• “Well-tempered” bino-higgsino constrained

• What about pure bino                                              
dark matter?
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Figure 4: Current limits on bino/Higgsino DM with ⌦� = ⌦
obs

for tan � = 2 (upper), 20

(lower). Dotted brown lines are contours of ⌦(th)

� /⌦
obs

, and the brown band shows the region

having ⌦(th)

� within ±3� of ⌦
obs

. Regions above (below) the brown band require an enhancement
(dilution) of the DM abundance after freeze-out. Regions currently excluded by XENON100,
IceCube, Fermi, and LEP are shaded. The black dashed line is the SI blind spot, ch�� = 0, and
is close to (far from) the brown band for low (high) tan�.
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Figure 8: Model independent “well-tempered” neutralino scenario. The 3� range for the cos-
mological DM abundance is reproduced within the green strip. The gray region is excluded by
Xenon100 [16].

bino, wino, higgsino. None of them, in a pure state, allows thermal DM with a weak scale mass
MDM ⇡ MZ :

• The pure higgsino couples to the Z too strongly, such that for MDM ⇡ MZ its ther-
mal abundance is too low (the cosmological abundance is obtained for a heavy MDM ⇡
1TeV higgsino); furthermore, for the same reason it is experimentally excluded by direct
searches.

• The pure wino similarly has too much co-annihilations with charged winos, such that for
MDM ⇡ MZ its thermal abundance is too low (the cosmological abundance is obtained
for a heavier MDM ⇡ 2.7TeV taking into account electroweak Sommerfeld e↵ects [57]).
Contrary to the previous case, having no coupling to the Z it is allowed by direct searches.

• The pure bino, instead, has no couplings and no co-annihilations, such that its cosmolog-
ical abundance would be too high.

Given that the bino has opposite problems with respect to the higgsino or the wino, it is
possible to find a good DM candidate by appropriately mixing them [20]. A mixed bino/wino
still has no couplings to the Z, such that it is not interesting for direct detection; furthermore it
requires M1 ⇡ M2 at the weak scale and is not compatible with unification of gaugino masses,
M1 ⇡ M2 ⇡ M3 at the GUT scale.

We thereby focus on a mixed bino/higgsino. In the limit where we can ignore all other
heavier sparticles, its phenomenology is fully described by 3 parameters: the bino mass term
M1, the higgsino mass term µ (we assume them to be positive) and tan �. The observed thermal
relic DM abundance is reproduced in the green strip in Fig. 8 (left panel for tan � = 3 and right
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Pure Binos
• What about neutralinos that are 100% bino?
• No annihilation channels on their own
• So they require something else around to 

annihilate with.

• Squarks known to be too heavy to give a large 
enough cross section for a thermal relic.
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‘Light’ Sleptons
• Bino dark matter implies something like sleptons

• Interestingly, there is a maximum slepton mass that 
will allow a dark matter solution
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‘Light’ Sleptons
• Going beyond the MSSM, can look at     -symmetric 

supersymmetry, leading to Dirac neutralinos

• Allows heavier slepton solutions,                              
but still a maximum that is  
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‘Light’ Dark Matter
• Some possible signals 

of dark matter with 
mass

• What might this imply 
for LHC searches?
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FIG. 2. The e�ciency-corrected WIMP-search energy spec-
trum is shown in keVnr, and compared with expected rates for
WIMPs with the most likely masses and cross sections sug-
gested by the analysis of CoGeNT [8] and CDMS II Si [10]
data (dashed curves). Note that the k = 0.157 Lindhard yield
model was used to convert from an electron-equivalent to a
nuclear-recoil-equivalent energy scale. The 170 eVee ioniza-
tion threshold translates to 841 eVnr (amber dot-dashed line).
The 1.3 keVee activation line appears at ⇠ 5.3 keVnr.

mass A:

Y (Enr(keV)) = k
g(")

1 + g(")
, (4)

with g(") = 3"0.15 + 0.7"0.6 + ", " = 11.5Enr(keV)Z�7/3

and k = 0.133Z2/3A�1/2. This gives k = 0.157 for a
germanium target. The constant k is sometimes ad-
justed by experimenters to fit measurements. Though
other yield models, including simple power-law fits to
data, have been used elsewhere [8, 37], we have carried
out our conversion to nuclear-recoil equivalent using the
standard Lindhard model, as recommended by Barker
and Mei [22]. The resulting spectrum is shown in Fig. 2
with examples of expected rates from two WIMP models.

The region of interest used for limiting possible signal
events from light WIMP scatters is between the 170 eVee

analysis threshold and 7 keVee. A 90% C.L. upper limit
on the spin-independent WIMP-nucleon cross section as
a function of WIMP mass is calculated using the “opti-
mum interval” method [38], using standard assumptions
of a WIMP mass density of 0.3 GeV/c2/cm3, a most
probable WIMP velocity with respect to the galaxy of
220 km/s, a mean circular velocity of the Earth with re-
spect to the galactic center of 232 km/s, a galactic escape
velocity of 544 km/s, and the Helm form factor [3].

As shown in Fig. 3, this analysis limits new WIMP
parameter space for WIMP masses < 6 GeV/c2 and rules

CDMSlite (This result)
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FIG. 3. The 90% upper confidence limit from the data pre-
sented here are shown with exclusion limits from other ex-
periments. These are grouped as Ge bolometers in blue:
CDMS II Ge regular (dot-dash) [39], CDMS II Ge low thresh-
old (solid) [40], EDELWEISS II low threshold (dash) [37];
point-contact Ge detectors in purple: TEXONO (dash) [41],
CDEX (dot-dash) [42]; liquid Xenon in red: XENON100 (dot-
dash) [43], XENON10 S2 only (dash) [44]; and other technolo-
gies in magenta: Low threshold reanalysis of CRESST II data
(dot-dash) [45], PICASSO (dash) [46]. The contours are from
CDMS II Si (light and dark gray correspond to 68% and 90%
CL regions respectively) [10], CRESST II (blue) [9], DAMA
(orange) [6, 7], CoGeNT (pink) [8].

out portions of both the CDMS II Si [10] and CoGeNT [8]
contours. The CDMS II Si results had 3WIMP candidate
events in ⇠140 kg-days, with an expected background of
⇠ 0.5 events. CoGeNT had an exposure of ⇠ 807 kg-days
and performed a background subtraction for their results.
These CDMSlite limits were obtained with a small net
exposure of ⇠ 6 kg-days, minimal e�ciency corrections,
and no background subtraction.

It is important to understand the systematic e↵ect on
our results due to possible inaccuracy in the assumed
Lindhard ionization-yield model. The choice of a di↵er-
ent yield model systematically changes the nuclear-recoil
energy scale, and therefore the interpretation of the data
as a limit on the WIMP-nucleon scattering cross section.
Figure 4 shows the limits recomputed for four di↵erent
yield models that bracket the measured data for germa-
nium [22]. A low-ionization Lindhard-like model with
k = 0.1 and a high-yield model with k = 0.2 are shown,
along with the functional form used by the CoGeNT col-
laboration [8], to demonstrate the e↵ect of this system-
atic. The e↵ect of the di↵erent yield models is mostly a
shift of the limit curve along the WIMP-mass axis. Thus,
for masses above 6 GeV/c2, where the curve is relatively
flat, the e↵ect is rather small. For lighter WIMP masses,
the systematic uncertainty in yield does produce a no-

CDMSlite Agnese et al.
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conserving). Relaxing this assumption can decrease the
sensitivity to dark matter for specific experiments. For
example, if fn = �0.7fp, xenon-based experiments will
have extremely low sensitivity to dark matter compared
to the germanium- and silicon-based targets [15–18]. As-
suming an isospin-conserving SI interaction, the CDMS-
Si result is compatible with a dark matter-nucleon cross
section of approximately ⇠ 2⇥ 10�41 cm2. In Fig. 1, we
plot the SI bounds from XENON-100 [19], XENON10
S2-only analysis [7] and CDMS-Ge [20], as well as the
regions compatible with the reported events in CoGeNT
[3, 4, 21], CDMS-Si [1] , and DAMA-LIBRA [2] (assum-
ing a quenching factor of QNa = 0.25, as in Ref. [22]).
CRESST-II also reports excess events in broad agree-
ment with light dark matter [5, 23], though a possible
unresolved background could impact these results [24].
As the light nuclei in CRESST-II (oxygen and calcium)
do not have significant abundances of non-zero spin iso-
topes, we do not include this result in our study.

FIG. 1: Spin-independent nucleon cross section as a
function of dark matter mass m�, assuming

isospin-conserving interactions. Upper bounds are
reported by XENON100 [19] (black line), XENON10 S2
[7] (black dashed line) and CDMS-II germanium [20]
(purple line). Regions compatible with the events seen
in CoGeNT [3, 4, 21], CDMS-Si [1], and DAMA-LIBRA
(assuming QNa = 0.25 [21, 22]) are shown in red (90%
and 99% contours), blue (68% and 90% contours), and

yellow (90% and 99% contours) respectively.

A spin dependent interaction couples to the total spin
of the nucleus. However, as nucleon spins are typically
paired, there is no large boost to the nuclear SD cross
section comparable to the A2 enhancement that SI inter-
actions receive. Instead, the cross section couples to the
total nuclear spin J , which is zero unless there is an un-
paired nucleon. Even for such cases, J is usually small.

The elastic SD nuclear cross section is

�SD(ER) = µ2[aphSpi+ anhSni]2
J + 1

J
. (3)

Here, ap and an encode the proton and neutron couplings,
respectively, and depend on the assumed dark matter
microphysics. hSP i and hSni are the spin expectation
values for the proton and neutron groups in the nucleus.2

To compare limits and signals across experiments, �SD

can be converted into an e↵ective proton or neutron cross
section using

�SD
p,n =

3

4

J

J + 1

µ2
p,n

µ2

�SD

hSp,ni2
. (4)

This assumes that the interactions proceeds solely
through ap or an, but not both.
In Table I, we list the the isotopes used in the rele-

vant dark matter direct detection experiments that are
sensitive to spin dependent interactions, along with their
abundance, nuclear spin, and hSp,ni values. Only a small
fraction of the silicon and germanium targets are relevant
for SD scattering. It should be emphasized that the ex-
pectation values of the nuclear spins are extracted from
theoretical calculations. It is therefore not implausible
that the true values of hSp,ni di↵er from the ones used
in this work (see, for example, the change in xenon hSi
calculated using di↵erent models in Refs. [26, 27]).

Isotope Abundance J hSpi hSni
19F [28] 100% 1

2 0.441 -0.109
23Na [26] 100% 3

2 0.248 0.020
29Si [28] 4.7% 1

2 -0.002 0.130
73Ge [28] 7.8% 9

2 0.030 0.378
127I [26] 100% 5

2 0.309 0.075
129Xe [27] 26.4% 1

2 0.010 0.329
131Xe [27] 21.2% 3

2 -0.009 -0.272

TABLE I: The isotopes in direct detection experiments
sensitive to SD interactions, along with their relative

abundance, spin J , and theoretical hSpi and hSni values
[29]. The references for the spin expectation values are

included in the first column.

Working with the available values of hSp,ni, we use
Eqs. (2)-(4) to convert the published spin independent
nucleon cross section limits and signal regions from Co-
GeNT, CDMS-Si, CDMS-Ge, and DAMA/LIBRA into
an equivalent spin dependent cross section assuming cou-
pling to either protons or neutrons. For DAMA/LIBRA,
there are two regions in the mass vs. SI cross section plane
that are consistent with the observed modulation. The

2 An alternative formulation, in terms of isoscalar and isovector
couplings, is equivalent. See Refs. [5, 25].
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FIG. 2: Spin-dependent proton cross section as a
function of dark matter mass m�, assuming interactions

solely with protons. The DAMA/LIBRA region
assumes 100% scattering with sodium. PICASSO and
COUPP limits are also shown, with all other labeling as

in Fig. 1.

low mass region visible in Fig. 1 is the result of scattering
from the lighter sodium atoms, and we use the sodium
nuclear properties to translate into a SD region. The re-
sults are shown in Figs. 2 and 3, along with the published
XENON100 bounds from Ref. [8].3 Fig. 2 also shows the
limits on SD-proton coupling from the PICASSO [31] and
COUPP collaborations [32]. For these two experiments,
we convert the SD proton cross sections to an equivalent
�SD
n using the values of hSp,ni for fluorine in Table I. The

results are shown in Fig. 3.
As can be seen from these figures, the best fit regions

of CDMS-Si and CoGeNT coincide when the scattering
proceeds exclusively through neutrons, and not if it goes
through protons only. Both the XENON100 and PI-
CASSO bounds are in conflict with the signal regions in
the neutron scattering. As with SI scattering, one could
appeal to possible deviations from the assumed Maxwell-
Boltzmann distribution of dark matter [33] or accidental
cancellations in xenon through isospin violating couplings
[15–18] in order to relax this tension. Note that to can-
cel the XENON100 bounds through isospin violation, we
would require ap/an ⇠ �30, and PICASSO would require
ap/an ⇠ 4. It is unclear whether either of these scenarios
can be realized in realistic models of dark matter while
avoiding all all other experimental bounds. The possible

3 As a cross-check of our conversion from SI to SD cross sections,
we verified that we reproduce the SD results of Refs. [8] and [30]
using the published SI XENON100 [19] and SI CDMS-Ge data
[20]. Although we find a weaker bound on �SI

n than reported by
XENON100, we plot their published results in Fig. 3.

FIG. 3: Spin-dependent neutron cross section as a
function of dark matter mass m�, assuming interactions

solely with neutrons. Labeling as in Fig. 2.

issues concerning XENON100 sensitivity to low energy
recoils would also be relevant to the SD case as they are
in SI (see e.g. Refs. [34–39]). Beyond these uncertain-
ties which are present in both SD and SI interpretations
of the experimental results, it is possible that additional
uncertainties from the calculation of hSp,ni are relevant.
Further work on the astrophysical and experimental un-
certainties is necessary to determine whether all results
can be brought into agreement.
The DAMA/LIBRA regions appear to be incon-

sistent with the CoGeNT and CDMS-Si regions in
both the neutron- and proton-only scattering. How-
ever, the DAMA/LIBRA regions are low compared to
CoGeNT/CDMS-Si for �SD

p and high when the scattering
is through �SD

n . A dark matter coupling to both proton
and neutrons can move these regions into closer align-
ment. For example, an = ap brings all the best-fit regions
of all three experiments into close agreement. However
such a model would be in conflict with the strong bounds
on SD proton scattering from XENON100, PICASSO,
and COUPP.
Spin dependent interactions require much larger cross

sections with nucleons than required in SI scattering. If
we assume that this interaction is mediated by an e↵ec-
tive operator [40], the collider-based searches for mono-
jets [40–44] and mono-W/Z/� [45–50] place significant
bounds on the mass scale suppressing such interactions.
It is possible that such constraints may require any model
that attempts to explain the possible light dark matter
signal in terms of SD scattering to include either dark
sectors or light mediators. Further bounds on dark mat-
ter with large cross sections also exist from dark matter
capture and annihilation in the Sun, which can constrain
the final states that such dark matter could annihilate
into [51, 52]. More study is required to determine which,

Buckley & Lippencott 1306.2349
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Effective Operator Interpretation 
• Assume that effective operators describe the new 

physics in direct & indirect detection, as well as 
colliders.

• Laundry list of operators:

• Some of which can induce SI/SD direct detection

9

Name Operator Coe�cient DD
D1 [�̄�][f̄f ] mf��3 SI
D2 [�̄�5�][f̄ f ] imf��3 –
D3 [�̄�][f̄�5f ] imf��3 –
D4 [�̄�5�][f̄�5f ] mf��3 –
D5 [�̄�µ�][f̄�µf ] ��2 SI
D6 [�̄�µ�5�][f̄�µf ] ��2 –
D7 [�̄�µ�][f̄�µ�5f ] ��2 –
D8 [�̄�µ�5�][f̄�µ�5f ] ��2 SD
D9 [�̄�µ��][f̄�µ�f ] ��2 SD
D10 [�̄�µ��5�][f̄�µ�f ] i��2 –
D11 [�̄�][Gµ�Gµ� ] �S��3 SI
D12 [�̄�5�][Gµ�Gµ� ] i�S��3 –
D13 [�̄�][Gµ�G̃µ� ] i�S��3 –
D14 [�̄�5�][Gµ�G̃µ� ] �S��3 –

Name Operator Coe�cient DD
C1 [���][f̄f ] mf��2 SI
C2 [���][f̄�5f ] imf��2 –
C3 [���µ�][f̄�µf ] ��2 SI
C4 [���µ�][f̄�µ�5f ] ��2 –
C5 [���][Gµ�Gµ� ] �S��2 SI
C6 [���][Gµ�G̃µ� ] i�S��2 –
R1 [��][f̄ f ] mf��2 SI
R2 [��][f̄�5f ] imf��2 –
R3 [��][Gµ�Gµ� ] �S��2 SI
R4 [��][Gµ�G̃µ� ] i�S��2 –



Effective Operator Interpretation 
• Require a SI/SD operator to give CoGeNT/CDMS-Si 

without violating collider, indirect detection bounds
• Only one set can do so and have a large enough 

cross section to give a thermal relic:

• (and it’s constrained                                                
by CDMSlite now)

• All other SI/SD operators                                              
have     needed for thermal                                     
relics ruled out.
• Adding additional operators                                  

doesn’t work because the values of     needed for 
those operators also ruled out.
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Effective Operator Interpretation 
• Example: fermionic dark matter giving CoGeNT/

CDMS-Si through                             (D5) operator:

• Thermal cross section too                                         
small, so boost it via                                       
additional eff. operators to                                         
quarks and/or gluons

• But those are excluded too

11

��2[�̄�µ�][f̄�µf ]



Implications for the LHC
• Assuming CoGeNT/CDMS-Si anomaly is dark 

matter, what does this effective operator analysis 
tell us?

• Barring the single operator C1/R1, either:
• Effective formalism not applicable (new light 

particles coupling to DM at the LHC)
• Flavor violation in the DM couplings
• Additional annihilation channels to non-strongly 

interacting states

• At least one option leads us to suspect interesting 
couplings to leptons/electroweak sector 

• So, how do we look for them?

12



Sleptons and Charginos
• Very difficult signatures at the LHC

• Small cross sections

• Large backgrounds (              and Drell-Yan)
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Current Bounds
• Existing ATLAS and CMS                               

searches in the slepton                                      
channels. Sensitive to

• Chargino searches usually                              
assume 100% BR into 
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The Razor
• How can we do better?

• Original razor: make longitudinal boost to a frame 
that we expect to approximate pair-production 
frame.
• Originally developed for gluino/squark searches
• Hadronic events with MET

• What if there were particles that are clearly not 
part of the new physics? (i.e. jets in EW searches)
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The Super-Razor
• Estimate boosts to both the production and decay 

frames. Have to assume invisible system invariant 
mass equivalent to that of the visible.

17
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Super-Razor Variables
• Chris Rogan has discussed the set of variables 

constructed in these razor frames.
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Expected Bounds
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Expected Bounds
• Taking 1D slices of these exclusion regions:

• Clear improvement over existing techniques, for 
both high masses and degenerate spectra.
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Conclusions
• Interesting things can still lurk at the LHC
• Even in the 8 TeV data!
• Even supersymmetry!
• These things might even be motivated by dark 

matter physics!

• Examples:
• Sub-350(ish) GeV lepton partners for generalized 

bino-like thermal dark matter
• Effective operator analysis of CoGeNT/CDMS-Si 

suggestive of new physics at LHC energies.
• Non-colored states one of a limited set of 

options.
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Conclusions
• How to look for such things?

• Constraints are weak because these channels are 
hard - large backgrounds, small signals, low MET
• Need to get clever.

• Razor analysis: clever.
• It’s a new hammer, so I’m going to go hit things 

with it. But it can’t be the only game in town.
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