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¥ For a given choice of           , only use events that satisfy !
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Figure 10: Rescaled limits onM! for WIMP events withM� = 50 GeV, taking the fraction of valid
events into account, for

"
s = 8 TeV (left) and

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

couplings
"
gSMgDM for threeEmiss

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 onM! for WIMP events withM� = 400 GeV, taking the fraction of valid
events into account, for

"
s = 8 TeV (left) and

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

couplings
"
gSMgDM for threeEmiss

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 largerM!
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 increasedM!
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 higherM!

exp provides a linear dependence, while the validity
fraction only enters under a power of1

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

provides the strongest rescaled limit for
"
gSMgDM # 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 onM! , and thus will have a larger validity
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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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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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Thomas Jacques
Moving Beyond EFTs

¥ EFTs remain a useful as a benchmark, as a general 
constraint on DM as long as we are careful not to over-
interpret the results 

¥ A more general set of models is required: 

¥ EFTs are only a valid description of simpliÞed models 
for heavy mediators and large couplings 

¥ EFTs are designed to be as model-independent as 
possible and give a generic hard MET spectrum, 
leaving us blind to other signatures of the dark sector 

7



Thomas Jacques
Moving Beyond EFTs

¥ Constraints apply to lower mediator 
masses 

¥ Increased phenomenology! 

¥ Dijet, dilepton resonances 

¥ Resonant enhancement of rate around 
mediator mass 

¥ Increased number of channels 

¥ Comes at the cost of increased parameter 
space

8

Notice that the subprocesses are quantum-mechanically distinguishable and therefore it
makes sense to adopt a different definition of Q

tr

for each of them.

Figure 7. Limits on M⇤ as functions of Mmed obtained for Models A and B with three different
methods. The purple lines are derived in the full models, assuming two representative values of the
ratio �med/Mmed : 1/(8⇡) (solid) and 1/3 (dashed). The solid blue line is derived in the EFT with
our method as described in the text. The solid green line is derived in the EFT by imposing the
condition on Qtr proposed in refs. [25, 27, 28]. Upper plots: Model A. Lower plots: Model B.

The result of the comparison is displayed in fig. 7, where we show the limits on M⇤
as functions of M

med

, obtained for Models A (upper plots) and B (lower plots) with three
different methods. The purple and blue lines represent the full model and our approach to
the EFT, respectively, namely the same curves as in figs. 5 and 6. The green line is also
derived in the EFT, but with the cut Q

tr

< M
cut

instead of E
cm

< M
cut

. In the limit
of heavy mediators, all the lines coincide as expected. The differences are in the region of
relatively light mediators, where the EFT limit obtained with Q

tr

has, as expected, a better
reach in M⇤ than our method. However, in our view the improvement is not sufficiently
significant, especially when compared with that obtainable in the full simplified model,
to motivate the use of Q

tr

rather than E
cm

. Our recommendation is thus to stick to the
simple and model-independent version of our method, possibly trying to extend the reach
by the direct search of the mediator which, as described in the previous section, is the sole
responsible of the improved reach of the simplified model.

The second aspect to be clarified is that the consistent EFT limits in the (m
DM

,M⇤)
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{mDM,M?} ! {mDM,Mmed, gq, gDM}
See talk by Uli Haisch, Monday 12th
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Figure 1: 95% CL exclusion contours in the mass-mass plane for a simplified model with a

vector mediator, Dirac DM and couplings gq = 0.25 and gDM = 1. The black solid (dashed)

curve shows the median of the observed (expected) limit, while the yellow curves indicate

an example of the uncertainties on the observed bound. A minimal width is assumed and

the excluded parameter space is to the bottom-left of all contours. The dotted magenta

curve corresponds to the parameters where the correct DM relic abundance is obtained

from standard thermal freeze-out for the chosen couplings. DM is overproduced to the

bottom-right of the curve. The shown LHC results are intended for illustration only and

are not based on real data.

when interpreting supersymmetry searches at the LHC. The parameter space shown in the

mass-mass plots can be divided into three regions:

On-shell region: The on-shell region, Mmed > 2mDM , is the region where LHC searches

for MET signatures provide the most stringent constraints. The production rate

of the mediator decreases with increasing Mmed and so does the signal strength in

mono-jet searches. In this region the experimental limits and the signal cross sections

depend in a complex way on all parameters of the simplified model, and it is therefore

in general not possible to translate the CL limit obtained for one fixed set of couplings

gq and gDM to another by a simple rescaling procedure.

O↵-shell region: In the o↵-shell region, Mmed < 2mDM , pair-production of DM parti-

cles turns o↵ and the constraints from MET searches rapidly lose power. The cross

sections become proportional to the combination g

2
q g

2
DM of couplings, so that in prin-

ciple the LHC exclusions corresponding to di↵erent coupling choices can be derived by

simple rescalings. Deviations from this scaling are observed on the interface between

on-shell and o↵-shell regions Mmed ! 2mDM [32]. Note that for Mmed < 2mDM an

– 5 –

DM
 W

G
, 1603.04156



Thomas Jacques

Only 2 parameters to 
scan

Solving the Ô4D ProblemÕ

9

Be
nc

hm
ar

k 
co

up
lin

g
3-

D 
sc

an

JHEP 1506 (2015) 142 
TDJ, Nordstrom

Vector, Dirac, ! ! = 0.25, ! DM = 1
Observed 95! CL
Uncertainties
Expected 95! CL
Relic density

500 1000 1500 2000

200

400

600

800

1000

Mmed !GeV"

m
D
M

!G
eV

"
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vector mediator, Dirac DM and couplings gq = 0.25 and gDM = 1. The black solid (dashed)

curve shows the median of the observed (expected) limit, while the yellow curves indicate

an example of the uncertainties on the observed bound. A minimal width is assumed and

the excluded parameter space is to the bottom-left of all contours. The dotted magenta

curve corresponds to the parameters where the correct DM relic abundance is obtained

from standard thermal freeze-out for the chosen couplings. DM is overproduced to the

bottom-right of the curve. The shown LHC results are intended for illustration only and

are not based on real data.

when interpreting supersymmetry searches at the LHC. The parameter space shown in the

mass-mass plots can be divided into three regions:
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vector mediator, Dirac DM and couplings gq = 0.25 and gDM = 1. The black solid (dashed)

curve shows the median of the observed (expected) limit, while the yellow curves indicate

an example of the uncertainties on the observed bound. A minimal width is assumed and
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Thomas Jacques
Solving the 4D Problem: Rescaling

12

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 deÞnes the constraint on gq.gDM.

! sim

! lim

Fixed mDM, Mmed, gq/gDM 

√gq.√gDM

n

mDM, Mmed, gDM, gSM
o

!
n

mDM, Mmed, gDM.gSM, gDM/g SM

o

× ×
×

×
×

×

×

×

×
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Solving the 4D Problem: Rescaling

13

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

! sim

! lim

Fixed mDM, Mmed, gq/gDM 

√gq.√gDM

× ×
×

×
×

×

×

×

×
! sim!  (gq.gDM)2

!!
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13

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

! sim

! lim

Fixed mDM, Mmed, gq/gDM 

√gq.√gDM

! sim!  (gq.gDM)2

!!

(√gq.√gDM)sim
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Solving the 4D Problem: Testing Rescaling

¥ What is the rescaling relation? 

¥ Holds only if the width factorises out; ie, 
kinematic distribution of missing energy is 
independent of the width 

¥ Kinematic behaviour not greatly affected for 
on-shell s-channel models when ! /Mmed<0.5  

¥ t-channel: additional monojet diagrams with !
 on-shell mediator 

¥ Peak shape strongly depends on ! /Mmed! 
Coupling scan absolutely needed 14

Signal Region SR1 SR2 SR3 SR4

pj1
T & 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 ágq 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 ágq to see how well the simple cross section approximations:

! #

!
g2
qg

2
DM /�OS if M > 2mDM

g2
qg

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 –

Brennan et al. arXiv:1603.01366
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Off
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¥ Generate constraints on axial-vector model using these two techniques:  

¥ Full scan over 3D space, Scan over 2D space and rescale 

¥ Take ratio of these limits to measure validity of rescaling 

¥ Best in central on-shell region where constraints are strong and width is small 

¥ Breaks down in off-shell and transition regions
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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 ágq to see how well the simple cross section approximations:
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Morphing

¥ Method for estimating physical distributions as a continuous function of an 
arbitrary number of theoretical parameters using non-linear interpolation 
between a number of input distributions, or factorising out dependence on 
mediator mass before generation 

¥ Would allow regions !
where rescaling fails to be !
investigated for a reasonable!
computational cost, and to !
transition between regions of !
different running 

¥ Only works in regions !
with smooth change in !
distribution
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Conclusion

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

¥ SimpliÞed models are the natural next step, but can lead to 
reduced coverage of the parameter space 

¥ Rescaling + morphing can overcome this issue, and allow 
constraints to be presented in a full 3D plane
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Rescaling operator constraints
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arXiv:1502.01518 (Eur. Phys. J. C (2015) 75:299) 
ATLAS + Busoni, De Simone, TDJ, Morgante, Riotto

¥ Some hidden assumptions now made explicit, !
but should still be interpreted with caution 
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Ensuring Validity of EFTs

¥ This technique relies on a clear deÞnition of the momentum 
transfer, and a relationship between M!  and the parameters 
of an underlying simpliÞed model e.g.  

¥ Breaks down if there is no simple UV completion
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Model-independent Rescaling

¥ An alternative, conservative, model independent approach:  

¥ deÞne a free parameter g!  

¥ Substitute Qtr → Ecm ≥ Qtr 

¥ Condition becomes Ecm < g!  M!  

¥ Weaker constraints than the model-dependent method

23

Figure 3. Contours enclosing the excluded regions in the plane (mDM, M ⇤), for some representative
values of g⇤, combining the four signal regions of ref. [38]. The grey triangle is theoretically forbidden
because of the self-consistency requirement M ⇤ > m DM/ (2⇡) explained in the text.

the LHC, as expected in the forthcoming runs, but also improving the sensitivity to the
small M

cut

region as explained above. As a last comment, notice that not all the points
in fig. 3 are theoretically allowed within the EFT framework. We are working here under
the assumption of heavy-mediator DM, which means, as explained in the introduction, that
m

DM

should be well below M
cut

, or at least m
DM

< M
cut

/ 2, because otherwise there is no
hope for the DM being produced within the range of validity of the EFT. This leads to the
constraint M ⇤ > M

cut

/ 4⇡ > m
DM

/ 2⇡, reported in fig. 3 as a grey theoretically forbidden
region.

3 Simplified model reinterpretation

In the previous section we consistently derived from experimental data universal bounds
on the EFT defined by the operator (2.2), as functions of the three relevant mass parame-
ters (M ⇤, m

DM

, M
cut

). We now show how such bounds can be re-interpreted in any specific
microscopic model underlying the chosen effective interaction. Since it collects only the con-
tribution to the (positive-definite) signal cross-section coming from the kinematical region
E

cm

< M
cut

, where by definition the EFT is reliable, and it sets to zero the contribution
corresponding to E

cm

> M
cut

, our prescription for using consistently the EFT leads to
underestimating the signal cross-section. We then expect our bounds to be systematically
more conservative than those obtained by the direct comparison of a specific microscopic
model with the experimental data. The aim of the present section is to perform a quan-
titative comparison of the limits derived with the two methods and to comment on the
interpretation and practical consequences of any significant difference in the results.

– 11 –

Notice that the subprocesses are quantum-mechanically distinguishable and therefore it
makes sense to adopt a different definition of Q

tr

for each of them.

Figure 7. Limits on M⇤ as functions of Mmed obtained for Models A and B with three different
methods. The purple lines are derived in the full models, assuming two representative values of the
ratio �med/Mmed : 1/(8⇡) (solid) and 1/3 (dashed). The solid blue line is derived in the EFT with
our method as described in the text. The solid green line is derived in the EFT by imposing the
condition on Qtr proposed in refs. [25, 27, 28]. Upper plots: Model A. Lower plots: Model B.

The result of the comparison is displayed in fig. 7, where we show the limits on M⇤
as functions of M

med

, obtained for Models A (upper plots) and B (lower plots) with three
different methods. The purple and blue lines represent the full model and our approach to
the EFT, respectively, namely the same curves as in figs. 5 and 6. The green line is also
derived in the EFT, but with the cut Q

tr

< M
cut

instead of E
cm

< M
cut

. In the limit
of heavy mediators, all the lines coincide as expected. The differences are in the region of
relatively light mediators, where the EFT limit obtained with Q

tr

has, as expected, a better
reach in M⇤ than our method. However, in our view the improvement is not sufficiently
significant, especially when compared with that obtainable in the full simplified model,
to motivate the use of Q

tr

rather than E
cm

. Our recommendation is thus to stick to the
simple and model-independent version of our method, possibly trying to extend the reach
by the direct search of the mediator which, as described in the previous section, is the sole
responsible of the improved reach of the simplified model.

The second aspect to be clarified is that the consistent EFT limits in the (m
DM

,M⇤)
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Results

¥ Results
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