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Relic density calculation
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Number density of thermal relic (dark matter) governed by Boltzmann equation

Particle physics enters via (co-)annihilation of dark matter into SM particles
Thermal average accounts for velocity distribution of non-relativistic dark matter

Cosmological measurements allow to identify (dis)favoured regions of parameter space

Public computational tools: DarkSUSY [Bergström, Edsjö, Gondolo, Ullio et al. 2004-2011]

micrOMEGAs [Boulanger, Boudjema, Pukhov et al. 2003-2011]

SuperIso Relic [Arbey, Mahmoudi, 2008-2011]
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Motivation for radiative corrections
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All relevant (co-)annihilation processes implemented − but only at leading order

Higher order effects included only for very sensitive quantities 

e.g. effective bottom Yukawa coupling

Loop and real emission corrections give important corrections to cross-sections
Sizeable impact on relic density of dark matter from strong and electroweak corrections

More precise theoretical predictions needed to match the experimental improvements

COBE 1989 WMAP 2002 Planck 2011
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Neutralino annihilation in the CMSSM
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Constrained MSSM (“mSUGRA”):  Five universal parameters at the GUT scale

m0, m1/2, A0, tanβ, sgn(µ)



Neutralino annihilation in the MSSM
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Constrained MSSM

CMSSM variants with non-universal Higgs/gaugino masses

Constrained MSSM

Constrained MSSM, MSSM beyond MFV

CMSSM with large trilinear couplings,  MSSM beyond MFV

General MSSM
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Example:  Corrections in the “A-Funnel” region
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At large tanβ, annihilation into bottom-quarks through pseudoscalar Higgs exchange dominant

Herrmann, Klasen (2007)
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Standard model QCD corrections include self-energy, vertex correction, and real emission
On-shell renormalization to cancel UV-divergences within the virtual part

Dipole subtraction method to combine virtual and real contributions (and cancel IR-divergences)
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[Catani, Seymour et al. 2000]
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Example:  Corrections in the “A-Funnel” region

Resummation of mass singularity using the renormalization group (running quark mass)

∆(HE)
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Higher order QCD corrections known up to O(αs4) 

Top-quark induced two-loop correction negligible for large tanβ

Supersymmetric QCD corrections include self-energy, vertex correction, and real emission
On-shell renormalization to cancel UV-divergences within the virtual part
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Include also contribution from stop-chargino loop (large top Yukawa coupling!)

mb(s) →
mb(s)

1 + ∆mb/mb

Resummation of mass corrections significant for high tanβ or large Ab
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Example:  Corrections in the “A-Funnel” region

 (GeV)1/2m
200 400 600 800 1000

 (G
eV

)
0

m

500

1000

1500

)0
sLO O(
)2

sDarkSUSY O(

s + SUSY 4
sQCD 

charged LSP

no
 E

W
SB

tan
0 10 20 30 40 50

LO
/

an
n

0.25

0.3

0.35

0.4

0.45

(s)bmQCD 
)4

sQCD O(
)g~b~(bmSUSY-QCD 

)t~+g~b~(bmSUSY-QCD 
)sSUSY-QCD O(

Cosmologically favoured regions shifted to smaller masses to compensate smaller cross section
Effect reversed around the resonance due to simultaneously corrected Higgs width
Main impact on cross-section from QCD and SUSY-QCD mass resummation
Impact of corrections larger than current experimental uncertainty

Herrmann, Klasen (2007)



QCD corrections to neutralino pair annihilation
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Herrmann, Klasen, Kovarik (2009)

All contributions calculated analytically and implemented 
in the numerical package “DM@NLO“
Extension to the public codes DarkSUSY or micrOMEGAs



Impact on annihilation cross-section
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Herrmann, Klasen, Kovarik (2009)
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Annihilation cross-section into (heavy) quarks significantly enhanced by full one-loop corrections
Effective Yukawa couplings very good approximation around Higgs resonances
Full one-loop corrections increase cross-section by up to 50% w.r.t. tree-level approximation
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Impact on neutralino relic density
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Herrmann, Klasen, Kovarik (2009)
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Corrections to co-annihilation
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Harz, Herrmann, Klasen, Kovarik, Le Boulc’h (in progress)
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Coulombic corrections to stop pair annihilation
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Freitas (2007)
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Electroweak corrections − towards an automatic calculation
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Electroweak corrections also important − especially for “uncoloured” dark matter

Baro, Boudjema, Chalons, Semenov (2007-2011)

Large number of relevant processes and even larger number of involved diagrams 
(already at tree-level, but in particular at one-loop!)
Automatization of cross-section calculation unavoidable (~103 −104 diagrams)

Following results presented in the small velocity expansion

σijvij = aij + bijv
2 +O(v4)
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The SloopS project
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http://code.sloops.free.fr/

Cross-sections and other observables in MSSM

Exploiting and interfacing modules from 
different codes

Baro, Boudjema, Chalons, Semenov (2007-2010)

Link to micrOMEGAs allows application to
dark matter related calculations...

LanHEP [Semenov 1996]

FeynArts/FormCalc [Hahn 2000-2011]

http://code.sloops.free.fr
http://code.sloops.free.fr


A mixed-bino scenario
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FIG. 2 (color online). Mixed-bino scenario. The left/right panel shows the main gauge boson/quark production cross sections,
respectively. All the cross sections are normalised with the corresponding effective degrees of freedom given by Eq. (7) with xF ¼
25:0. Results are shown for the A!! scheme of tan".

TABLE III. Mixed-bino scenario: Tree-level values of the s-wave (a) and p-wave (b) coefficients in units 10"26 cm3 s"1, as well as
the relative one-loop corrections in the A!!, DR, and MH scheme. The percentages in the first column refer to the percentage weight, at
tree level, of that particular channel to the relic density.
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N. BARO et al. PHYSICAL REVIEW D 81, 015005 (2010)
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Baro, Boudjema, Chalons, Semenov (2007-2010)
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Corrections to the dominant channels amount to about 10% (velocity independent)



The issue of tanβ...
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Definition and renormalization of tanβ is conceptually the trickiest part of the calculation
At tree-level ratio of Higgs vacuum expectation values, but no unique expression at one-loop

Usual DR-scheme − Counterterm pure divergence of the UV factor in dimensional reduction
           (not gauge-invariant in non-linear gauge and not universal in linear gauge!)

On-shell scheme with mH as input − Counterterm defined by measurement of mH

(not well behaved in the decoupling limit mH ~ mA)

On-shell scheme with Aττ as input − Counterterm defined by measurement of Aττ
(appears most natural, but often considered as too process-dependent...)

δtDR
β

tβ
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Baro, Boudjema, Semenov (2008)
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Mixed-bino scenario − Scheme dependence
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FIG. 2 (color online). Mixed-bino scenario. The left/right panel shows the main gauge boson/quark production cross sections,
respectively. All the cross sections are normalised with the corresponding effective degrees of freedom given by Eq. (7) with xF ¼
25:0. Results are shown for the A!! scheme of tan".

TABLE III. Mixed-bino scenario: Tree-level values of the s-wave (a) and p-wave (b) coefficients in units 10"26 cm3 s"1, as well as
the relative one-loop corrections in the A!!, DR, and MH scheme. The percentages in the first column refer to the percentage weight, at
tree level, of that particular channel to the relic density.
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0
2 ! WþW" [5%] a þ17:81 þ9:0% þ11:1% þ18:2%

b þ11:86 þ4:8% þ7:3% þ16:1%
"#h

2 0.108 0.105 0.102 0.097
$"#h

2

"#h
2 "2:8% "5:6% "10:2%
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Scheme dependence non negligible − especially for two neutralinos in the initial state
Weaker dependence for coannihilation channels with only one neutralino

(i) from kc < E!;g <
1

2
ffiffi
s

p ðs" ðM2
W þ 2!WMWÞÞ, no

width is implemented
(ii) from 1

2
ffiffi
s

p ðs" ðM2
W þ 2!WMWÞÞ< E!;g <

1
2
ffiffi
s

p %
ðs"M2

u "d
Þ with a width to the W propagator.

One must note that for (ii) the hard emission is in fact
already included in the tree-level process ~"0

1 ~"
þ
1 ! Wþ!

with the W decaying into a u "dð; c"sÞ pair. The process
~"0
1 ~"

þ
1 ! Wþ! contributes to the relic density but we did

not added to our list of cross sections to correct as it
contributes less than 5%. To avoid double counting when
calculating the relic density at one-loop, we therefore
subtract from the list of uncorrected tree-level contribu-
tions ~"0

1 ~"
þ
1 ! Wþ! with the proper branching fraction

into u "d, c"s. We will encounter this feature for all other
scenarios that lead to such a final state and wewill treat it in
the same way.

Another point is related to processes which are initiated
through ~"0

2 coannihilation, ~"
0
1 ~"

0
2 ! WþW". We are work-

ing with a scheme where the input parameters are m~"0
1
,

m~"&
1
, m~"&

2
. Therefore, m~"0

2
receives a correction at one-

loop. In principle, the full one-loop amplitude would write

M1-loopðmone-loop
~"0
2

Þ ¼ M1-loopðm~"0
2
Þ

þ #m~"0
2

@Mtree

@m~"0
2

ðm~"0
2
Þ; (9)

where Mtreeðm~"0
2
Þ is the tree-level amplitude, m~"0

2
and

mone-loop
~"0
2

¼ m~"0
2
þ #m~"0

2
is the corrected mass. We have

neglected the second contribution. This is because the
correction to m~"0

2
is less than 0.3% for all t$ schemes as

shown in Table II. When calculating the relic density we
should also, in principle, use the corrected physical mass,

like, for example, in the Boltzmann factor, however again
this is negligible. Results for the weighted cross sections at
tree level and at one loop are displayed in Fig. 2. First of all
the QCD and EW corrections to the coannihilation into
light quarks add up to about 10% and are practically
velocity independent, especially the QCD corrections.
The fullOð%Þ correction to gauge boson production shows
the same feature. The dominant annihilation channel into
WþW" gets about þ7% correction, while ~"0

1 ~"
0
2 !

WþW" is slightly larger with 9%. ~"0
1 ~"

þ
1 ! Z0Wþ is small

with about 2%. Had we used a running% atMZ some of the
largest positive corrections would have been absorbed,
however our results show that the full corrections are
necessary in view of the upcoming precision on the extrac-
tion of the relic density. For this scenario, the corrections in
the %ð0Þ schemes are positive for all processes we have
considered. Nonetheless, since the wino component is
important in the evaluation of the cross sections because
of the SUð2Þ quantum numbers of the final states, we
expect these results to be sensitive to the tan$ scheme,
since tan$ enters the mixing of the bino and the wino.
Table III gives, in particular, the tan$ scheme depen-

dence. As expected the dependence is not negligible, in
particular, for the annihilation channel with both LSP in the
initial state. The dependence weakens for the coannihila-
tion channels where only one LSP takes part. The MH

scheme is again a bad choice, showing once again
[6,23,24] very large corrections. The difference between
theA&& andDR is about 2% for the coannihilation channels
and 4% for the annihilation channels. At the end taking into
account the one-loop corrections only to those processes
we studied, which represent 70% off all processes, the
correction on the relic density is about "3% in the A&&

scheme and with % defined in the Thomson limit.

IV. LIGHT HIGSSINO SCENARIO

A pure Higgsino state could give an interesting relic
density and, as the ~"0

1 ~"
0
2Z

0 and ~"0
1 ~"

&
1 W

& are large, anni-
hilates mainly into WW and ZZ final states. Besides, as
there are three Higgsinolike states (two neutralinos and one
chargino) whose mass splitting is small especially if gau-
gino masses are large, m~"0

1
’ m~"0

1
’ m~"&

1
’ j'j, coannihi-

lation between the LSP and the other Higgsino states is
important. With such efficient annihilations the relic den-
sity would be small if the Higgsinolike LSP is too light.
Nonetheless, it gives favorable prospects for dark matter
direct detection. The scenario we have chosen is described
in terms of the underlying parameters given in Table IV.
The LSP neutralino with mass m~"0

1
¼ 234 GeV has a

composition ~"0
1 ¼ 0:11 ~B" 0:31 ~W " 0:70 ~H0

1 " 0:63 ~H0
2,

indicating it is dominantly a Higgsino state.
Coannihilation between the ~"0

1 and ~"&
1 occurs sincem~"&

1
¼

242:9 GeV. All other particles, including ~"0
2, are heavy

enough and therefore do not take part in the coannihilation.

TABLE II. Mixed-bino scenario: One-loop corrections to the
chargino/neutralino masses in GeV in the scheme m~"0

1
m~"þ

1
m~"þ

2

for different t$-schemes: A&&, DR and MH.

Masses [GeV] m~"0
2

m"0
3

m"0
4

Tree Level 125.3 258.1 270.4

One Loop - A&& scheme 125.13 258.58 270.42
- MH scheme 125.31 258.05 270.65
- DR scheme 125.17 258.46 270.47

FIG. 1. Real photon emission leading to W return.
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Also masses show scheme dependence at the one-loop level
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Table 4
Mixed case 2: As in Table 3 for the array on the left. The array on the right gives the relative corrections to the bb̄ channel for the QCD and EW corrections

χ̃0
1 χ̃0

1 → W+W− Tree Aττ DR MH

a 0.904 −9% −3% +34%
b 1.714 −10% −5% +30%

ZZ Tree Aττ DR MH

a 0.061 +2% +5% +31%
b 0.254 −6% −2% +24%

bb̄ Tree Aττ DR MH

a 0.858 −27% −23% +5%
b 1.032 −31% −27% −1%

τ+τ− Tree Aττ DR MH

a 0.033 +3% +9% +52%
b 0.631 +19% +18% +12%

χ̃0
1 χ̃0

1 → bb̄ Aττ DR MH

δa/a EW −1% +3% +31%
δa/a QCD −26% −26% −26%

δb/b EW −1% +3% +29%
δb/b QCD −30% −30% −30%

and the other two schemes compared to the almost pure bino
case. This again is due to the larger contribution of the higgsino
tanβ dependent part, naturally in the A-exchange not present in
the pure bino case but also in the τ̃ exchange.

Let us look at what we obtain for the bb̄ channel. The elec-
troweak corrections do show some tanβ scheme dependence.
Compared to the electroweak corrections in the DR scheme of
tanβ , the QCD corrections are larger by an order of magnitude,
they amount to about −30% in both the s- and p-wave. If one
assumes that most of these corrections arise from the A → bb̄

vertex, then we know that there are large logs resulting from the
anomalous dimension of the pseudoscalar (and for that matter
the scalar). Its one loop part can be found in [48] and amounts
to

−4αs

π

(
ln

2mχ̃0
1

mb
− 3

4

)
.

There is also an important SUSY QCD correction termed
'mb [49], see Section B.4.2 in the second paper of [6]. In
this scenario, adding these two corrections amounts to about
−35%. Subtracting these from the correction we calculate for
the s-wave, leaves us with about +9% QCD corrections. The
QCD corrections from the anomalous dimension and the 'mb

effect were extracted for the known effect to A → bb̄. How-
ever, since at v = 0, for the s-wave cross section, the neutralino
system constructs a pseudoscalar because of its Majorana na-
ture, the same corrections should affect the a coefficient even
if the contribution from the pseudo-scalar Higgs is negligi-
ble.

7. Conclusions

We have performed the first electroweak corrections to some
important processes relevant for the relic density of neutralinos
in supersymmetry. This has become possible thanks to an auto-
mated code for the calculation of loop corrections in the MSSM
that will allow to perform with the same tools and the same
framework (scheme dependence, . . . ) analyses at one-loop at
the collider and for dark matter. Our findings suggest that in the
case of a dominantly bino neutralino, a large part of the correc-
tion can be accounted for through an effective electromagnetic

coupling at the scale of the neutralino mass. Even so, complete
one loop corrections would be needed to match the foreseen
precision of PLANCK. The corrections to the relic density are
not sensitive much to the way tanβ is renormalised. In the case
of co-annihilation of a bino and stau, the conclusion is simi-
lar but one has to be wary of possible Coulomb–Sommerfeld
corrections. For a neutralino LSP which is strongly mixed, the
corrections are large and the tanβ scheme dependence not neg-
ligible at all. More investigation of such scenarios should be
conducted. Some QCD (and SUSY QCD) corrections affect-
ing final states quarks in the case of neutralino annihilation
need that one goes beyond one-loop. Some of these correc-
tions have been identified and already implemented in a code
such as micrOMEGAs. Apart from these corrections, there re-
main some additional one-loop corrections that should be taken
into account. Before generalising these conclusions, more work
is needed. However, the tools exist. The next step is to in-
terface our code for the loop calculations with a dedicated
relic density calculator, avoiding double counting of some of
the one-loop corrections implemented as effective operators in
the relic density calculator. Work in this direction has already
begun based on micrOMEGAs as the relic density calcula-
tor.
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Both QCD and EW corrections can be sizeable − sometimes also compensate each other

As the Higgsino component of the neutralino is important,
it will couple mostly to the W and, compared to the mixed
bino case, to the Z0 boson also through the ~!0

1 ~!
0
2Z

0

coupling.

Dominant tree-level processes relevant for the compu-
tation of the relic density are the same as in the previous
mixed bino case except for the coannihilation between the
first two neutralinos which is Boltzmann suppressed due to
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FIG. 3 (color online). Higgsino scenario: The left/right panel shows the main gauge boson/quark production cross sections,
respectively. All the cross sections are normalized with the corresponding effective degrees of freedom given by Eq. (7) with xF ¼
27:6.
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FIG. 5 (color online). Light-wino scenario: The left/right panel shows the main gauge boson/quark production cross sections,
respectively. All the cross sections are normalized with the corresponding effective degrees of freedom given by Eq. (7) with xF ¼
29:9.
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Relic density calculation is a powerful tool to constrain the parameter space of new physics
Public tools for performing such calculations within the MSSM (and other models) are available

Radiative corrections have sizeable impact on 
(co)annihilation cross-section of dark matter

Other sources of uncertainty affect the prediction of the dark matter relic density
(mass spectrum, cosmological model, three-body final states, QCD equation of state, ...)

Radiative corrections should be taken into account
in the analysis of supersymmetric models

Resulting impact on neutralino relic density more important 
than current experimental uncertainty

QCD and EW corrections are equally important


