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Outline

Searches for Dark Matter @ LHC

is the EFT approach reliable?

dead end? improvements in sight?
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(say, 10 TeV)

effective
low-energy 
description

LHC can access regions beyond 
the validity of the eff. description

need to use EFT carefully and consistently

(    ~1 TeV)Λ
E

MZ New States

EFT  OK

Effective Field Theory Description

Integrate out the UV physics 
connecting DM-SM and describe 
interactions with eff. ops.:

1

Λ2
(χ̄ΓAχ)(q̄ΓAq)



the momentum transfer in the relevant process must be

           measures the badness of the truncation of the tower of 
effective ops to the lowest dimensional ones

Usually, lowest order is OK. Not a problem for direct/indirect searches.
Situation can be different @ LHC.
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heavy 
mediator

dim-8
dim-6 (tower of ops.)
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[ATLAS-CONF-2012-147]

Standard lore

M > mχmediator mass

Λ � M
√
gSM gχ
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Figure 9: The 90% CL lower limits on M∗ for different masses of χ. Observed and expected limits includ-
ing all but the theoretical signal uncertainties are shown as dashed black and red solid lines, respectively.
The grey and blue bands around the expected limit are the ±1 and 2σ variation expected from statistical
fluctuations and experimental systematic uncertainties on SM and signal processes. The impact of the
theoretical uncertainties is shown by the thin red dotted ±1σ limit lines around the observed limit. The
M∗ values at which WIMPs of a given mass would result in the required relic abundance are shown as
rising green lines (taken from [22]), assuming annihilation in the early universe proceeded exclusively
via the given operator. The shaded light-grey regions in the bottom right corners indicate where the ef-
fective field theory approach breaks down [22]. The plots are based on the best expected limits, which
correspond to SR3.

16

2→2 process

Actual limits can be stronger
(depending on the process)

below this bound, the contribution of 
higher-dim ops becomes important

Λ > 2mχ

DM

DM

q

q

Q2
tr ≥ 4m2

χ



10 102 103

500

1000

1500

2000

2500

mDM �GeV�

�Q tr2 �
1�2 �G

eV
�

Η � 0
pT � 120 GeV
pT � 220 GeV
pT � 350 GeV
pT � 500 GeV

10 102 103

500

1000

1500

2000

2500

mDM �GeV�
�Q tr2 �

1�2 �G
eV
�

pT � 350 GeV
Η � 0�Η� � 1�Η� � 2

Figure 2: The momentum transfer in the s-channel in Eq. (3.4), weighted with PDFs, as a function of mDM,

for different choices of pT, η of the radiated jet. We considered
√
s = 8TeV.

To assess the validity of the EFT, we first adopt a procedure which, albeit not rigorous, gives an

idea of the error one might make in adopting the EFT. The advantage of this procedure is that it is

model-independent in the sense that it does not depend on the particular UV completion of the EFT

theory. A simple inspection of the expansion (2.5) tells us that the EFT is trustable only if Q2
tr � M2

and we take for the typical value of Qtr the square root of the averaged squared momentum transfer

in the s-channel, where the average is computed properly weighting with PDFs [32]

�Q2
tr� =

�
q

�
dx1dx2 [fq(x1)fq̄(x2) + fq(x2)fq̄(x1)] θ(Qtr − 2mDM)Q2

tr�
q

�
dx1dx2 [fq(x1)fq̄(x2) + fq(x2)fq̄(x1)] θ(Qtr − 2mDM)

. (3.5)

The integration in x1, x2 is performed over the kinematically allowed region Qtr ≥ 2mDM and we

have set the renormalization and factorization scales to pT+2[m2
DM+p2T/4]

1/2
, as often done by the

LHC collaborations (see e.g. Ref. [6]). The results are plotted in Fig. 2 as a function of the DM mass

mDM and for different choices of pT and η of the radiated jet. From Fig. 2 we see that the lower the

jet pT, the lower the momentum transfer is, and therefore the better the EFT will work. The same

is true for smaller DM masses. These behaviors, which are due to the fact we have restricted the

average of the mometum transfer to the kinematically allowed domain, will be confirmed by a more

rigorous approach in the next section. Notice that �Q2
tr�1/2 is always larger than about 500 GeV,

which poses a strong bound on the cutoff scale Λ: when the coupling constants gq and gχ are close

to their perturbative regime, from the condition (2.7) we get Λ � 50 GeV, but when the couplings

are of order unity, one gets a much stronger bound Λ � 500 GeV.
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the momentum trasnfer is larger 
for larger DM mass
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�
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√
s = 8TeV

for s-channel momentum transfer
√
s = 8TeV
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1.What is the difference between interpreting data with an 
effective operator and with its UV completion?

2.In what regions of the parameter space {Λ, mDM} is the 
effective description accurate/reliable? 
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Figure 7: The ratio rtotUV/eff defined in Eq. (4.10), as a function of Λ (left panel) and mDM (right panel). We

have set pmin
T = 120GeV, |η| ≤ 2, M = Λ, gq = gχ = 1 and

√
s = 8TeV.

Therefore we have worked with the condition 2mDM < Qtr < M , which can only be satisfied if

mDM < M/2. The results for rtotUV/eff are plotted in Fig. 7. Again, we see that one needs a cutoff

scale Λ at least larger than about a few TeV in order for the ratios rUV/eff and rtotUV/eff to be of

order unity, the best case being attained for the lowest DM masses. As in the previous subsection,

the ratios involving differential and total cross sections (rUV/eff and rtotUV/eff) are very similar, as a

consequence of the fact that the integrands are very peaked at low pT and at η = 0.

As a final remark of this section, notice that σUV turns out to be easily much bigger than σeff .

This means that interpreting the mono-jet data in terms of effective operator or in terms of mediator

exchange can make a big difference. In particular, it implies that there can be placed more stringent

bounds on the mediator mass of the simple model than on the cutoff scale of the effective operators.

We also expect the direct exclusion bounds from the negative searches of heavy mediators (e.g. di-jet

searches) to play an important role.

5 Conclusions

The EFT approach is commonly used to study the indirect signatures of the production of DM

particles at LHC. While this approach has the undeniable advantage of being independent of the

plethora of models of DM, its validity has to be scrupulously analyzed as the momentum transfers

involved in the mono-jet and mono-photon searches can be rather large.

In this paper we have introduced various quantities which can help in assessing the validity of the

EFT approach for DM searches. Some of these quantities have the virtue of being independent of the

UV completion of the DM model. For instance, for a specific operator connecting DM particles with

quarks, we have introduced the ratio Rtot
Λ (see Eq. (4.6)), which is a measure of the error one would

make by extrapolating the effective description to a regime with very high momentum transfers,

where it cannot be fully trusted. It does not rely on any specific UV completion of the EFT, but

simply follows from the requirement of using the effective approach consistently, for momentum

transfers below the cutoff scale of the operator. Given its large range of applicability, we have

provided simple fitting functions Eqs. (4.7)-(4.8) which may be used to set general criterions on the

validity of the EFT approach.
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σUV easily larger than σeff

direct exclusion bounds from negative searches of heavy mediators?
(e.g. di-jet searches)

mono-jet data can place more stringent 
bounds on mediator masses

error of using EFT (truncated at dim-6) 
instead of full theory

√
s = 8TeV

√
s = 8TeV

rtotUV/eff ≡
σUV|Qtr<M

σeff |Qtr<Λ
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Figure 4: The ratio Rtot
Λ defined in Eq. (4.6) for

√
s = 8TeV, |η| ≤ 2. Top row: Rtot

Λ as a function of Λ,

for pmin
T = 120GeV (left panel), pmin

T = 500GeV (right panel). Bottom row: Rtot
Λ as a function of mDM, for

various choices of Λ, for pmin
T = 120GeV (left panel), pmin

T = 500GeV (right panel).

also for larger Λ, when the effect of the cutoff becomes negligible. On the other hand, RΛ goes to

zero at Λ = 2mDM, as the phase space of DM pair production Qtr ≥ 2mDM gets closed. Notice also

that the ratios involving differential and total cross sections (RΛ and Rtot
Λ ) are very similar, as a

consequence of the fact that the integrands are very peaked at low pT and at η = 0.

We stress that this calculation does not rely on any specific UV completion of the EFT, but it

is completely rooted in the effective operator and the requirement of a consistent use of it within its

range of validity. Its only limitations are the lack of a precise identification of the cutoff scale and

that it applies to the case in which the momentum transfer occurs in the s-channel. The quantities

in Eqs. (4.5)-(4.6) cannot be computed straightforwardly by MonteCarlo simulations of the events,

but they require explicit analytical forms of the cross sections. We have also found useful fitting

functions for Rtot
Λ in the case pmin

T = 120 GeV

Rtot
Λ =

�
1− e

−1.273
�

Λ−2mDM
1TeV

�1.752� �
1− e

−1.326
�

Λ+2mDM
1TeV

�0.903�
, (4.7)

and in the pmin
T = 500 GeV

Rtot
Λ =

�
1− e

−1.265
�

Λ−2mDM
1TeV

�1.820� �
1− e

−0.714
�

Λ+2mDM
1TeV

�1.385�
, (4.8)

which are valid for 10GeV < mDM < 1TeV, 800GeV < Λ < 7TeV, to better than about 15%.

The first factors in square brackets in Eqs. (4.7)-(4.8) are very mildly sensitive to the cut on pT.
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also for larger Λ, when the effect of the cutoff becomes negligible. On the other hand, RΛ goes to

zero at Λ = 2mDM, as the phase space of DM pair production Qtr ≥ 2mDM gets closed. Notice also

that the ratios involving differential and total cross sections (RΛ and Rtot
Λ ) are very similar, as a

consequence of the fact that the integrands are very peaked at low pT and at η = 0.
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is completely rooted in the effective operator and the requirement of a consistent use of it within its

range of validity. Its only limitations are the lack of a precise identification of the cutoff scale and

that it applies to the case in which the momentum transfer occurs in the s-channel. The quantities

in Eqs. (4.5)-(4.6) cannot be computed straightforwardly by MonteCarlo simulations of the events,

but they require explicit analytical forms of the cross sections. We have also found useful fitting
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Λ in the case pmin
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which are valid for 10GeV < mDM < 1TeV, 800GeV < Λ < 7TeV, to better than about 15%.

The first factors in square brackets in Eqs. (4.7)-(4.8) are very mildly sensitive to the cut on pT.
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The effect of the EFT Cutoff
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Ratio ~ 1: negligible contribution from higher-dim ops.
Accurate cross sections can be extracted without considering the cutoff on 
the momentum transfer.

EFT works better for larger Λ and smaller mDM

√
s = 8TeV

√
s = 8TeV

Rtot
Λ ≡ σeff |Qtr<Λ

σeff

fraction of eff. cross section
at low momentum transfer
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Figure 5: Top row: Contours for the ratio Rtot
Λ , defined in Eq. (4.6), on the plane (mDM,Λ). We set

√
s = 8TeV, |η| ≤ 2 and pmin

T = 120GeV (left panel), pmin
T = 500GeV (right panel). Bottom row: 50%

contours for the ratio Rtot
Λ , varying the cutoff Qtr < Λ/2 (dotted line), Λ (solid line), 2Λ (dashed line), 4πΛ

(dot-dashed line). We have also shown the contour corresponding to Λ < mDM/(4π) (see Eq. (2.6)), which is

often used as a benchmark for the validity of the EFT. We set
√
s = 8TeV, |η| ≤ 2 and pmin

T = 120GeV (left

panel), pmin
T = 500GeV (right panel).

Of course, these results hold for the operator OS in (2.3); for a different operator one would have a

different fitting function. The contours in the top row of Fig. 5 indicate the regions in the parameter

space (Λ,mDM) where the description in terms of dim-6 effective operator is accurate and reliable.

Even for very small DM masses, having Rtot
Λ at least 75%, requires a cutoff scale at least above 1

TeV.

We reiterate that there is always some degree of arbitrariness when defining precisely the cutoff

scale up to which the EFT is reliable, as one does not know the details of the UV physics integrated

out. This point reflects into the fact that the condition on the transfer momentum, see Eq. (2.7),

varies according to the values of gq, gχ. The effect of varying the cutoff scale is shown in the bottom

row of Fig. 5, for the representative contour Rtot
Λ = 50%. The extreme, and most conservative,

situation Qtr < 4πΛ, corresponding to couplings in the UV theory at the limit of the perturbative

regime, is also shown. Yet, the corresponding 50% contour is above the limit Λ > mDM/(4π) (see

Eq. (2.6)), which is often used as a benchmark for the validity of the EFT. This means that the

parameter space regions of validity of the effective operator approach can be smaller than commonly

considered.
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different fitting function. The contours in the top row of Fig. 5 indicate the regions in the parameter

space (Λ,mDM) where the description in terms of dim-6 effective operator is accurate and reliable.

Even for very small DM masses, having Rtot
Λ at least 75%, requires a cutoff scale at least above 1

TeV.

We reiterate that there is always some degree of arbitrariness when defining precisely the cutoff

scale up to which the EFT is reliable, as one does not know the details of the UV physics integrated

out. This point reflects into the fact that the condition on the transfer momentum, see Eq. (2.7),

varies according to the values of gq, gχ. The effect of varying the cutoff scale is shown in the bottom

row of Fig. 5, for the representative contour Rtot
Λ = 50%. The extreme, and most conservative,

situation Qtr < 4πΛ, corresponding to couplings in the UV theory at the limit of the perturbative

regime, is also shown. Yet, the corresponding 50% contour is above the limit Λ > mDM/(4π) (see

Eq. (2.6)), which is often used as a benchmark for the validity of the EFT. This means that the

parameter space regions of validity of the effective operator approach can be smaller than commonly

considered.
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The effect of the EFT Cutoff

10

Cross sections are measured experimentally with ~O(10%) accuracy.
Worry about EFT validity is justified.

The precise definition of cutoff scale is somewhat arbitrary (Λ/2, 2Λ?)
Most conservative choice: 

Numerical simulations: see next talk by J. Gramling.

√
s = 8TeV

Rtot
Λ ≡ σeff |Qtr<Λ

σeff

fraction of eff. cross section
at low momentum transfer

Qtr < 4πΛ
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a way-out: Simplified Models

- for each simplified model
- for given mDM

g 
  (

90
%

 C
L)

M

g > 4π

Γ > Mprovide upper limits on g (or M/g)

✘ 1 or 2 more parameters (gʼs)
✘ direct detection limits must be 
     re-expressed

.1-1 correspondence:
eff ops            simple toy models

✓ exploit other searches for mediators 
    (e.g. di-jet), complementary to mono-jet
✓ theoretically consistent, 
     no worries about EFT, widths, etc. 

PROPOSAL

complete and reliable information



Ratio q-jet/g-jet can be:

Challenge: distinguish q/g jets

This observation can help improving 
bounds with 14 TeV data
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Quarks vs Gluon jets?

DM

DM

q

q

g nu

nu

Z

q

qg

q
Main bkg:Z → νν̄

~ 1/4 for SIGNAL
~ 5 for BKG

100 1000500200 300150 700
0

1

2

3

4

5

MZ' �GeV�

q�
je
t�g�

je
t

s � 8 TeV, pT � 120 GeV
mDM � 10 GeV

Preferentially:

because of parton luminosities

g-jet q-jet
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Outlook

.Scalar DM?

stat and syst errors are already comparable
expect stronger bounds on Λ but also larger Qtr

anybody working on it?

.t - channel? experimental results only for contact s-channel 
interactions

.other ops? work in progress (analytically)
for numerics, see Gramlingʼs talk

.14 TeV data?



.
stronger/complementary limits 

from direct searches of 
heavy mediators

.

.

.

without resorting to an explicit model,
info about the validity of EFT 

can be extracted 

.

.
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take it into account when 
placing bounds

Conclusions

LHC searches for DM using effective 
operators must be handled with care

use explicit UV completions
rather than EFT

.TIME TO SHIFT FROM EFT 
TO SIMPLIFIED MODELS

LHC can discover mediators more 
easily than effective operators 


