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NEED FOR PRECISE THEORETICAL PREDICTIONS

RELIC DENSITY OF DARK MATTER

WMAP : 0.0975 < ΩDMh2 < 0.1223 (10% precision)

PLANCK : 2% precision

PRECISION MEASUREMENTS
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COSMOLOGY AND PARTICLE PHYSICS

RELIC DENSITY IN THE STANDARD SCENARIO

ΩDMh2 ' 3× 10−27cm3s−1

〈σ(χχ→ SM)v〉

PRECISION

Need for precise theoretical predictions w.r.t experimental measurements.

Precision needed at the level of σ ⇒ One-loop calculations (at least).

Reconstruction of fundamental underlying parameters at LHC and LC.

Radiative corrections must be under control to be able to constrain the
cosmological underlying scenario.

What precision required at colliders and theory to constrain cosmology ?

⇐⇒
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A PARADIGM OF BSM MODELS : SUSY AND THE MSSM

ATTRACTIVE FEATURES

Stabilization of the scalar sector

Better Unification of coupling
constants

Dark Matter Candidate(s)

· · ·

... AND A POSSIBLE SOLUTION: SUPERSYMMETRY

New symmetry: Fermion↔ Boson.
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SUPERSYMMETRY AND THE MSSM

COMPLICATIONS

Not observed yet, neither the Higgs boson...

Lsoft unkown.

Lots of free parameters (' 105).

Calculations become extremely tedious and involved.

BEYOND LEADING ORDER IN SUSY

At LO : mh < mZ but no Higgs found !

LEP Bound on Higgs mass mh > 114GeV

At higher orders : Higgs mass can get large corrections.

Generically SUSY processes get large radiative corrections.

Calculations become even more complicated...

RADIATIVE CORRECTIONS ARE
IMPORTANT

AUTOMATION NEEDED
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AUTOMATIC TOOL FOR ONE-LOOP CALCULATIONS : SLOOPS

SLOOPS

A code for calculation of loops diagrams in
the MSSM with application to colliders,
astrophysics and cosmology.

Evaluation of one-loop diagrams including a complete and coherent
renormalisation of each sector of the MSSM with an OS scheme.

Modularity between different renormalisation schemes.

Non-linear gauge fixing.

Checks : results UV,IR finite and gauge independent.

http://code.sloops.free.fr/
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ON-SHELL RENORMALISATION OF THE MSSM SECTORS

FERMION + GAUGE SECTOR

Input parameters as in the Standard Model mf , α(0),MW ,MZ

HIGGS SECTOR

Input parameters : MA0 , tβ = v2/v1 . Several definitions for δtβ :
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DR : δtβ is a pure divergence

MH : δtβ is defined from the measurement of the mass mH

A0ττ : δtβ is defined from the decay A0 → τ+τ−(vertex ∝ mτ tβ)

SFERMIONS SECTOR

Input parameters : 3 sfermions masses md̃1
,md̃2

,mũ1
and 2 conditions for Au,d

NEUTRALINOS/CHARGINOS SECTOR

Input parameters : 2 charginos m
χ̃±1
,m

χ̃±2
and 1 neutralino χ̃0

1
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GAUGE FIXING

Linear gauge fixing

LGF = − 1

ξW
|∂µWµ+ + iξW

g

2
vG+ |2

− 1

2ξZ
(∂µZµ + ξZ

g

2cw
vG0)2

− 1

2ξA
(∂µAµ)2

ΓVV = −i

q2−M2
V

+iε

»
gµν + (ξV − 1)

qµqν

q2−ξV M2
V

–
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ξW ,Z,A = 1 (Feynman gauge)
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GAUGE FIXING

Non-Linear gauge fixing

LGF = − 1

ξW
|(∂µ − ieα̃Aµ − igcw β̃Zµ)Wµ+

+iξW
g

2
(v + δ̃h0 + ω̃H0 + i κ̃G0 + i ρ̃A0)G+ |2

− 1

2ξZ
(∂µZµ + ξZ

g

2cw
(v + ε̃h0 + γ̃0

H)G0)2

− 1

2ξA
(∂µAµ)2

ξW ,Z,A = 1 (Feynman gauge)
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GAUGE FIXING

Non-Linear gauge fixing

LGF = − 1

ξW
|(∂µ − ieα̃Aµ − igcw β̃Zµ)Wµ+

+iξW
g

2
(v + δ̃h0 + ω̃H0 + i κ̃G0 + i ρ̃A0)G+ |2

− 1

2ξZ
(∂µZµ + ξZ

g

2cw
(v + ε̃h0 + γ̃0

H)G0)2

− 1

2ξA
(∂µAµ)2

W−
µ

Aν

G− eMW (1 + α̃gµν)

ξW ,Z,A = 1 (Feynman gauge)

→ Gauge parameter dependence in gauge/Goldstone/ghost vertices.
→ No ”unphysical“ threshold, no higher rank tensor.
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FIRST CHECKS ON THE CODE

TREE LEVEL CALCULATIONS

Comparison with public codes : Grace and CompHEP
Nans Baro PhD Thesis

Cross-section [pb] SloopS CompHEP Grace

h0h0 → h0h0 3.932×10−2 3.932×10−2 3.929×10−2

W +W− → t̃1
¯̃t1 7.082×10−1 7.082×10−1 7.083×10−1

e+e− → τ̃1
¯̃τ2 2.854×10−3 2.854×10−3 2.854×10−3

H+H− → W +W− 6.643×10−1 6.643×10−1 6.644×10−1

Decay [GeV]

A0 → χ̃+
1
χ̃
−
1

1.137×10 0 1.137×10 0 1.137×10 0

χ̃+
1
→ t ¯̃b1 5.428×10 0 5.428×10 0 5.428×10 0

H0 → τ̃1
¯̃τ1 7.579×10−3 7.579×10−3 7.579×10−3

H+ → χ̃+
1
χ̃0

1 1.113×10−1 1.113×10−1 1.113×10−1

... ... ... # 200 processes checked

ONE-LOOP PROCESSES THAT DO NOT NEED RENORMALISATION

Comparison with public codes : PLATON and DarkSUSY

Implementation of a special routine for loop integrals at v = 0
Boudjema,Semenov,Temes, Phys. Rev. D72, 055024 (2005)

χ̃0
1χ̃

0
1 → γγ

χ̃0
1χ̃

0
1 → gg

χ̃0
1χ̃

0
1 → γZ0
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APPLICATIONS IN THE HIGGS SECTOR

N. Baro., F. Boudjema, A. Semenov, Phys. Lett. B660 (2008) 550, 0710.1821 [hep-ph]

One-loop corrections to Higgs masses H+, h0 Freitas, Stockinger, Phys. Rev. D66
(2002) 095014, hep-ph/0205281

tβ = 3 mhmax large µ nomix
Tree Level 72.51 72.51 72.51

DCPR 134.28 97.57 112.26
MH 140.25 86.68 117.37
Aττ 134.25 97.59 112.27

DR µ = mA0 134.87 98.10 112.86
Light Higgs mass mh0

A0 → τ+τ−, A0 → Z0h0, H0 → Z0Z0, H0 → τ+τ−

tβ = 3 mhmax large µ nomix

Tree Level 9.35×10−3 9.35×10−3 9.35×10−3

DCPR -1.09×10−4 -7.96×10−5 -1.09×10−4

MH +6.28×10−3 -7.91×10−3 +4.47×10−3

Aττ -1.45×10−4 -7.09×10−5 -1.01×10−4

DR µ = mA0 +5.08×10−4 +3.24×10−4 +4.17×10−4

H0 → τ+τ− at one-loop with no QED

Theoretical issue due to non-linear gauge fixing and modified
Ward-Slavnov-Taylor Identity in the Higgs sector :

m2
A0 × A0 99K © 99K Z0 + m

Z0 × A0 99K © 99K G0 = (m2
A0 − m2

Z0 )
ie

s2W

[ε̃ × 	G0

h0 99K A0 + γ̃ × 	G0

H0 99K A0]6=0
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APPLICATIONS IN THE CHARGINO/NEUTRALINO SECTOR

N. Baro, F. Boudjema, Phys. Rev. D80 (2009) 076010, arXiv :0906.1665[hep-ph].

One-loop corrections to neutralino masses χ̃0
2, χ̃

0
3, χ̃

0
4

(see also T. Fritzsche, W. Hollik, Eur. Phys. J. C24 (2002) 619, hep-ph/0203159.)

APPLICATIONS IN THE CHARGINO/NEUTRALINO SECTOR
N. B., F. Boudjema, Phys. Rev. D80 (2009) 076010, 0906.1665 [hep-ph]

One-loop corrections to neutralino masses χ̃02, χ̃03, χ̃04 Fritzsche, Hollik,Eur. Phys. J. C24 (2002) 619, hep-ph/0203159
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(comparison with J. Fujimoto et al., Phys. Rev. D75 (2007) 113002, hep-ph/0701200.)
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APPLICATIONS TO COLLIDER PHYSICS

e+e− → χ̃+
1 χ̃

−
1 J. Fujimoto et al., Phys. Rev. D75 (2007) 113002, hep-ph/0701200.

e+e− → τ̃i τ̃j
∗ K. Kovarik et al., Phys. Rev. D72 (2005) 053010, hep-ph/0506021.

APPLICATIONS TO COLLIDER PHYSICS
N. B., F. Boudjema, Phys. Rev. D80 (2009) 076010, 0906.1665 [hep-ph]

e+e− → χ̃+
1 χ̃−

1 Fujimoto et al., Phys. Rev. D75 (2007) 113002, hep-ph/0701200

e+e− → τ̃iτ̃
∗
j Kovarik, Weber, Eberl, Majerotto, Phys. Rev. D72 (2005) 053010, hep-ph/0506021
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APPLICATIONS TO PURE STANDARD MODEL PROCESSES

F. Boudjema, Le Duc Ninh, Sun Hao, M. M. Weber, Phys. Rev. D81 073007 (2010)

e+e− →W +W−Z0

e+e− → Z0Z0Z0

Important processes to test the quartic gauge couplings and Higgs mechanism
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Figure 3: Left: the total cross section for e+e− → ZZZ as a function of
√

s for the Born,
full O(α) and genuine weak correction for MH = 120 GeV. Right: the corresponding
relative percentage corrections σNLO/σLO − 1.

The masses of the light quarks6, i.e. all but the top mass, are effective parameters adjusted
to reproduce the hadronic contribution to the photonic vacuum polarization of [52] with
α−1(M2

Z) = 128.907. As discussed in Subsection 2.1 we use a variant of the Gµ scheme
with αGµ at leading order leading to NLO corrections that are of O(α3

Gµ
α(0)). Using αGµ

as coupling we calculate ∆r = 3.0792× 10−2 for MH = 120 GeV and ∆r = 3.1577× 10−2

for MH = 150 GeV. The Cabibbo-Kobayashi-Maskawa matrix is set to be diagonal. For
the calculation we neglect the electron Yukawa coupling proportional to the electron mass,
as mentioned at the beginning of Section 2. For both processes we apply no cuts at the
level of the W± and Z, since these will decay.

3 e+e− → ZZZ

As shown in Fig. 3 the tree-level cross section rises sharply once the threshold for pro-
duction opens, reaches a peak of about 1.1 fb around a centre-of-mass energy of 600 GeV
before very slowly decreasing with a value of about 0.9 fb at 1 TeV. Exact results are
displayed in Table 1. The Higgsstrahlung contribution to the total cross section is about
10% at

√
s = 600 GeV and

√
s = 1 TeV.

The full NLO corrections are quite large and negative around threshold, −35%, de-
creasing sharply to stabilise at a plateau around

√
s = 600 GeV with −16% correction.

The sharp rise and negative corrections at low energies are easily understood. They are
essentially due to initial state radiation (ISR) and the behaviour of the tree-level cross
section. The photon radiation reduces the effective centre-of-mass energy and therefore
explains what is observed in the figure. On the other hand the genuine weak corrections, in
the Gµ scheme, are relatively small at threshold, −7%. The magnitude of the corrections
however increases steadily reaching a value as large as −18% at

√
s = 1 TeV. These large

6which are the same as those used in [51].
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Figure 5: Left: the total cross section for e+e− → W+W−Z as a function of
√

s for the
Born, full O(α) and genuine weak correction for MH = 120 GeV. Right: the corresponding
relative percentage corrections σNLO/σLO − 1.

Table 2: Cross section for e+e− → W+W−Z at tree-level, including only the weak cor-
rections and at full next-to-leading order for MH = 120 GeV. Also shown are the relative
weak and full NLO corrections.

√
s [ TeV] σBorn[ fb] σweak[ fb] σfull[ fb] δweak[%] δfull[%]
0.3 3.27055(4) 3.1888(3) 2.3880(3) -2.500(8) -26.986(9)
0.5 39.7557(9) 36.967(2) 33.476(2) -7.014(5) -15.795(5)
0.7 55.358(3) 49.878(6) 47.409(6) -9.899(10) -14.359(10)
0.9 59.121(4) 51.881(8) 50.678(8) -12.25(1) -14.28(1)
1.0 59.061(4) 51.206(9) 50.541(9) -13.30(1) -14.43(1)
1.2 57.202(5) 48.49(1) 48.69(1) -15.24(2) -14.88(2)
1.5 52.740(5) 43.34(1) 44.43(1) -17.82(2) -15.76(2)

1.5 TeV. Again a large part of this correction seems to be of the Sudakov type.
More interesting than in the case of e+e− → ZZZ are the distributions in some

key variables like the invariant WW mass, the pZ
T and the rapidity of the WW system.

First, due to photon radiation, in the full NLO corrections some large corrections do
show up at the edges of phase space, see Fig. 6. However when the QED corrections are
subtracted, the weak corrections cannot be parameterised by an overall scale factor, for
all the distributions that we have studied. Other distributions not shown here can be
found in [53].

13

See also Su Ji-Juan et al. Phys.Rev D78 016007, Sun Wei et al. Phys.Lett B680, 321
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APPLICATIONS TO DARK MATTER

THERMAL RELIC

Ωχh2 ∝ 1/(σ(χχ→ SM))

Relic density calculated through the
interface of SloopS with micrOMEGAs

(Bélanger et al.)

Relic Density: derivation

1 10 100 1000

0.0001

0.001

0.01

Freeze-out

Tf ∼ 20GeV
t ∼ 10−8s

Boltzm
ann

S
uppression

Exp(-m
/T
)

At first all particles in thermal equilibrium

universe cools and expands: interaction rate

too small to maintain equilibrium

(stable) particles can not find each other:

freeze out and leave a relic density

dilution due to expansion
dN/dt = −3HN− < σv > (N2 −N2

eq)

χ̃0
1χ̃0

1 → X X → χ̃0
1χ̃0

1

Ωχ̃0
1

= mχ̃0
1
Nχ̃0

1
/ρcri, ρcri = 3H2

0/8πGN

ρcri = h21.910−29gcm−3 →

Ωχ̃0
1
h2 ∝ 1/σχ̃0

1

F. BOUDJEMA, Dark Matter and Requirements on Collider Data – p. 8/25

BUNCH OF FULL ONE-LOOP PROCESSES CALCULATED

Baro,Boudjema,Semenov, Phys. Lett B660

Baro, Boudjema, G.C, Sun Hao, Phys. Rev. D81 015005 (2010) (2008) 550

χ̃0
1χ̃

0
1 → f f (bino)

χ̃0
1τ̃

+
1 → τ+γ(Z0) (bino)

τ̃+
1 τ̃

+
1 → τ+τ+ (bino)

χ̃0
1χ̃

0
1 →W +W−,Z0Z0 (bino-wino, bino-higgsino, higgsino, higgsino-bino, wino)

χ̃0
1χ̃

+
1 → ud̄ , tb̄ (bino-wino, higgsino, higgsino-bino, wino)

χ̃+
1 χ̃

−
1 →W +W−,Z0Z0 (wino)
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INTERPLAY BETWEEN ILC AND COSMOLOGY

What is required from collider data to get a precise prediction of Ωχh2 ?
(see Allanach et al. JHEP 0412 :020,2004.)

What are the relevant observables to control the uncertainty on the predicted
Ωχh2 ?

What is the required accuracy in order to achieve PLANCK precision ?

Basic example as an illustration

Typical mSUGRA scenario : LSP is χ̃0
1 in the bulk region

χ̃0
1χ̃

0
1 → `¯̀ through R-sleptons for Ωχh2

At tree-level mχ̃0
1
,m ˜̀(mτ̃1

) + mixing matrix of neutralinos and in the τ̃1 sector

needed to reconstruct Ωχh2.

At one-loop level ?

Sensitivity to parameters entering in loops ? (non decoupling corrections,
thresholds...)

Sensitivity to renormalisation schemes ?
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SENSITIVITY TO SQUARKS MASSES

M1 M2 µ tβ MẽR
MẽL

M3 MA0

Masses (GeV) 90 200 -600 5 110 250 800 500

250 GeV ≤ MeQ ≤ 800 GeV

At tree-level Ωχh2 sensitive to MeQ when MeQ ' 300 GeV (new channels open).

Effects of squarks relevant in loops for MeQ ≥ 300 GeV ?

250 300 350 400 450 500 550 600

8

10

12

14

16

18

MQ̃ [GeV ]

∆
σ
/σ

[%
]

χ̃0
1χ̃

0
1 → τ+τ−

v = 0.5c

More or less the same conclusion at one-loop level. This may not be the case for other
set of parameters.
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SENSITIVITY TO RENORMALISATION SCHEME

Parameter M1 M2 µ tβ M3 ML̃,Q̃ Ai MA0

Value 110 134.5 -245 10 600 600 0 600

χ̃0
1 = 0.94B̃ − 0.20W̃ − 0.27H̃0

1 − 0.10H̃0
2

2v

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

 [
%

]
σ/

σ
∆

2

4

6

8

10

12

­
W

+
 W→ 0

1
χ 0

1
χ

0
Z

+
 W→ +

1
χ 0

1
χ

­
W

+
 W→ 0

2
χ 0

1
χ

d u → +

1
χ 0

1
χ

Bulk of corrections to the s-wave
coefficient

Large δtβ scheme dependence

QCD corrections to ud̄ ' 2.5 %

Aττ DR MH
Ωχh2 0.105 0.102 0.097

δΩh2/Ωh2 −2.8% −5.6% −10.2%
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CONCLUSIONS AND PERSPECTIVES

Complete EW renormalisation of the MSSM and modularity with different
schemes.

One-loop corrections to masses, decays, cross sections at colliders.

One-loop corrections to neutralino annihilation relevant for relic density and
indirect detection.

First steps done for the connection with micrOMEGAs .

In any case for Ωχh2 @ 1-2% ⇒ one-loop corrections mandatory.

Then at one-loop level more input is needed for an efficient reconstruction of
parameters compared to the tree level case.

Gather all available data to construct efficient renormalisation schemes.

Implementation of QCD renormalisation in SloopS ongoing.
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