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cross-section scaling

• Γ ∝ g2 + g2

• propagator 1 / [ √s-M + iMΓ ]

• for off-shell production (√s >> M) and EFT (√s << M) the width does not matter in 
the propagator

➡ σ ∝ g2g2

• for on-shell production (√s ~ M) the width gives dominant contribution

➡ narrow width approximation:  ∫ 1 / [ (s-M2)2 +MΓ2 ] ds = π / MΓ → σ ∝ g2g2 / Γ

• extreme case where gDM << gSM: σ ∝ gSM2gDM2 / (gSM2 + gDM2) → gDM2

• extreme case where gDM >> gSM: σ ∝ gSM2gDM2 / (gSM2 + gDM2) → gSM2
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Figure 3. Left panel: The 90% CL limit on ⇤ as a function of mmed for our axial-vector simplified
model with mDM = 250 GeV. Right panel: The ratio of the inclusive cross-sections in the EFT
to the simplified model. In both panels, three distinct regions of parameter space are marked: In
Region I, the EFT and simplified model calculation agree at the level of 20% or better; in Region
II, the simplified model cross-section is larger than the EFT cross-section owing to a resonant
enhancement; and in Region III, the simplified model cross-section is smaller than the EFT cross-
section. In the left panel we consider two mediator widths �. The grey shaded regions indicate
that the boundary between the regions is weakly dependent on �.

comparison between the monojet limits and direct detection searches is more interesting

in this case (we consider this further in section 4).

If the axial-vector mediator is suitably heavy (to be quantified more carefully below) it

can be integrated out to obtain the e↵ective axial-vector contact operator in eq. (2.2). In

this case, the contact interaction scale is related to the parameters entering the Lagrangian

eq. (3.1) by

⇤ ⌘ mmedp
g

q

g

�

. (3.2)

In fact, even when we study the e↵ects beyond the EFT framework, we will still use this

as our definition of ⇤.

Now that we have completed the definition of the simplified model, we examine the

di↵erences between the EFT and simplified model. We first consider the specific case with

mDM = 250 GeV in the left panel of fig. 3, which shows the limit on ⇤ as a function of

mmed. Three distinct regions of parameter space can clearly be seen: we define Region I

to be the region where the EFT and simplified model limits on ⇤ agree at the level of 20%

or better (this region was studied in [45] for the scalar interaction). The measure of 20%

corresponds to the uncertainty on the signal cross-sections in CMS monojet analysis and it

is used by us to determine the validity of the EFT approach [13]. This is the region where

the EFT limit on ⇤ can be applied to the simplified model and requires mmed & 3 TeV. In

Region II, the limit on ⇤ in the simplified model is larger than the EFT limit owing to a

resonant enhancement. Finally, we define Region III to be the region where the limit on ⇤

in the simplified model is smaller than the EFT limit.
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plot taken from 1308.6799

off-shell on-shell EFT

http://arxiv.org/pdf/1308.6799v1.pdf
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vector mediator, off-shell

1) Generate samples for various choices of couplings

2) Rescale the cross section from the sample with g = g = 0.1 according to σ ∝ g2g2

3) Compare to the rescaled and generated cross sections (see the ratio above)

➡ The scaling works for the off-shell production.
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scalar mediator, off-shell

1) Generate samples for various choices of couplings

2) Rescale the cross section from the sample with g = g = 0.1 according to σ ∝ g2g2

3) Compare to the rescaled and generated cross sections (see the ratio above)

➡ The scaling works for the off-shell production.
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vector mediator, on-shell

1) Generate samples for various choices of couplings

2) Rescale the cross section from the sample with g = g = 0.1 according to σ ∝ g2g2 / Γ
3) Compare to the rescaled and generated cross sections (see the ratio above)

➡ The scaling works only for small mediator width. 

• Note that the width mainly depends on gSM
5
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scalar
on-shell

➡ The scaling 
works only for 
small mediator 
width. 

• Note that the 
width mainly 
depends on gDM

• The factor         
1 - 4m2/M2        
in the width 
definition is 
important to 
understand the 
numbers.
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cross-section scaling

• The scaling σ ∝ g2g2 / Γ  is indicated in 1410.6497 (MCFM)

• The paper discusses this is true for the finite width calculation whereas there is a 
secondary effect at Γ/M ≳ 0.1 where the tail of the mediator pT can be increased 
relative to the narrow width approximation (indicated by the red shaded region).

7

13

be greater than 20 GeV, and if they are the same flavor, a Z-mass veto of |m`` � 91 GeV| > 15 GeV is applied. The
two jets are required to have invariant mass of less than 400 GeV. The signal region is �ET > 320 GeV. As with the
monojet analysis described previously, we can straightforwardly recast the CMS limits to apply to our benchmark
models, based on the number of events seen in their signal region. Signal was generated using MadGraph5, passed
through the Pythia6 and Delphes3 pipeline described earlier. As in the monojet case, we validate our results using
the dark matter EFT to compare with the CMS results. We show the bounds from this channel on g�gv for our
benchmark mediator models (for mediators of 100 and 375 GeV, and 40 GeV dark matter) as a function of mediator
width in Figures 11 and 12.

Finally, we can consider the associated production of the mediator � or A with b-quarks. Until recently, no dedicated
dark matter search similar to the monojet or dileptonic top plus MET analyses has been performed for the process
pp ! ��̄ + bb̄, and constraints could only be extracted using the sbottom searches pp ! b̃⇤b̃ ! ��̄ + bb̄ from CMS
[127] and ATLAS [128]. These searches have selection criteria which are far from ideal for the kinematics of the
simplified models, but they do place relevant constraints directly on the tree-level interaction between b-quarks and
the mediator.

Recently however, ATLAS has published a dedicated search for dark matter produced in associated with b-tagged
jets in 20.3 fb�1 of 8 TeV data [129]. Two signal categories in this search are relevant for our analysis here. In
both, the analysis vetoes events with leptons that have pT > 20 GeV and requires �ET > 300 GeV. The azimuthal
angle between all jets and the MET must be �� > 1. Signal Region SR1 requires one or two jets, at least one of
which must be b-tagged (at a 60% e�ciency) and have pT > 100 GeV. Signal region SR2 requires three or four jets
in the event, again requiring at least one to be b-tagged with pT > 100 GeV. If a second b-tagged jet exists, it must
have pT > 60 GeV, and the second highest pT jet must have pT > 100 GeV. ATLAS provides the 95% CL upper
limit on the number of events in each signal region which can be accommodated by new physics, and we validate our
simulation using the EFT results.

We again generate our signal events using MadGraph5, through the tree-level coupling of the mediator and the
b-quarks. As with the monojet search, for each of our benchmark models, we use the strongest limit on g�gv set by
either of these signal regions.

The results from this analysis are shown along with our previous limits as a function of mediator width in Figures 11
and 12. Along with the bounds derived from colliders, we include the direct and indirect constraints (for scalar and
pseudoscalar models, respectively) and the required value of g�gv to obtain the thermal relic abundance. While it is
a very useful benchmark to compare the experimental sensitivity, note that coupling values that diverge from that

FIG. 11: 95% CL upper limits on g�gv for scalar mediators from collider searches as a function of ��/m�, assuming
40 GeV dark matter and 100 GeV (left) and 375 GeV (right) scalar mediators. The limit from the CMS monojet
search is shown as the solid colored (red or blue) line for the Full Theory including heavy quark mass e↵ects MCFM
calculation. The MadGraph e↵ective operator CMS monojet constraint is shown in dashed color. The shaded region
indicates an extrapolation of the finite width e↵ects to the MCFM results. The constraint from the top pair plus
missing energy search is the dashed black line, and the b-jet plus missing energy search limit is the dotted black line.
The horizontal solid black line shows the direct detection limit from LUX and CDMS-lite. The grayed-out region
indicates where the minimum width consistent with g�gv is greater than the assumed width.

http://arxiv.org/abs/1410.6497
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cross-section scaling

• An independent check 
reveals there are always 
deviations for sufficiently 
large Γ/M

• The effect depends in a 
non-trivial way on the 
mediator mass and the 
type of the interaction.
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gDM-gSM plane

• Show the gDM−gSM plane for one choice of the masses.

• For fixed mediator width and fixed masses, the cross section scales with σ ∝ g2g2 

➡ There is no need to generate the full grid in the gDM-gSM plane.

• One can find the lines of constant width and rescale along these lines.
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Figure 5. Present mono-jet exclusion regions at 95% CL (red contours) for scalar mediators. In
the gS

SM–gS
DM plane (upper left panel) the values m� = 100 GeV and MS = 300 GeV have been

employed, while in the gS –m� plane (upper right panel) we have identified gS = gS
SM = gS

DM and
fixed the scalar mediator mass to MS = 300GeV. The results in the gS –MS plane (lower left panel)
use the same identification and a DM mass of m� = 100GeV, whereas in the MS –m� plane (lower
right panel) the couplings have been set to gS

SM = gS
DM = 4. For comparison the regions with

�S > MS (brown contours), the current LUX 90% CL constraint on �N
SI (solid blue curves), the

parameter spaces with ⌦�h2 < 0.11 (dot-dashed yellow curves), the EFT limits (dashed red curves)
and the regions with MS > 2m� (dotted black lines) have been indicated.

one has MS < 2mt, which implies that �S ' �(S ! �̄�) / �
gSDM

�2. The width of the
scalar mediator thus grows quadratically with gSDM and for gSDM & 6 one ends up in the
unphysical situation where �S > MS (brown contour). For a broad (narrow) resonance it is
however known (see for instance [3, 8, 52] for the case of vector and axial-vector mediators)
that EFT cross sections tend to overestimate (underestimate) the exact results. This is a
general shortcoming of the EFT framework that can only be overcome by calculating /ET
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Figure 6. Present mono-jet exclusion regions at 95% CL for pseudo-scalar mediators. The latest
Fermi-LAT 95% CL bound on the total velocity-averaged DM annihilation cross section h�v�i is
indicated by the solid blue curves. Apart from this the same colour coding and choice of parameters
as in Figure 5 is adopted.

signals in a simplified model such as (2.1).
For comparison we also show in the gSSM–gSDM plane the restriction on �S

SI provided by
LUX (solid blue curve) and the DM relic density (dot-dashed yellow curve). Since in the
case of scalar exchange the elastic DM-nucleon scattering is SI and unsuppressed

�
cf. (2.8)

�
,

the limits from the existing direct detection experiments are significantly more stringent
than the collider bounds, and essentially exclude the entire gSSM,DM parameter space for
MS = 300GeV. Notice that the constraints arising from the limits on �S

SI can in principle
be evaded by assuming that � is not stable on cosmological time scales, but lives long enough
to escape the ATLAS and CMS detectors. It is also evident that compared to the exact
LHC exclusion, the requirement not to have a too high DM relic density, i.e. ⌦�h2 < 0.11,
further pushes gSSM,DM to larger values. We add that the limits following from the relic
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plots taken from 1503.00691

http://arxiv.org/abs/1503.00691
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lines of constant width
• Mediator width for S and P model with mDM = 100 GeV and mMed = 300 GeV

• The lines of constant width are nearly independent of gSM because of the Yukawa 
couplings (Γ ∝ mq2/v2 gSM2 + gDM2)

• Mediator width for V and A model with mDM = 100 GeV and mMed = 300 GeV

• There is a stronger dependence on the quark coupling because it larger 
contribution to the width (color factor and number of flavours)
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verification of the scaling
• Scalar model                                                                                                     

mDM = 100 GeV and mMed = 300 GeV

1) Take a line of the constant width:

2) Compare the cross-section from the generator with the rescaled one:

➡ There are only up to 3% differences!
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mDM-mMed plane

• Can we apply cross-section scaling in the mDM-mMed plane as well?
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Figure 5. Present mono-jet exclusion regions at 95% CL (red contours) for scalar mediators. In
the gS

SM–gS
DM plane (upper left panel) the values m� = 100 GeV and MS = 300 GeV have been

employed, while in the gS –m� plane (upper right panel) we have identified gS = gS
SM = gS

DM and
fixed the scalar mediator mass to MS = 300GeV. The results in the gS –MS plane (lower left panel)
use the same identification and a DM mass of m� = 100GeV, whereas in the MS –m� plane (lower
right panel) the couplings have been set to gS

SM = gS
DM = 4. For comparison the regions with

�S > MS (brown contours), the current LUX 90% CL constraint on �N
SI (solid blue curves), the

parameter spaces with ⌦�h2 < 0.11 (dot-dashed yellow curves), the EFT limits (dashed red curves)
and the regions with MS > 2m� (dotted black lines) have been indicated.

one has MS < 2mt, which implies that �S ' �(S ! �̄�) / �
gSDM

�2. The width of the
scalar mediator thus grows quadratically with gSDM and for gSDM & 6 one ends up in the
unphysical situation where �S > MS (brown contour). For a broad (narrow) resonance it is
however known (see for instance [3, 8, 52] for the case of vector and axial-vector mediators)
that EFT cross sections tend to overestimate (underestimate) the exact results. This is a
general shortcoming of the EFT framework that can only be overcome by calculating /ET
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Figure 6. Present mono-jet exclusion regions at 95% CL for pseudo-scalar mediators. The latest
Fermi-LAT 95% CL bound on the total velocity-averaged DM annihilation cross section h�v�i is
indicated by the solid blue curves. Apart from this the same colour coding and choice of parameters
as in Figure 5 is adopted.

signals in a simplified model such as (2.1).
For comparison we also show in the gSSM–gSDM plane the restriction on �S

SI provided by
LUX (solid blue curve) and the DM relic density (dot-dashed yellow curve). Since in the
case of scalar exchange the elastic DM-nucleon scattering is SI and unsuppressed

�
cf. (2.8)

�
,

the limits from the existing direct detection experiments are significantly more stringent
than the collider bounds, and essentially exclude the entire gSSM,DM parameter space for
MS = 300GeV. Notice that the constraints arising from the limits on �S

SI can in principle
be evaded by assuming that � is not stable on cosmological time scales, but lives long enough
to escape the ATLAS and CMS detectors. It is also evident that compared to the exact
LHC exclusion, the requirement not to have a too high DM relic density, i.e. ⌦�h2 < 0.11,
further pushes gSSM,DM to larger values. We add that the limits following from the relic

– 16 –

plots taken from 1503.00691

http://arxiv.org/abs/1503.00691
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scaling in the mDM-mMed plane

• The simple scaling σ ∝ g2g2 is not expected to work for different masses:

• For 2 mDM > mMed, PDF will matter because sufficient √s energy is needed to 
produce the DM pair.

• For 2 mDM < mMed, phase-space suppression factor leads to non-trivial scaling 
with mass.

• lines of constant width

• A kink around the top opening is apparent

• There is no dependence on mDM                                                                    
for the off-shell production
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scaling in the mDM-mMed plane

• Scalar model with gSM = gDM = 4

1) Take a line of the constant width:

2) See how the cross section from the generator looks 
along this line:

➡ The plot does not support scaling with σ ∝ g2g2 / ΓM
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summary of the cross-section scaling

• We can make use of the σ ∝ g2g2 scaling along the lines of constant width                 
in the gSM-gDM plane.

➡ For V and A, fix gDM = 1 and choose grid points for gSM.

➡ For S and P, fix gSM = 1 and choose grid points for gDM.

• No scaling is recommended for the mDM-mMed plane.

➡ Full grid is needed.

• Can we make use of the studies of fiducial cross-sections and shapes of kinematic 
distributions to define regions where cars binning and interpolation is sufficient? 

• see detailed plots here https://indico.cern.ch/event/374678/

• or the summary https://indico.cern.ch/event/374678/session/0/material/3/0.pdf
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• Show the mDM−mMed plane for one choice of couplings.

• General picture:

• Consider mediator masses from 10 GeV to 3 TeV.

• proposed binning: 10, 30, 100, 300, 1000, 3000 GeV

• For scalar, add 125.5 GeV as well and remove the highest 3 TeV point.

proposal for the parameter scan
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on-shell / off-shell transition

We need to populate the off-shell region close to the    
2 mDM = mMed limit for low mediator masses.
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proposal for the parameter scan

• Five scan directions:

1) Generate a set of samples for light mDM (1 GeV) and scan over mMed.

2) Generate a set of samples for 2 mDM = mMed, 2 mDM = mMed ± Δ in order to 
better populate the transition region.

3) Generate a set of samples for light mediator and scan over mDM.

➡ With 6 mass points, this is ~30 samples per model.
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mediator width

• In case of the S and P models, it may be interesting to consider cases where the width 
is larger than the minimal width.

• It has been shown that the shapes of kinematic distributions do not change for 
different couplings★

➡ Modifying the mediator width is equivalent to choosing different couplings!

★ However, one needs to be careful in the case of very narrow mediators                                                                        
(see https://indico.cern.ch/event/378495/contribution/10/material/slides/0.pdf slides 5 and 11                                           
and https://indico.cern.ch/event/374678/session/0/material/3/0.pdf slide 23)
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summary

• The most important task of the experimental collaborations is understanding the data 
and getting precise background estimates.

• The following two planes are proposed for the presentation of the results in terms of 
simplified models:

• gSM-gDM plane

• Only a 1-dimensional grid is needed as one can scale the cross section along 
the lines of constant mediator width.

• mDM-mMed plane

• Full grid scan is needed.

• The transition region around 2 mDM = mMed needs to be well populated,   
with a coarser binning otherwise (five scan directions are proposed).
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extra material

20
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mediator width

• The mediator does not couple to leptons and gluons.

• Yukawa scaling is assumed for the couplings to SM quarks.

• On the contrary, this is not assumed for the coupling to DM.

• The last equation corresponds to the ggS EFT vertex.

• The maximum coupling value allowed by Γ ≤ mMed is 3.2,                                  
assuming gSM = gDM, mMed > 2 mDM and and mMed > 2 m_top,                 
neglecting the couplings to other than the top quark                                                                 
(note that this is not the most interesting scenario as gSM = gDM is non-trivial in a full 
theory and and the top channel is not open for light mediators)
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summary for the scalar models

• Coupling strength does not have an effect on the shape of the kinematic distributions.

• The early Run-2 data can be sensitive to coupling strengths around 1 for light 
mediators and larger for heavy mediators.

• The LHC will be sensitive up to mediator masses at the order of 100 GeV.

• Do not generate samples for mMed ≲ mDM (they are suppressed).

• The samples with mDM ≲ mMed < 2 mDM are still accessible and should be 
generated.

• For the samples with mMed > 2 mDM, we expect to see no dependence of the 
kinematic distributions on mDM for fixed mMed (the cross sections will change 
slightly).

• No special care needs to be taken for mediator masses around the top channel 
opening.
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mediator width

• The maximum coupling value allowed by Γ ≤ mMed is 1.4,                             
assuming gSM = gDM, coupling to all six quark flavours, mMed > 2 m_top and    
mMed > 2 mDM.
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summary for the vector models

• We observe differences in the kinematic distributions for heavy narrow mediators 
that are possibly due to PDFs.

• Otherwise, the choice of the couplings does not seem to have an effect on the shape 
of the kinematic distributions.

• The early Run-2 data can be sensitive to coupling strengths around 0.1 for light 
mediators and above 1 for heavy mediators.

• The LHC will be sensitive up to mediator masses at the order of 1000 GeV.

• Do not generate samples for mMed ≲ mDM (they are suppressed).

• The samples with mDM ≲ mMed < 2 mDM are still accessible and should be 
generated.

• For the samples with mMed > 2 mDM, we expect to see no dependence of the 
kinematic distributions on mDM for fixed mMed (the cross sections will change 
slightly).
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