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3.  Dark Matter Candidates 
Although the evidence for dark matter presented in Sec. 2 is overwhelming, the 
constraints on its microscopic properties are weak.  The particle or particles that make up 
the bulk of dark matter must be non-baryonic, cold or warm, and stable or metastable on 
10 Gyr time scales.  Such constraints leave open many possibilities, and there are 
numerous plausible dark matter candidates that have been discussed in the literature.  The 
masses and interaction cross sections of these candidates span many orders of magnitude, 
as shown in Figure 20.  Of the candidate dark matter particles displayed, axions and 
WIMPs are especially well-motivated from a particle physics perspective.  
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Figure 20: The locus of various dark matter candidate particles on a mass versus interaction cross-
section plot35

3.1 Axion 
The axion36 is motivated by the strong CP problem, an unnatural property of the SM.  
The theory of the strong interactions allows a term ��

���� GG ~)32/( 2 , which is explicitly 
CP-violating.  A priori, one would assume �  to be ~1. However, current bounds from the 
electric dipole moment of the neutron impose the tight constraint that .  The 
axion solution to this problem is to make 

1010���
�  a dynamical field, which rolls to a potential 

                                                 
34 Figure courtesy of E.-K. Park. 
36 For a review, see e.g. P. Sikivie, astro-ph/0610440 (2006). 
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Certainty: Dark Matter 
exists.

...And it’s cool.

...And we have lots of ideas 
but no certainty about what 
it is.

Dark Matter



WIMP / Relic Density

If DM is a thermal relic WIMP, it 
couples to SM particles with some 
reasonable strength, and can be 
produced at colliders in some 
channel we’re looking for.

Quarks/gluons/top/bottom

Leptons

Photons/W/Z/Higgs bosons

All of these couplings would show 
up in some kind of search which will 
be done.  

The question is how heavy the 
WIMP is what the backgrounds are. 7

20 Jun 11 Feng    27

FREEZE OUT: MORE QUANTITATIVE

9 The Boltzmann 
equation:

Dilution from
expansion

��� f f� f f� ���

9 n � neq until interaction rate 
drops below expansion rate:

9 Might expect freeze out at T ~ m, 
but the universe expands slowly!  
First guess: m/T ~ ln (MPl/mW) ~ 40



Production at Colliders

If  WIMPs interact with quarks and gluons, 
meaning our direct detection experiments 
are relevant, we can also produce them at 
hadron colliders.

For specific UV theories we’re interested in 
(like SUSY), we can study them directly.

Simplified Models can help keep things 
more generic. (e.g. for putting limits or 
making initial discoveries).

Eventually we will need a more detailed 
description of some kind.

Effective theories are particularly useful 
when the WIMP is the only relevant new 
particle.

χ

χ
“Maverick Production”

Feng, Su, Takayama PRL hep-ph/0503117;
Beltran, Hooper, Kolb, Krusberg, 

TMPT,  JHEP 1009:037

χ

χ
“KK Sgluquarkino Pair Production 
Followed by Decay into WIMPs”



...to Direct Detection

Roni showed us similar results from Bai, Fox, Harnik...
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Colliders and Mavericks

Colliders are an interesting 
(orthogonal) take on WIMP-
parton interactions.

High energy collisions see 
the nucleon incoherently.

We can get information about (a 
linear combination of) individual 
partons, with no possibility of 
destructive interference.

In principle, signals at multiple 
collision energies or even the 
distributions of MET/HT give 
some information about which 
partons are most important.

Goodman, Ibe, Rajaraman, Shepherd, 
TMPT,  Yu  PLB 695, 185 (2011)
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Implications...

With some more assumptions, an 
effective theory can have an impact 
on indirect detection as well.

For example, operators map into 
gamma ray line features, and can be 
bounded using Fermi data.

(This particular operator 
contributes UV-finitely at 1-loop).

Colliders continue to cover the low 
mass region in a way that is difficult 
for other kinds of experiments to 
reach.10 210
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FIG. 1: Representative Feynman diagram for the loop level annihilation of two DM particles �

to a photon and a second vector boson, either another photon or a Z boson, through an operator

coupling the DM to SM quarks (represented as the shaded circle).

quark vector bilinears (D5-8, M5-6, and C3-4) and quark tensor bilinears (D9-10) and the

largest numbers to coupling to gluons (D11-14, M7-10, C5-6, and R3-4). The WIMP electric

and magnetic dipole moment operators are labelled D15 and D16.

III. GAMMA RAY LINE SEARCH CONSTRAINTS

We compute the rate for the processes ⇥⇥� �� and ⇥⇥� �Z for each of the operators

considered above. Generally, stronger bounds arise from the �� process because it produces

two photons per annihilation (compensating for the Z coupling to quarks being typically a

little stronger than the photon). Consequently, we consider the �Z final state only in the case

where annihilation into �� vanishes. For the cases with a Dirac fermion or complex scalar, we

assume that the dark matter in our galactic halo is composed of equal numbers of particles

and anti-particles. It should be borne in mind that one could evade the constraints from

any annihilation process if the interactions preserve the U(1)⇥ symmetry and the galactic

halo is made entirely of WIMPs or anti-WIMPs.

For the operators D15 and D16 mediating a direct interaction between the WIMPs and

the photon, this process occurs at tree level. Generally, the quark operators mediate an-

nihilations into �� or �Z at the one loop level as shown in Figure 1. For the operators of

the form ⇥̄�µ⇥q̄�µq, a final state containing two photons is forbidden by the Landau-Yang

theorem [40]. For these operators, we rely on ⇥⇥ � �Z to determine the implications of

searches for gamma ray lines. For operators coupling the WIMPs directly to gluons and for

the tensor operators D9 and D10, the leading contribution to �� and �Z final states occurs

at two loops, and as a result the rate is expected to be small enough that these operators

8
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How Effective a Theory?

How good is the EFT approximation?

It depends on the momentum transfer of 
the process.

Direct Detection: Q2 ~ (50 MeV)2.

EFT should work well unless you 
have ultralight mediators.

Annihilation: Q2 ~ M2.

Fine in SUSY-like theories, 
problematic for quirky WIMPs or 
maybe co-annihilators.

Colliders: Q2 ~ pT2

Bounds are generically too 
conservative for colored mediators.

Too stringent for light neutral 
mediators.

?



How Effective a Theory?

?

“s-channel” mediators are not protected by the WIMP 
stabilization symmetry.  They can couple to SM particles 
directly, and their masses can be larger or smaller than 

the WIMP mass itself.

“t-channel” mediators are 
protected by the WIMP 

stabilization symmetry.  They 
must couple at least one WIMP 
as well as some number of  SM 

particles.  Their masses are 
greater than the WIMP mass (or 
else the WIMP would just decay 

into them).



How Effective a Theory?
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FIG. 3: Bounds on effective interaction strength M∗ = Mφ/g for the operator DS3. Note that the

perturbativity constraint of g < 4π replaces bounds weaker than that constraint. The left figures

show bounds resulting from the VeryHighPt analysis, and the right figures show those resulting

from the LowPt analysis.

based on the assumption of contact interactions, in agreement with previous studies [28, 47].

However, the weakening of bounds due to light mediators occurs only within certain

kinematic ranges; Mφ
<
∼ 2Mχfors− channelandMφ ∼ Mχfort− channel. Outside of these

kinematic ranges we find that bounds are as strong or stronger than those found in previous

studies which assumed contact operators. For the purposes of the presented analysis with

hard cuts, t-channel mediators must be ∼ 300 GeV heavier than dark matter candidates in

order to have bounds comparable to those derived from contact operator analyses.

In figures 2 and 3, a clear line is visible for Mφ ∼ 2Mχ. Above this line, resonant enhance-

ment of the dark matter production process can occur. This strengthens the constraints on

M∗ and therefore the bounds on direct detection cross sections become more stringent. In

9

s-channel exchange
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FIG. 4: Bounds on effective interaction strength M∗ = Mφ/g for the operator DT1. Note that the

perturbativity constraint of g < 4π replaces bounds weaker than that constraint. The left figures

show bounds resulting from the VeryHighPt analysis, and the right figures show those resulting

from the LowPt analysis.

figures 4 and 5 a horizontal line is seen, with its position dependent on the hardness of cuts

on !ET and jet Pt. This is due to the presence or absence of enough mass splitting between

the mediator and the dark matter candidate to generate kinematics beyond the cuts without

significant initial boost. When the splitting is large compared to the cut values, the limits

are largely insensitive to changes in mediator mass.

Though we have only presented limits here for Dirac dark matter, the key differences be-

tween contact interaction models as presented in [26–28, 36, 48], are not strongly dependent

on the Lorentz representation of the dark matter, as it is largely an issue of phase space and

kinematics. These bounds apply to all models of dark matter without regard to the relic

density generation mechanism [49].

10

t-channel exchange

Goodman, Shepherd 1111.2359

When the effective theory 
breaks down (see Maxim, Roni, 
and Ian for discussions), 
technically we need a different 
theory.

Simple UV-completions can 
help us understand how much 
it matters and whether other 
searches can cover these 
regions of parameter space.

Ultimately, we can think of the 
EFT as a corner of the 
parameter space of a simplified 
model.



How Effective a Theory?
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Figure 6: The constraints on the momentum and spin dependent model from mono-jet searches. The
solid lines are for a mediator withM = 10 GeV, while the dashed lines are a mediator withM = 1 GeV.
The DAMA allowed region is shown in the green contours and is taken from Ref. [15].

The differential cross section for DM scattering off a nucleon is given by

dσNq
4

d cos θ
=

1

32πΛ4

q4

(mχ +mN )2
(CN

q )2 , (14)

where q is the exchanging momentum of the DM scattering off the nucleon.

Following Ref. [15], we use a reference momentum, qref = 100 MeV, and compare the Tevatron

constraints to the region of parameter space that best fits the DAMA result, taken from Figure 3(b)

in [15]). The results are shown in Figure 6; we consider the cases of M = 1, 10 GeV.

We see that the dilution of the Tevatron constraints by the light mediator means that momentum

dependent dark matter with M = 1 GeV is not severely constrained by the mono-jet search. However,

if instead the mediator is 10 GeV and has O(1) couplings, then the lack of a mono-jet excess places

strong constraints on the model and rules out the DAMA preferred region2, note that unlike previous

cases, the constraints coming from the strange quarks are the most stringent. This is due to a small

matrix element for the strange quark in equation (13).

5 Discussions and conclusions

It is worthwhile to consider possible improvements to the dark matter search at the Tevatron, and in

the future at the LHC. Here we placed bounds on dark matter using only the total rate of mono-jet

signal events above a certain pT cut. An analysis that takes the spectrum shape into account may yield

2This option may well be ruled out by other limits.

13

10 GeV --> 1 GeV

Bai, Fox, Harnik 1005.3797



The usual suspects...

PDFs

The bane of existence at 
a hadron collider.

Not “so” bad here.

Quoted errors on the 
integrated PDF are less than 
about 10%

Central values between, for 
example, CTEQ and MSTW 
typically differ by more than 
the quoted errors. (PDF 
fitting is a black art!).

Figure 14b similarly displays the quark-gluon luminosity functions for W+,W−, γ∗, Z final-state

quantum numbers. As expected, the gluon-gluon luminosity has the greatest uncertainty, especially

at large
√

ŝ, reflecting the uncertainty of the gluon distribution at large x. The qq̄ → W+,W−, γ∗, Z

luminosity uncertainties are almost constant throughout the range of
√

ŝ plotted, at the ±4% level.

The qG → W+,W−, γ∗, Z luminosity uncertainties resemble the geometric mean between those for

GG and qG. The four qG uncertainty bands are very similar to one another, but close examination

shows that they are not identical, because of the differences in quark flavor mix.

Similarly, Fig. 15 shows the fractional uncertainties of the corresponding luminosity functions

for the LHC. The qq̄ → W± luminosity uncertainties are also fairly constant, being ±5% for

qq̄ → W+ and ±4% for qq̄ → W− for 100 <
√

ŝ < 200 GeV.

Fig. 15 : Uncertainties of the luminosity functions at the LHC.
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The gluon-gluon luminosity uncertainty is ±3% at the narrowest point (
√

ŝ ∼ 250 GeV), increasing

to ±10 % at both ends of the
√

ŝ range shown. From this, one can estimate that the uncertainty

on the production cross section of a light mass Higgs particle (say, 100−200 GeV) at the LHC due

to PDF’s is on the order of ±5%. The uncertainty of the gluon-gluon luminosity function at the

LHC is seen to be generally smaller than for the Tevatron case. The difference results from the

combination of two effects: the uncertainty decreases with evolution, and the contributing x ranges

for the two cases are somewhat different. The luminosity uncertainties for the Compton processes

at the LHC, Fig. 15b, are again rather similar to one another. The uncertainties range from around

±6% at low energies to ±2 − 3% at
√

ŝ ∼ 500 GeV.

The W cross section can be measured with great precision at hadron-hadron colliders. The

cross section is large and the backgrounds are relatively small. In addition, the theoretical uncer-

tainties are small. This makes the W cross section an ideal benchmark with which to normalize

other cross sections, especially as there remains a significant uncertainty as to the value of the total

inelastic cross section at the Tevatron. (The inelastic cross section is used by the experimental col-

laborations to normalize all luminosity calculations. CDF and DØ currently assume values for this

22
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Higher Orders

(Irreducible) Backgrounds are coming under 
control at NLO due to heroic efforts.

Simple searches need things like Z + jet, 
which exist at NLO.

Huge progress! For example,  Z + 2 jets:

Lance promises Z + 4 jets is on the way.
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FIG. 5: The pT distribution of the first jet. The left column shows distributions for the Set 1 cuts,
and the right column for the Set 2 cuts. Each column displays the differential cross section for
Z + 2-jet production (top), γ + 2-jet production (middle), and their ratio (bottom). In the top
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FIG. 6: The pT distribution of the second jet. The plots are arranged and the curves are labeled
as in fig. 5.

the minimum H jet
T in this set; a second jet at the lower cut would force the leading jet too
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“Set One” Cuts

HT>50 > 300 GeV
MET>30 > 250 GeV 



Data-Improved

One can imagine using γ + 2 
jets as a control to data-
improve the background.

This is not entirely 
straightforward, one needs 
isolation criteria (e.g. Frixione) 
to define the photon.

That still requires theoretical 
control over the ratio to 
implement reliably.

One could also look at Z->μμ 
+ 2 jets, which has a smaller 
branching ratio, but not 
hopelessly so.
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FIG. 5: The pT distribution of the first jet. The left column shows distributions for the Set 1 cuts,
and the right column for the Set 2 cuts. Each column displays the differential cross section for
Z + 2-jet production (top), γ + 2-jet production (middle), and their ratio (bottom). In the top
and middle plots, the upper panel shows the LO, NLO, and ME+PS results for the distribution,
and the lower panel shows the ratio to the central NLO prediction, along with the LO and NLO
scale-dependence bands. The numerical integration uncertainties are indicated by thin vertical
lines. 17
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Ultimately, it may be more effective 
at higher luminosities to just 

transition to mono-photon or 
mono-Z searches.



Maverick Signal

No NLO calculation for DM.

The “mono-photon” signal 
recently appeared at NLO.

For monojets, higher orders 
can distinguish operators that 
would otherwise Fierz into 
each other.

NLO reshuffles the 
sensitivity to UV physics.

Let’s look at the background 
and come back to the signal.

Wang, Li, Shao, Zhang arXiv:1107.2048

Mono-photon

q̄�µq �̄�µ� q̄� �̄q,Fierz

(Monojet)



Monojet Background

The primary background is Z + jet.

This one has actually been known 
for much longer...

Recent study by Rubin, Salam, Sapeta 
(arXiv:1006.2144), running MCFM.

Results differential in the Z PT 
(MET) look reasonable, k-factors on 
the order of 1.5 and not too 
strongly dependent on PT.

Giele, Glover, Kosower 
NPB  hep-ph/9302225

Campbell, Ellis
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Figure 1: The LO and NLO distributions obtained with MCFM 5.7 [19] for three ob-
servables in Z+jet production: the Z transverse momentum (left), the pt of the hardest
jet (middle), and the scalar sum of the transverse momenta of all the jets, HT,jets (right).
The bands correspond to the uncertainty from a simultaneous variation of µR = µF by
a factor of two either side of a default µ =

√
p2t,j1 +m2

Z. The jet algorithm is anti-kt [20]
with R = 0.7 and only events whose hardest jet passes a cut pt > 200GeV are accepted.
The cross sections include the branching ratio Z → e+e−.

and obtaining the first two terms (leading order (LO) and NLO) for a given process,
one often obtains predictions that are accurate to 10 − 20%. The importance of NLO
predictions in the LHC programme has motivated a large calculational effort destined to
extend the range of processes known at NLO (for reviews, see refs. [9, 10]).

While the majority of NLO calculations show some degree of convergence relative
to the LO results, several groups have commented in recent years on the appearance of
K factors, ratios of NLO to LO results, that grow dramatically towards high transverse
momenta [11, 12, 13, 14, 15, 16] (similar behaviour is visible also in [17, 18]). The problem
generally occurs for hadronic observables (jet transverse momenta, etc.) in processes that
involve heavy vector bosons or heavy quarks, at scales far above the boson or quark mass.

Fig. 1 illustrates this for the pp → Z+jet process at LHC (14TeV) energies. It shows
the distributions of three observables that are non-zero for configurations involving a
Z-boson and one or more partons: the transverse-momentum of the Z-boson (pt,Z), the
transverse-momentum of the highest-pt jet (pt,j1) and the effective mass (scalar sum of
the transverse momenta) of all jets (HT,jets). At LO, all three distributions are identical.
At NLO, the pt,Z observable is rather typical of a QCD observable: its distribution has
a NLO K-factor of about 1.5, fairly independently of pt,Z, and its scale dependence is
reduced with respect to LO. The pt,j1 distribution is more unusual: at high pt it has
a K-factor that grows noticeably with pt,j1, reaching values of about 4 − 6, which is
anomalously large for a QCD correction. The HT,jets observable is even more striking,
with K-factors approaching 100.

Given that fig. 1 involves momentum scales where αs ∼ 0.1, one is driven to ask how
it is that such “giant” K-factors can arise. As touched on in [13], and discussed in more
detail in [14, 15] for the pt,j1 case, the answer lies in the appearance of diagrams with new

3

Rubin, Salam, Sapeta
1006.2144   [MCFM]



More Distributions

Plotted versus the PT of the 
leading jet, the k-factor is a 
much more alarming factor 
of ~5 at large PT.

(How is the LO defined?)

Plotted versus HT, it gets 
closer to a factor of 100.

Salam et al identify the large 
corrections as arising at 
NLO from configurations 
where the Z is “radiated” 
from a jet whose PT is 
much greater than the Z 
mass.
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Figure 1: The LO and NLO distributions obtained with MCFM 5.7 [19] for three ob-
servables in Z+jet production: the Z transverse momentum (left), the pt of the hardest
jet (middle), and the scalar sum of the transverse momenta of all the jets, HT,jets (right).
The bands correspond to the uncertainty from a simultaneous variation of µR = µF by
a factor of two either side of a default µ =

√
p2t,j1 +m2

Z. The jet algorithm is anti-kt [20]
with R = 0.7 and only events whose hardest jet passes a cut pt > 200GeV are accepted.
The cross sections include the branching ratio Z → e+e−.

and obtaining the first two terms (leading order (LO) and NLO) for a given process,
one often obtains predictions that are accurate to 10 − 20%. The importance of NLO
predictions in the LHC programme has motivated a large calculational effort destined to
extend the range of processes known at NLO (for reviews, see refs. [9, 10]).

While the majority of NLO calculations show some degree of convergence relative
to the LO results, several groups have commented in recent years on the appearance of
K factors, ratios of NLO to LO results, that grow dramatically towards high transverse
momenta [11, 12, 13, 14, 15, 16] (similar behaviour is visible also in [17, 18]). The problem
generally occurs for hadronic observables (jet transverse momenta, etc.) in processes that
involve heavy vector bosons or heavy quarks, at scales far above the boson or quark mass.

Fig. 1 illustrates this for the pp → Z+jet process at LHC (14TeV) energies. It shows
the distributions of three observables that are non-zero for configurations involving a
Z-boson and one or more partons: the transverse-momentum of the Z-boson (pt,Z), the
transverse-momentum of the highest-pt jet (pt,j1) and the effective mass (scalar sum of
the transverse momenta) of all jets (HT,jets). At LO, all three distributions are identical.
At NLO, the pt,Z observable is rather typical of a QCD observable: its distribution has
a NLO K-factor of about 1.5, fairly independently of pt,Z, and its scale dependence is
reduced with respect to LO. The pt,j1 distribution is more unusual: at high pt it has
a K-factor that grows noticeably with pt,j1, reaching values of about 4 − 6, which is
anomalously large for a QCD correction. The HT,jets observable is even more striking,
with K-factors approaching 100.

Given that fig. 1 involves momentum scales where αs ∼ 0.1, one is driven to ask how
it is that such “giant” K-factors can arise. As touched on in [13], and discussed in more
detail in [14, 15] for the pt,j1 case, the answer lies in the appearance of diagrams with new
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Figure 1: The LO and NLO distributions obtained with MCFM 5.7 [19] for three ob-
servables in Z+jet production: the Z transverse momentum (left), the pt of the hardest
jet (middle), and the scalar sum of the transverse momenta of all the jets, HT,jets (right).
The bands correspond to the uncertainty from a simultaneous variation of µR = µF by
a factor of two either side of a default µ =

√
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Z. The jet algorithm is anti-kt [20]
with R = 0.7 and only events whose hardest jet passes a cut pt > 200GeV are accepted.
The cross sections include the branching ratio Z → e+e−.

and obtaining the first two terms (leading order (LO) and NLO) for a given process,
one often obtains predictions that are accurate to 10 − 20%. The importance of NLO
predictions in the LHC programme has motivated a large calculational effort destined to
extend the range of processes known at NLO (for reviews, see refs. [9, 10]).

While the majority of NLO calculations show some degree of convergence relative
to the LO results, several groups have commented in recent years on the appearance of
K factors, ratios of NLO to LO results, that grow dramatically towards high transverse
momenta [11, 12, 13, 14, 15, 16] (similar behaviour is visible also in [17, 18]). The problem
generally occurs for hadronic observables (jet transverse momenta, etc.) in processes that
involve heavy vector bosons or heavy quarks, at scales far above the boson or quark mass.

Fig. 1 illustrates this for the pp → Z+jet process at LHC (14TeV) energies. It shows
the distributions of three observables that are non-zero for configurations involving a
Z-boson and one or more partons: the transverse-momentum of the Z-boson (pt,Z), the
transverse-momentum of the highest-pt jet (pt,j1) and the effective mass (scalar sum of
the transverse momenta) of all jets (HT,jets). At LO, all three distributions are identical.
At NLO, the pt,Z observable is rather typical of a QCD observable: its distribution has
a NLO K-factor of about 1.5, fairly independently of pt,Z, and its scale dependence is
reduced with respect to LO. The pt,j1 distribution is more unusual: at high pt it has
a K-factor that grows noticeably with pt,j1, reaching values of about 4 − 6, which is
anomalously large for a QCD correction. The HT,jets observable is even more striking,
with K-factors approaching 100.

Given that fig. 1 involves momentum scales where αs ∼ 0.1, one is driven to ask how
it is that such “giant” K-factors can arise. As touched on in [13], and discussed in more
detail in [14, 15] for the pt,j1 case, the answer lies in the appearance of diagrams with new
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Monojet Backgrounds

The same enhancements for soft/collinear Z 
emission are present in Z + 2 jets, but 
already at Leading Order.

Essentially, the problem with Z + jet at NLO 
is that it only has Z + 2 jets at LO.

Matched calculations should provide 
improved predictions.

Data-driven background methods are 
invaluable: measurements such as γ + jets 
or Z->μμ + jets provide sanity checks.

Not just to extrapolate from control to 
signal region, but for actual “signal” 
kinematic regions.
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Figure 10: Left: differential cross sections for the pt,j2 and 1
2HT observables, at LO,

where they are identical, and at NLO where they have substantially different K-factors.
Right: the NLO K-factors for the 400 < V/GeV < 500 bin for each choice of variable
V among the following: the inclusive jet spectrum, the pt distribution of the hardest
(pt,j1) and second hardest (pt,j2) jets, (half) the effective mass of the two hardest jets
(HT,2), three hardest jets (HT,3) and of all jets above 40GeV (HT ). Also shown on the
right are the n̄LO results for the K-factors. The NLO and n̄LO (µ) widths correspond
to the uncertainty due to simultaneous renormalisation and factorisation scale variation
by a factor of two around a central value µ = pt,j1. The n̄LO(RLS) width shows the
uncertainty from a variation of RLS in the range 0.5 < RLS < 1.5.

enhancements in the Z+j case. This provides supporting evidence as to their legitimacy.
A second comment is that the cross sections are large: these observables will be easily
accessible with a few pb−1 of integrated luminosity at a 7TeV LHC, allowing for an early
experimental verification of the large K-factor for HT .

The other observable in the left-hand plot of fig. 10, pt,j2, has a very different K-factor,
somewhat below 1. The right-hand plot shows the NLO K-factors for our full range of
observables, focusing on a single bin of the left-hand one, from 400 − 500GeV. The
pattern that we see here allows us to make some deductions. Firstly, the HT,2 variable,
which sums the pt’s of the two leading jets, is free of large NLO enhancements. It is the
addition of the third jet in HT,3 and HT that brings about the enhancement. A natural
interpretation is the following: it is common for a third, soft jet to be present due to initial
state radiation. This third jet shifts the HT distribution to slightly larger values, and
because the distribution falls very steeply, that leads to a non-negligible enhancement.
This suggests that if, in section 5, we had used effective mass observables with at most
two objects in the sum, then the n̄NLO/NLO ratios would have been close to 1. We have
verified that this is indeed the case.

The pattern for pt,1 and pt,2 in fig. 10 can also be explained in similar terms: a soft
ISR emission boosts the hard dijet system, breaking the degeneracy between the pt’s of
the two hardest jets. It is jet 1 that shifts to larger pt (giving a K-factor > 1), while jet
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In practice, a monojet search 
will have vetoes on additional 
jets and an acollinearity cut.

Both of these will help 
reduce the impact of the 

~collinear Z effects.
(But jet vetoes should make you nervous, too...)



How about the Signal?

The signal can potentially enjoy the same kind 
of soft/collinear enhancement (if DM is light).

A large k-factor would be nice, except that 
unlike the background, we can’t use control 
measurements to figure it out precisely.

It would be good to have the NLO at 
hand to at least do some sanity checks.

And that would be the first step in 
bringing the tools up to the same level of 
sophistication as the background.

If we can’t normalize the signal, we can’t 
reliably map the bound (discovery) into the 
direct detection parameter space (etc).

This issue is inherent in 
any search using 

monojets that involves 
light states-- such as ADD 

gravitons.



N-Jettiness?

We may be able to profit from some of the strategies currently being 
explored in other small jet-number processes.

For example, “n-jettiness” has been proposed to resum logs in Higgs 
production and provide more stable jet vetoes.

If the “mono” part of the DM search is buying us something, that could 
be a way to go. (Given the FNAL razor analysis, not clear it is).

It’s probably not going to help much with approximately collinear Z 
emissions.

⌧N ⌘ 2
Q2

X

k

min {qa · pk, qb · pk, q1 · pk, ..., qN · pk}

qi: N massless jet 4-momenta
qa,qb: “Beam jets”

τN -> 0:   There are N perfectly massless jets aligned with the qi.
τN -> 1:   There are additional hard emissions.



Outlook

Colliders are an important piece of covering dark matter parameter space.

Particularly useful for very light WIMPs, for interactions which are 
suppressed when WIMPs are non-relativistic, or if there are colored 
particles which like to decay into dark matter.

Searches are useful either to make colored particles which decay into 
WIMPs, or to produce WIMPs directly when mediators are heavy.

Like any search, there are uncertainties associated with the inputs: PDFs, 
cross sections, etc, and some observables are more robust than others.

In the case of monojet searches, better understanding of the signal 
and perhaps observables like N-jettiness could be helpful.

Ok, so let’s make some dark matter.  Anyone see what the beams are 
doing this afternoon....?
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Example EFT: Majorana WIMP

Here are pictures for how a Majorana WIMP can pick up couplings to 
quarks and/or gluons.

Quarks:

Gluons:

Each requires new states with masses heavier than the WIMP.
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WIMP Searches

WIMPs interacting with SM particles allow indirect searches for annihilation 
products, direct scattering searches, and production at colliders.

Indirect Detection
Collider Searches

Direct Detection

χ

χ
SM ParticlesWIMPs

χ χ

SM Particles

WIMPs

χ

χ
SM Particles WIMPs
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CDF Search

The Collider Detector at Fermilab has 
already performed a search for our signature.

They were not actually searching for dark 
matter, but for a kind of theory with large 
extra dimensions.

In this theory, gravity becomes strong at the 
TeV scale and high energy collisions produce 
gravitons which escape into the extra 
dimension.

Having escaped our four dimensional world, 
the gravitons look like missing energy.

I’ll reinterpret their results to learn 
something about WIMPs!

CDF,  0807.3132

Beltran, Hooper, Kolb, Krusberg, TMPT,  JHEP 1009:037 (2010)
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Signal and Background

The WIMP signal results in 
events containing higher 
average missing energy than 
the Standard Model 
background processes.

Based on our projections, a 
CDF group  is currently 
performing the more 
optimized search we 
suggested.

Until that is ready, we rely 
on the existing CDF search 
for large extra dimensions.
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Example of Limits/Sensitivity
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Higher Order QCD

Higher order calculations for SUSY 
signals have existed for some time.

E.g. Squark Pair Production

MET + 2 jets

NLO shows much more stability with 
respect to renormalization/
factorization scales.

Corrections are relevant, but look 
“reasonable”.

0

5

10

15

10 -1 1
0

5

10

15

10 -1 1

0

20

40

60

80

10 -1 1

LO

NLO

(a) pp → q̃q̃
−

σ[pb]

Q/mq̃

LO

NLO

(b) pp → q̃q̃

σ[pb]

Q/mq̃

LO

NLO

(c) pp → g̃g̃

σ[pb]

Q/mg̃

LO

NLO

(d) pp → g̃q̃

σ[pb]

2Q/(mq̃+mg̃)
0

25

50

75

100

10 -1 1

Figure 14: The dependence on the renormalization/factorization scale Q of the LO and
NLO cross-sections for (a) squark–antisquark, (b) squark–squark, (c) gluino–gluino, and
(d) squark–gluino production at the LHC (

√
S = 14 TeV). Parton densities: GRV94

(solid), CTEQ3 (dashed), and MRS(A’) (dotted). Mass parameters: mq̃ = 600 GeV,
mg̃ = 500 GeV, and mt = 175 GeV.
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msq = 500 GeV      (Sigh...)


