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From Tim Tait
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Outline
• Objective: Take a Simplified model 

and calculate everything with better 
precision.

• Direct Detection constraints @ 1-
loop.

• Include Renormalization Group 
Evolution effects.

• LHC constraints @NLO.

• Understand importance of improving 
precision. Is it worth the effort?
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A Simplified Model
• Construction—Inspired by more complete models, 

consider models that contain dark matter as well as the 
most important mediator(s). 

• Example—Consider a class of models in which dark matter 
interacts with quarks through colored scalar mediators—
looks like the MSSM, but simpler with three parameters; 
dark matter mass, mediator mass, coupling strength. 

• Dark matter can be Dirac or Majorana fermion.            
A. DiFranzo, K. Nagao, A. Rajaraman, T. Tait 2013
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The Lagrangians
• Colored scalar mediators 

interact with quarks and 
singlet dark matter.

• Three possible charges—
corresponding to three 
possible models (uR, dR, qL).

• Motivated by MFV we set 
all masses and couplings 
equal. Rest of this talk— We will look at qL

model with majorana fermions. 
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Before we dive into the details…
Leading Order Constraints Improved Constraints

Constraints Dominated by LHC Constraints Dominated by 
SI Direct Detection

Constraints improve by an order of magnitude in some places.
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Direct Detection
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Spin Independent cross-section
Look for elastic scattering of WIMPS with nuclei.

Source: KIPAC

Nuclear matrix elements
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Direct Detection
Leading Order

• LO calculation tells us 
that model has only a 
spin dependent 
cross-section.

• Limits from direct 
detection are weak—
large values of gDM
allowed.

SI
0 for Majorana SD

Spin Dependent
Pico-60
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DD @ 1-Loop

Determine Wilson Coefficients for effective operators

Evaluate matrix element for the elastic scattering process 
in the non-relativistic limit.

Spin-2 
Operators

Tools: FeynArts, FORM, PackageX

Spin 0
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RGE
• Nucleon DM cross-sections at Non-Relativistic velocities.

• At what scale do we define coupling and masses? If at 
scale µ~0, then to compare with LHC we should run up. If 
at µ~LHC energy, then to compare we should run down.

• RGE not necessary if no comparisons being made at 
different energy scales.

Direct
Detection

(MeV)

LHC
(TeV)
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Details of RGE
Spin 0

Spin 2

Operators for Spin Independent Interactions

Quark Gluon

v

Spin Dependent Operators
Determine Anomalous dimensions

R. Hill, M. Solon 2014

Evolve and Match at each threshold

Sum Rules 
Relate operators
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Operators  Mix
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How important is RGE?

Gluonic spin-0 Wilson 
coeffs increase by factor 

of ~5.

Factor ~2 increase in matrix 
element when performing 

RGE.

Spin-2 Wilson coefficients 
do not run as strongly.

Factor ~4 enhancement in cross-section
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Those large logs!
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Port Huron logging mills

http://michiganhistory.leadr.msu.edu

http://michiganhistory.leadr.msu.edu/


A closer look at the Wilson Coefficients

• For light quarks, large logs dominate the loop integral.

• Including RGE ensures large logs cancel
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SI Limits (Loop) SD Limits (LO)

Constraints improve by an order of magnitude.

SI
Xenon 1T

SD
Pico-60
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LHC Constraints
• Colored scalar mediator pair production— production cross-

section (mostly QCD) depends on mass of mediator alone. 

• Acceptance depends on mass of dark matter candidate 
also.

• Associated production of colored mediator and dark matter 
candidate— depends on all three model parameters.
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K factors
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Figure 8. The production cross section (left) and k-factor (right) for mediator pair pro-

duction via QCD at the 13 TeV LHC. Here, we have summed over contributions from the

q̃q̃, q̃q̃⇤ and q̃⇤q̃⇤ final states in each case.

The first processes are dominated by production of the mediators through the strong

force (for gDM ⌧ gs) yielding a jets + /ET signature. A special case has a top-

flavored mediator, whose decay into a top quark often also results in charged leptons

and bottom-flavored quarks in the final state. The rate of the associated production

of q̃ and � and dark matter pair production processes are controlled by gDM . For

the parameter space of interest, the dark matter pair production process is always

subdominant, and will be neglected from here on.

4.1 Cross-sections at NLO

Robust interpretations of LHC data require comparison with precise theoretical de-

terminations of cross sections. We compute the inclusive rates for the mediator

pair and associated production processes at NLO in QCD. These calculations are

performed in the MG5 aMC@NLO framework [34], with the simplified models imple-

mented via FeynRules [35]. One-loop corrections are computed in MadLoop, based

on the OPP method [36], with ultraviolet divergences and rational R2 terms via

the NLOCT package [37]. CT14NNLO PDF sets are employed in both LO and

NLO QCD results [38], with factorization and renormalization scale chosen to be

µf = µr =
1

2
HT =

1

2

P

i

q

p2T,i +m2
i , where the sum is over all of the final-state

particles.

The amplitude for pair production of mediators from initial state gluons is in-

duced entirely from QCD interactions, whereas the quark-initiated subprocess re-
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Tools : FeynRules, NLOCT, MadGraph5_aMC@NLO, MadAnalysis5

Pure QCD
Independent of 

DM coupling (gDM)
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Complementarity of DD & LHC experiments

LHC Pair production
LHC Associated production

SI Limits
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SD Limits



Dark matter annihilation cross-section
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Conclusions
• Simplified models— useful to capture essential features of classes of 

models; one can make generic statements.

• Importantly  - one is able to compare constraints from experiments probing a 
wide range of energy scales.

• Can easily evaluate LHC constraints @ NLO precision — Madgraph UFO file 
available.

• Demonstrated importance of going beyond LO for determining direct-
detection constraints (order of magnitude increase for this particular model).

• Demonstrated importance of RGE effects (factor 4 increase).

• Able to make proper comparison between experiments that operate at 
different energy scales.

• Tool to calculate direct detection constraints with RGE will be hosted on the 
msu website soon. CalcHep model file to run with micromegas also 
available. 
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Thank you

26



27


