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Which, Where?

4 The (incomplete) landscape of candidates 7

mSUGRA

R-parity
Conserving

Supersymmetry

pMSSM

R-parity
violating

Gravitino DM

MSSM NMSSM

Dirac
DM

Extra Dimensions

UED DM

Warped Extra 
Dimensions

Little Higgs

T-odd DM

5d

6d

Axion-like Particles

QCD Axions

Axion DM

Sterile Neutrinos

Light
Force Carriers

Dark Photon

Asymmetric DM

RS DM

Warm DM

?

Hidden
Sector DM

WIMPless DM

Littlest Higgs

Self-Interacting
DM

Q-balls

T Tait

Solitonic DM

Quark
Nuggets

Techni-
baryons

Dynamical 
 DM

Figure 1. Graphical representation of the (incomplete) landscape of candidates. Above, the landscape of
dark matter candidates due to T. Tait. Below, the range of dark matter candidates’ masses and interaction
cross sections with a nucleus of Xe (for illustrative purposes) compiled by L. Pearce. Dark matter candidates
have an enormous range of masses and interaction cross sections.

point to a DM mass scale rather similar to the nucleon mass, in the few GeV range [17, 18, 19, 20, 21, 22].
The observed clustering patterns of DM can be explained better by DM with self-interaction cross-section
within an order of magnitude from the neutron self-scattering cross-section, rather than by collisionless cold

Community Planning Study: Snowmass 2013

I Stable particles are a common feature of many BSM scenarios
I LHC is questioning naturalness more and more
I We know DM is there.. worth exploring at colliders
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Dark Matter EFT?

I Common approach until recently: let’s be agnostic
I Parametrize our ignorance with an EFT description of SM-DM interactions
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Dark Matter EFT?

I Common approach until recently: let’s be agnostic
I Parametrize our ignorance with an EFT description of SM-DM interactions
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I Dress EFT interaction with SM gauge bosons
I Look for mono-jet, mono-photon, mono-W/Z
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EFT validity

I ATLAS results from ATLAS-CONF-2012-147
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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

I Note that ATLAS-CONF-2013-068 is more constraining but no plots are provided
("susy-search")
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EFT validity

I Can we trust EFT in this regime?
I Expansion in ŝ/Λ2 or Q2/Λ2

I Q2 distribution at LHC8:
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Figure 2: The momentum transfer in the s-channel in Eq. (3.4), weighted with PDFs, as a function of mDM,

for di↵erent choices of pT, ⌘ of the radiated jet. We considered
p

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]

hQ2
tri =

P
q

R
dx1dx2 [fq(x1)fq̄(x2) + fq(x2)fq̄(x1)] ✓(Qtr � 2mDM)Q2

trP
q

R
dx1dx2 [fq(x1)fq̄(x2) + fq(x2)fq̄(x1)] ✓(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 +p2

T/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 di↵erent choices of pT and ⌘ 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 hQ2
tri1/2 is always larger than about 500 GeV,

which poses a strong bound on the cuto↵ scale ⇤: when the coupling constants gq and g� are close

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

are of order unity, one gets a much stronger bound ⇤ & 500 GeV.

5

Busoni, De Simone, Morgante, Riotto
I In the regime accessible at LHC corrections to EFT are ∼ O(1).

I Need to go beyond...
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I Consider simplified models: stable particle(s) + mediator(s)
I EX: squarks + a fermion

L = LSM + gM
∑
i=1,2

(
Q̃i

LQ̄
i
L + ũiRū

i
R + d̃iRd̄

i
R

)
χ+ mass terms + c.c.

Why consider only monojet searches? List all possible allowed final states:

I Monojet, monophoton,....
I jets+ missing energy
I Dijets ( in the case of a Z’ or a higgs like mediator)
I .....
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Searches comparison
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M.Papucci, AV, K.Zurek to appear

Dijets+met:
I ATLAS-CONF-2013-047
I ATLAS-CONF-2012-109
I CMS-PAS-SUS-13-012
I CMS-PAS-SUS-12-028
I ATLAS-CONF-2012-033
I CMS-PAS-SUS-11-022
I CMS-PAS-SUS-12-011

Monojet:

I ATLAS-CONF-2013-068
I CMS-PAS-SUS-12-048
I ATLAS-CONF-2012-147
I ATLAS-CONF-2011-096
I CMS-PAS-SUS-11-059
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Results presentation

Present results in terms of excluded couplings:
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I Easy to compare different searches
I Immediate use (no simulation needed)



Why missing energy? Monojet EFT Simplified models Suggestions and wish list

Susy exclusion limits

How is currently done:
I simulate on shell states: pp −→ q̃q̃ (plus ISR)
I decay final states (phythia?): q̃ −→ qχ

What is missing
I finite width effects
I diagrams with no q̃ in the s−channel.
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pp -> sqsq+H0,1,2Lj; sq+x+H0,1Lj; xx+2j

pp -> xx+2j

pp -> sqsq

pp -> sqsq+H0,1,2Lj

ATLAS

Both effects change considerably the exclusion limits.
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Monojet cuts

Differences between 7TeV and 8TeV searches
I 7TeV: cut on pT of the second jet
I 8TeV: NO cut on pT of the second leading jet
I Limits got stronger (if the second jet is included in the simulation)

ATLAS-CONF-2013-047
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ATLAS vs CMS

ATLAS CMS

I Monojet: X X
I standard cuts on MET, pT , η, ∆φ
I events per bin and exclusion limits per bin
I independent bins

I Jets+met: constraining power: X X
I ATLAS standard cuts on MET, pT , η, ∆φ
I CMS cuts on αT and HT also.

I Jets+met: reproducibility: X X
I ATLAS: independent bins
I ATLAS: exclusion limits provided
I CMS: not independent bins
I CMS: statical analysis must be redone
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Conclusions

I Jet+met searches represent an important tool to explore Dark Matter at LHC
I Need to use simplified models and not EFT
I Best exclusion limits not always come from Monojet searches
I A summary of the searches for each simplified model would be extremely useful:

something like...
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