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Evidence for Dark Matter: DM
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DM is “seen"at all scale
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DM at the LHC
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The new paradigm: Higgs and DM?
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Dark Matter Budget
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DM: properties
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DM: properties (2)
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The relic density. 1
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The relic density. 2
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The relic density. 2
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The relic density. 2
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The relic density. 3
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Relic density: co-annihilation
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Relic density: co-annihilation
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Relic density: recap
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The Inert Doublet Model at the classical level

To the Higgs doublet Φ1 of the SM, a doublet Φ2 is added.

An unbroken Z2 symmetry is imposed under which Φ2 is odd while all other fields (of

the SM) are even.

The immediate consequence is that Φ2 cannot couple to fermions to any order (in

perturbation theory) and guarantees the stability of the lightest inert particle, thus

providing a possible dark matter candidate.

LIDM = LSM + (DµΦ2)
†DµΦ2 + VIDM(Φ1,Φ2),
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Potential

VIDM(Φ1,Φ2) = µ2
1|Φ1|2 + µ2

2|Φ2|2 + λ1|Φ1|4 + λ2|Φ2|4

+λ3|Φ1|2|Φ2|2 + λ4(Φ
†
2Φ1)(Φ

†
1Φ2) +

(
λ5

2
(Φ†

1Φ2)
2 + h.c

)
.
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Additional Scalars

Φ1 =

 G+

1√
2
(v + h + iG)

 and Φ2 =

 H+

1√
2
(H + iA)

 ,

where v is the SM vacuum expectation value (vev) with v ≃ 246 GeV, defined from the

measurement of the W (MW ) and Z (MZ ) masses. We have

s2
W ≡ sin2 θW = 1 − M2

W

M2
Z
, MW =

1
2

e
sW

v ,

e is the electromagnetic coupling (the SU(2) gauge coupling g is then g = e/sW ), h is

the SM 125 GeV Higgs boson, G,G± are the Goldstone bosons, H,A are the new

neutral physical scalars
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Since these additional scalars do not couple to the fermions (of the SM), we can not

assign them definite CP numbers. By an abuse of language, we will call A the

pseudo-scalar. and H± is the charged physical scalar. H and A are the possible DM

candidates. These scalars have gauge couplings to the SM gauge bosons, controlled

by the SM gauge coupling. For example, for the tri-linear couplings we have

(H+H−γ, H+H−Z , HH±W∓, iAH±W∓, iAHZ ) =

i
g
2
(2sW , c2W/cW , ∓1, −1, −1/cW ).

F. BOUDJEMA (LAPTh) IDM at one-loop and the Relic Density of Dark Matter Tanger, September 2019 22 / 50



Minimisation of the Potential
T
v

= µ2
1 + λ1v2 ≡ 0.

There is no corresponding tadpole term for Φ2 because of the unbroken Z2 symmetry.

The no-tadpole condition will be maintained at all orders.

Mass spectrum

M2
h =

T
v

+ 2λ1v2,

M2
H± = µ2

2 + λ3
v2

2
,

M2
H = µ2

2 + λL
v2

2
= M2

H± + (λ4 + λ5)
v2

2
,

M2
A = µ2

2 + λA
v2

2
= M2

H± + (λ4 − λ5)
v2

2
= M2

H − λ5v2,

λL/A = λ3 + λ4 ± λ5.
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Self-coupling

λhHH = λL v , λhAA = λA v λhH+H− = λ3v .

The quartic couplings between the SM Higgs and the new scalar are set by λ3,L,A,

λhhHH,hhAA,hhH+H− = λL, λA, λ3.

On the other hand, λ2 controls all the quartic couplings solely within the dark sector

(HHHH, HHAA, HHH+H−, AAAA, AAH+H− and H+H−H+H−).
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Counting parameters: Independent Parameters

The IDM requires 5 extra parameters,

(µ2, λ2, λ3, λ4, λ5) .

Trade 3 of these parameters with the physical masses of the new scalars through

(µ2, λ3, λ4, λ5;λ2) →
(
MH ,MA,MH± , λL/A;λ2

)
or (MH ,MA,MH± , µ2;λ2) .

λ2: describes couplings solely between the additional scalars and not involving the SM

Higgs. At tree-level for example and for 2 → 2 annihilation processes, λ2 is irrelevant.

This would mean that at one-loop order, for annihilation processes, a renormalisation

for λ2 is not necessary.
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reconstruction

However, λ4 and λ5 can be reconstructed from a combination of the additional scalar

masses

λ4 =
1
v2

(
M2

H + M2
A − 2M2

H±

)
,

λ5 =
1
v2

(
M2

H − M2
A

)
.

The extraction of λ3 not only requires a knowledge of at least one scalar mass but also

either a value of λL (or equivalently the hHH coupling) or the mass parameter µ2,

λ3 =
2
v2

(
M2

H± − µ2
2

)
=

2
v2

(
M2

H± − M2
H

)
+ λL.
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Renormalisation at one-loop: As much as possible a On-shell Scheme

• Z2 symmetry means no mixing between the new scalars

• H,A,H± masses are (physical) input parameters (instead of the parameters of the scalar

potential)

• λ2 not needed for scattering involving SM particles

• An extra parameter needs renormalisation (µ2 or λL,A or a combination; λL/A has, at

tree-level, a simple physical interpretation as the portal coupling hHH/hAA.)
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Counterterms

All bare quantities (X0), are decomposed into renormalised quantities (X ) and

counterterms (δX ) as

X0 → X + δX , X = µ2, λ2, λ3, λ4, λ5,

and wave function renormalisation is imposed

ϕ0 → ϕ+
1
2
δZϕ, ϕ = (h,H,A,H±),
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The OS conditions on the physical scalars require that their masses are defined as

pole masses of the renormalised one-loop propagator and that the residue at the pole

be unity. With Σϕϕ(p2) being the scalar two-point function with momentum p we have

(ϕ = h,H,A,H±),

δM2
ϕ = Σϕϕ(M2

ϕ)

δZϕ = − ∂Σϕϕ(p2)

∂p2

∣∣∣∣
p2=M2

ϕ

.
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hHH (hAA to define λL,A)
at tree-level A0

hHH = −λLv ,

Full one-loop renormalised amplitude for h(p2) → H(p2
1)H(p2

2)

Aren,1−loop
hHH (p2, p2

1, p
2
2) = −λLv

(
δλL

λL
+

δv
v

+
1
2
δZh + δZH

)
+A1PI

HHh(p
2, p2

1, p
2
2),

A1PI
HHh(p

2
1, p

2
2, p): full one-loop 1 particle irreducible vertex. When the threshold is open:

p2 = M2
h , p2

1 = p2
2 = M2

H , p2 > (p1 + p2)
2, a gauge invariant OS counterterm for λL is

δOSλL

λL
=

A1PI
HHh(m

2
h,M

2
H ,M

2
H)

λLv
− δv

v
− 1

2
δZh − δZH .

Another gauge invariant but scale dependent scheme is to use a MS definition where

only the (mass independent term) ultraviolet divergent part is kept

δMSλL

λL
=

(
A1PI

HHh(m
2
h,M

2
H ,M

2
H)

λLv
− δv

v
− 1

2
δZh − δZH

)
∞

.

F. BOUDJEMA (LAPTh) IDM at one-loop and the Relic Density of Dark Matter Tanger, September 2019 30 / 50



hHH (hAA to define λL,A)

at tree-level A0
hHH = −λLv ,

Full one-loop renormalised amplitude for h(p2) → H(p2
1)H(p2

2)

Aren,1−loop
hHH (p2, p2

1, p
2
2) = −λLv

(
δλL

λL
+

δv
v

+
1
2
δZh + δZH

)
+A1PI

HHh(p
2, p2

1, p
2
2),

A1PI
HHh(p

2
1, p

2
2, p): full one-loop 1 particle irreducible vertex.

When the threshold is open:

p2 = M2
h , p2

1 = p2
2 = M2

H , p2 > (p1 + p2)
2, a gauge invariant OS counterterm for λL is

δOSλL

λL
=

A1PI
HHh(m

2
h,M

2
H ,M

2
H)

λLv
− δv

v
− 1

2
δZh − δZH .

Another gauge invariant but scale dependent scheme is to use a MS definition where

only the (mass independent term) ultraviolet divergent part is kept

δMSλL

λL
=

(
A1PI

HHh(m
2
h,M

2
H ,M

2
H)

λLv
− δv

v
− 1

2
δZh − δZH

)
∞

.

F. BOUDJEMA (LAPTh) IDM at one-loop and the Relic Density of Dark Matter Tanger, September 2019 30 / 50



hHH (hAA to define λL,A)

at tree-level A0
hHH = −λLv ,

Full one-loop renormalised amplitude for h(p2) → H(p2
1)H(p2

2)

Aren,1−loop
hHH (p2, p2

1, p
2
2) = −λLv

(
δλL

λL
+

δv
v

+
1
2
δZh + δZH

)
+A1PI

HHh(p
2, p2

1, p
2
2),

A1PI
HHh(p

2
1, p

2
2, p): full one-loop 1 particle irreducible vertex. When the threshold is open:

p2 = M2
h , p2

1 = p2
2 = M2

H , p2 > (p1 + p2)
2, a gauge invariant OS counterterm for λL is

δOSλL

λL
=

A1PI
HHh(m

2
h,M

2
H ,M

2
H)

λLv
− δv

v
− 1

2
δZh − δZH .

Another gauge invariant but scale dependent scheme is to use a MS definition where

only the (mass independent term) ultraviolet divergent part is kept

δMSλL

λL
=

(
A1PI

HHh(m
2
h,M

2
H ,M

2
H)

λLv
− δv

v
− 1

2
δZh − δZH

)
∞

.

F. BOUDJEMA (LAPTh) IDM at one-loop and the Relic Density of Dark Matter Tanger, September 2019 30 / 50



hHH (hAA to define λL,A)

at tree-level A0
hHH = −λLv ,

Full one-loop renormalised amplitude for h(p2) → H(p2
1)H(p2

2)

Aren,1−loop
hHH (p2, p2

1, p
2
2) = −λLv

(
δλL

λL
+

δv
v

+
1
2
δZh + δZH

)
+A1PI

HHh(p
2, p2

1, p
2
2),

A1PI
HHh(p

2
1, p

2
2, p): full one-loop 1 particle irreducible vertex.

When the threshold is open:

p2 = M2
h , p2

1 = p2
2 = M2

H , p2 > (p1 + p2)
2, a gauge invariant OS counterterm for λL is

δOSλL

λL
=

A1PI
HHh(m

2
h,M

2
H ,M

2
H)

λLv
− δv

v
− 1

2
δZh − δZH .

Another gauge invariant but scale dependent scheme is to use a MS definition where

only the (mass independent term) ultraviolet divergent part is kept

δMSλL

λL
=

(
A1PI

HHh(m
2
h,M

2
H ,M

2
H)

λLv
− δv

v
− 1

2
δZh − δZH

)
∞

.

F. BOUDJEMA (LAPTh) IDM at one-loop and the Relic Density of Dark Matter Tanger, September 2019 30 / 50



A general scheme

A general scheme can be defined as

δλL

λL
= βλL

(
CUV + ln(µ̄2/Q2

λ)
)
, CUV =

2
ε
− γE + ln(4π)

Qλ is an effective scale that depends on the external momenta and the internal

masses introduced to define the counterterm, and µ̄ is the scale introduced by

dimensional reduction. For MS, Qλ = µ̄.

For mh < 2MH , difficult to come up with a straightforward OS scheme for λL

A formal OS extraction that would work for any configuration of H and h masses could use the cross-section that builds up direct detection, namely

Hq → Hq in the limit of zero Q2 transfer, in effect isolating the H(M2
H ) → H(M2

H )h(Q2 → 0) vertex. But direct detection involves uncertainties through

the introduction of parameters from nuclear matrix elements. Moreover, the λL contribution to direct detection can be swamped by the pure gauge

contribution (which we discuss later).
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N. Baro, FB, G. Chalons, G. Drieu La Rochelle, S. Hao, Ninh

Le Duc, A. Semenov, (D. Temes)

▶ Need for an automatic tool for susy calculations

▶ handles large numbers of diagrams both for tree-level

▶ and loop level

▶ able to compute loop diagrams at v = 0 : dark matter, LSP, move at galactic

velocities, v = 10−3

▶ ability to check results: UV and IR finiteness but also gauge parameter

independence for example

▶ ability to include different models easily and switch between different

renormalisation schemes

▶ Used for SM one-loop multi-leg: new powerful loop libraries (with Ninh Le Duc,

Sun Hao)
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Annihilation processes for the relic density

annihilation into fermions
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Benchmark Point: Only 2 regimes pass the test

I. Higgs Funnel

MH ∼ Mh/2

HH → WW ⋆, bb̄

2 → 3 processes at 1-loop

II. High Mass

MH > 500GeV

EWPO imply MH ∼ MA ∼ M±
H

Co-annihilation: → VV ′

low λL,A
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Characteristics of the Heavy Mass Benchmark
MH = 550 GeV, MA = 551 GeV, M±

H = 552 GeV,

λL = 0.0193

small!

, λ2 = 0.01

irrelevant at tree − level

(λ3 = 0.0926, λ4 = −0.0545, λ5 = −0.0181 and µ2 = 549.45 GeV).

• Ωh2 ≃ 0.117 : at tree-level . OK

• stability: OK

• Minimum is associated with the inert vacuum. OK

• Mass degeneracy means that EWPO . OK
• Most stringent test (apart from relic density) is Direct detection

σ
(λL)
HN = f2

λ2
L

4π

(
m2

N
mH m2

h

)2
,

where mN is the nucleon mass, and f ∼ 1/3 is the nucleon form factor. With MH ≫ MW , one can write

R(λL) =
σ
(g)
HN

σ
(λL)
HN

∼
(

6π
α2

λLs4
W

)2( MH

8MW

)2(
1 +

M2
h

M2
W

)2

∼ 9 for λL = 0.019 and MH = 550 GeV.
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Annihilation processes that contribute more than 5% to the relic density



HH → W+W− (18%),

HH → ZZ (14%),

H+H− → W+W− (13%),

AA → W+W− (9%),

H+H → W+γ (8%),=⇒ pure gauge

AA → ZZ (7%),

H+A → W+γ (6%) =⇒ pure gauge.

Because λL ≪ 1,

σHH→W+W− ∼ σAA→W+W− ∼ σH+H−→W+W− = 2c4
WσHH→ZZ = 2c4

WσAA→ZZ
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Processes at one-loop. Will show results for µ̄ = MH taken to define λL

H+H− → W+W−
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Sharp rise for v → 0: Sommerfeld effect
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Sommerfeld Effect
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Since characteristic velocities for the calculation of the relic density are typically in the

range v ∼ 0.2 − 0.3, the Sommerfeld enhancement taken either at one-loop or

resummed to all orders does not have much of an impact on the relic density.
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AA → ZZ ,W+W−
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No exchange of Z . No AAZ coupling).
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AA → ZZ ,W+W−
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HH → ZZ ,W+W−
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HH → ZZ ,W+W−
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H+H → W+γ and H+A → W+γ: since λL independent, µ̄ independent.
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microMEGAs
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SloopS+micrOMEGAs
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Relic density at one-loop

Process LO µ = mX µ = mX/2 µ = 2 × mX

HH → W+W− 18% 16% 18% 14%

HH → ZZ 14% 14% 14% 14%

H+H− → W+W− 13% 15% 15% 15%

AA → W+W− 9% 8% 9% 7%

H+H → W+γ 8% 7% 7% 8%

AA → ZZ 7% 7% 7% 8%

H+A → W+γ 6% 6% 6% 7%

•H+H− → γγ 5% 5% 5% 6%

•H+H− → γZ 4% 5% 4% 5%

•H+H → ZW+ 3% 3% 3% 3%

•H+A → ZW+ 3% 3% 2% 3%

•H+H− → ZZ 2% 2% 2% 2%
Relative contributions to the relic abundance with and without corrections. Note that although the

cross-sections for the last 5 processes (identified with •) are not loop corrected, their relative

contribution could change.
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News from the dark sector: Impact of λ2

λ2 does not enter the calculation of the annihilation cross-sections at tree-level, but at

one-loop rescattering of HH → HH involves the self-coupling λ2.

λ2 µ̄ = MH µ̄ = MH/2 µ̄ = 2MH

0.01 0.12494 (6.9%) 0.11652 (-0.3%) 0.13469 (15.3%)

0.1 0.12210 (4.5%) 0.11843 (1.3%) 0.12601 (7.8%)

1 0.09950 (-14.9%) 0.14163 (21.2%) 0.07683 (-34.3%)
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Summary λ2

▶ small change when λ2 is increased from 0.01 to 0.1, the scale variation is reduced

and the total electroweak corrections to the relic density are below 7.8%.

▶ The case λ2 = 1 is much more interesting. The corrections are now quite large for

each of the three renormalisation scales MH/2,MH and 2MH . For all of these three

scales, the tree-level benchmark point would be ruled out.

▶ However, we note that the large scale uncertainty with corrections ranging

between +21.2% for µ = Mh/2 and -34.3% for µ = 2MH means that a judicious

scale choice, within the range MH/2 to 2MH , can minimise the corrections. A more

thorough one-loop analysis is in order by studying other scenarios with a larger

range of values for the other quartic couplings.
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TeV scale DM

Very large corrections

Needs resummations

Matching perturbative and non perturbative calculations to be set up
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Conclusions

▶ One could find points not allowed by a tree-level analysis that could be validated

by a one-loop analysis.

▶ although the virtual effect of λ2 is not at all negligible it (fortunately or

unfortunately) introduces also a non-negligible scale variation to the corrections.

▶ More importantly, compared to a tree-level treatment, one loop corrections

introduce not only a scale uncertainty which is manageable for small values of λ2

but also a parametric dependence (dependence on λ2) which is not caught by a

tree-level treatment.

▶ Improve TeV scale treatment
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