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Only concrete evidence of new 
physics beyond the SM. 
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Only concrete evidence of new 
physics beyond the SM. 

- Exists

- gravitates.

- is dark.
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TeV dark matter: WIMP miracle.

- If dark matter is 
Weakly interacting: gD ∼ 0.1

Weakscale: MD ∼ 10s GeV - TeV

We get the right relic abundance of dark matter.

- A major hint of TeV scale new physics. 
We can produce and study them at the LHC!

Stronger coupling, lower abundance.

DM

DM

SM

Rate in thermal eq.

Freeze out: dropping out of thermal eq.
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WIMP DM plausible. 

- Many NP scenarios have been considered for 
solving hierarchy problem between Planck scale 
and weak scale ≈ 102 GeV. 

- MNP not very different from MWIMP (fac. of 10, 
give or take).

- Perhaps NP sets the mass scale of the dark 
matter as well. 

Typical example: supersymmetry.

- Weak scale dark matter ⇒ major physics 

opportunity at the LHC. 
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Candidates, models, scenarios...

Different spin
different Z2

SUSY LSP
Extra Dim. LKP
T-parity LTP

LZP
L...P
Z3
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Candidates, models, scenarios...

Different spin
different Z2

SUSY LSP
Extra Dim. LKP
T-parity LTP

LZP
L...P
Z3

More model 
independent

Effective 
operator

Extended 
Models

dark sectors
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This talk, an over view of 

- Brief overview of SUSY-like dark matter, and 
measure its properties. 

- Connection with direct detection, focusing on 
light dark matter.

- Extended models. (Very brief.)

See also talks by Baer, Dutta

See also Tim Tait’s talk
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Search for SUSY 
(or SUSY-like) dark matter
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In SUSY like scenario
- DM candidate embedded in an extended TeV new 

physics scenario

- Discovery could be ``straightforward”.

- Measuring the properties (mass, spin ... ) hard. 

DM candidate

Lightest superpartner (LSP)
Neutral and stable. 

See also talks by Baer, Dutta.
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SUSY example. 

- For example: the “well tempered” scenario. 

- Challenging at the LHC. 

NLSP LSP

soft !...

LSP

N. Arkani-Hamed, A. Delgado, G. Giudice, hep-ph/0601041 
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Figure 4: Current limits on bino/Higgsino DM with ⌦� = ⌦
obs

for tan � = 2 (upper), 20

(lower). Dotted brown lines are contours of ⌦(th)

� /⌦
obs

, and the brown band shows the region

having ⌦(th)

� within ±3� of ⌦
obs

. Regions above (below) the brown band require an enhancement
(dilution) of the DM abundance after freeze-out. Regions currently excluded by XENON100,
IceCube, Fermi, and LEP are shaded. The black dashed line is the SI blind spot, ch�� = 0, and
is close to (far from) the brown band for low (high) tan�.
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Cheung, Hall, Pinner, Ruderman, 1211.4873
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LHC prospect for well tempered DM

- Light-ish gluino or squark. 
Discovery from jets+MET.

soft leptons ↔ well tempered, long term.

-  No light gluino or squark, very hard. 
VBF, Drell-Yan. 
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FIG. 10: (a) Statistical significance S/
√
B of the g̃g̃ signal for 1 fb−1 luminosity for 4j +!!ET +µ± events

withM3 = 500 GeV. (b) Soft muon signal cross sections for 4j +!!ET + µ±µ± withM3 =1 TeV.

Given the encouraging results for an isolated soft lepton above, we are thus motivated to con-

sider two like-sign soft muons as specified in Eq. (22) in the final state

4 jets +!!ET + µ±
soft µ

±
soft. (23)

This class of events can help to establish the Majorana nature of the gluinos [24]. The leading

irreducible background turns out to come from

tt̄W± → bb̄, 2j, µ±µ± +!!ET . (24)

After the stringent acceptance cuts the background is suppressed to a negligible level, as shown in

Table II. As expected, due to the requirement of an additional same sign lepton, this rather clean

signal suffers from low rate as plotted in Fig. 10(b), and higher luminosity would be needed for

observation of the signal.

In the study of soft lepton signals, we have only focused on the possibilities of observing the

soft muons, with the expectation that it is easier to identify than a soft electron with similar pT .

Soft electrons can be included in the analysis by properly taking into account the experimental

efficiency and fake rates. The resulting reach can be obtained by properly scaling our results.

17

G. Giudice, T. Han, K. Wang and LTW,  1004.4902

LHC at 14 TeV.
Soft muon: 

3 GeV < pT < 10 GeV 
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Probing light dark matter, collider 
searches in connection with 

direct detection
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Probe NP with direct detection
XENON 100XENON100 upper limit for SI WIMP interaction

�=2.0 10�45cm2

@ 55 GeV/c2

PRL 109, 181301

Strege et al., JCAP 1203, 030(2012)

Fowlie et al., arXiv:1206.0264

Buchmueller et al., arXiv:1112.3564

Simple DM halo: DM density = 0.3GeV/cm2

Maxwellian velocity distribution with v0=220km/s , vesc=544km/s

Emilija Pantic pantic@ucla.edu Aspen 2013 Direct Dark Matter Search with XENON100 20/25

20/25

Saturday, February 2, 13



Probe NP with direct detection

- MWIMP = O(102) GeV. 

- DM of “Typical” scenarios: SUSY LSP, ...
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- Collider searches provide stronger bounds/potential

mWIMP: 
O(1-10) GeV

Much larger σdir 
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Effective operator approach

DM

DM

SM

Tim Tait’s talk
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Effective operator approach

DM

DM

SM

momentum exchange 
q∼100 MeV << mΦ 

effectively,  

Tim Tait’s talk
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Effective operator approach

DM

DM

SM

momentum exchange 
q∼100 MeV << mΦ 

effectively,  

Use colliders to constrain and probe
the same operator 

Tim Tait’s talk
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Basic channel
- pair production + additional radiation.

- Large Standard Model background,  about 10 
times the signal.

p

p

γ, jet

χDM

χDM
jet, or γ+ !ET

Saturday, February 2, 13



Recent studies. 
1. Beltran, Hooper, Kolb, Krusberg, Tait,  1002.4137
2. Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu, 1005.1286
3. Bai, Fox, Harnik, 1005.3797
4. Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu, 1008.1783
5. Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu, 1009.0008
6. Fox, Harnik, Kopp, Tsai, 1103.0240
7. Fortin, Tait, 1103.3289
8. Cheung, Tseng, Yuan, 1104.5329
9. Shoemaker, Vecchi, 1112.5457
10. more...
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For example, 1008.1783
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FIG. 1: Current experimental limits on spin-independent WIMP direct detection from CRESST

[52], CDMS [53], Xenon 10 [54], CoGeNT [13], and Xenon 100 [15], (solid lines as labeled), as well

as the CoGeNT favored region [13] and future reach estimates for SCDMS [55] and Xenon 100

[56], where we have chosen the line using a threshold of 3PE and the conservative extrapolation

of Leff (dashed lines as labeled). Also shown are the current Tevatron exclusion for the operator

D11 (solid magenta line) as well as LHC discovery reaches (dashed lines as labeled) for relevant

operators.

collider bounds. The case of a light mediator with a particular

dark matter + dark matter ↔ SM-neutral mediator ↔ SM + SM

completion structure was considered in [9]. Beyond these particular constructions, many

models have additional light states which UV complete the interactions between the dark

matter and the Standard Model through a

dark matter + SM ↔ SM-charged mediator ↔ dark matter + SM

topology. It would be relatively simple to consider a complete set (as dictated by SM gauge

and Lorentz invariance) of UV completions, and it would be interesting to see how our

bounds are modified in the presence of such new states, and whether new collider signals

12

Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu, 1008.1783

monojet
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topology. It would be relatively simple to consider a complete set (as dictated by SM gauge
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12

For small mX, 
collider rates controlled by larger mass scales, i.e., pT cut;
does not depend on mX. 
Collider bounds flat and stronger.

Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu, 1008.1783

monojet
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Recent results
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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.
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Effective operator effective?

DM

DM

SM

Use colliders to constrain and probe
the same operator 

However, Ecm = 100s GeV∼ mΦ (mediator mass), probing more 
structure of the s-matrix. Depending on more details of the 
mediator.

Moreover, the mediator itself should be within reach!

The dependence on the mass of the mediator has been explored in: 1105.3797, 
1103.0240, 1111.2359 
 

independent of details?
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Mediator, two typical examples.

- ϕ=Higgs
gSM≈(100 MeV)/(100 GeV) 

mx ≈ 100 GeV

σn ≈ 10-43-10-45 cm-2 

- Φ=100 GeV spin-1, D=dirac 
fermion 
σn ≈ 10-36-10-39 cm-2 

x x

N= Ar, Ge,  Xe, ...

mediator,  ϕ
gD

gSM
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Probe NP with direct detection
5
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg � days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.

We gratefully acknowledge support from NSF, DOE,
SNF, Volkswagen Foundation, FCT, Région des Pays de
la Loire, STCSM, DFG, and the Weizmann Institute of
Science. We are grateful to LNGS for hosting and sup-
porting XENON.
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Probe NP with direct detection
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SUSY, typically Higgs mediated.

Light DM
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mediator.
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Case study: a spin-1 Z’
Xiang-Dong. Ji, Haipeng An, LTW 11xx.xxxx

Only couples to SM quarks and DM.

x x

N= Ar, Ge,  Xe, ...

mediator,  Z’

gD

gZ’
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Connection with direct detection

 ____________ 
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Figure 2:

Therefore, we can get

A(Q) ∼ g2(Λ)

Q2 −M2
pole −

g2(Λ)
8π [Q2L(Λ/Q)−M2

poleL(Λ/Mpole)]
. (4)

When Q # Mpole, the above equation can be further simplified to be

A(Q) ∼ g2(Λ)

−M2
pole −

g2(Λ)
8π [−M2

poleL(Λ/Mpole)]
. (5)

Then, we can set Λ = Mpole so that the loop factor is small. Then we can get

A(Q) ∼ −
g2(Mpole)

M2
pole

. (6)

– 3 –

gD=gZ’,  fixed σdir

Tevatron rate for 
Monojet + (MET> 80 GeV)
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Therefore, we can get

A(Q) ∼ g2(Λ)

Q2 −M2
pole −

g2(Λ)
8π [Q2L(Λ/Q)−M2

poleL(Λ/Mpole)]
. (4)

When Q # Mpole, the above equation can be further simplified to be

A(Q) ∼ g2(Λ)

−M2
pole −

g2(Λ)
8π [−M2

poleL(Λ/Mpole)]
. (5)

Then, we can set Λ = Mpole so that the loop factor is small. Then we can get

A(Q) ∼ −
g2(Mpole)

M2
pole

. (6)

– 3 –

resonance prod.

Z’

gD=gZ’,  fixed σdir

Tevatron rate for 
Monojet + (MET> 80 GeV)
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Therefore, we can get

A(Q) ∼ g2(Λ)

Q2 −M2
pole −

g2(Λ)
8π [Q2L(Λ/Q)−M2

poleL(Λ/Mpole)]
. (4)

When Q # Mpole, the above equation can be further simplified to be

A(Q) ∼ g2(Λ)

−M2
pole −

g2(Λ)
8π [−M2

poleL(Λ/Mpole)]
. (5)

Then, we can set Λ = Mpole so that the loop factor is small. Then we can get

A(Q) ∼ −
g2(Mpole)

M2
pole

. (6)

– 3 –

contact-like 

resonance prod.

Z’

gD=gZ’,  fixed σdir

Tevatron rate for 
Monojet + (MET> 80 GeV)
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Limits and reaches: monojet+MET
Dashed: Tevatron 1 fb-1,  MET > 80 GeV, CDF, PRL 101, 2008 

gZ’=gD, gZ’5=gD5=0

Solid: 
LHC, 7 TeV 1 fb-1 

Very High PT

Dotted: 
LHC 14 TeV, 100 fb-1 

MET > 500 GeV

Xiangdong Ji, Haipeng An, LTW, 1202.2894.

MZ‘  = 100 GeV, 300 GeV, 1 TeV 

CDF 1 fb
⇥1

90�C.L.

Atlas 1 fb
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90�C.L.

14 TeV LHC reach
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Di-jet resonance searches.

- Resonance searches.
ATLAS: 1 fb-1 1108.6311

CMS: 1 fb-1 1107.4771

CDF: Phys. Rev. D79 (2009).

- Compositeness.
CMS 36 pb-1: Phys. Rev. Lett.  106 (2011)

Dzero: Phys. Rev. Lett. 103 (2009)

We could, and should, search for the mediator directly!

Saturday, February 2, 13



Combining di-jet with monojet
Assume gZ’ = gD

Atlas LowPT

Atlas HighPT

Atlas VeryHighPT

CDF monojet

CDF dijet poleLHC reach

Atlas dijet pole

100 200 500 1000 2000

10�42

10�40

10�38

10�36

Z' Mass �GeV⇥

⇥
S

I
�cm2
⇥

Figure 4: Monojet and dijet constraints on direct detection cross sections for gZ� = gD and MD = 5
GeV. The solid, dashed and dotted red curves are for Atlas Monojet constraints with VeryHighPT,
HighPT and LowPT cuts described in Table 2. The green solid curve is the monojet constraint
from CDF. The dashed green and blue curves are constraints from CDF and Atlas dijet resonance
searches. The solid blue curve is LHC 5� reach assuming a centre-of-mass energy of 14 TeV and a
luminosity of 100 fb�1.

CDF 1 fb�1

Atlas LowPT

Atlas HighPT

Atlas VeryHighPT
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Figure 5: Monojet constraints on direct detection cross sections in the case of small MZ� , assuming
gZ� = gD and MD = 5 GeV.

matter nucleon reduced mass M� = MNM�/(MN + M�). However, this dependence is
rather weak for M� � O(10) GeV since M� � MN . Putting this together, we expect the
limits derived from collider searches are rather insensitive to the dark matter mass M�.
In contrast with the steep weakening of the direct detection bound for light dark matter,
collider searches are particularly powerful in this regime. In order to be quantitative,
we present results assuming gZ� = gD for several values of MZ� . The visible ”kink”-
like feature around 2M� ⇤ MZ� in the curves are due to the transition from 2 ⇥ 2

– 9 –
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Varying y=(gD/gZ’ )

-

1,  3,  5, 10,  20

100 200 500 1000 2000 5000
10
�44

10
�42

10
�40

10
�38

10
�36

MZ ' �GeV⇥

⇥
S
I
�cm2 ⇥

Figure 11: Comparing monojet and dijet constraints. The solid, dashed and dotted curves are
for Atlas dijet resonance search, Atlas monojet search with VeryHighPT cut and CDF dijet search,
respectively. The red, green, blue, purple and black are for gD/gZ� = 1, 3, 5, 10, 20, respectively.
The mass of DM is assumed to be 5 GeV.

5. Z ⇥ couples to both quarks and leptons

Z ⇥ can also couple to leptons. In this case, we can write the relevant interactions as

L = gZ�Z ⇥
µ(q̄�µq � 3xl̄�µl) + gDZ ⇥

µ⇥̄�µ⇥ . (5.1)

where we have adopted a B � xL parameterization. In this case, at tree level, the leptonic
coupling is not related to the direct detection of dark matter 1. However, probing the
leptonic coupling of Z ⇥ does provide complementary information.

In this case, compositeness and resonance searches in the dilepton channel provides the
most obvious probe for the Z ⇥. Mono-photon+MET search for production process e+e� ⇥
� +⇥⇥ is also a sensitive probe of this scenario. It has been studied in Ref.[cite]. Using the
approach adopted earlier in this paper, we will study the constraint from combining these
two search channels.

Z ⇥ generically also couples to the SM Higgs. [Langacker Cvetic review] However, the
experimental probes to this type of couplings are generically weaker, and its contribution
to the direct detection cross section is very suppressed. [more?]

bubbles.

5.1 Constraints from dilepton final states

[needs updates with similar plots as the lepto-phobic case]
The coupling between Z ⇥ and the leptons is strongly constrained by dilepton searches

at LEP and Tevatron [68, 69]. At LEP, if MZ� < 209 GeV which is the center of mass
energy of LEPII, the constraint on the coupling is 3xgZ� < 10�2 [70], whereas in the case
of MZ� > 209 GeV, the constraint can be written as

MZ�

3xgZ�
< 6.2 TeV . (5.2)

1Fox.

– 15 –
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Searching for lighter hadronic Z’

- di-jet searches are sensitive to high mass Z’ due 
to pre-scaling. 

- How about associated production?

Z ′

g, γ, W±, Z

j

j

Monoje
t

CD
F d
ije
t

Associated dijet

Associate
d dijet

5
Σ

2
Σ
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10"43
10"42
10"41
10"40
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Σ
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m
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Figure 3: Comparison of the gZ′ = gD reach of our Z ′ association production (solid and dashed black
curves for 2σ expected constraints and 5σ reach, respectively) with other experiments. The red curve is
the constraint from ATLAS monojet search with 10 fb−1 integrated luminosity at 8 TeV. The green curve
is the bound from dijet resonance search by CDF with 1.13 fb−1 integrated luminosity. The blue curve is
the constraint from ATLAS dijet resonance search with 1 fb−1 data set.

For gZ′ = gD, the constraints on direct detections cross section are shown in Fig. 3. The major
improvement is in the region with Z ′ lighter than limit from the CDF dijet pole search. The constraint
can be as strong as a few ×10−42 cm2. Assuming gZ′ = gD and MZ′ > 80 GeV, limits from associated
production are also stronger than those from the ATLAS monojet search. The current bound assumes an
integrated luminosity of 15 fb−1, this constraint will becomes stronger if the assumed integrated luminosity
increases.

Relaxing gZ′ = gD leads to interesting scaling behavior. The production rate of Z ′ is proportional
to g2Z′ . The decay branching ratio of Z ′ into dijet final states in the case of gZ′ "= gD can be written as
g2Z′NfNC/(g2Z′NfNC + g2D). On the other hand, the decay branching ratio of Z ′ into DM can be written
as g2D/(g

2
Z′NfNC + g2D). Therefore, for a general r ≡ gD/g′Z , the cross sections for monojet and dijet

processes can be written as

σmonojet(r) = σ(0)
monojet ×

NCNf + 1

NCNf + r2
r2 ∝ gZ′gD × r

NCNf + 1

NCNf + r2
;

σdijet(r) = σ(0)
dijet ×

NCNf + 1

NCNf + r2
∝ gZ′gD ×

1

r

NCNf + 1

NCNf + r2
, (19)

where σ(0)
monojet and σ(0)

dijet are the cross sections for r = 1. Therefore, as long as the Z ′ is narrow-widthed
and light enough so that it can be produced on shell, one can get the constraints on the coupling for a
general value of r by scaling the constraints shown in Fig. 2 using Eq. (19).

For fixed gZ′gD, the constraints of the production cross section from monojet and dijet searches have
approximately opposite dependence on r. Therefore, the monojet method and our associated dijet method
are complementary: the former works for large r whereas the latter works for small r. We can also take
into account the theoretical consideration of DM thermal production, or the so called “WIMP miracle”.
If the Z ′ is the only portal between the DM and the SM sectors, and the relic abundance of DM is
determined by thermal freeze-out, the DM annihilation cross section to SM particles through the Z ′ will
be given in Eq. (1), where we can see that 〈σv〉 depends on the couplings only through the product gZ′gD

9

H. An, R. Huo, LTW, 1212.2221

For 8 TeV, 15 fb-1  
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Signals from new model 
extensions
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Dark light Higgs

- NMSSM near PQ limit. 
Very light GeV- 10 GeV scalars. 

Singlino-like light dark matter. Large σSI.

LHC signal: higgs exotic decay, ... 3

Higgs bosons and  1. These facts imply rich Higgs phe-
nomenology in the DLH scenario and can dramatically
change the strategies of searching for the SM-like and
light Higgs bosons at colliders [11].) The asymmetry in
Br(h2 ⌅ h1h1) w.r.t. ⌦ is caused by an O(⌦2) correction
with the opposite sign of the term in Eq. (7).

The Tevatron constraints from the search for h2 ⌅
h1h1 ⌅ 4f are illustrated in the upper panel of FIG. 2.
Almost all points survive. Similar limits from LEP are
avoided easily for the present parameter values, because
mh2 is above the kinematic threshold1.

� physics constrains models with light states through
� ⌅ ⇥(h1, a1) ⌅ ⇥(µµ,⌥⌥,KK). Fig. 2 shows the con-
straints from searches for these decays on the e⇥ective
coupling ⇧d of the light state to down-type fermions [8, 9].
At tree level, ⇧d ⇤ v

µ

�
⇧+ 2⌅µ

mZ

⇥
, and the scan points typ-

ically approach the constrained region only for ⇧ � 0.15.

B-physics may also add non-trivial constraints with a
light a1 (e.g., see [10]) or h1, because flavor-violating ver-
tices b(d, s)(a1, h1) can be generated at loop level. These
vertices, however, depend strongly on the structure of
soft breaking parameters (e.g., see [12]). For the input
parameters to NMSSMTools used in the scan, the points
in the figures are consistent with all B-physics constraints
including Bs ⌅ µµ, Bd ⌅ Xsµµ, b ⌅ s⇥, etc. In addi-
tion, though not included in NMSSMTools, we also check
the constraints from D meson decays (e.g., D ⌅ l+l�).
Because of the singlet-like nature of h1 and a1, D-physics
constraints are very weak and can be satisfied easily.

To study the DM physics in the DLH scenario, we
perform a second random scan over its parameter re-
gion (a narrower region than the one in the first scan).
FIG. 3 shows that the  1 DM candidate is character-
ized by a larger spin-independent direct-detection cross
section �SI, compared with typical supersymmetric sce-
narios. For certain parameter window, the correct relic
density and a large �SI consistent with the CoGeNT and
DAMA/LIBRA preferred region [14] can be simultane-
ously achieved, and the scenario remains consistent with
current experimental bounds (particularly from flavor
physics and Higgs searches). This has been considered
di⇧cult or impossible in supersymmetric models [15–17].

The large �SI is mainly due to the h1�mediated

1 The LEP and Tevatron constraints from the channel h2 ⇤ a1a1
are included in NMSSMTools and in our code, respectively.
Points are omitted if the limit is violated. Similarly, the con-
straint from � ⇤ �a1 is checked by NMSSMTools, so we present
only the limit from � ⇤ �h1 in FIG. 2. For the numerical
results presented in this letter we incorporate all built-in checks
in NMSSMTools 2.3.1 (including those from LEP Higgs searches,
superpartner searches, gµ�2, flavor physics, Z-decay, ⇥b physics,
etc.), except the DM relic density. The di⇤erence between FIG. 1
and FIG. 3-4 is that in the latter, ⇥h2 ⇥ 0.13 is also required.

FIG. 3: Cross section of SI direct detection for ⇧1. The
scan is over all parameters, in the ranges 0.05 ⇥ ⇤ ⇥ 0.15,
0.001 ⇥ ⇥ ⇥ 0.005, |⌃�| ⇥ 0.25, �40 ⇥ A� ⇥ 0 GeV,
5 ⇥ tan� ⇥ 50 and 100 ⇥ µ ⇥ 250 GeV. The dark blue
(dark) points have a relic density 0.09 ⇥ �h2 ⇥ 0.13. The
red contour is the CoGeNT favored region presented in [13]
and the two blue circles are the most recent interpretations
of fitting CoGeNT + DAMA/LIBRA [14]. All contours as-
sume a local density which may be sensitive to the relic den-
sity. The purple, brown, and black lines are the limits from
CDMS [18], CoGeNT [13], and XENON100 [19], respectively.
Most CoGeNT favored regions have a tension with the CDMS
constraints. Consistency between the CoGeNT preferred re-
gions and the XENON100 constraints can be achieved within
the scintillation-e⇤ciency uncertainties of liquid xenon [14].

t�channel scattering  1q ⌅  1q, and �SI ⇤
⌅�

⌅
0.04

⇥
+ 0.46

�
�
0.1

⇥ ⌅
v
µ

⇧⇧2 �yh1�1�1
0.003

⇥2
10�40cm2

� mh1
1GeV

⇥4 . (9)

The h1 1 1 coupling is reduced to yh1⇤1⇤1 ⇤ �
⌥
2⌅ for

a singlino-like  1 and singlet-like h1. The dependence of
�SI on m�4

h1
is illustrated in the left panels of FIG. 4. For

the parameter values given in the caption, the LEP search
for h2 ⌅ bb sets the lower boundary of the contoured
region, flavor constraints control the upper-right, vacuum
stability sets the upper-left limit, and the upper bound
on the relic density controls the left and right limits. The
sensitivity to tan� enters mainly via mh1 .
The  1 relic density is largely controlled by the a1-

mediated annihilation  1 1 ⌅ ff̄ , with cross section

�ff̄v⇤1 ⇤
3| ya1⇤1⇤1 ya1ff |2(1�m2

f/m
2
⇤1
)1/2

32⌥m2
⇤1

⌃
⇤2 +

⇤⇤⇤�a1ma1
4m2

�1

⇤⇤⇤
2
⌥ , (10)

where ya1⇤1⇤1 ⇤ �i
⌥
2⌅ and ⇤ ⇥

⇤⇤⇤⇤
1

1�v2
�1

/4 � m2
a1

4m2
�1

⇤⇤⇤⇤, with

v⇤1 denoting the relative velocity of the two  1s.). ⇤v�1⇥0

reflects the deviation of 2m⇤1 from the a1 resonance. In

Draper, Liu, Wagner, LTW, Zhang, 1009.3963 
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CDM embedded in a dark sector?

- Dark force, suppressed couplings to the SM. 

- Force carriers part of the dark sector, expected 
to be light. 

Direct detection rate could still be significant.

Gdark

Standard

Model

ε

χDM

Dark Sector
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Very light Z’ -> Lepton Jets"

- Decay of the dark photon arising from a heavier 
particle (Z boson, MSSM LSP) leads to a highly 
collimated lepton pair.

- Arkani-Hamed, Weiner 0810.0714; 

- Baumgart, Cheung, Ruderman, LTW, Yavin 0901.0283; Cheung, 
Ruderman, LTW, Yavin 0909.0290

Lepton Jets
Signal of dark sector: lepton-jet

Decay of dark photon leads to highly collimated lepton pair.

“Lepton jet.”

e±, µ± ⇥⇤ < 0.1 ⇥ Lepton Jet�⇤

Typical E�⇤ > 10 GeV

m�⇤ � GeV
⇥ ⇥⇤ � m�⇤/E�⇤ < 0.1

Very challenging for electrons.

(Arkani-Hamed, Weiner 0810.0714; Baumgart, Cheung, Ruderman,
Wang, Yavin 0901.0283)

Matthew Reece Secluded GeV-Scale U(1) At Colliders
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Supersymmetric dark force

- Most natural way of generating the GeV scale. 

- Spectacular signal. Topology of a SUSY Lepton Jet Event

• Baumgart, Cheung, Ruderman, LTW,  and Yavin 
0901.0283

SUSY LSP production event topology

The cleanest channel to produce the dark sector:

p

leptons

leptons

leptons

leptons

�DS

p
hDS

hDS

�ET

�ET

�DS

�0

�0

L� Jet

L� Jet

L� Jet

L� Jet

MET

Tuesday, December 1, 2009

Saturday, February 2, 13



Conclusion.

- One of the most exciting opportunities: 
Discovering the WIMP dark matter and 
measuring its properties. 

- LHC will play a crucial and complementary role in 
this pursuit. 

- Multiple aspects and approaches. 
Search for “conventional” CDM.

More model independent searches.

Alternative models with distinct signatures. 
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