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Direct detection rate (1)
Differential rate [counts/kg/day/keV]:

dR

dE
=
∑
i

ci
σi

2mχ̃0
1
µ2
i

ρ0ηi

Nuclear mass fractions ci , local DM density ρ0 = 0.3 GeV/cm3.

Velocity integral ηi =
∫ vesc
vmin,i

d3v f (~v)/v , vmin,i =
√
miE/(2µ2

i ).

Spin-independent cross section:

σSI
i =

µ2
i

π

∣∣Zig
SI
p + (Ai − Zi )g

SI
n

∣∣2 |F SI
i (Qi )|2

Often replaced by σSI
i for a single nucleon, assuming gp = gn.

Spin-independent four-fermion couplings:

gSI
N =

∑
q

〈N|q̄q|N〉αSI
q
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Quark matrix elements

Relation to scalar coefficients: 〈N|mqq̄q|N〉 = f NTqmN

Scalar coefficient DM@NLO DarkSUSY micrOMEGAs

f pTu 0.0208 0.023 0.0153
f nTu 0.0189 0.019 0.0110
f pTd 0.0411 0.034 0.0191
f nTd 0.0451 0.041 0.0273

f pTs = f nTs 0.043 0.14 0.0447
f pTc = f pTb = f pTt 0.0663 0.0595 0.0682
f nTc = f nTb = f nTt 0.0661 0.0592 0.0679

• DarkSUSY: P. Gondolo et al., JCAP 0407 (2004) 008

• micrOMEGAs: G. Bélanger et al., CPC 177 (2007) 894

• DM@NLO: A. Crivellin et al., PRD 89 (2014) 054021
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Direct detection rate (2)

Spin-dependent cross section:

σSD
i =

4µ2
i

2J + 1

(
|gSD

p |2Spp,i (Qi )+|gSD
n |2Snn,i (Qi )+|gSD

p gSD
n |Spn,i (Qi )

)
Spin-dependent four-fermion couplings:

gSD
N =

∑
q=u,d ,s

(∆q)Nα
SD
q

Polarised quark densities (isospin symmetry, micrOMEGAs):

(∆u)p = (∆d)n = 0.842,

(∆d)p = (∆u)n = −0.427,

(∆s)p = (∆s)n = −0.085.
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Neutralino-quark scattering

Tree-level diagrams:
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One-loop corrections:
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Feynman diagrams

Tree-level diagrams:
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One-loop corrections:
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Renormalisation scheme

Quark sector:

• On-shell mt

• SM MS mb(mb → µR) → SM DR → MSSM DR

• SM MS αnf =5→ 6
s (mZ → µR) → SM DR → MSSM DR

Squark sector:

• On-shell mq̃; mt̃1
, mb̃1

, mb̃2

• MSSM DR At , Ab = 0

• Dependent θt̃ , θb̃, mt̃2

Advantages:

• Identical schemes for relic density and direct detection

• Perturbatively stable, in particular in the top sector

• Easy comparison with micrOMEGAs (identical squark masses)
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Effective field theory (1)
Tree-level diagram:

χ̃0
1 χ̃0

1

q q

1

Effective Lagrangian:

Leff = c1Q1 + c2Q2 = c1χ̄χq̄q + c2χ̄γµγ5χq̄γ
µγ5q

Tree-level coefficients:

ctree1 = α
SI
q =

∑
φ=h0,H0

gRχ̃χ̃φg
L
qqφ

m2
φ

−
1

4

2∑
i=1

gLχ̃q̃i q
gR∗
χ̃q̃i q

m2
q̃i
− s

−
1

4

2∑
i=1

gLχ̃q̃i q
gR∗
χ̃q̃i q

m2
q̃i
− u

,

ctree2 = α
SD
q =

1

2

gR
χ̃χ̃Z0 (gL

qqZ0 − gR
qqZ0 )

m2
Z0

+
1

8

2∑
i=1

|gLχ̃q̃i q
|2 + |gRχ̃q̃i q

|2

m2
q̃i
− s

+
1

8

2∑
i=1

|gLχ̃q̃i q
|2 + |gRχ̃q̃i q

|2

m2
q̃i
− u

.

Fierz transformation for squark processes! Agrees with DarkSUSY.
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Effective field theory (2)
One-loop correction:

χ̃0
1 χ̃0

1

q

q q

q
g

1

Matching condition:

Mtree
full +M1loop

full
!

= (ctree1 + c
1loop
1 )(Qtree

1 + Q
1loop
1 ) + (ctree2 + c

1loop
2 )(Qtree

2 + Q
1loop
2 )

Effective operators:

Q
1loop
i = (KEFTV,i + KEFTVC,i)Q

tree
i ,

KEFTV,1 =
αsCF

4π

[
4B0 − 2 + 4pbp2(C0 + C1 + C2)

]
,

KEFTV,2 =
αsCF

4π

[
2B0 + 4pbp2(C0 + C1 + C2)− 4C00 − 1

]
.

Fierz transformation for gluon boxes, vanishing Gram determinants!
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Renormalisation in EFT

Counterterms:

KEFTVC,i =
δcLi /c

tree,L
i + δcRi /c

tree,R
i

2
,

δcL1 = c
tree,L
1

(
δZm

mq
+

1

2
δZL

q +
1

2
δZR∗

q

)
,

δcL2 = c
tree,L
2

(
1

2
δZSM,L

q +
1

2
δZSM,L∗

q +
αsCF

π

)
,

and similarly for L↔ R. Conventional term for axial current div.

Wilson coefficients:

c
1loop
1 = α

SI
q,P + α

SI
q,PC + α

SI
q,V + α

SI
q,VC + α

SI
q,B − ctree1 (KEFTV1 + KEFTVC1),

c
1loop
2 = α

SD
q,P + α

SD
q,PC + α

SD
q,V + α

SD
q,VC + α

SD
q,B − ctree2 (KEFTV2 + KEFTVC2).

Propagator, vertex, box, operator corrections separately UV-finite.
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Scale matching
Spin-independent case:

• mqq̄q is scale-independent

• Factorize mq(µ) in c1, run from 1 TeV to 5 GeV

• Replace 〈N|mqq̄q|N〉 = f NTqmN

Spin-dependent case:
• Renormalisation constant:

Z
Singlet
A

= 1 +
αsCF

π
−

1

εUV

(
αs

4π

)2 ( 20

9
nf +

88

3

)
+O(α3

s )

• Anomalous dimension:

γ
Singlet
A

= (Z
Singlet
A

)−1 d

d log µ
Z
Singlet
A

=

(
αs

4π

)2
16nf +O(α3

s )

• Wilson coefficient:

d

d log µ
c2(µ) = γ

Singlet
A

c2(µ) →
c2(µlow)

c2(µhigh)
= exp

(
2nf (αs (µhigh)− αs (µlow))

β0π

)
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Theoretical setup
pMSSM-11 scenarios:

tan β µ mA M1 M2 M3 Mq̃1,2
Mq̃3

Mũ3
M ˜̀ At

A 13.4 1286.3 1592.9 731.0 766.0 1906.3 3252.6 1634.3 1054.4 3589.6 -2792.3
B 13.7 493.0 500.8 270.0 1123.4 1020.3 479.9 1535.5 836.7 3469.4 -2070.9
C 7.0 815.0 1452.8 675.3 1423.4 1020.3 809.9 1835.5 1436.7 3469.4 -2670.9

Physical masses and dark matter relic density:

m
χ̃0

1
m
χ̃0

2
m
χ̃
±
1

m
χ̃
±
2

mũ1
m

d̃1
mt̃1

m
b̃1

mg̃ m
h0 Ω

χ̃0
1
h2

A 738.1 802.4 802.3 1295.1 3270.9 3271.6 993.9 1622.9 2049.9 126.3 0.1244
B 265.7 498.4 495.7 1135.3 549.5 555.7 802.9 1531.0 1061.2 124.8 0.1199
C 669.2 826.6 819.6 1438.9 865.0 868.4 1389.1 1832.3 1090.7 125.2 0.1179

Neutralino decomposition:

100 200 300 400 500 600 700 800 900 1000

M1  [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

N
e
u
tr

a
lin

o
 c

o
m

p
o
si

ti
o
n

Z
2
1B̃

Z
2
1W̃

Z
2
1H̃1

Z
2
1H̃2

100.8 202.0 303.1 404.2 505.2 606.2 707.0 800.4 802.1 802.1

mχ̃0
1
 [GeV]

100 200 300 400 500 600 700 800 900 1000

M1  [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

N
e
u
tr

a
lin

o
 c

o
m

p
o
si

ti
o
n

Z
2
1B̃

Z
2
1W̃

Z
2
1H̃1

Z
2
1H̃2

98.4 197.1 294.8 389.0 462.2 483.3 487.9 489.7 490.7 491.3

mχ̃0
1
 [GeV]

100 200 300 400 500 600 700 800 900 1000

µ [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

N
e
u
tr

a
lin

o
 c

o
m

p
o
si

ti
o
n

Z
2
1B̃

Z
2
1W̃

Z
2
1H̃1

Z
2
1H̃2

102.8 202.2 301.6 400.4 497.9 590.1 652.8 668.3 672.3 674.0

mχ̃0
1
 [GeV]

12 / 17



Neutralino-nucleon cross section Numerical results Conclusion

Most important (co-)annihilation channels

DM@NLO contains (almost) all (co-)annihilations in NLO QCD

(Co-)annihilation channels in scenarios A–C (≥ 1%):

A B C

χ̃0
1χ̃

0
1 → tt̄ 1% 10% 52%

bb̄ 9% 78% 40%
χ̃0

1χ̃
0
2 → tt̄ 3%

bb̄ 23%
χ̃0

1χ̃
±
1 → tb̄ 43%

Total 79% 88% 92%
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Scenario A: Bino-wino dark matter

700 720 740 760 780 800

M1  [GeV]

10-46

10-45

10-44

σ
S
I

p
 [

cm
2
]

σ SI, Tree
p

σ SI, NLO
p

σ SI, MO
p

ΩTreeh2

ΩNLOh2

ΩMOh2

707.0 727.1 747.1 767.1 786.8 800.4

mχ̃0
1
 [GeV]

10-3

10-2

10-1

100

101

Ω
h

2
 [
ρ
c
]

M1 [GeV] σSI
p [10−46cm2] Shift of σSI

p
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Tree level 734 1.98
Full NLO 733 2.26 +14%
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Scenario B: Bino-higgsino dark matter
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micrOMEGAs 226 2.78 +3%
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Full NLO 227 1.65 −39%

micrOMEGAs 270 4.14 +8%
Tree level 267 3.84
Full NLO 269 2.47 −36%
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Scenario C: Higgsino-bino dark matter
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Tree level 823 - 829 1.06 - 1.53
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Conclusion

Neutralino-nucleon cross section:

• Analytical computation of NLO SUSY-QCD corrections

• Tensor reduction for vanishing Gram determinants

• Matching to scalar and axial-vector operators

• Renormalisation group running of Wilson coefficients

Numerical results:

• Bino, wino, and higgsino dark matter

• Three viable benchmark scenarios

• Perturbative corrections comparable to nuclear uncertainties

• Correlation of relic density and direct detection rate at NLO
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