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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?

Experimental Searches for 
Dark Matter

Indirect     

Direct       

Collider       

E ~ Dark Matter Mass

E ~ TeV

E ~ MeV

Dark Matter Experiments probe different energy scales
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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.            

{M�,Mq̃L , gDM} Lint =
X

q=u,d,s,c,b,t

gDM (q̃⇤L�̄PLq + h.c.)

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.

(3, 1)2/3

(3, 1)�1/3

(3, 2)�1/6
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such that Dµ defines the appropriate covariant derivative
for the scalars, u is the flavor vector of up-type quarks,
and ũ a flavor vector of scalars. Similar actions may be
simply written down for the dR and qL models, and the
kinetic terms for � may be appropriately modified for the
Majorana cases.

Each of our models is constructed with three scalar me-
diators, in order to implement Minimal Flavor Violation
(MFV) [7], with the mediators transforming as triplets
under the appropriate factors of the flavor group. This
insures that in moving from the gauge to mass basis, the
deviations from flavor-universality will be proportional to
SM Yukawa interactions, and thus small for the first two
generations. In particular, this implies that the leading
term (in an expansion in the SM Yukawa matrices Y

u

and Y
d) gDM will be equal for all flavors, and that the

masses M
2
ũ will be degenerate. We can further rephase

� such that gDM is a real parameter.
While we will not move beyond these leading terms in

our analysis, one can easily determine the next terms one
would find (continuing to illustrate with the uR model):

LFV =
�
�gDM ũ

⇤
Y

u†
Y

u
�̄PRu+ h.c.

�

+ �m
2
ũ
⇤
Y

u†
Y

u
ũ+O(Y 4) . (5)

The e↵ect of non-zero �gDM and/or �m2 would be to split
apart the couplings and masses of the third generation
mediators apart from the still largely degenerate first and
second generations. We defer consideration of non-zero
�gDM and �m

2 to future work.

III. EXPERIMENTAL CONSTRAINTS

III.1. Collider Bounds

We derive bounds from CMS results which studied the
simplfied model T2 [8], which assumes that the domi-
nant production mode produces two squark-like objects
each of which subsequently decays into a jet and a neu-
tralino. They place an upper limit on the production
cross section of that process as a function of the masses
of the squark and neutralino. For our corresponding pro-
cess, two scalars are produced and, similarly, each decay
into a jet and dark matter particle. The CMS study was
conducted at

p
s = 8 TeV with 11.7 fb�1 of data. The se-

lection for this study requires 2-4 jets with pT > 50 GeV
and |⌘| < 3.0, where the two most energetic jets have
pT > 100 GeV and |⌘| < 2.5. Events with an isolated
electron or muon with pT > 10 GeV and events with an
isolated photon with pT > 25 GeV are vetoed. Events
are also required to have HT > 275 GeV and ↵T > 0.55.
See [8] for more detailed information.

We simulate production cross sections (including the
decays) with used MadGraph 1.5.9 [9] with model files
implemented in FeynRules 1.7 [10]. We simulate at
p
s = 8 TeV and using the CTEQ6L pdf set. We have

verified that we can reproduce the CMS limits for QCD

production of light squarks, up to the fact that CMS
uses NLO cross sections from Prospino [11] whereas we
use leading order cross sections. To convert cross sec-
tion limits into limits on our parameter, gDM , we use a
bisection method, choosing the interval gDM = 0 to 4⇡.
Larger values correspond to non-perturbative coupling,
which would call into question the validity of the simpli-
fied model as an e↵ective field theory.

We leave for future work consideration of other pro-
cesses, such as the mono-jet process, pp ! ��j and
associated production such as pp ! �eu. These pro-
cesses lead to a distinct signature and may help fill in the
regime where the dark matter and the mediator are quasi-
degenerate in mass, but otherwise tend to provide weaker
bounds than mediator pair production for gDM . gs. It
would be worthwhile to include these processes in a full
collider analysis. In addition, the qL model could lead
to leptonic signals due to transitions between the eu and
ed states resulting in W bosons, once one includes the
mass splitting e↵ects from the terms analogous to Equa-
tion (5).

The derived limits are shown for all three Dirac mod-
els in Figure 1 and for the Majorana models in Figure 2.
In both figures, the white regions correspond to regions
not considered by CMS, because the mediator and dark
matter are too degenerate in mass to e�ciently pass the
analysis cuts (and in addition, much of this parameter
space is theoretically inaccessible because the scalar me-
diators are lighter than the �), whereas the black regions
are simply excluded by the CMS bounds for all values of
gDM . The excluded regions are largely similar for both the
Majorana and Dirac cases, where the limit is driven by
gluon fusion into a scalar mediator and its anti-particle.
However, in some regions the bounds are stronger for Ma-
jorana dark matter, which has the additional production
process of two scalar mediators from a qq initial state by
exchanging the Majorana � in the t-channel.

III.2. Direct Detection Bounds

Elastic scattering of � involves momentum transfers
far below any mediator mass of interest, and the con-
tributions to spin-independent (SI) and spin-dependent
(SD) scattering are most easily extracted by computing
the contact interaction between two �’s and two quarks.
Using the uR model as an example, the matrix element
for �u ! �u is:

M = (�igDM )2(�̄PRu)
i

p2 �M
2
ũ

(ūPL�) (6)

⇡ (�igDM )2(�̄PRu)
�i

M
2
ũ �M2

�

(ūPL�) (7)

Where in the second line we take the limit of small mo-
mentum transfer. Applying a generalized Fierz transfor-

Rest of this talk— We will look at qL 
model with Majorana fermions. 
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LqL =
X

q

⇥
(Dµq̃)

⇤(Dµq̃)�M2
q̃ q̃⇤q̃ + gDM ( q̃⇤ �̄PLq + q̃ q̄PR�)

⇤

the Wilson coe�cients. In Sec 4, we assess the complementary collider constraints

originating from LHC searches. In Sec, 5, we provide a summary of all constraints,

as well as compute the velocity averaged annihilation cross section in order to assess

whether this class of models can provide the correct thermal relic. Finally we present

our concluding remarks in Sec. 6.

2 Simplified Model and Parameters

In this section, we briefly review the simplified model, more details of which can be

found in [11]. The simplified model contains a SM singlet fermionic dark matter

candidate (�), whose kinetic terms are described by the Lagrangian

L� =
1

2

�
i�̄/@��M��̄�

�
. (2.1)

While � can be either Dirac or Majorana, we specialize to the Majorana case where

large corrections are expected to the cross section for scattering with nuclei. There

are also a set of scalar mediator particles, which, to interact with the dark matter and

a SM quark, must be color triplets transforming under the electroweak symmetry as

(using notation (SU(3), SU(2))Y ):

(3, 1)2/3, (3, 1)�1/3, (3, 2)�1/6. (2.2)

These three choices correspond to what we will refer to as a uR model (with mediators

labeled as ũ), a dR model (with mediators d̃), and a qL model (with mediators Q̃),

respectively. Motivated by the assumption of minimal flavor violation (MFV) [21],

we assign the mediators to flavor triplets with equal masses and couplings. Thus

the mediator and its dynamics can be described by the corresponding choice of

Lagrangian:

LuR =
X

u

⇥
(Dµũ)

⇤(Dµũ)�M2

ũ
ũ⇤ũ+ gDM ũ⇤ �̄PRu+ g⇤

DM
ũ ūPL�

⇤
, (2.3)

LdR =
X

d

h
(Dµd̃)

⇤(Dµd̃)�M2

d̃
d̃⇤d̃+ gDM d̃⇤ �̄PRd+ g⇤

DM
d̃ d̄PL�

i
, (2.4)

LqL =
X

q

⇥
(Dµq̃)

⇤(Dµq̃)�M2

q̃
q̃⇤q̃ + gDM q̃⇤ �̄PLq + g⇤

DM
q̃ q̄PR�)

⇤
, (2.5)

where the covariant derivativeDµ =
�
@µ � igsGa

µ
T a + Electroweak terms

�
, describes

the mediator couplings to the SM gauge bosons. Here the sums are over quark

and mediator flavors where u = {u, d, s} quarks, ũ =
n
ũ, d̃, s̃

o
mediators, d =

– 4 –
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Before we dive into the details…
Leading Order Constraints

Constraints Dominated by LHC
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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 101
Look for elastic scattering of WIMPS with nuclei.

3 PRINCIPLES OF WIMP DIRECT DETECTION

WIMP-nucleus cross section, d�/dE shown in equation 4, can be written as the sum of

a spin-independent (SI) contribution and a spin-dependent (SD) one,

d�

dE
=

mA

2µ2
Av

2
· (�SI

0 · F
2
SI(E) + �

SD
0 · F

2
SD(E)). (8)

The WIMP-nucleus reduced mass is described by µA. For spin independent interactions,

the cross-section at zero momentum transfer can be expressed as

�
SI
0 = �p ·

µ
2
A

µ2
p

· [Z · f
p + (A� Z) · fn]2 (9)

where f p,n are the contributions of protons and neutrons to the total coupling strength,

respectively, and µp is the WIMP-nucleon reduced mass. Usually, f p = f
n is assumed

and the dependence of the cross-section with the number of nucleons A takes an A
2

form. The impact of f p
6= f

n (isospin-violating dark matter) on experimental results

is discussed in [111]. The form factor for SI interactions is calculated assuming the

distribution of scattering centres to be the same as the charge distribution derived from

electron scattering experiments [105]. Commonly, the Helm parameterisation [112] is

used to describe the form factor. Recent shell-model calculations [113] show that the

derived structure factors are in good agreement with the classical parameterisation.

To visualise the e↵ect of the target isotope and the form-factor correction, figure 2

(left) shows the event rate given in number of events per keV, day and kg (equation 4)

for spin-independent interactions in di↵erent target materials: tungsten in green, xenon

in black, iodine in magenta, germanium in red, argon in blue and sodium in grey.

A WIMP mass of 100GeV/c2 and a cross-section of 10�45 cm2 are assumed for the

calculation. In these curves both the A
2 dependence of the cross-section and the form

factor correction a↵ect the shape of the energy spectrum. Heavier elements profit from

the A2 enhancement with a higher event rate at low deposited energies but the coherence

loss due to the form factor suppresses the event rate especially at higher recoil energies.

Therefore, for lighter targets a low energy threshold is of less relevance than for the

heavier ones. Figure 2 (right) shows separately the WIMP mass and the form factor

e↵ect on the di↵erential event rate without considering the nuclear recoil acceptance

and the energy threshold of the detector. Solid lines show the expected rates for a

100GeV/c2 WIMP as in the left figure for a heavy and a light target as indicated in

green (tungsten) and blue (argon), respectively. In comparison to the heavy WIMP

mass the rates for a 25GeV/c2 dark matter particle (dashed line) drop steeper as the

momentum transfer is smaller. The form factor correction for a heavy target is more

important than for light targets. This can be seen by the dotted lines representing rates

for a 100GeV/c2 WIMP, calculated without the form factor correction.

For spin-dependent interactions, the form factor is written in terms of the

spin structure function whose terms are determined from nuclear shell model

calculations [114][115]. A common practice is to express the cross-section for the

interaction with protons and with neutrons

�
SD
0 =

32

⇡
µ
2
A ·G

2
F · [ap · hS

p
i+ an · hS

n
i]2 ·

J + 1

J
. (10)
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Source: KIPAC

g
(1)
G

m�

= ↵sg
2
DM


2m2

�
(3m2

�
(M4

�m
4) +m

4
�
(5m2 +M

2) + (m2
�M

2)3 � 3m6
�
)⇤(m2

�
;m,M)

+ 2(m+M �m�)(m�M +m�)(m+M +m�)
�
m

2
�
(m�M �m�)(m

2
�M

2
� 3m2

�
)

� (m+M �m�)(m�M +m�)(�m+M +m�)
2(m+M +m�) log(

m

M
)
 �

⇥
1

192⇡m4
�
(m+M �m�)2(m�M +m�)2(�m+M +m�)2(m+M +m�)2

(32)

4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];

�
T

SI =
4

⇡

✓
MmT

M +mT

◆2

|npfp + nnfn|
2
, (33)

wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in

fN/mN =
X

q=u,d,s

fqfTq +
X

q=u,d,s,c,b

3

4
(q(2) + q̄(2))

�
g
(1)
q

+ g
(2)
q

�

�
8⇡

9↵s

fTGfG +
3

4
G(2)

⇣
g
(1)
G

+ g
(2)
G

⌘
. (34)

The matrix elements of the e↵ective operators are expressed by using nucleon mass as

hN |mq q̄q|Ni/mN ⌘ fTq ,

1�
X

u,d,s

fTq ⌘ fTG ,

hN(p)|Oq

µ⌫
|N(p)i =

1

mN

(pµp⌫ �
1

4
m

2
N
gµ⌫) (q(2) + q̄(2)) ,

hN(p)|Og

µ⌫
|N(p)i =

1

mN

(pµp⌫ �
1

4
m

2
N
gµ⌫) G(2) . (35)

In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Nuclear matrix elements
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0.94fG + 0.09fq + 0.29(g(1)G + g(2)G ) + 0.46(g(1)q + g(2)q )

fN/mN =
X

q=u,d,s

fTq(fq) +
X

q=u,d,s,c,b

3

4
[q(2) + q̄(2)]

⇣
g(1)q + g(2)q

⌘

� 8⇡

9↵s
fTG(fG) +

3

4
G(2)

⇣
g(1)G + g(2)G

⌘
.

Spin-0 
Gluon

Spin-0 
Quark

Spin-2 
Gluon

Spin-2 
Quark



MDD ⇡
ig2

DM

M2
q̃L

�M2
�

1

8
[(�̄�µ�)(ū�µu)� (�̄�µ�5�)(ū�µ�5u)]

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

�p =
4

⇡

✓
M�mp

M� +mp

◆2

|hMDDiNR|
2 .

Spin Dependent 
Pico-60

!7

Lint =
X

q=u,d,s,c,b,t

gDM (q̃⇤L�̄PLq + h.c.)



DD @ 1-Loop

The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
cross-sections. Writing the interactions as ũ⇤

�̄(a+ b�5)u, and using the relations in [3] we
find that the the matrix element will have terms / (a2 � b

2)�̄�ūu. This vanishes in the
case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.

Our first objective is to determine the wilson coe�cients for the operators in the
following e↵ective lagrangian that contributes to the SI cross-section [1].

L
e↵ =

X

q=u,d,s

L
e↵
q

+ L
e↵
g

, (14)

where

L
e↵
q

= fqmq
¯̃��̃ q̄q +

g
(1)
q

m�

¯̃�i@µ
�
⌫
�̃ O

q

µ⌫
+

g
(2)
q

m2
�

¯̃�(i@µ)(i@⌫)�̃ O
q

µ⌫
, (15)

L
e↵
g

= fG
¯̃��̃Ga

µ⌫
G

aµ⌫ +
g
(1)
G

m�

¯̃�i@µ
�
⌫
�̃ O

g

µ⌫
+

g
(2)
G

m2
�

¯̃�(i@µ)(i@⌫)�̃ O
g

µ⌫
. (16)

and where

O
q

µ⌫
⌘

1

2
q̄i

✓
Dµ�⌫ +D⌫�µ �

1

2
gµ⌫ /D

◆
q ,

O
g

µ⌫
⌘

✓
G

a⇢

µ
G

a

⇢⌫
+

1

4
gµ⌫G

a

↵�
G

a↵�

◆
. (17)

The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).

fq =
m�g

2
DM

16(M2
q̃
�m2

�
)2

,

g
(1)
q

=
m�g

2
DM

4(M2
q̃
�m2

�
)2

,

g
(2)
q

= 0 . (18)

The two terms in the last line of the equation above correspond to the spin independent
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case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
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The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).
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Nuclear matrix elements
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Why 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.
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Ignoring power corrections to vector currents and O(↵2
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5 RGE and matching of Wilson Coe�cients

We will perform RGE of the wilson coe↵s as prescribed in refs. [9, 10, 11]. We summarize
their results that our relevant for our calculation.

Listed in table 1 are the seven classes of QCD operators. Each of these classes trans-
forms irreducibly under continuous and discrete Lorentz transformations, and is separately
closed under renormalization.

For our purpose, as noted earlier, the only relevant operators are O
(0)
q , O(2)µ⌫

q , O(0)
g

and O
(2)µ⌫
g for SI cross-sections and V

µ

q
and A

µ

q
for SD cross-sections. RGE of these

operators Oi and their respective Wilson coe�cients ci are performed by determining
relevant anomalous dimensions �ij:

d

d log µ
Oi = ��ijOj ,

d

d log µ
ci = �jicj . (40)

Solving the RGE equations, the evolution of Wilson coe�cients from a high scale µh down
to a low scale µl can be written as

ci(µl) = Rij(µl, µh)cj(µh) . (41)

After evolving down to a scale of some heavy quark mass µ = mQ, the heavy quark is
integrated out. The wilson coe�cients in the nf+1 theory is related to the the coe�cients
of the theory with nf flavors by matching physical matrix elements. The solution to the
matching condition is expressed as

ci(µQ) = Mij(µQ)c
0
j
(µQ) . (42)

5.1 Vector and Axial Vector currents

For the Vector and axial vector currents Rij = R�ij.

RV = 1, (43)
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log
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↵
(nf+1)
s (µQ)
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!3 
1

3�
(nf )
0
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hO0(0)
Q i4 +O(↵4

s) , (39)

where the scale independent quantity � ⌘
P

q=u,d,s,...hO
(0)
q i/mN is the sum of light quark scalar

matrix elements in the nf -flavor theory. The result for hO0(0)
Q i4 can be found in Appendix B. The

functions MgQ, MqQ and the relation between ↵
(nf )
s (µQ) and ↵

(nf+1)
s (µQ) are also given in Ref. [48]

in terms of the pole mass m(pole)
Q , and we check that the resulting matrix element hO0(0)

Q i is consistent

with the relation between mQ and m(pole)
Q given in Ref. [50].

In Sec. 4, we employ this solution to determine the charm scalar matrix element in the 4-flavor
theory in terms of light quark scalar matrix elements measured in 3-flavor lattice QCD. We note
that the solutions for Mqq, Mqq0 and Mgq, imply the equality of light quark scalar nucleon matrix
elements in nf and nf + 1 flavor theories, up to power corrections,

hO0(0)
q i = hO(0)

q i+O(1/mQ) . (40)

Further iteration of these solutions determine scalar matrix elements for the bottom and top quarks.
Our result in Eq. (39) disagrees with the result given in Eq. (B9) in Appendix B of Ref. [51]. In

particular, the expression for hO0(0)
Q i given there implies results for MgQ and MqQ that do not agree

with those of Ref. [48] beyond leading order. Moreover, employing the result of Ref. [51] in (34)
yields the NLO result for arbitrary µQ, Mgg = 1+O(↵2

s), in disagreement with Ref. [47]. A complete
comparison cannot be made since Ref. [51] does not specify a scheme choice for the heavy quark
mass, however MgQ at O(↵2

s), MqQ at O(↵3
s) and Mgg at O(↵s) are independent of scheme choice.

In terms of the matrix element hO0(0)
Q i, the O(↵s) piece di↵ers by terms proportional to log

µQ

mQ
, while

the O(↵2
s), O(↵3

s) and O(↵4
s) pieces disagree even at µQ = mQ. The scalar matrix element for a heavy

quark was also determined in Ref. [52], however a clear comparison is not straightforward given the
details presented there.13

3.6 Low-energy coe�cients

To summarize, the matrices R given in Table 5 of Sec. 3.3 and M given in Table 6 of Secs. 3.4 and 3.5
completely specify the mapping of coe�cients down to low energies. For example, coe�cients ci(µt)
defined in the five-flavor theory at scale µt are mapped onto coe�cients ci(µ0) defined in the 3-flavor
theory at scale µ0 as

cj(µ0) = Rjk(µ0, µc)Mkl(µc)Rlm(µc, µb)Mmn(µb)Rni(µb, µt)ci(µt) . (41)

Having determined these coe�cients, we proceed to analyze the relevant nucleon matrix elements.

13The result in Ref. [52] has the scaling hO
(0)
Q i / (1� �), which does not agree with Eq. (39) and Ref. [51].
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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
!11



A closer look at the Wilson Coefficients

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


• Including RGE ensures large logs cancel

g(1)G

m�
= ↵s↵DM


f1(mq,Mq̃L ,m�) log

✓
mq

Mq̃L

◆
+ f2(mq,Mq̃L ,m�)

�

!12

contribution in the dR model when the energy scale reduces from µh to µl with

µh > mb
3. To expand the RGE contribution, we note that the ratio ↵s(µh)/↵s(µl)

can be written as:
↵s(µh)

↵s(µl)
= 1 +

↵s(µh)�0

2⇡
log


µl

µh

�
, (3.26)

where �0 = 11� 2/3nf , which implies that the factor r(t) in the RGE is

r(t) =

✓
↵s(µl)

↵s(µh)

◆� 1
2�0

( 64
9 +

4
3 t)

' 1 +

�
64

9
+ 4

3
t
�
↵s(µh)

4⇡
log


µl

µh

�
. (3.27)

Expanding the RGE contribution to g(1)
G

from g(1)q and combining with the collinear

divergent term Equation. (3.15) yields:

�g(1)
G

����
µl

'
m�g2DM

72⇡2(M2

q̃
�m2

�
)2


3⇡↵s(µh) log

✓
µl

µh

◆

+ ↵s(Mq̃) log

✓
Mq̃

mb

◆✓
3⇡ � 5↵s(µh) log

✓
µl

µh

◆◆�
. (3.28)

To order ↵s, the collinear logs cancel provided one chooses µh = Mq̃ and µl = µb.

This procedure removes the large log dependence for the heavy quarks. For the light

quarks (u, d, s), whose masses are below the hadronic matching scale µl = 2 GeV,

the cancellation works as outlined above down to µl = 2 GeV, with the remaining

portion fo the divergence being absorbed into their MS masses at that scale.

3.3 Limits from Direct Searches

3.3.1 Spin Dependent Limits

The SD cross section is dominated by its tree level contribution at leading order in

the 1/Mq̃ expansion. A detailed discussion of the matching to the hadronic EFT can

be found in Ref. [29], ands results in the SD cross sections for the uR, dR, and QL

models [11]:

�uR
SD

=
3

16⇡

m2

N
M2

�

(mN +M�)2
g4
DM

(M2

d̃
�M2

�
)2
(�uN)2, (3.29)

�dR
SD

=
3

16⇡

m2

N
M2

�

(mN +M�)2
g4
DM

(M2

d̃
�M2

�
)2
(�dN +�sN)2, (3.30)

�qL
SD

=
3

16⇡

m2

N
M2

�

(mN +M�)2
g4
DM

(M2

d̃
�M2

�
)2
(�uN +�dN +�sN)2, (3.31)

3This works for all the qL and uR models as well, where the first threshold occurs at the top

quark mass. For the dR model the first threshold in the wilson coe�cients occurs at µ = mb and

the usual threshold at µ = mt still exists in the strong coupling ↵s.
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g(1)
G

m�

'
↵sg2DM

96⇡m4
�

�
M2 �m2

�

�2


� 4m4

�
log(m/M)�m2

�

�
M2 + 3m2

�

�

+
�
M2

� 3m2
�

� �
M2 +m2

�

�
log

✓
1

M2 �m2
�

◆

+ 2
�
M4

� 2M2m2
�
� 3m4

�

�
log(M)

�
(3.14)

Compared to the quarkionic Wilson coe�cients these have the same power of

(M2
q̃
�m2

�
) but are suppressed by ↵s. This can also be seen from Fig. 2, which shows

the variation of the absolute value of the various quark and gluon wilson coe�cients as

a function of dark matter mass. For the figure we choose a representative parameter

space point corresponding to Mq̃ = 1 TeV, the quark mass to be the bottom quark

mass (mq = mb = 4.7 GeV) and the coupling to be gDM = 1.

The figure illustrates how all Wilson coe�cients increase in value as the di↵erence

between dark matter mass and mediator mass reduces, i.e. (M2
q̃
� m2

�
) ! 0. We

restrict our plot to the region where Mq̃ > m� so that � does not decay and remains

a stable particle. The figure also illustrates the point made earlier that gluonic

wilson coe�cients are at least an order of magnitude smaller than their quarkionic

counterparts. So at first glance we may consider ignoring gluonic wilson coe�cients.

However these terms are still important for two reasons. First, their corresponding

nuclear matrix elements are large. Second, as we will see in the next section, the

RGE e↵ects are strong, especially for the spin-0 gluonic term.

Before moving to the discussion about RGE of the Wilson coe�cients in detail,

we highlight a key feature to begin with. We note that while the quarkionic co-

e�cients fq and g1
q
have no dependence on quark mass, the gluonic coe�cients fG

,g(1)
G
and g(2)

G
fG do depend on the quark mass. In the expressions shown above we

take only the limit m ! 0 and see that the quark mass dependence drops out of fG
and g(2)

G
, which are therefore finite in the limit m ! 0. However, we observe that for

g(1)
G

in the limit m ! 0, dependence on quark mass does not drop out and the Wilson

coe�cient diverges logarithmically. The logratihmically diverging piece being

�g(1)
G

=
↵sg2DM

m�

24⇡(M2 �m2
�
)2

log

✓
M

m

◆
. (3.15)

On closer inspection, we find that the logarithmically diverging piece can be rewritten

in terms of the quark wilson coe�cient as follows

�g(1)
G

= g1
q

↵s

3⇡
log

✓
M

m

◆
. (3.16)
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SI Limits (Loop) SD Limits (LO)

Constraints improve by an order of magnitude.

SI 
Xenon 1T

SD 
Pico-60

!13

Hadronization before decay



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.

↵2
s

↵2
DM

↵s↵DM

!14



K factors
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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

!18

the extrapolation to the time of freeze-out follows a standard cosmology, the inclu-

sive annihilation cross section (for � ⇠ 1/20) maps onto the expected dark matter

abundance. In Figure 14 we present the velocity averaged annihilation cross-section

in the non relativistic limit. We import the model files written in Feynrules in

micrOMEGAs5.0 [48] to evaluate h�vanni for gDM set to its maximally allowed value

obtained from Figure 13. The black shaded area of Figure 14 represents the region

of parameter space ruled out by LHC constraints, and the colored shaded regions

correspond to di↵erent values of h�vi normalized to 10�26cm3/s.5 Both the qL and uR

models have larger values of h�vi compared to the dR model. This can be understood

from the velocity-averaged annihilation cross-section into SM fermions,

h�vi ' N f

c
g4
DM

" m2

f

r
1�

m2
f

m2
�

64⇡(m2

q̃
+m2

�
�m2

f
)2

+ �2

(
m2

�

q
m4

�
+m4

q̃

32⇡(m2
�
+m2

q̃
)4

+O(m2

f
)

)#
, (5.1)

where N f

c
is the appropriate color factor for the species of fermion f , and � is the

velocity of the colliding DM particles (Mandelstam s = 4m2

�
/(1 � �2)), which is

about ⇠ 10�3. The first term is the velocity independent (s wave scattering) part

of the cross section, while the second piece is the velocity dependent part of the

annihilation (p wave scattering). For simplicity, in the term proportional to �2, we

only show the part of the expression that is independent of the quark mass (mf ).

The cross-section at zero velocity is proportional to the square of the quark mass,

and in the qL and uR models is dominated by annihilation into top quarks when

kinematically accessible. Annihilation to light quarks is dominated by the p-wave

contribution which is proportional to �2 and is therefore suppressed. This is also the

reason why h�vi has a sharp increases for the qL and uR models at the top threshold

where the s-wave dominates the contribution.

6 Outlook

The identity of the dark matter remains one of the most pressing questions con-

fronting particle physics, and the wealth of information from colliders, searches for

scattering with nuclei, and searches for dark matter annihilation complement each

other in terms of making progress toward that goal. As the precision of the ex-

perimental searches increases, there is a need for a corresponding improvement in

theoretical predictions, in order to realize the full potential of the experimental data.

5 A ballpark number for h�vi to saturate the DM relic density is 3 ⇥ 10�26cm3/s, with smaller

values indicating overabundant DM for a standard cosmological history.

– 26 –



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. 

!19



Thank you
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B Numerical Values

We list here the various values that we have used in our numerical analysis. Light

quark masses are taken from PDG [55] and are defined in the MS scheme at µ =

2 GeV.

mu = 2.2 MeV, md = 4.7 MeV, ms = 95 MeV,

mc = 1.3 GeV, mb = 4.2 GeV, mt = 172 GeV,

mZ = 91.188 GeV, ↵s(mZ) = 0.1184,

mn = 0.9396 GeV mp = 0.9383 GeV . (B.1)

Values of hadronic matrix elements for the spin-0 operators evaluated at the

scale µ = 2 GeV are taken from reference [28] and are given below 6.

[fTu ]p = 0.018, [fTd
]
p
= 0.030, [fTs ]p = 0.043,

[fTu ]n = 0.015, [fTd
]
n
= 0.034, [fTs ]n = 0.043,

fTG |NNNLO = 0.80 . (B.2)

Here [fTx ]y corresponds to the contribution of the x quark to the nucleon matrix

elements for the nucleon y. fTG is determined using the sum rule

fTG = �
9↵S(µ)

4⇡�(µ)

"
1� (1 + �m(µ))

X

u,d,s

fTq

#
. (B.3)

Here �(µ) and �m(µ) are the QCD beta function and quark anomalous dimension

respectively. Here we calculate fTG by using expressions of �(µ) and �m(µ) up to

order N3LO in ↵s. For details on how to calculate fTG , see for example, Reference [28].

Hadronic matrix elements for twist-2 operators defined in Equation (3.4), also defined

at the scale µ = 2 GeV, are extracted from the CT14NNLO parton distribution

functions [38].

[u(2) + ū(2)]
p
= 0.3481,

⇥
d(2) + d̄(2)

⇤
p
= 0.1902,

[s(2) + s̄(2)]
p
= 0.0352, [c(2) + c̄(2)]

p
= 0.0107 ,

[G(2)]
p
= [G(2)]

n
= 0.4159 . (B.4)

When evaluating spin dependent cross-sections we use the following parameters for

nuclear axial vector currents [29, 58]

�u(p) = 0.84, �d(p) = �0.43, �s(p) = �0.09,

�u(n) = �d(p), �d(n) = �u(p), �s(n) = �s(p). (B.5)

6There are recent calculations for these parameters, see also [56, 57]
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respectively. Here we calculate fTG by using expressions of �(µ) and �m(µ) up to

order N3LO in ↵s. For details on how to calculate fTG , see for example, Reference [28].

Hadronic matrix elements for twist-2 operators defined in Equation (3.4), also defined

at the scale µ = 2 GeV, are extracted from the CT14NNLO parton distribution

functions [38].

[u(2) + ū(2)]
p
= 0.3481,

⇥
d(2) + d̄(2)

⇤
p
= 0.1902,

[s(2) + s̄(2)]
p
= 0.0352, [c(2) + c̄(2)]

p
= 0.0107 ,

[G(2)]
p
= [G(2)]

n
= 0.4159 . (B.4)

When evaluating spin dependent cross-sections we use the following parameters for

nuclear axial vector currents [29, 58]

�u(p) = 0.84, �d(p) = �0.43, �s(p) = �0.09,

�u(n) = �d(p), �d(n) = �u(p), �s(n) = �s(p). (B.5)

6There are recent calculations for these parameters, see also [56, 57]
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