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DARK	
  MATTER	
  DETECTION
• Indirect detection	



– search for production of DM annihilation	


– high energy photons, particle-anti-particle pairs	


– search for ultra-relativistic objects produced  

in galactic halo	


– observatory on earth-bound or with satellites	



• Direct detection	


– Observe recoil of dark matter from nucleus	


!

• Pair production at LHC	


– large missing energy in the detector	


– need to identify (“tag”) events of interest
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DM INTERACTIONS WITH ORDINARY MATTER

• Dark#Ma\er#interacCons;#important#to#get#the#right#relic#abundance

• Then#why#not##

• Dark#Ma\er#as#a#parCcle#hints#at#many#interacCons#with#ordinary#ma\er
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DARK	
  MATTER	
  PRODUCTION	
  AT	
  LHC

• EW bosons and gluons can be radiated by initial partons	



• Presence of high energy photon/W/Z or jet(s) in addition to large missing 
transverse energy	



• Gluon radiation at higher rate than EW bosons	


– strong interaction vs. electroweak
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.

4

q

q̄

�

�̄

Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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MONO-­‐W	
  +	
  MET

• W being charged can distinguish between u and d quarks	


– Need to account for interference	



• Leptonic W decays	


– pro: clean high-pt lepton signature; single-lepton trigger	


– con: small branching ratio	



• Hadronic W decays	


– pro: large branching ratio	


– con: large SM backgrounds 
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HIGGS	
  PORTAL	
  TO	
  DARK	
  MATTER
• Discovery of Higgs has opened new doors to Dark matter	



• New searches proposed to investigate coupling of dark matter candidates 
to Higgs boson	



• mono-Higgs: Higgs + missing energy through new operator	


– produced via both quarks and gluons	


!
!
!

• Higgs mediation: dark matter candidate couples only to Higgs and no other 
SM particle	


– mDM < mH/2 : Higgs decay to DM pair	


‣ Currently branching ratio of invisible Higgs decays < ~60%	



➡ expect to reach BR < 0.2-0.3 with 3000 fb-1 	



– mDM > mH/2 : DM pair from virtual Higgs	


‣ Distinctive signature with forward jets
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FIG. 1: Schematic diagram for mono-Higgs production in pp
collisions mediated by electroweak bosons (h, Z, �) or new me-
diator particles such as a Z0 or scalar singlet S. The gray
circle denotes an e↵ective interaction between DM, the Higgs
boson, and other states.

signals at the 8 TeV and 14 TeV LHC, with 20 fb�1 and
300 fb�1 respectively, in four Higgs boson decay channels
(bb̄, ��, 4`, ``jj), including both new physics and SM
backgrounds. In Sec. V, we conclude.

II. NEW PHYSICS OPERATORS AND MODELS

We describe new physics interactions between DM and
the Higgs boson that may lead to mono-Higgs signals at
the LHC. In all cases, the DM particle is denoted by �
and may be a fermion or scalar. We also assume � is a
gauge singlet under SU(3)C ⇥ SU(2)L ⇥ U(1)Y .

First, we consider operators within an EFT frame-
work where � is the only new degree of freedom beyond
the SM. Next, we consider simplified models with an
s-channel mediator coupling DM to the SM. For both
cases, Fig. 1 illustrates schematically the basic Feynman
diagram for producing h + 6ET (although not all mod-
els considered here fit within this topology). Quarks or
gluons from pp collisions produce an intermediate state
(e.g., an electroweak boson or a new mediator particle)
that couples to h��.

At the end of this section, we identify several bench-
mark scenarios (both EFT operators and simplified mod-
els) that we consider in our mono-Higgs study, see Ta-
ble I.

A. E↵ective operator models

The simplest operators involve direct couplings be-
tween DM particles and the Higgs boson through the
Higgs portal |H|2 [14–20]. For scalar DM, we have a
renormalizable interaction at dimension-4:

�|H|2�2 , (1)

where � is a real scalar and � is a coupling constant. For
(Dirac) fermion DM, we have two operators at dimension-
5:

1

⇤
|H|2�̄� ,

1

⇤
|H|2�̄i�5� , (2)

suppressed by a mass scale ⇤. Mono-Higgs can arise via
gg ! h⇤ ! h�� through these operators. However, it is

important to note that these interactions lead to invis-
ible Higgs boson decay for m� < mh/2. Treating each
operator independently, the partial widths in each case
are

�(h ! ��) =
�2v2

4⇡mh
scalar � (3a)

�(h ! ��̄) =
v2mh

8⇡⇤2
fermion � (3b)

neglecting O(m2
�/m

2
h) terms, where v ⇡ 246 GeV is the

Higgs vacuum expectation value. If invisible decays are
kinetimatically open, it is required that � . 0.016 (⇤ &
10 TeV) for scalar (fermion) DM to satisfy Binv < 38%
obtained in Ref. [6]. In this case, since the couplings
must be so suppressed, the leading mono-Higgs signals
from DM are from di-Higgs production where one of the
Higgs bosons decays invisibly, as we show below. On the
other hand, if m� & mh, invisible Higgs boson decay is
kinematically blocked and the DM-Higgs couplings can
be much larger.
At dimension-6, there arise several operators that give

mono-Higgs signals through an e↵ective h-Z-DM cou-
pling. For scalar DM, we have

1

⇤2
�†i

$
@µ�H†iDµH (4)

while for fermionic DM we have

1

⇤2
�̄�µ�H†iDµH ,

1

⇤2
�̄�µ�5�H

†iDµH . (5)

When the Higgs acquires its vev, the Higgs bilinear be-
comes

1

⇤2
H†iDµH ! � g2v

2

4cW⇤2
Zµ

⇣
1 +

h

v

⌘2
, (6)

where g2 is the SU(2)L gauge coupling and cW ⌘ cos ✓W
is the cosine of the weak mixing angle. Thus, these oper-
ators generate mono-Higgs signals via qq̄ ! Z⇤ ! h��.
However, for m� < mZ/2, these operators are strongly
constrained by the invisible Z width. The partial width
for scalar DM is

�(Z ! ��†) =
g22v

4mZ

768⇡c2W⇤4
scalar � , (7)

neglectingO(m2
�/m

2
Z) terms. For fermionic DM, the par-

tial width is larger by a factor of four for either of the
operators in Eq. (5). Requiring �inv

Z . 3 MeV [21] im-
poses that ⇤ & 400 GeV (550 GeV) for scalar (fermion)
DM if such decays are kinematically open.
At higher dimension, there are many di↵erent oper-

ators to consider for coupling h�� to additional SM
fields. Here we focus in particular on operators arising at
dimension-8 that couple DM particles and the Higgs field
with electroweak field strength tensors [22]. (Such oper-
ators have been considered recently in connection with

q1

q2

𝜒h*
𝜒
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THINKING	
  OUT	
  OF	
  THE	
  BOX:	
  MONO-­‐b/t

• Important for a scalar mediator operator	


– Structure constrained by flavor violation	



• Enhanced coupling for third generation quark	


– coupling proportional to mass	



• Dedicated analysis exploiting boosted top and b-tag more competitive than 
generic mono-jet search	



• Efforts underway in ATLAS	


– reinterpretation of existing SUSY results performed by theorists
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FIG. 1. The dominant diagrams for dark matter plus heavy quark production.

II. SIMULATION

We simulate signal events using MadGraph 5 [13] and
PYTHIA [14] to model parton events and showering with
MLM matching. The signal (background) events are pro-
duced using a MadGraph implementation provided from
the work documented in Ref. [15] ([16]). Cross sections
for dark matter in association with b-quarks are normal-
ized using MCFM Dark [17], which calculates NLO cor-
rections for dark matter production processes.

Detector e↵ects are simulated using the fast
multipurpose detector response simulation package
DELPHES 3 [18] in the Snowmass Detector configura-
tion [19]. The simulation includes a tracking system,
embedded into a magnetic field, calorimeters and a muon
system with performances similar to that of the Run 2
LHC detectors. In the DELPHES simulation used, the
b-tagging e�ciency is roughly 70% with a mistag rate of
1% for light quarks and 10% for charm.

In this work, we have considered three scenarios for
future LHC datasets:

1. LHC Run 2 (R2-LHC): 300 fb�1 at 14 TeV with
pileup of 50;

2. High-luminosity LHC (HL-LHC): 3000 fb�1 at
14 TeV with pileup of 140;

3. High-energy LHC (HE-LHC): 3000 fb�1 at 33 TeV
with pileup of 140;

III. ANALYSIS STRATEGY

This analysis focuses on the so-called mono-b signa-
ture, analogous to the monojet signature but with the
additional requirement of a b-tag. The search strategy
is based on identifying the large E/T signature from the
DM pair recoiling against an energetic b quark in the
final state. Because in the model the dark matter pair
production is mediated by heavy unobserved particles we
expect a significant E/T signature even for light dark mat-
ter candidates.

For the mono-b analysis, both DM production in asso-
ciation with b-quarks and tops are important, although

they di↵er qualitatively:

• bg ! �̄� + b, gg ! �̄� + bb̄: for these production
modes, the jet multiplicity is low and most of the
events have only one reconstructed b-jet;

• gg ! tt̄ + �̄�: these final states have a higher
probability of having two reconstructed b-jets and
a harder E/T spectrum. Although the jet multiplic-
ity is high, the overall rate is large and thus this
channel is important for a mono-b analysis.

Events with at least one tagged b-jet of pT > 50 GeV
and E/T¿ 100 GeV are considered in this study. To sup-
press backgrounds from Z+jets, W+jets and tt Standard
Model production, we veto events with leptons in the fi-
nal state.

Figure 2 (left) shows the E/T distribution obtained in
the case of top production for several di↵erent dark mat-
ter masses and assuming M

⇤

=150 GeV. Figure 2 (right)
shows the same distribution for both direct b production
and top production with a dark matter particle with a
mass of 10 GeV. The same plot also shows the E/T distri-
bution for the dominant background due to events with
W/Z+jets in which a heavy flavor jet is produced or a
light quark jet is mistagged. The distribution for tt̄ plus
jets background is also shown.

For each dark matter mass assumption and luminosity
scenario, the cut on E/T cut is optimized by maximizing
the sensitivity defined as S/

p
S + B.

IV. RESULTS

To obtain limit projections on M
⇤

and the DM-nucleon
cross section we produce signal samples for DM masses
of m� = 1, 10, 50, 100, 200, 400, and 1000 GeV using
both b and t̄t production modes. The analysis cuts were
optimized for each DM mass value and for each scenario
discussed in section II. The projected sensitivity for DM
plus heavy quark production was calculated based on the
total event rate. The expected 90% exclusion limits on
the dark matter�SM coupling, parameterized by the sup-
pression scale M

⇤

, were computed for a given dark matter
mass m� by requiring S/

p
S + B < 1.28 for a one-sided

Gaussian.

arXiv:1307.7834
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SUMMARY	
  OF	
  CURRENT	
  SEARCHES
• mono-jet	



– strongest constraints	



• mono-photon	


– more challenging for background estimation	


– less powerful: EW vs. strong interaction	



• mono-W/Z leptonic	


– clean signature and simple trigger	


– penalized by W/Z branching fraction	



• mono-W/Z hadronic	


– larger statistics with larger background
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MONO-­‐JET	
  CANDIDATE
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p1 = x1 · Ebeam p2 = x2 · Ebeam

• No a-priori knowledge of longitudinal boost: xi different and unknown at each collision	



• Conservation of 4-momentum in transverse plane	


– measure momenta and energy of interacting particles	


– compute momenta of escaping particles
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MONO-­‐JET	
  SEARCH
• Pair produced Dark Matter	



– missing energy and radiated jet(s)	


– similar strategy also for photons	


!

• Event selection	


– leading jet pT > ~120 GeV	


– topological cut to reduce QCD, e.g. 

opening of two jets	


– veto events with isolated leptons	



• Background determination	


– mainly from data	


‣ Z(νν) + jets from measurement of  Z + jets 	


‣ W(lν) + jets from measurement of W + jets	



– MC only for very small backgrounds	


‣ ttbar, QCD, non-collision	



• Count events with MET > 350-400 GeV
���10
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BACKGROUNDS
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10 6 Results

Table 7: Summary of the contributions (in %) to the total uncertainty on the W+jets background
from the various factors used in the data-driven estimation.

Emiss
T ( GeV) > 250 > 300 > 350 > 400 > 450 > 500 > 550

Statistics (Nobs) 0.9 1.3 2.0 2.9 4.0 5.5 7.5
Background (Nbgd) 2.5 2.3 1.9 2.1 2.1 1.9 2.4
Acceptance and efficiency 2.0 2.0 2.2 2.4 2.8 3.3 4.1
PDFs 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Total 3.9 3.9 4.1 4.9 6.0 7.6 10.1

Table 8: SM background predictions compared with data after passing the selection require-
ments for various Emiss

T thresholds, corresponding to an integrated luminosity of 19.5 fb�1.
The uncertainties include both statistical and systematic terms and are considered to be un-
correlated. In the last two rows, expected and observed 95% confidence level upper limits on
possible contributions from new physics passing the selection requirements are given.

Emiss
T ( GeV) ! > 250 > 300 > 350 > 400 > 450 > 500 > 550

Z(nn)+jets 30600 ± 1493 12119 ± 640 5286 ± 323 2569 ± 188 1394 ± 127 671 ± 81 370 ± 58
W+jets 17625 ± 681 6042 ± 236 2457 ± 102 1044 ± 51 516 ± 31 269 ± 20 128 ± 13
tt̄ 470 ± 235 175 ± 87.5 72 ± 36 32 ± 16 13 ± 6.5 6 ± 3.0 3 ± 1.5
Z(``)+jets 127 ± 63.5 43 ± 21.5 18 ± 9.0 8 ± 4.0 4 ± 2.0 2 ± 1.0 1 ± 0.5
Single t 156 ± 78.0 52 ± 26.0 20 ± 10.0 7 ± 3.5 2 ± 1.0 1 ± 0.5 0 ± 0
QCD Multijets 177 ±88.5 76 ±38.0 23 ±11.5 3 ±1.5 2 ±1.0 1 ± 0.5 0 ± 0
Total SM 49154 ± 1663 18506 ± 690 7875 ± 341 3663 ± 196 1931 ± 131 949 ± 83 501 ± 59
Data 50419 19108 8056 3677 1772 894 508
Exp. upper limit 3580 1500 773 424 229 165 125
Obs. upper limit 4695 2035 882 434 157 135 131

certainties on the acceptance from PDFs, and (iv) the uncertainty in the selection efficiency e as
determined from the difference in measured efficiency between data and simulation. A sum-
mary of the contributions of these uncertainties to the total error on the W+jets background is
shown in Table 7.

Background contributions from QCD multijet events, top and Z(``)+jets production are small.
QCD events are normalised to the cross section measured in dijet events, tt̄ events are nor-
malised to the measured cross section in the tt̄ inclusive cross section measurement and Z(``)+jets
are normalised using the comparison between data and MC in the Z(µµ) control sample after
applying the monojet selection. A 50% uncertainty is assigned to these background predictions.

6 Results

A summary of the predictions and corresponding uncertainties for all the SM backgrounds
compared to the data for different values of the Emiss

T cut are shown in Table 8. Also shown in
Table 9 are the number of events from representative signal points for ADD, dark matter and
Unparticles that pass the selection requirements for various Emiss

T thresholds.

The Emiss
T cut is optimised by using representative model points from the three signal scenarios.

The best expected limits are found to be at Emiss
T > 400 GeV for ADD and dark matter and

Emiss
T > 350 GeV for Unparticle models.

The total systematic uncertainty on the signal is found to be 20% for dark matter, ADD and
Unparticles. The sources of systematic uncertainty considered are: jet energy scale, PDFs,

Z(νν)+jets:	
  ~65% 
esbmated	
  from	
  data	
  	
  

W(lν)+jets:	
  ~30% 
esbmated	
  from	
  data	
  	
  Signal

8 5 Background estimate from data

Table 3: Data-driven prediction of Z(nn) events for different Emiss
T regions.

Emiss
T ( GeV) > 250 > 300 > 350 > 400 > 450 > 500 > 550

Z(nn) 30600±1493 12119±640 5286±323 2569±188 1394±127 671±81 370±58

(iii) the uncertainty in the selection efficiency e as determined from the difference in measured
efficiencies in data and MC simulation. Table 4 summarizes the systematic uncertainties.

Table 4: Sources of systematic uncertainty and their contributions (in %) to the total uncertainty
on the Z(nn) background.

Emiss
T ( GeV) > 250 > 300 > 350 > 400 > 450 > 500 > 550

Statistics (Nobs) 1.7 2.6 3.9 5.6 7.6 10.9 14.6
Background (Nbgd) 0.8 0.6 0.8 0.2 0.0 0.0 0.0
Acceptance (A) 2.0 2.0 2.0 2.1 2.1 2.2 2.4
Selection efficiency (e) 2.0 2.0 2.1 2.2 2.4 2.7 3.1
Total 4.5 4.9 5.8 7.1 8.9 12.1 15.6

The second largest background arises from W+jets events that are not removed by the lepton
veto. These events can come from W decays in which the lepton (electron or muon) is either
not identified, not isolated, or out of the acceptance region, or events in which a t decays
hadronically. Contributions to the signal sample from these events where the lepton is ‘lost’
are estimated from the W(µn)+jets control sample.

A W(µn) sample is selected by requiring an isolated muon with pT > 20 GeV/c and |h| < 2.1
and the transverse mass MT to be between 50 and 100 GeV/c2. The transverse mass is defined
as MT =

q
2pµ

TEmiss
T (1 � cos(Df)), where pµ

T is the transverse momentum of the muon and
Df is the angle between the muon pT and the Emiss

T vectors. Table 5 shows the event yields
obtained from the W(µn) control sample and the predicted backgrounds from MC. Figure 4
shows the W transverse mass and transverse momentum distributions for data and simulation
in the W(µn) control sample.

Table 5: Event yields for the W(µn) data control sample and the backgrounds from MC.
W+jets Z+jets Z(nn) tt̄ Single t QCD All MC Data

Emiss
T > 250 GeV 14077.6 377.7 0.0 595.0 185.6 0.0 15236 15578

Emiss
T > 300 GeV 6127.5 140.3 0.0 216.5 72.9 0.0 6557 6347

Emiss
T > 350 GeV 2873.4 61.3 0.0 79.3 31.9 0.0 3046 2893

Emiss
T > 400 GeV 1442.0 32.1 0.0 39.8 13.3 0.0 1527 1381

Emiss
T > 450 GeV 745.0 16.6 0.0 20.5 7.7 0.0 790 715

Emiss
T > 500 GeV 391.1 9.3 0.0 9.2 4.2 0.0 414 378

Emiss
T > 550 GeV 218.1 5.5 0.0 6.5 3.3 0.0 233 207

W(µn) candidate events (Nobs), after subtracting non-W contamination (Nbgd), are corrected
for the detector acceptance (A0) and selection efficiency (e0) to obtain the total number of pro-
duced events Ntot = (Nobs � Nbgd)/(A0 ⇥ e0). This number is subsequently weighted by the
inefficiency of the selection criteria used in the muon veto to predict the number of events that
are not rejected by the veto and thus remain in the signal sample.

The total background from W(µn)+jet events that are ‘lost’ because they are either out of the

Background	
  Composibon
Systemabc	
  Uncertainty
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MONOJET MODEL-INDEPENDENT LIMITS

• Both%experiments%quote%modelLindependent%limits%for%generic%applicability%to%
SUSY%compressed%spectra,%invisible%Higgs,%or%any%other%“monojet”%signature

7
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95% CL Expected limits
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expσ 2±

CMS Preliminary

=8 TeVs, -1L dt = 19.5 fb∫

 > 110 GeV/cT1. Jet1 P
 2≤ > 30 GeV/c) T2. NJet(P

(Jet1, Jet2) < 2.5φΔ3. 
 > 10 GeV/c) vetoT4. Isolated electron, muon (P

 > 20 GeV/c) vetoT5. Tau (P

[ATLAS-CONF-12-147, CMS EXO-12-048]
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INTERPRETATION
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LIMITS OF EFT? 
• EFTs:%a%simple%descrip8on%for%searches%and%interpreta8on

– ColliderObased(generic(searches(strongly(supported(at(Snowmass((e.g.(arXiv:1305.1605)
– Useful(to(characterise(and(compare,(but(some(model(dependence(and(limita^ons
– Next(steps(widely(discussed(in(the(community...(

13

Spectrum of  Theory Space

UV Complete
Models

Effective Field Theories

Simplified
Models

MSSM

UED

mSUGRA

Little
Higgs

Higgs
portal

Z’

“Squarks”

Contact
Interactions

Dipole
Interactions

Less Complete

More
 Complete

Models

Sketches of Models

Can we meet in the middle?

dark
photon

Are sketches of models useful?

Tim Tait, 
LeptonPhoton 2013

Tim Tait 
Lepton Photon 2013



Shahram Rahatlou, Roma Sapienza & INFNShahram Rahatlou, Roma Sapienza & INFN

• Pair-production of χ can be characterized by a contact interaction  
with operators  	



!

!

!

• Cross section depends on the mass (mχ) and the scale Λ  
(for couplings gχ, gq)

MODELING	
  THE	
  DM	
  INTERACTION

���16

[Bai, Fox and Harnik, JHEP 1012:048 (2010)] 
[Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu, Phys.Rev.D82:116010 (2010)] 
[Beltran, Hooper, Kolb, Krusberg, Tait, JHEP 1009:037 (2010)]

axial-­‐vector	
  	
  -­‐-­‐>	
  	
  spin-­‐dependent	
  (SD)

vector	
  	
  -­‐-­‐>	
  	
  spin	
  independent	
  (SI)	
  

spin-­‐independent	
  
and	
  spin-­‐dependent	
  
cross	
  sec7ons

EFT TO CROSS SECTION LIMITS

9

http://arxiv.org/find/hep-ph/1/au:+Goodman_J/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Ibe_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Rajaraman_A/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Shepherd_W/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Tait_T/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Yu_H/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Beltran_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Hooper_D/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Kolb_E/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Krusberg_Z/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Tait_T/0/1/0/all/0/1
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LIMIT	
  ON	
  CROSS	
  SECTION

• Limits depend on assumption on operator nature in Effective Theory	


– Varies significantly for different operators	


– Validity of assumption depends on mass of mediator	


– At low mediator mass, assumptions might not hold at high center of mass 

energy
���17
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  OPERATORS
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particles (WIMPs) [28]. These are expected to couple to SM particles through a generic

weak interaction, which could be the known weak interaction of the SM or a new type of

interaction. Such a new particle is a cold dark matter candidate, which can be produced at

the LHC. It results in the correct relic density values for non-relativistic matter in the early

universe [29], as measured by the WMAP satellite [30], if its mass lies in the range between

a few GeV and a TeV and if it has electroweak-scale interaction cross sections. The fact

that a new particle with such properties can be a thermal relic of the early universe in ac-

cordance with the WMAP measurements is often referred to as the WIMP miracle. Many

new particle physics models designed to solve the hierarchy problem also predict WIMPs.

Because WIMPs do not interact with the detector material, their production leads to

signatures with missing transverse momentum (pmiss
T )1, the magnitude of which is called

Emiss
T . Searches involving Emiss

T at the LHC are therefore canonical WIMP searches, al-

though the LHC experiments cannot establish whether a WIMP candidate is stable on

cosmological time scales and hence a DM candidate. In some supersymmetric models,

WIMPs are expected to be dominantly produced in cascade decays of heavier unstable

supersymmetric particles along with high transverse momentum (pT = |pT|) SM particles.

In a more model-independent approach, WIMP pair production at colliders is proposed to

yield detectable Emiss
T if the WIMP pair is tagged by a jet or photon from initial- or final-

state radiation (ISR/FSR) [13, 31]. Even though this approach does not rely on a specific

BSM scenario, it does have assumptions: WIMPs are pair-produced at the LHC and all

new particles mediating the interaction between WIMPs and the SM are too heavy to be

produced directly; they can thus be integrated out in an effective field theory approach.

The resulting interaction is hence a contact interaction between the dark sector and the

SM. It is worth noting that the DM particles are not explicitly assumed to interact via the

weak force. They may also couple to the SM via a new force. Throughout this work, the

terms WIMP and DM particle (candidate) are synonymous.

Name Initial state Type Operator

D1 qq scalar mq

M3
⋆
χ̄χq̄q

D5 qq vector 1
M2

⋆
χ̄γµχq̄γµq

D8 qq axial-vector 1
M2

⋆
χ̄γµγ5χq̄γµγ5q

D9 qq tensor 1
M2

⋆
χ̄σµνχq̄σµνq

D11 gg scalar 1
4M3

⋆
χ̄χαs(Ga

µν)
2

Table 1. Effective interactions coupling Dirac fermion WIMPs to Standard Model quarks or gluons,
following the formalism of ref. [32]. The tensor operator D9 describes a magnetic-moment coupling.
The factor of the strong coupling constant αs in the definition of D11 accounts for this operator
being induced at one-loop level. Gµν is the colour field-strength tensor.

1Letters in bold font are used for vector quantities.

– 3 –

in the loop
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Validity of Effective Field Theory Limits"

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799!
!  Compare Effective Field Theory (EFT) with Full Theory (FT)  !

EFT!
approach!

FT!
one diagram!

“simplified model” !

Use vector and axial-vector mediators (e.g. Z’ ) as example - scalar are similar in conclusion!!

Compare prediction of FT with EFT in mmed – mDM plane. 
Three regions become visible:!
!
Region I: EFT and FT agree better then 20% !
!  EFT is valid!!
Region II: EFT yields significant weaker limits then FT!
!  EFT limits are too conservative!!
Region III: EFT yields significant stronger limits then FT!
!  EFT limits are too aggressive!!

!
!

Region IRegion IIRegion III

mDM=250 GeV

G=mmedê3G=mmedê8p

Ic gm g5 cM Iq gm g5 qM
L2

100 1000 10000
0
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%
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log10(σEFT / σFT)
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m
m

e
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e
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 5

 6

 7

Region I

Region II

Region III

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.

– 6 –
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Validity of Effective Field Theory Limits"

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799!
!  Compare Effective Field Theory (EFT) with Full Theory (FT)  !

EFT!
approach!

FT!
one diagram!

“simplified model” !

Use vector and axial-vector mediators (e.g. Z’ ) as example - scalar are similar in conclusion!!

Compare prediction of FT with EFT in mmed – mDM plane. 
Three regions become visible:!
!
Region I: EFT and FT agree better then 20% !
!  EFT is valid!!
Region II: EFT yields significant weaker limits then FT!
!  EFT limits are too conservative!!
Region III: EFT yields significant stronger limits then FT!
!  EFT limits are too aggressive!!

!
!
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Validity of Effective Field Theory Limits"

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799!
!  Compare Effective Field Theory (EFT) with Full Theory (FT)  !

EFT!
approach!

FT!
one diagram!

“simplified model” !

Use vector and axial-vector mediators (e.g. Z’ ) as example - scalar are similar in conclusion!!

Three Regions as function of mediator mass:!
!
!
Region I: Heavy mmed!
!  EFT is valid!!
Region II: Medium mmed – Resonant enhancement !
!  EFT limits are too conservative!!
Region III: Low mmed!
!  EFT limits are too aggressive!!

!
!
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DARK MATTER AND MONOJETS

• Extending%simple%contact%interac8on:%more%operators,%scan%over%mediator,%width%

• sLchannel%diagram%w/%mediator,%vary%width%as%shown%inset%(using%ATLAS%1%pL1)

• EFT%gives%good/conserva8ve%results%above%a%few%hundred%GeV%(high%M)

14

[CMS EXO-12-048, arXiv:1109.4398, arXiv:1308.6799]
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(...see Oliver’s talk)
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Introducing Mono-W/Z

• W&Z bosons can be produced via ISR 

• Used for DM searches

• Rate is significantly lower than QCD ISR,but DM 

interactions can lead to signal enhancements through 

positive interference

• To maximize the limited statistics, look for hadronic 

W&Z decays

• Hadronic W/Z Selection:

• Cambridge-Aachen filtered large-R jet* with 

• pT > 250 GeV, |η| < 1.2,  

• 50 GeV < Mjet < 120 GeV

• √y > 0.4, where √y =min(pT1,pT2)/Mjet!R1,2 = √d12/Mjet

• Two signal regions:

• MET > 350 GeV, 500 GeV

7

NEW!!

*for details on jet substructure 

performance, see:arXiv:1306.4945



Shahram Rahatlou, Roma Sapienza & INFNShahram Rahatlou, Roma Sapienza & INFN

MONO-­‐W	
  CONSTRAINTS

• Constraints depend strongly on interference of up and down  
quark amplitudes

���22

Hadronic	
  W

Leptonic	
  W
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The Most Complete Theory

Cahill-Rowley et al, 1305.6921

LSP as DM and, more generally, the pMSSM itself. We remind the reader that this is an
ongoing analysis and that several future updates will be made to what we present here before
completion. In particular, the LHC analyses will require updating to include more results at
8 TeV along with our extrapolations to 14 TeV. While these are important pieces to the DM
puzzle it is our expectation that the addition of these new LHC results will only strengthen
the important conclusions based on the existing analyses to be discussed below.
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XENON1T
Survives DD, ID, and LHC
Excluded by LHC but not DD or ID

Excluded by DD and ID
Excluded by ID but not DD
Excluded by DD but not ID

Figure 9: Comparisons of the models surviving or being excluded by the various searches in
the LSP mass-scaled SI cross section plane as discussed in the text. The SI XENON1T line
is shown as a guide to the eye.

Fig. 9 shows the survival and exclusion rates resulting from the various searches and
their combinations in the LSP mass-scaled SI cross section plane. In the upper left panel
we compare these for the combined direct detection (DD = XENON1T + COUPP500) and
indirect detection (ID = Fermi + CTA) DM searches. Here we see that 11% (15%) of the
models are excluded by ID but not DD (excluded by DD but not ID) while 8% are excluded

17

• On the “complete” end of the 
spectrum is our favorite theory: 
the MSSM.

• Reasonable phenomenological 
models have ~20 parameters, 
leading to rich and varied visions 
for dark matter.

• This plot shows a scan of the 
`pMSSM’ parameter space by the 
SLAC group, in the plane of the 
WIMP mass versus the SI cross 
section.

• There are clear trends as to which 
experiments work best in different 
regions of this parameter space!

Tim Tait 
Lepton Photon 2013
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HIGH	
  ENERGY	
  AND	
  LUMINOSITY	
  LHC

• Increased LHC energy in 2015 critical for 
searches in Run II	



• High-Luminosity LHC provides an opportunity 
for Higgs to play a crucial role for dark matter 
(if not found yet!)
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Figure 2: Projection of 90% CL spin dependent and spin independent limits for the DM-nucleon
scattering cross section as a function of Mc with 3 ab�1 at 14 TeV, with CoGeNT [8], SIM-
PLE [28], COUPP [29], CDMS [10, 30] and XENON100 [7] results. Also shown is the projection
for 300 fb�1.

Table 5: 90% CL limits on sCLs
cc (in cm2) and corresponding limits on LCLs (in GeV) and on

cross sections (in cm2) for c-N interaction as a function of the c mass. Axial vector (AV) and
vector (V) interactions, corresponding to spin dependent and spin independent interactions
respectively, are shown.

Model(Mass GeV) sCLs
cc (pb) LCLs limit ( GeV) c-N s (cm2)

AV(1) 0.1677 2067.48 5.24 ⇥10�43

AV(10) 0.1854 2015.91 1.82 ⇥10�42

AV(100) 0.1601 2008.7 2.17 ⇥10�42

AV(200) 0.9650 2133.09 1.72 ⇥10�42

AV(400) 0.0849 1909.22 2.69 ⇥10�42

AV(700) 0.0542 1711.04 4.18 ⇥10�42

AV(1000) 0.0518 1376.97 9.98 ⇥10�42

V(1) 0.2013 1975.4 1.71 ⇥10�41

V(10) 0.1304 2201.49 3.49 ⇥10�41

V(100) 0.1381 2144.08 4.55 ⇥10�41

V(200) 0.0952 2274.01 3.63 ⇥10�41

V(400) 0.0839 2146.94 4.59 ⇥10�41

V(700) 0.0757 1881.67 7.80 ⇥10�41

V(1000) 0.0473 1778.21 9.79 ⇥10�41

8 Summary137

Discovery sensitivities for DM searches at center-of-mass energy 14 TeV at the upgraded CMS138

detector using the monojet final state have been presented for an integrated luminosity of139

3 ab�1. Using projections of background and signal event yields with DELPHES, 90% CL lim-140

its on L and associated DM-nucleon scattering cross sections have been estimated. Both vector141

28 6 Discovery Potential: Exotic New Particles

shown in Fig. 24 for the combination of electron and muon channels. Given 3000 fb�1 of data,
it is possible to discover a W0 with a mass up to 6 TeV. For high masses the sensitivity is affected
by the center-of-mass energy due to the growing fraction of W0 bosons produced off-shell. The
extrapolation assumes that lepton reconstruction and, in particular, isolation efficiency are not
affected by increased pile-up, based on the observation of flat efficiency in events from data
with up to 50 vertices. The W0 cross sections are NNLO with a mass dependent k-factor.

The same event selection optimized for SSM W0 can be used to search for pair-produced dark
matter particles. Detailed studies at 8 TeV using this method have shown the signal efficiency
to be 60% (10%) in the case of constructive (destructive) interference [55]. Applying this same
procedure to the 14 TeV lepton + Emiss

T final state, the discovery reach relative to L, the scale of
the effective interaction for associated dark matter pair production, is shown in Fig. 25. Signals
with L < 1.4 TeV could be discovered in the case of destructive interference (x = +1) with
an integrated luminosity of 3000 fb�1. For x = �1, values up to L = 2.3 TeV lie within the
sensitivity of the experiment. The discovery reach on the parameter L can be translated to
a nucleon cross section as shown in Fig. 25 (right) for M

c

= 10 GeV considering a vector or
axial-vector coupling.
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Figure 25: Projection of the discovery reach on L (left) and the dark matter-nucleon cross sec-
tion (right) for the pair-produced dark matter model at

p
s = 14 TeV and a variety of luminosity

scenarios. The discovery threshold is 5s.

6.3 Searches for Heavy Stable Charged Particles

CMS has conducted searches for heavy stable charged particles (HSCP) produced in pp colli-
sions at

p
s = 7 and 8 TeV, with integrated luminosities of 5.0 fb�1 and 18.8 fb�1 respectively,

the results of which are presented in [56]. These searches present the most stringent limits to
date on long-lived gluinos, scalar top quarks, and scalar t leptons. The signatures utilized in-
clude long time-of-flight to the outer muon system and anomalously large energy deposition in
the inner tracker, and the existing results are presented for each separately and in combination.

The sensitivity of these searches in the HL-LHC era is projected by scaling the results of the
8 TeV searches. Unlike many conventional searches, where backgrounds arise from irreducible
physical processes, the background to these searches comes primarily from instrumental ef-

Assuming H(invisibile) ~ 20%
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OUTLOOK
• Rich and complementary program at LHC to search for Dark 

Matter	



• Rather than competition, LHC offers a power alternative to probe 
low-mass candidates	



• Dark Matter program will one of the primary goals of Run II	



!

• Intense theoretical activity to provide	


– new ideas and models to probe with data in the next few years	


–  proper and optimal way to connect LHC results to (in)direct searches
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MONOPHOTON	
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MONOJET	
  CANDIDATE
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• invisible higgs BR from CMS and ATLAS	



• typical mono-X efficiency and trigger efficiency	



!
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TRIGGER

• A few hghlights but most likely not enough time
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CONSTRAINTS	
  ON	
  INTERACTION	
  SCALE
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Vector Operator 
MET > 350 GeV
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MONO-­‐PHOTON	
  STRATEGY

• Both ATLAS and CMS results are old - 7 TeV	



• Not enough time
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MONO-­‐QUARK
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Results: constraints on M*  

 90% CL limits on the scalar operator from DM plus heavy jet, including 
couplings to tops and bottoms 

Expected limit on M*>200 GeV  

Current limit on M*>30 GeV  


