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Collider Searches

• Excellent ‘Discovery’ potential, but 

• Hard to interpret results independently of a specific model 
(although can constrain effective operators) 

• Fundamental limit on DM mass reach 

• Needle in a haystack



What exactly are we constraining?
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Current Status

• SUSY searches, searches for missing energy, Fox searches 
etc.
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e, µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 1 e, µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2013-0621.18 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1 2 e, µ 0-3 jets - 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e, µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃
GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃

0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(G̃)>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1 0-1 e, µ 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.34 TeVg̃

g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.3 m(χ̃

±
1 )=2 m(χ̃

0
1) 1404.2500275-440 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e, µ 0-2 jets Yes 20.3 m(χ̃

0
1) =m(t̃1)-m(W)-50 GeV, m(t̃1)<<m(χ̃

±
1 ) 1403.4853130-210 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1 2 e, µ 2 jets Yes 20.3 m(χ̃

0
1)=1 GeV 1403.4853215-530 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 1 e, µ 1 b Yes 20 m(χ̃

0
1)=0 GeV 1407.0583210-640 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)=0 GeV 1406.1122260-640 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+1 χ̃
−
1 , χ̃

+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1
χ̃+1 χ̃

−
1 , χ̃

+

1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350100-350 GeVχ̃±

1
χ̃±1 χ̃

0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 ,
χ̃0

2
χ̃±1 χ̃

0
2→Wχ̃

0
1Zχ̃

0
1 2-3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→Wχ̃

0
1h χ̃

0
1 1 e, µ 2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 ,
χ̃0

2
χ̃0

2χ̃
0
3, χ̃

0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

Direct χ̃
+

1 χ̃
−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)=160 MeV, τ(χ̃±1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1
Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃

0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1 2 γ - Yes 4.7 0.4<τ(χ̃

0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃
χ̃+1 χ̃

−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121!0 1405.5086750 GeVχ̃±

1
χ̃+1 χ̃

−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1
g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃
g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e, µ (SS) 2 b Yes 14.3 ATLAS-CONF-2013-051350-800 GeVsgluon
WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√

s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV

full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: ICHEP 2014

ATLAS Preliminary
√

s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.



What exactly are we constraining?
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• Integrate out the mediator 

• Reduce parameters to                  for each operator

Effective operators List of DD operators…
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Effective operators

• Left with a small ‘basis’ set of operators 

• Most common operators are for Dirac fermion WIMPs: 

• scalar mediator-like coupling 

• vector coupling 

• axial-vector coupling 

• gluon initial state
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Search channels
• The most generic search channel is 

missing energy + jet(s): DM production 
inferred by non-zero transverse 
momentum sum 

• Other channels can be important but 
they are more model-dependent

Jet
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Figure 5. Inferred 90% CL ATLAS limits on spin-independent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed
limits excluding theoretical uncertainties; the observed limits corresponding to the WIMP-parton
cross section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The
latter limits are conservative because they also include theoretical uncertainties. The ATLAS limits
for operators involving quarks are for the four light flavours assuming equal coupling strengths
for all quark flavours to the WIMPs. For comparison, 90% CL limits from the XENON100 [70],
CDMSII [71], CoGeNT [72], CDF [19], and CMS [21] experiments are shown.

scattering cross sections is done using equations (3) to (6) of ref. [32], and the results are

shown in figures 5 and 6.8 As in ref. [32] uncertainties on hadronic matrix elements are

neglected here. The spin-independent ATLAS limits in figure 5 are particularly relevant in

the low mχ region (< 10 GeV) where the XENON100 [70], CDMSII [71] or CoGeNT [72]

limits suffer from a kinematic suppression. Should DM particles couple exclusively to

gluons via D11, the collider limits would be competitive up to mχ of about 20 GeV, and

remain important over almost the full mχ range covered. The spin-dependent limits in

figure 6 are based on D8 and D9, where for D8 the M∗ limits are calculated using the D5

acceptances (as they are identical) together with D8 production cross sections. Both the

D8 and D9 cross-section limits are significantly smaller than those from direct-detection

experiments.

As in figure 4, the collider limits can be interpreted in terms of the relic abundance

8There is a typographical error in equation (5) of ref. [32] (cross sections for D8 and D9). Instead of

9.18 × 10−40cm2 the pre-factor should be 4.7× 10−39cm2.
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Figure 7. Inferred ATLAS 95% CL limits on WIMP annihilation rates ⟨σ v⟩ versus mass mχ.
⟨σ v⟩ is calculated as in ref. [15]. The thick solid lines are the observed limits excluding theoretical
uncertainties. The observed limits corresponding to the WIMP-parton cross section obtained from
the −1σtheory lines in figure 4 are shown as thin dotted lines. The latter limits are conservative
because they also include theoretical uncertainties. The ATLAS limits are for the four light quark
flavours assuming equal coupling strengths for all quark flavours to the WIMPs. For comparison,
high-energy gamma-ray limits from observations of Galactic satellite galaxies with the Fermi-LAT
experiment [75] for Majorana WIMPs are shown. The Fermi-LAT limits are scaled up by a factor
of two to make them comparable to the ATLAS Dirac WIMP limits. All limits shown here assume
100% branching fractions of WIMPs annihilating to quarks. The horizontal dashed line indicates
the value required for WIMPs to make up the relic abundance set by the WMAP measurement.

sensitive to annihilation to light and heavy quarks, whereas ATLAS probes mostly WIMP

couplings to lighter quarks and sets cross-section limits that are superior at WIMP masses

below 10 GeV for vector couplings and below about 100 GeV for axial-vector couplings. At

these low WIMP masses, the ATLAS limits are below the value needed for WIMPs to make

up the cold dark matter abundance (labelled Thermal relic value in figure 7), assuming

WIMPs have annihilated exclusively via the particular operator to SM quarks while they

were in thermal equilibrium in the early universe. In this case WIMPs would result in

relic densities that are too large and hence incompatible with the WMAP measurements.

For masses of mχ ≥ 200 GeV the ATLAS sensitivity worsens substantially compared to the

Fermi-LAT one. This will improve when the LHC starts operation at higher centre-of-mass

energies in the future.
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Effective operators for direct detection

• Note that the ‘usual’ direct detection constraints on σSI and 
σSD are a constraint on some, not all effective operators  

D1 = (�̄�)(q̄q)
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FIG. 2. Observed events in the 2013 LUX exposure of 95 live
days and 145 kg fiducial mass. Points at <18 cm radius are
black; those at 18–20 cm are gray. Distributions of uniform-
in-energy electron recoils (blue) and an example 50 GeV c�2

WIMP signal (red) are indicated by 50th (solid), 10th, and
90th (dashed) percentiles of S2 at given S1. Gray lines, with
ER scale of keVee at top and Lindhard-model NR scale of
keVnr at bottom, are contours of the linear combined S1-
and-S2 energy estimator [19].

by 210Po plated on the wall. The leakage of wall events
towards smaller r depends strongly, via position reso-
lution, on S2 size. The wall population in the fiducial
volume thus appears close to the S2 threshold, largely
below the signal population in S2 at given S1. It is mod-
eled empirically using high-r and low-S2 sidebands in the
search data [33].

Systematic uncertainties in background rates are
treated via nuisance parameters in the likelihood: their
constraints are listed with other fit parameters in Table I.
S1, S2, z and r are each useful discriminants against back-
grounds and cross sections are tested via the likelihood
of the search events in these four observables.

Search data were acquired between April 24th and
September 1st, 2013. Two classes of cuts based on pre-
vailing detector conditions assure well-measured events in
both low-energy calibration and WIMP-search samples.
Firstly, data taken during excursions in macroscopic de-
tector properties, such as xenon circulation outages or
instability of applied high voltage, are removed, consti-
tuting 0.8% of gross livetime. Secondly, an upper thresh-
old is imposed on summed pulse area during the event
window but outside S1 and S2. It removes triggers dur-
ing the aftermath of photoionization and delayed elec-
tron emission following large S2s. The threshold is set
for >99% tritium acceptance and removes 1% of gross
livetime [34]. We report on 95.0 live days. Fig. 2 shows
the measured light and charge of the 591 surviving events
in the fiducial volume.

A double-sided, profile-likelihood-ratio (PLR) statis-
tic [41] is employed to test signal hypotheses. For each
WIMP mass we scan over cross section to construct a
90% confidence interval, with test statistic distributions
evaluated by MC using the RooStats package [42]. At all
masses, the maximum-likelihood value of �n is found to

be zero. The background-only model gives a good fit to
the data, with KS test p-values of 0.05, 0.07, 0.34, and
0.64 for the projected distributions in S1, S2, r, and z

respectively. Upper limits on cross section are shown in
Fig. 3. The raw PLR result lies between one and two
Gaussian � below the expected limit from background
trials. We apply a power constraint [43] at the median
so as not to exclude cross sections for which sensitiv-
ity is low through chance background fluctuation. We
include systematic uncertainties in the nuclear recoil re-
sponse in the PLR, which has a modest e↵ect on the limit
with respect to assuming the best-fit model exactly: less
than 20% at all masses. Limits calculated with the alter-
nate, Bezrukov parametrization would be 0.43, 0.95, and
1.26 times the reported ones at 4, 33, and 1000 GeV c

�2,
respectively. Uncertainties in the assumed dark matter
halo are beyond the scope of this letter but are reviewed
in, e.g., [44].

In conclusion, we have improved the WIMP sensitivity
of the 2013 LUX search data, excluding new parameter
space. The lowered analysis thresholds and signal model
energy cut-o↵, added exposure, and improved resolution
of light and charge over the first LUX result yield a 23%
reduction in cross-section limit at high WIMP masses.
Reach is significantly extended at low mass where the
cut-o↵ has most e↵ect on the predicted event rate: the
minimum kinematically-accessible mass is reduced from
5.2 to 3.3 GeV c

�2. These techniques further enhance
the prospects for discovery in the ongoing 300-day LUX
search and the future LUX-ZEPLIN [45] experiment.
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FIG. 1. LUX upper limits on the WIMP-neutron (top) and
-proton (bottom) elastic SD cross sections at 90% CL. The
observed limit is shown in black with the ±1� (±2�) band
from simulated background-only trials in green (yellow). Also
shown are the 90% CL from: CDMS [23], KIMS [24, 25], PI-
CASSO [26], PICO-2L [27], PICO-60 [28], XENON10 [29],
XENON100 [30], and ZEPLIN-III [31, 32]. The DAMA al-
lowed region at 3� as interpreted in [33] without ion chan-
neling is the shaded areas. Three indirect limits from Ice-
Cube [34] and SuperK [35] are shown. Collider limits from
CMS mono-jet searches are included, assuming the MSDM
model with two coupling scenarios [36]. The projected sen-
sitivity for the LZ experiment is shown for an exposure of
5.6⇥105 kg·days [37].

Collider searches for dark matter particles can be inter-
preted in the same parameter space as direct searches for
particular conditions [36]. In Figure 1 we include limits
from CMS mono-jet searches [39], assuming the Minimal
Simplified Dark Matter (MSDM) model for the particular
case where the coupling of the mediator to the quarks and
the dark matter particle are equal (g = gq = gDM ). The
cross section is dependent on these couplings, so we com-
pare to the smallest and largest values used in Ref. [36].
For low WIMP masses the collider limits are stronger for
both couplings, but these searches are not sensitive to
heavier WIMPs. It is important to note this interpreta-
tion of collider searches is model-dependent. Therefore,
dark matter signals would ideally be observed in collider,

indirect, and direct searches in order to fully investigate
the interactions of WIMPs.
With limits set on �p,n the allowed region in ap � an

space can be found following the procedure detailed in
[40]:
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where �

A
p,n are the limits on the proton/neutron-only

cross sections, for the isotope with mass number A. The
excluded region is shown in Figure 2. Typically only the
most sensitive channel of the two cross sections is shown.
In this case the limits in the ap � an plane can be found
following the method detailed in Ref. [41], which is a good
approximation if ap � an or vice-versa.
This result improves the constraint on an over previous

experiments. The lines are parts of elongated elipses and
the orientation depends on the sensitivity to both ap and
an. The angle of the ellipse for LUX and XENON100 is
not the same due to di↵erences in the spin structure func-
tions used and the energy scale in the analysis (which af-
fects the signal spectrum). XENON100 also had slightly
di↵erent abundances of 129Xe and 131Xe. This plot also
emphasises the complementarity between the di↵erent
detector materials.
In conclusion, we have set the most stringent limits on

the SDWIMP-neutron cross section for all WIMP masses
down to 3.5 GeV/c2 from the 2013 LUX data and the
proton-only limit is also competitive. We also improve
the constraints on the possible values of the couplings
ap and an, complementary to experiments that are more
sensitive to the proton than the neutron coupling. The
sensitivity to both proton and neutron-only coupling will
be improved greatly with future large-scale experiments
with xenon targets such as LZ [37].
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Rescaling operator constraints

• For a given choice of           , only use events that satisfy  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Rescaling operator constraints
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Figure 10: Rescaled limits on M⇤ for WIMP events with M� = 50 GeV, taking the fraction of valid
events into account, for

p
s = 8 TeV (left) and

p
s = 14 TeV (right). A scan over di↵erent values of

couplings pgSMgDM for three Emiss
T thresholds is shown. Rescaled limits, M⇤valid, and their dependence

on the coupling are shown as solid lines, while the correspond limit assuming 100% validity, M⇤exp, is
shown as a dashed line of the same colour.
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Figure 11: Rescaled limits on M⇤ for WIMP events with M� = 400 GeV, taking the fraction of valid
events into account, for

p
s = 8 TeV (left) and

p
s = 14 TeV (right). A scan over di↵erent values of

couplings pgSMgDM for three Emiss
T thresholds is shown. Rescaled limits, M⇤valid, and their dependence

on the coupling are shown as solid lines, while the correspond limit assuming 100% validity, M⇤exp, is
shown as a dashed line of the same colour.

selection with larger M⇤exp (Emiss
T > 600 GeV) has a lower validity fraction than a selection with a lower

threshold (Emiss
T > 400 GeV). Above 1.4, the increased M⇤exp again dominates, leading to an improved

Rtot
Mmed

. Figure 10 also shows how the impact of the validity fraction is reduced when considering the full
limit rescaling procedure. Starting from a higher M⇤exp provides a linear dependence, while the validity
fraction only enters under a power of 1

4 for the D5 operator. As such, the Emiss
T cut of 600 GeV still

provides the strongest rescaled limit for pgSMgDM � 1.1 among the three considered signal regions,
despite only having a higher validity fraction from 1.4.

It is also important to consider how these conclusions will change for each of the typical EFT oper-
ators. Comparing the observed limits for di↵erent operators from the 7 TeV ATLAS mono-jet result [2]
shows that D5 is one of the operators with stronger limits on M⇤, and thus will have a larger validity
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selection with larger M⇤exp (Emiss
T > 600 GeV) has a lower validity fraction than a selection with a lower

threshold (Emiss
T > 400 GeV). Above 1.4, the increased M⇤exp again dominates, leading to an improved

Rtot
Mmed

. Figure 10 also shows how the impact of the validity fraction is reduced when considering the full
limit rescaling procedure. Starting from a higher M⇤exp provides a linear dependence, while the validity
fraction only enters under a power of 1

4 for the D5 operator. As such, the Emiss
T cut of 600 GeV still

provides the strongest rescaled limit for pgSMgDM � 1.1 among the three considered signal regions,
despite only having a higher validity fraction from 1.4.

It is also important to consider how these conclusions will change for each of the typical EFT oper-
ators. Comparing the observed limits for di↵erent operators from the 7 TeV ATLAS mono-jet result [2]
shows that D5 is one of the operators with stronger limits on M⇤, and thus will have a larger validity
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So what now?

Full 
Models

Simplified 
Models

e.g. MSSM, UED

Effective 
operators
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Classification of simplified models
• There are many simplified models to choose from and they can 

be organized in a logical way. The most important features are 

• If DM is neutral, this defines most features of the model

Mediator spin Geometry of diagram DM spin
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The usual suspects

• Each is associated with a particular UV-completion
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Simplicity
• Even then there are choices to make - for example, for 1s½, there is a 

choice of vector or axial-vector couplings 

• Including couplings to both quarks and leptons, up to 28 free 
parameters, even in such a simple model! 

• Necessary to make simplifying assumptions to keep the number of 
parameters small

Vector Axial-vector
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0
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Simplicity

I.  Direct detection constraints: cqV=cχV=0 

II. Dilepton constraints: gl = 0 

III. Minimal Flavor Violation:  
     gq equal for each quark

n

mDM, Mmed, gDM, gSM
o

!
n

mDM, Mmed, gDM.gSM, gDM/gSM
o

Even with these simplifying assumptions, a full scan over the 
4D parameter space can be computationally prohibitive

For 1s½ (Z’): 
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JHEP 1506 (2015) 142 
TDJ, Nordstrom

cms-pas-exo-12-055

Only 2 parameters to scan 

Easier comparison between 
experiments 

Semi-arbitrary choice of coupling 

Less comprehensive: Difficult to 
translate to other couplings

Easy to interpret 

More comprehensive 

Approximations become necessary - 
important to avoid regions where 
these break down 

Difficult to compare results



For each {mDM, Mmed, gq/gDM},  simulate signal cross section σsim for 
a range of gq.gDM, compare with the experimental limit σlim.  

Value of gq.gDM where σsim= σlim defines the constraint on gq.gDM.

Rescaling relations

σsim

σlim

Fixed mDM, Mmed, gq/gDM 

√gq.√gDM

n

mDM, Mmed, gDM, gSM
o

!
n

mDM, Mmed, gDM.gSM, gDM/gSM
o

× ×
×

×
×

×

×

×

×



If we know how σsim varies with gq.gDM, we can 
simulate for one value of gq.gDM, avoiding the full scan

Rescaling relations

σsim

σlim

Fixed mDM, Mmed, gq/gDM 

√gq.√gDM

× ×
×

×
×

×

×

×

×
σsim∝ (gq.gDM)2

××



 
How well does this approximation hold?  

Signal Region SR1 SR2 SR3 SR4

pj1T & Emiss
T > [GeV] 120 220 350 500

ATLAS �95% CL
vis [fb] 2800 160 50 20

Table 3: Signal region definitions in the 10.5 fb�1 8 TeV analysis and ATLAS 95 % CL exclusion limits

on the visible cross section from BSM contributions.

relevant for us. Note that we only perform the comparison for SR3 as it usually is the most

discerning signal region and the only one for which ATLAS results are reported, however

we assume the results are similar for the other signal regions. Similarly we assume this

agreement carries over to our analyses of the full 8 TeV dataset and our 14 TeV predictions,

which is well motivated since the full dataset 8 TeV analysis was conducted under similar

conditions and due to the stated ATLAS upgrade goals for the upcoming higher energy

LHC run respectively.

mDM [GeV] ATLAS 95% CL on ⇤ [GeV] Our 95% CL on ⇤ [GeV] Di↵erence [%]

80 687 700 +1.9

400 515 525 +1.9

1000 240 250 +4.2

Table 4: Comparison of limits set on the D8 EFT operator by ATLAS [69] and us using only SR3.

B Validation of Cross Section Reweighting

Our limits set using results from Ref. [69] using interpolation in M �mDM � gDM · gq are

presented in Figure 4, limits set using the cross section approximation including the width

mentioned in Section B.1 are presented in Figure 5, and the ratios of the limits set in the

two cases are presented in Figure 6. To visualise the breakdown of our approximations we

extend the limit of our parameter space to �OS/M < 1.

Values of gq/gDM > 1 are hardly probed at all by monojet searches as evident from our

results for gq/gDM = 2: such models are much better constrained by dijet searches which

motives not including these in our main study.

B.1 Using a cross section approximation including the width

We compare our results to ones obtained by reweighting the cross section for a single value

of gDM · gq to see how well the simple cross section approximations:

� /
(
g2qg

2
DM/�OS if M > 2mDM

g2qg
2
DM if M < 2mDM

(B.1)

reproduce the full results. Additionally we perform a separate reweighting to correct for the

Breit-Wigner shape of the propagator as for the full results, although only before finding

– 11 –

Rescaling relations
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Problems with the width
• The standard Breit-Wigner 

propagator with on-shell width,  
 
 
 
as used by generators, only 
valid for Γ ≪ M.  

Breit-Wigner 
Kinetic

• Restrict parameter space to regions where Γ < M.  
Current strength of constraints give Γ/M ~ 0.5;  
In the transition region, rescale by the ratio of the BW and kinetic 
propagators after convolution with the PDF

�BW =
1

s�M2 + iM�OS

R
x1,x2

PDF ⇥�KineticR
x1,x2

PDF ⇥�
BW



Results

• Results

JHEP 1506 (2015) 142 
TDJ, Nordstrom

1s½ (axial)



Search channels

• To be comprehensive, study other search channels
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Testing the approximation

• Does the rescaling relation still hold? 

• Only if the kinematic distribution of 
missing energy is independent of 
the width

� / gDMgq
(s�M2)2 +M2�2

,

Signal Region SR1 SR2 SR3 SR4

pj1T & Emiss
T > [GeV] 120 220 350 500

ATLAS �95% CL
vis [fb] 2800 160 50 20

Table 3: Signal region definitions in the 10.5 fb�1 8 TeV analysis and ATLAS 95 % CL exclusion limits

on the visible cross section from BSM contributions.

relevant for us. Note that we only perform the comparison for SR3 as it usually is the most

discerning signal region and the only one for which ATLAS results are reported, however

we assume the results are similar for the other signal regions. Similarly we assume this

agreement carries over to our analyses of the full 8 TeV dataset and our 14 TeV predictions,

which is well motivated since the full dataset 8 TeV analysis was conducted under similar

conditions and due to the stated ATLAS upgrade goals for the upcoming higher energy

LHC run respectively.

mDM [GeV] ATLAS 95% CL on ⇤ [GeV] Our 95% CL on ⇤ [GeV] Di↵erence [%]

80 687 700 +1.9

400 515 525 +1.9

1000 240 250 +4.2

Table 4: Comparison of limits set on the D8 EFT operator by ATLAS [69] and us using only SR3.

B Validation of Cross Section Reweighting

Our limits set using results from Ref. [69] using interpolation in M �mDM � gDM · gq are

presented in Figure 4, limits set using the cross section approximation including the width

mentioned in Section B.1 are presented in Figure 5, and the ratios of the limits set in the

two cases are presented in Figure 6. To visualise the breakdown of our approximations we

extend the limit of our parameter space to �OS/M < 1.

Values of gq/gDM > 1 are hardly probed at all by monojet searches as evident from our

results for gq/gDM = 2: such models are much better constrained by dijet searches which

motives not including these in our main study.

B.1 Using a cross section approximation including the width

We compare our results to ones obtained by reweighting the cross section for a single value

of gDM · gq to see how well the simple cross section approximations:
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reproduce the full results. Additionally we perform a separate reweighting to correct for the

Breit-Wigner shape of the propagator as for the full results, although only before finding
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Comparing to other constraints
• Difficult to compare multiple 

constraints in 3D parameter space! 

• Intercept shows the boundary where 
one constraint becomes stronger 
than another, indicating the region 
where each class of constraints 
performs best
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Comparing to other constraints
• Direct detection assumes a local density and velocity 

distribution as input 

• Relic density constraints assume DM is a thermal relicis 
sensitive to number of annihilation channels and relative 
contribution to total relic density 

• Each constraint has strengths and weaknesses, so 
together are complementary, but compare with caution

dR

dER
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Consistency

• The simplified models we’ve been using are not designed 
to be UV-complete 

• Does it matter if the simplified models we’re using are 
physical? 

• Signals and constraints can be overestimated if we get 
this wrong;  

• Some models are not just be incomplete, but wrong



Consistency
• We focus on axial-vector 1s½ (Z’), 

because it ‘hides’ from direct detection 

• Violates unitarity when mDM ≫ Mmed, 
greatly enhancing the cross section 

• Suffers anomalies!
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DM DM
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Vector Axial-vector -  
Unitarity violating!



Building a natural, consistent axial 1s½ (Z’)
• cosθ U(1)B-L + sinθ U(1)Y is guaranteed anomaly-free, so use this as our U(1)’ 

• This fixes the charge of the left- and right-handed SM fermions under U(1)’ 

• If L and R fermions have different charge,  
Higgs must be charged to maintain gauge invariance y`L̄L�`R

}
Y-sequential theory or a pure U(1)B�L. As we will shortly see, the latter is quite a boring

case for DM direct and indirect searches because it is halo-momentum suppressed.3
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TABLE I: Charges of the SM matter content under the gauge U(1) symmetries of the SM and the

gauge U(1) with the generator (3). i stands for the family index.

Because the charges of the SM fermions under the new U(1) are a two parameter family,

we will conveniently parametrize the generator of the new symmetry as
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where tY and tB�L stand for the generators of the hypercharge and the B � L symmetry

respectively. To ensure that the fermion masses are gauge invariant the SM fermion charges

under the U(1)0 unambiguously determine the SM Higgs charge under the U(1)0. For com-
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These charges have a strong impact on the DM phenomenology in this scenario. Because the

SM Higgs couples to the Z 0, after the EW symmetry breaking tree level couplings between

the Z 0 and the EW gauge bosons are induced. In this case Z 0 mixes with the Z. This allows

annihilations of the DM to the EW gauge bosons at the tree level.

Before we start analyzing the constraints on DM production at the LHC via these contact

terms, we review the LHC direct constraints on this Z 0. The easiest way to spot a Z 0 at

collider is an analysis of the leptonic modes, unless the latter are highly suppressed. For

3 So-called “anomalous” U(1) has also been discussed in literature, e.g. U(1) . Note that these models

demand the introduction of spectator fermions to cancel the anomalies. One should necessarily take into

account the contribution of spectators when calculating the DM annihilation branching ratios to avoid

non-physical results.
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Dilepton constraints

• Induced lepton coupling 
subjects this model to 
stringent constraints from Z’ 
decay to dileptons

Z 0

q

q̄

l�

l+



Building a natural consistent axial Z’
• Mixing results in a mix of terms - no pure axial-vector term! 

• Induces a range of DM scattering operators, 
not just the ‘usual’ σSI and σSD.

}

!
σSD Suppressed, but neither σSI nor σSD

~s� · ~sN , i~s� · (~sN ⇥ ~q), ~s� · ~v?

L �g�Z
0
µ(c

�
V �̄�µ�+ c�A �̄�µ�5�)

+gqZ
0
µ(c

q
V q̄�µq + cqA q̄�µ�5q)

Vector Axial-vector

with Dµ = DSM
µ � i

2

cos ✓gZ0Z 0
µ and the vector/ axial vector couplings of the Z 0 to the SM

fermions given in table II.

SM fermion f coe↵. of gZ0f /Z 0f coe↵. of gZ0f /Z 0�
5

f

leptons �3

4

cos ✓ � sin ✓ �1

4

cos ✓

neutrinos �1

4

cos ✓ � 1

2

sin ✓ 1

4

cos ✓ + 1

2

sin ✓

up quarks 5

12

cos ✓ + 1

3

sin ✓ 1

4

cos ✓

down quarks � 1

12

cos ✓ + 1

3

sin ✓ �1

4

cos ✓

TABLE II: Coe�cients of the vector and axial vector bilinear currents for the SM fermions (cf

Eq. (4)). With obvious meaning of the notation, the coe�cients cV and cA are obtained from

cL, cR via cLPL + cRPR = cL+cR
2

+ �cL+cR
2

�
5

) cV = cL+cR
2

, cA = �cL+cR
2

.

As we expand this expression we find that the Z 0 mixes with Z, with the mixing angle,

fully determined by the mass, gauge coupling and the charges (✓-angle) of the new gauge

bosons, being of order mz/mz0 . After the mass matrix is diagonalized, one finds that the

heavy Z 0 couples to the W+W� with the strength XXX put the exact vertex here, note

the proportionality to the incoming momentum. The coupling of the Z 0 to the Zh at tree

level reads igZ0
2

v.

Having all the tree level couplings of the Z 0, we are now ready to calculate the thermal

relic abundance of the Majorana DM. We calculate the annihilation rates and thermally

average it using the procedure of [31]:

h�vi = 1

8m4TK2

2

(m/T )

Z 1

4m2

�(s)(s� 4m2)
p
sK

1

(
p
s/T )ds (5)

We show the relic abundances ... Put the plots and finish the discussion here

III. OVERVIEW OF DIRECT AND INDIRECT BOUNDS

The constraints on the scenario that we have described above come from three di↵erent

primary sources: direct detection, neutrino telescopes and the LHC. Since the we assume a

Majorana DM particle, all interactions that we get between the nuclei and the DM are either

spin dependent or halo velocity suppressed, or both. We will comment on these interactions

in detail in Subsec. III A. This particular feature renders the direct detection results much

less e�cient than in the case of spin-independent interactions, while other experiments,

notably neutrino telescopes and the LHC become competitive. In the following section we

will carefully go through all these di↵erent experiments and discuss the bounds that they

produce.
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IceCube: Using annihilation to probe scattering
• It is difficult for DD experiments to compete with 

LHC constraints on these models 

• Solar neutrinos provide a unique window on DM 
scattering 

• DM accumulates in the sun 
 

Theoretical frameworks for DM
Classes of constraints

Relic density
Direct searches
Indirect searches
Collider searches

Bound from IceCube observations

Key assumption: equilibrium =) �annihilation = �capture

If h�annvi & 10�28 cm3s�1, this assumption is motivated.

Some peculiar properties of these constraints:
1 direct link between �SD,SI

p and annihilation rate;
2 sensitivity only to branching ratios, not to absolute cross section;
3 electroweak corrections (W/Z brehmsstrahlung) are relevant;
4 the sensitivity to resonant production of mediator, or the choice of gf or mmed, is not

large.

Davide Racco Theoretical frameworks for dark matter searches 13 / 27

�ann / ⇢2 ! �ann = �capture



Conclusion

• Effective operators remain a useful benchmark for DM 
searches at the LHC if used and interpreted with caution 

• Simplified models are the natural next step. The size of the 
parameter and model space present some challenges 
which can be overcome with careful application of 
constraints and approximations 

• The consistent use of simplified models is important and 
presents interesting phenomenology!


