
NLO CORRECTIONS TO THE RELIC DENSITY
OF DARK MATTER

IN THE INERT HIGGS DOUBLET MODEL

Guillaume CHALONS
In collaboration with S. Banerjee, F. Boudjema, N. Chakrabarty

LPSC Grenoble

Dark Side of the Universe 2018, Annecy

CHALONS Guillaume NLO CORRECTIONS TO THE RELIC DENSITY OF DM IN THE IDM 1/ 15



MOTIVATIONS

I The Relic Density of DM (assuming ΛCDM) is measured with an impressive
accuracy (' 2% precision)

Ωχh2 = 0.1199± 0.0027

+ Need for precise predictions from theory to compare with exp

I If thermally produced (abundance obtained through solving the Boltzmann
equation) a precise computation of DM annihilation channels should assess

+ theoretical uncertainty
+ Sommerfeld enhancement
+ bound state formation

I Assuming the WIMP paradigm, models with extended Higgs sector plus some ad
hoc discrete symmetry can provide a good DM candidate

I Such models are interesting because they can be tested at the LHC

astrophysics/cosmology ⇐⇒ colliders
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THE INERT HIGGS DOUBLET MODEL

+ In the IDM, the SM is extended by the addition of a second scalar, Φ2,
transforming as a doublet under SU(2)L. It is odd under a new discrete Z2

symmetry → does not get a vev

LIDM = LSM +
2X

i=1

(DµΦi )
†DµΦi + VIDM(Φ1,Φ2)

VIDM(Φ1,Φ2) = µ2
1|Φ1|2 + µ2

2|Φ2|2 +
λ1

2
|Φ1|4 +

λ2

2
|Φ2|4

+λ3|Φ1|2|Φ2|2 + λ4(Φ†2Φ1)(Φ†1Φ2) +

»
λ5

2
(Φ†1Φ2) + h.c

–

I No mixing between Φ1 and Φ2

I lightest Z2-odd particle stable → H/A DM candidate

I All couplings of Φ1 to fermions and gauge bosons are
SM-like (Type-I 2HDM)

I Higgs automatically aligned

I λS/A = (λ3 + λ4 + λ5)/2

I Only quartic couplings of inert scalars to gauge bosons.

M2
h =

T

v
+ v2λ1

M2
H± = µ2

2 +
v2

2
λ3

M2
H = µ2

2 +
v2

2
λS

M2
A = µ2

2 +
v2

2
λA
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I Higgs automatically aligned

I λS/A = (λ3 + λ4 + λ5)/2

I Only quartic couplings of inert scalars to gauge bosons.

+ To compute observables at radiative corrections in the IDM,
we have to renormalise the model

M2
h =

T

v
+ v2λ1

M2
H± = µ2

2 +
v2
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λ3
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H = µ2

2 +
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λS
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COUNTING PARAMETERS

VIDM(Φ1,Φ2) = µ2
1|Φ1|2 + µ2

2|Φ2|2 +
λ1

2
|Φ1|4 +

λ2

2
|Φ2|4

+λ3|Φ1|2|Φ2|2 + λ4(Φ†2Φ1)(Φ†1Φ2) +

»
λ5

2
(Φ†1Φ2) + h.c

–
| {z }

(µ1,µ2,λ1,λ2,λ3,λ4,λ5)

I Minimisation conditions: (µ1, λ1)→ (T ,Mh)

I Spectrum:

M2
H± = µ2

2 +
v2

2
λ3

M2
H = µ2

2 +
v2

2
(λ3 + λ4 + λ5)

M2
A = µ2

2 +
v2

2
(λ3 + λ4 − λ5)

9>>>>>>>=>>>>>>>;
(λ3, λ4, λ5)→ (M±H ,MH ,MA)

I Finally

(µ1, µ2, λ1, λ2, λ3, λ4, λ5)→ (T ,Mh,M
±
H ,MH ,MA, µ2(orλS/A), λ2)
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RADIATIVE CORRECTIONS-RENORMALISATION

DIVERGENCES

I Due to perturbative development in the coupling constant.

TREE LEV EL

q →∞

SELF ENERGIES

fini + CUV

γ, g

q → 0

∝ ln(λIR)

V ERTEX DIAGRAMS

BOX DIAGRAMS
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COUNTER− TERMS

fini + CUV

γ, g

Soft(Eγ,g < kc) + Hard(Eγ,g > kc)

∝ ln( λ
kc) ∝ ln( 1

kc
)

REAL EMISSION

REGULARISATION

Isolate infinite parts in loops

I UV: ln ΛUV with cut-off, 1/εUV poles in DR.

I IR: lnλIR with cut-off, 1/εIR poles in DR.
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FULL RENORMALISATION OF THE IDM

+ IDM is used as a template model to probe extended Higgs sectors at run II

+ Reach the same accuracy for Higgs lineshapes as in the SM: Full NLO EW
corrections needed

+ Full renormalisation needed for computing DM annihilation channels at NLO

SECTORS

+ Fermion → as in the SM

+ Gauge → as in the SM

+ Higgs

L0 = L(λi ,Mij , φi ) + δL(λi ,Mij , φi , δλi , δMij , δZij ), i = h,H
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L0 = L(λi ,Mij , φi ) + δL(λi ,Mij , φi , δλi , δMij , δZij ), i = h,H

SHIFTS

I Φ0
i → (δij + 1

2 δZij )Φj

I λ0
2 → λ2 + δλ2, µ0

2 → µ2 + δµ2

I M0 2
i → M2

i + δM2
i

I T 0 → T + δT

ON-SHELL SCHEME

I fReΣ̂ii (M
2
i ) = 0→ δM2

i

I fReΣ̂′ii (M
2
i ) = 0→ δZii

I fReT̂ = 0→ δT
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FULL RENORMALISATION OF THE IDM

+ IDM is used as a template model to probe extended Higgs sectors at run II

+ Reach the same accuracy for Higgs lineshapes as in the SM: Full NLO EW
corrections needed

+ Full renormalisation needed for computing DM annihilation channels at NLO

SECTORS

+ Fermion → as in the SM

+ Gauge → as in the SM

+ Higgs → definition for ⇒ δλ2 · · · δλ5 ⇐

L0 = L(λi ,Mij , φi ) + δL(λi ,Mij , φi , δλi , δMij , δZij ), i = h,H

SHIFTS

I Φ0
i → (δij + 1

2 δZij )Φj

I λ0
2 → λ2 + δλ2, µ

0
2 → µ2 + δµ2

I M0 2
i → M2

i + δM2
i

I T 0 → T + δT

ON-SHELL SCHEME

I fReΣ̂ii (M
2
i ) = 0→ δM2

I fReΣ̂′ii (M
2
i ) = 0→ δZii

I fReT̂ = 0→ δTi

see also 1507.03630, 1605.08520...
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RENORMALISATION OF INERT SCALAR PARAMETERS

I Renormalisation of λ2: very difficult to access this parameter experimentally, MS
definition

δλ2 ≡ δλMS
2 =

1

32π2

“
βS
λ2

+ βg
λ2

”
∆, ∆ = 2/(4− D)− γE + ln 4π

with

βS
λ2

= 24λ2
2 + 2λ2

3 + 2λ3λ4 + λ2
4 + λ2

5

βg
λ2

=
3

8

h
3g4 + g

′4 + 2g2g
′2 − 3λ2

“
3g2 + g

′2
”i

I Renormalisation of µ2: extracted from HHh form factor (see 1612.01973)

Γren
HHh(p2

1 , p
2
2 , p) = Γ0

HHh(p2
1 , p

2
2 , p) + Γ1

HHh(p2
1 , p

2
2 , p) + δΓHHh(p2

1 , p
2
2 , p)

δΓHHh(p2
1 , p

2
2 , p) = −2

 
M2

H − µ2
2

v

!"
δM2

H − δµ2
2

M2
H − µ2

2

− δv

v
+

1

2
δZh + δZH

#
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δZh − δZH

!`
M2

H − µ2
2

´
− δM2

H

#

CHALONS Guillaume NLO CORRECTIONS TO THE RELIC DENSITY OF DM IN THE IDM 7/ 15



RENORMALISATION OF INERT SCALAR PARAMETERS

I Renormalisation of λ2: very difficult to access this parameter experimentally, MS
definition

δλ2 ≡ δλMS
2 =

1

32π2

“
βS
λ2

+ βg
λ2

”
∆, ∆ = 2/(4− D)− γE + ln 4π

with

βS
λ2

= 24λ2
2 + 2λ2

3 + 2λ3λ4 + λ2
4 + λ2

5

βg
λ2

=
3

8

h
3g4 + g

′4 + 2g2g
′2 − 3λ2

“
3g2 + g

′2
”i

I Renormalisation of µ2: extracted from HHh form factor (see 1612.01973)

Γren
HHh(p2

1 , p
2
2 , p) = Γ0

HHh(p2
1 , p

2
2 , p) + Γ1

HHh(p2
1 , p

2
2 , p) + δΓHHh(p2

1 , p
2
2 , p)

δΓHHh(p2
1 , p

2
2 , p) = −2

 
M2

H − µ2
2

v

!"
δM2

H − δµ2
2

M2
H − µ2

2

− δv

v
+

1

2
δZh + δZH

#

δµ2
2

˛̨MS
= −

" 
Γ1

HHh(p2
1 , p

2
2 , p)v

2(M2
H − µ2

2)
+
δv

v
− 1

2
δZh − δZH

!`
M2

H − µ2
2

´
− δM2

H

#∞

CHALONS Guillaume NLO CORRECTIONS TO THE RELIC DENSITY OF DM IN THE IDM 7/ 15



AUTOMATIC TOOL FOR ONE-LOOP CALCULATIONS: SLOOPS

SLOOPS

An automatic code for calculation of loops
diagrams for SM and BSM processes
with application to colliders, astrophysics
and cosmology.

I Automatic derivation of the CT Feynman rules and computation of the CT’s

I Models renormalized: SM, MSSM, NMSSM, Wino DM, xSM (w/ & w/o vs),

I Modularity between different renormalisation schemes.

I Non-linear gauge fixing.

I Checks: results UV,IR finite and gauge independent.

http://code.sloops.free.fr/
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IDM ANNIHILATION CHANNELS FOR RELIC DENSITY

From S.Kraml SCALARS ’15

see hep-ph/0612275, arXiv:1003.3125 [hep-ph]

�L =
1
2
(�3 + �4 + �5)

Sabine Kraml Scalars 2015 - Warsaw

DM annihilation channels

10

annihilation into gauge bosons

annihilation into Higgs

Direct DM detection

[Lopez-Honorez, Nezri, Oliver, Tytgat, hep-ph/0612275]

(taking H0 as the DM candidate)
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DM BENCHMARKS IN THE IDM

I Many studies on the allowed parameter space (from LEP, EWPO, LHC,
THEORY, COSMO/ASTRO) of the IDM: 1303.3010, 1310.0358,

1508.01671,1503.07367, 1612.00511...

I DM phenomenology for H or A as the candidate is very similar (λ5 → −λ5)

I If IDM accounts for the whole Ωχh2, two regimes survive:

HIGGS FUNNEL

I MH ' Mh/2

I HH →WW ∗, bb̄ for RD

I 2→ 3 at 1L level for RD

I DD requires low λS/A or µ2 ' MH

LARGE MASS

I MH & 500 GeV

I EWPO imply MH ' MA ' MH±

I Coannihilation
H+H−,AA,H±H,H±A→ VV ′

I low λS/A or µ2 ' MH to reduce σv

σHN =
m2

r

π

"
MH

M2
hv2

 
1− µ2

2

M2
H

!#2

f 2m2
N =

m2
r

π

"
λL

MHM2
h

#2

f 2m2
N

Side note: This precludes also large loop corrections to the hhh
coupling, no non-decouping regime in the IDM if viable DM model
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RESULTS FOR LARGE MASS REGIME

I Point satisfying tree level Ωχh2 + Direct Detection with micrOMEGAS

I (MH ,MA,MH± ) = (550, 551, 552) GeV

I µ2 = 549.45 GeV, λ2 = 0.01

Ωχh2 = 0.118

CHANNELS CONTRIBUTING MORE THAN 7%

I HH →W +W− : 18%

I HH → ZZ : 14%

I H+H− →W +W− : 13%

I AA→W +W− : 9%

I H±H → γW± : 8%

I AA→ ZZ : 7%

I H±A→ γW± : 7%
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RESULTS FOR LARGE MASS REGIME
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RESULTS FOR LARGE MASS REGIME
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CONCLUSION AND OUTLOOK

+ Given the exp. precision on Ωχh2, precise theo predictions required

+ Full renormalisation of the IDM achieved

+ Two schemes available for µ2: OS and MS

+ Radiative corrections seem under control for the processes investigated

+ Full computation of the impact of the rad. cor on Ωχh2

+ Comparison with built-in IDM model within micrOMEGAs

+ Impact of rad. cor in the low mass regime (2→ 3 processes at 1L)

THANK YOU FOR YOUR ATTENTION
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BACKUP
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SINGULARITIES IN LOOPS - I: “COULOMB EFFECT”

I Singularities arise in scalar triangle C0 and box D0 loop integrals when β → 0.

f, M

f̄, M

γ

f̄ , M

f, M

C0
β→0−−−→ − π2

Q2β

β = v/2 =
p

1− 4M2/Q2

I D0 has the same infrared behavior because for β = 0 it can be split into a sum of
triangle integrals.

I This effect can be resummed to all orders.

I S1L =
πα

v
× σ0QiQj

I Snr = Xnr/(1− e−Xnr )× σ0 Xnr = 2παQiQj/v
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NON-LINEAR 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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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

–

ξW ,Z,A = 1 (Feynman gauge)
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NON-LINEAR 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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NON-LINEAR 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.

More formal approach in Freitas, Stockinger, PRD 66 (2002) 095014
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NON DECOUPLING AND THE hhh COUPLING

Remind that we can write the IDM scalar masses as

M2
Φ = µ2

2 +O(λi )v
2, Φ = [H,A,H±]

Defining the deviation of the hhh coupling to the SM value as,

∆κh(q) =
Vhhh(m2

h,m
2
h, q)IDM − Vhhh(m2

h,m
2
h, q)SM

Vhhh(m2
h,m

2
h, q)SM

Then, assuming MΦ � Mh and neglecting the SM loops and renormalisation effects,
one finds

(4π)2∆κh(q) w
X

Φ=A0,H,H±

cΦ
4

3

M4
Φ

m2
hv

2

 
1− µ2

2

M2
Φ

!3

| {z }
enters σHN
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