
Vector DM Model



H =
G±

1

2
(vH + h + iG0)

ℒ = ℒSM −
1
4

XμνXμν + (Dμ𝕊)†(Dμ𝕊) − μ2
S 𝕊

2
+ λS 𝕊

4
+ κ 𝕊

2
H†H

Dark U(1)X gauge symmetry: all SM particles are U(1)X  neutral. 
New complex scalar field - scalar under the SM gauge group but has unit charge under U(1)X.  
Lagrangian invariant under

Xμ → − Xμ, 𝕊 → 𝕊*

Forbids kinetic mixing between the SM gauge boson from U(1)Y and the dark one from U(1)X. The 
Lagrangian is 

with
𝕊 =

1

2
(vS + S + iA)

h is the real doublet component, S is the new real scalar component and A is the Goldstone boson 
related with U(1)X .

Dμ = ∂μ + igX Xμ
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A vector DM model

P: Find the mass of the new gauge boson.
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(h1

h2) = ( cos α sin α
−sin α cos α) (h

S)

mW =
1
2

gvH; mZ =
1
2

g2 + g′￼2 vH; mDM = gXvS

With the previous definitions, the masses of the gauge bosons are

The mass eigenstates fields h1 and h2 are obtained from h and S via (and the Goldstone is eaten 
by the vector DM)

and the masses of the two scalars are

m± = λHv2
H + λSv2

S ± λ2
Hv4

H + λ2
S v4

S + κv2
Hv2

S − 2λHλSv2
Hv2

S

I will come back to this model later.
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A vector DM model
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Fermion DM model



ℒ = ℒSM + VSM − VNew + χ̄(γμ∂μ − mχ)χ − iyχPχ̄ γ5 χ+

where  is the new DM fermion for which we impose a  symmetry   that is combined 
with  and  leading to the following new potential with two complex scalar 
doublets and one real singlet. 

χ Z2 χ → − χ
P → P ϕ2 → − ϕ2

We will need and extra  symmetry , to make sure that no other Yukawa terms can be 
built with the SM fermions. 

Z2 χ → − χ
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A fermion DM model

Let us now build a model with a DM fermion. The Lagrangian is 

scalar kinetic terms

VNew = m2
11 |Φ1 |2 +m 2

22 |Φ2 |2 − m2
12 (Φ†

1Φ2 + h . c.)+
m2

S

2
P2 + κ(PΦ†

1Φ2 + h . c.)

+
λ1

2
(Φ†

1Φ1)2+
λ2

2
(Φ†

2Φ2)2 + λ3(Φ†
1Φ1)(Φ†

2Φ2) + λ4(Φ†
1Φ2)(Φ†

2Φ1)

+
λ5

2 [(Φ†
1Φ2)2 + h . c . ]+

λ6

4
P4 +

λ7

2
(Φ†

1Φ1)P2 +
λ8

2
(Φ†

2Φ2)P2

P: Try to build one of these terms
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(a cos θ + A sin θ)χ̄ γ5 χ

47

A fermion DM model

The new dark fermion  couples to two new fields, that come from the rotation of P and the CP-odd field 
from the doublet.

χ

In turn, a and A provide the link to the remaining SM particles. So the pseudo scalar acts here as the 
portal.

P: Could we do this with a scalar instead of a pseudoscalar?

P: If a pseudo scalar is indeed needed, could we do this with one doublet only?

P: What are the diagrams for ? What is the background? pp → χχ j
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ℒ = ℒSM + (Dμ𝕊)†(Dμ𝕊) + μ2
S 𝕊

2
− λS 𝕊

4
− κ 𝕊

2
H†H+μ2(𝕊2 + 𝕊*2)
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The spin 0 extension - complex

Let us now go back to 5th model on the list

𝕊 =
1

2
(vS + S + iA)

P: What are the diagrams for ? What is the background? pp → χχ j

P: What are the diagrams for ? And for ? χu → χu χg → χg

P: What are the diagrams for ? And for ? χχ → hh χχ → γγ
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Rules for extended sectors



1. Direct detection of new physics - Motivate searches at the LHC in simple extensions 
of the scalar sector – benchmark models for searches. 

2. Indirect detection of new physics (via measurements of the 125 GeV Higgs couplings) 

a) Mixing effects with other Higgs bosons, 
e.g. singlet, doublet, CP admixtures.  

b) How efficiently can the parameter  
space of these simple extensions  
be constrained through measurements 
of Higgs properties? Focus on CP. 

c) What are higher order EW  
corrections (of extended models)  
good for?

LHC

RxSM 
CxSM NMSSM

2HDM
C2HDM

N2HDMGM

50

Extended scalar sectors
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u-type d-type leptons

Type I �2 �2 �2

Type II �2 �1 �1

Lepton-specific �2 �2 �1

Flipped �2 �1 �2

Table 1: The four Yukawa types of the Z2-symmetric 2HDM defined by the Higgs doublet that couples to each

kind of fermions.

CxSM (RxSM) 2HDM C2HDM N2HDM

Model SM+Singlet SM+Doublet SM+Doublet 2HDM+Singlet

Scalars h1,2,(3) (CP even) H, h, A, H±
H1,2,3 (no CP), H±

h1,2,3 (CP-even), A, H±

Motivation DM, Baryogenesis + H
± + CP violation + ...

Table 2: Components of the Yukawa couplings of the Higgs bosons Hi in the C2HDM. The expressions correspond

to [c
e
(Hiff) + ic

o
(Hiff)�5] from Eq. (2.6) and t� stands for tan�.

and gHSMV V denotes the SM Higgs coupling factors. In terms of the gauge boson massesMW and
MZ , the SU(2)L gauge coupling g and the Weinberg angle ✓W they are given by gHSMV V = gMW

for V = W and gMZ/ cos ✓W for V = Z.
Both the 2HDM and C2HDM are free from tree-level FCNCs by extending the global Z2

symmetry to the Yukawa sector. The four independent Z2 charge assignments of the fermion
fields determine the four types of 2HDMs depicted in Table 1. The Yukawa Lagrangian is defined
by

LY = �
3X

i=1

mf

v
 ̄f [c

e(Hiff) + ic
o(Hiff)�5] fHi , (2.6)

where  f is the fermion field with mass mf . In Table 2 we present the CP-even and the CP-odd
components of the Yukawa couplings, ce(Hiff) and c

o(Hiff), respectively [?].
All Higgs branching ratios can be obtained from C2HDM HDECAY [?]1 which implements the

C2HDM in HDECAY [?, ?]. These include state-of-the art higher order QCD corrections and
possible o↵-shell decays. The complete set of Feynman rules for the C2HDM is available at:

http://porthos.tecnico.ulisboa.pt/arXiv/C2HDM/

where for the SM subset the notation for the covariant derivatives is the one in [?] with all ⌘’s
positive, where the ⌘’s define the sign of the covariant derivative (see [?]). Note that the 2HDM
branching ratios are part of the HDECAY release (see [?,?,?] for details).

2.2 The N2HDM

The version of the N2HDM used in this work was discussed in great detail in [?]. This extension
consists of the addition of an extra doublet and an extra real singlet to the SM field content.

1
The program C2HDM HDECAY can be downloaded from the url: https://www.itp.kit.edu/~maggie/C2HDM.

2

There is a 125 GeV Higgs (other scalars can be lighter and/or heavier). 
From the 2HDM on, tan β=v2/v1. Also charged Higgs are present. 
Models (except singlet extensions) can be CP-violating. 
They all have ρ=1 at tree-level. 
You get a few more scalars (CP-odd or CP-even or with no definite CP) 
In case all neutral scalars mix there will be three mixing angles  
They can have dark matter candidates (or not)

Similar neutral Higgs sector but different underlying symmetries
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Many simple model with new and interesting physics
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Potential

Φ1 =
ϕ+

1
1

2
(v1 + ρ1 + iη1)

Φ2 =
ϕ+

2
1

2
(v2+ρ2 + iη2) ΦS = vS+ρS

with fields

V = m2
11 |Φ1 |2 +m 2

22 |Φ2 |2 − m2
12 (Φ†

1Φ2 + h . c.)+
m2

S

2
Φ2

S

+
λ1

2
(Φ†

1Φ1)2+
λ2

2
(Φ†

2Φ2)2 + λ3(Φ†
1Φ1)(Φ†

2Φ2) + λ4(Φ†
1Φ2)(Φ†

2Φ1)

+
λ5

2 [(Φ†
1Φ2) + h . c . ]+

λ6

4
Φ4

S +
λ7

2
(Φ†

1Φ1)Φ2
S+

λ8

2
(Φ†

2Φ2)Φ2
S

Particle (type) spectrum 
depends on the 

symmetries imposed 
on the model, and 
whether they are  

spontaneously broken or 
not. There are two 

charged particles and 4 
neutral.

magenta + blue ⟹ RxSM (also CxSM)

magenta + black ⟹ 2HDM (also C2HDM)

magenta + black + blue + red ⟹ N2HDM

magenta ⟹ SM

softly broken Z2 : Φ1 → Φ1; Φ2 → − Φ2

softly broken Z2 : Φ1 → Φ1; Φ2 → − Φ2; ΦS → ΦS

exact Z′￼2 : Φ1 → Φ1; Φ2 → Φ2; ΦS → − ΦS• m2
12 and λ5 real 2HDM

• m2
12 and λ5 complex C2HDM

The model can be CP 
violating or not.
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Potential(s)
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• Should contain a SM-like Higgs boson

• Electroweak ρ parameter should be close to 1 (relation between W and Z mass)

ρ =
m2

W

m2
Z cos θ2

W
=

∑i [4Ti(Ti + 1) − Y2
i ] |vi |

2 ci

∑i 2Y2
i |vi |

2

Ti SU(2)L Isospin
Yi Hypercharge
vi VEV
ci 1(1/2) for complex (real) representations

Q = T3 + Y/2
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Constraints

• Perturbative unitarity

• Boundness from below
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DM Direct detection



55

Distribution of Dark Matter in the galaxy
Hard problem - there are only averages over long volumes. There are attempts to measure locally and 
globally the shape of the Milky Way DM halo.

But what we really need is the kinematic distribution of DM in our solar system.

We assume the Standard Halo Model (SHM) with a density profile of . The velocities obey a 
Boltzmann-Maxwell distribution. The local circular speed of DM is (218-246) Km/s. The velocity 
distribution is cut at the escape velocity, which is about 530 Km/s.

ρ(r) ∼ r−2

The prediction for the direct detection of DM on the Earth is separated into a kinematical part involving 
the velocity distribution and one part that deals with the collision. This allows us to compare different 
experiments independently of the local DM distribution. 

MB distribution - system containing a large number of identical non-interacting, non-relativistic classical 
particles in thermodynamic equilibrium, the fraction of the particles within an infinitesimal element of the 
three-dimensional velocity space, cantered on a velocity vector of magnitude v, is 
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Direct detection
We assume we have a WIMP that has an electroweak interaction that comes via some portal. Since the 
DM is coupled to a mediator (in the case of the scalar extension is the Higgs) and the mediator is coupled 
to the remaining SM particles, there will be an effective DM-SM interaction. 

Also, we assume there is a local DM density  in which the earth is traveling. The DM stream may 
interact with a nucleus and transfer a small amount of energy (recoil energy). So far no event was 
recorded and bounds were set on coupling vs. mass. The differential scattering can be written as

ρ0

dR(ER, t)
dER

= NT
ρ

mχ ∫v>vmin

v f ( ⃗v + ⃗vE(t))
dσ(ER, v)

dER
d3v

where  is the recoil energy,  is the number of nuclei,  is the velocity in the rest frame of the 
experiment,  is the velocity distribution function and  is the minimum velocity of DM causing a recoil 
energy. The minimum velocity for elastic scattering is 

ER NT v
f vmin

vmin =
mNER

2μ2
, μ =

mNmχ

mN + mχ

where  is the nucleon mass.mN

[σ vn] = m2 m
s

1
m3

=
1
s
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Direct detection

The differential rate can further be divided in a spin-dependent (SD) and a spin-independent (SI) part. 
The time integrated differential cross section is then written as

σ(ER, v)
dER

=
mN

2μ2v2
(σSIF2

SI(ER) + σSDF2
SD(ER))

where  are nuclear form factors. The DM velocity is non-relativistic, , and therefore the 
recoil energies are low (order KeV) and the momentum transfer is of order GeV. This in turn means that 
nuclei cannot be treated as point-like in the scattering process with DM. The cross section with a target 
nucleus is 

F v/c ≈ 10−3

σSI
i =

μi

π
|ZigSI

p + (Ai − Zi)gSI
n |2 |Fi(q) |2

where  indicates the material and Z and A are the proton and mass numbers, respectively.i

Now we need to find a way to link the quarks to the nucleons.

Let us see how exactly we can do this.
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Let us go back to the Fermi theory of weak interactions, with Lagrangian

We say that we have matched the Wilson coefficient  to the coefficient of the actual model. 
This yields GF = 1.17 × 10-5 GeV-2 . Theory works well for and energy well below the W boson mass. At 
higher energies one should use the proper electroweak theory.

GF / 2

58

Intermission - EFTs

ℒint =
GF

2 ∑
i, j

ψ̄iγμ(1 − γ5)ψi ψ̄iγμ(1 − γ5)ψi

In the electroweak theory this interaction would have been written as

ℒint =
g2

8 ∑
i, j

ψ̄iγμ(1 − γ5)ψi
−1

q2 − m2
W

ψ̄iγμ(1 − γ5)ψi

ℒint ≈
g2

8m2
W

∑
i, j

ψ̄iγμ(1 − γ5)ψi ψ̄iγμ(1 − γ5)ψi (q2 ≪ m2
W)

And in the limit  we can writeq2 ≪ m2
W

GF

2
=

g2

8m2
W
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and the LO amplitude reads

A
LO

h!⌧⌧
= gh⌧⌧ ū(p⌧ )u(p⌧ ) =

gm⌧ cos↵

2mW

ū(p⌧ )u(p⌧ ) , (3.52)

with u(p⌧ ) (ū(p⌧ )) denoting the spinor (anti-spinor) of the ⌧ with four-momentum p⌧ . Dividing
the weak NLO amplitude into the LO amplitude, the weak virtual corrections to the amplitude,
and the corresponding counterterm part,

A
NLO,weak

h!⌧⌧
= A

LO + A
virt,weak + A

ct
, (3.53)

the condition Eq. (3.50) translates into

A
virt,weak + A

ct = 0 , (3.54)

and we get the mixing angle counterterm in the process-dependent scheme as

�↵ =

✓
2mW

gm⌧ cos↵

◆ h
A

virt,weak + A
ct

��
�↵=0

i
. (3.55)

Here A
ct

��
�↵=0

denotes the complete counterterm amplitude but without the contribution from
�↵.

4 Dark Matter Direct Detection at Tree Level

In the following we want to set our notation and conventions used in the calculation of the
spin-independent (SI) cross section of DM-nucleon scattering. The interaction between the DM
and the nucleon is described in terms of e↵ective coupling constants. The major contribution
to the cross section comes from the light quarks q = u, d, s and gluons. For the VDM model the
e↵ective operator basis contributing to the SI cross section is given by [49]

L
e↵ =

X

q=u,d,s

L
e↵

q + L
e↵

G , (4.56)

with

L
e↵

q = fq�µ�
µ
mq q̄q +

gq

m2
�

�
⇢
i@

µ
i@

⌫
�⇢O

q

µ⌫ , (4.57a)

L
e↵

G = fG�⇢�
⇢
G

a

µ⌫G
aµ⌫

, (4.57b)

where G
a
µ⌫ (a = 1, ..., 8) denotes the gluon field strength tensor and O

q
µ⌫ the quark twist-2

operator corresponding to the traceless part of the energy-momentum tensor of the nucleon
[50,51],

O
q

µ⌫ =
1

2
q̄i

✓
@µ�⌫ + @⌫�µ �

1

2
/@

◆
q . (4.58)

Operators suppressed by the DM velocities and the momentum transfer of the DM particle to
the nucleon are neglected in the analysis. Furthermore, we neglect contributions introduced
by the gluon twist-2 operator O

g
µ⌫ , since these contributions are one order higher in the strong
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Figure 2: Higgs bosons hi mediating the coupling of two gluons to two VDM particles through a heavy quark
loop.

coupling constant ↵s [49].

For vanishing momentum transfer and on-shell nucleon states, the nucleon matrix elements
are given by

hN |mq q̄q |Ni = mNf
N

Tq
(4.59a)

�
9↵S

8⇡
hN |G

a

µ⌫G
a,µ⌫

|Ni =

0

@1 �

X

q=u,d,s

f
N

Tq

1

AmN = mNf
N

TG
(4.59b)

hN(p)| Oq

µ⌫ |N(p)i =
1

mN

✓
pµp⌫ �

1

4
m

2

Ngµ⌫

◆ �
q
N (2) + q̄

N (2)
�
, (4.59c)

where N denotes a nucleon, N = p, n, and mN is the nucleon mass. Furthermore, qN (2), q̄N (2)
are the second moments of the parton distribution functions of the quark q(x) and the antiquark
q̄(x), respectively. The four-momentum of the nucleon is denoted by p. The numerical values
for the matrix elements fN

Tq
, fN

TG
and the second moments qN (2) and q̄

N (2) are given in App. A.
The SI e↵ective coupling of the VDM particle with the nucleons is obtained from the nucleon
expectation value of the e↵ective Lagrangian, Eq. (4.56), by applying Eqs. (4.59), which yields

fN/mN =
X

q=u,d,s

fqf
N

Tq
+

X

q=u,d,s,c,b

3

4

�
q
N (2) + q̄

N (2)
�
gq �

8⇡

9↵S

f
N

TG
fG . (4.60)

In the contribution from the quark twist-2 operator all quarks below the energy scale ⇠ 1 GeV
have to be included, i.e. all quarks but the top quark. The SI scattering cross section between
the VDM particle and a nucleon, proton or neutron (N = p, n), is given by

�N =
1

⇡

✓
mN

m� +mN

◆2 ��fN
��2 . (4.61)

Note that the sum in the first term of Eq. (4.60) only extends over the light quarks. The
leading-order gluon interaction with two VDM particles is mediated by one of the two Higgs
bosons which couple to the external gluons through a heavy quark triangle diagram, cf. Fig. 2.
The charm, bottom and top quark masses are larger than the energy scale relevant for DM
direct detection and should therefore be integrated out for the description of the interaction at
the level of the nucleon. By calculating the heavy quark triangle diagrams and then integrating
out the heavy quarks we obtain the related operator in the heavy quark limit. This is equivalent
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Figure 2: Higgs bosons hi mediating the coupling of two gluons to two VDM particles through a heavy quark
loop.

coupling constant ↵s [49].

For vanishing momentum transfer and on-shell nucleon states, the nucleon matrix elements
are given by

hN |mq q̄q |Ni = mNf
N

Tq
(4.59a)

�
9↵S

8⇡
hN |G

a

µ⌫G
a,µ⌫

|Ni =

0

@1 �

X

q=u,d,s

f
N

Tq

1

AmN = mNf
N

TG
(4.59b)

hN(p)| Oq

µ⌫ |N(p)i =
1

mN

✓
pµp⌫ �

1

4
m

2

Ngµ⌫

◆ �
q
N (2) + q̄

N (2)
�
, (4.59c)

where N denotes a nucleon, N = p, n, and mN is the nucleon mass. Furthermore, qN (2), q̄N (2)
are the second moments of the parton distribution functions of the quark q(x) and the antiquark
q̄(x), respectively. The four-momentum of the nucleon is denoted by p. The numerical values
for the matrix elements fN

Tq
, fN

TG
and the second moments qN (2) and q̄

N (2) are given in App. A.
The SI e↵ective coupling of the VDM particle with the nucleons is obtained from the nucleon
expectation value of the e↵ective Lagrangian, Eq. (4.56), by applying Eqs. (4.59), which yields

fN/mN =
X

q=u,d,s

fqf
N

Tq
+

X

q=u,d,s,c,b

3

4

�
q
N (2) + q̄

N (2)
�
gq �

8⇡

9↵S

f
N

TG
fG . (4.60)

In the contribution from the quark twist-2 operator all quarks below the energy scale ⇠ 1 GeV
have to be included, i.e. all quarks but the top quark. The SI scattering cross section between
the VDM particle and a nucleon, proton or neutron (N = p, n), is given by

�N =
1

⇡

✓
mN

m� +mN

◆2 ��fN
��2 . (4.61)

Note that the sum in the first term of Eq. (4.60) only extends over the light quarks. The
leading-order gluon interaction with two VDM particles is mediated by one of the two Higgs
bosons which couple to the external gluons through a heavy quark triangle diagram, cf. Fig. 2.
The charm, bottom and top quark masses are larger than the energy scale relevant for DM
direct detection and should therefore be integrated out for the description of the interaction at
the level of the nucleon. By calculating the heavy quark triangle diagrams and then integrating
out the heavy quarks we obtain the related operator in the heavy quark limit. This is equivalent
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And now we need to get all the Wilson coefficients  at the order we are working atfq, gq, fG

Write the effective Lagrangian

and the LO amplitude reads

A
LO

h!⌧⌧
= gh⌧⌧ ū(p⌧ )u(p⌧ ) =

gm⌧ cos↵

2mW

ū(p⌧ )u(p⌧ ) , (3.52)

with u(p⌧ ) (ū(p⌧ )) denoting the spinor (anti-spinor) of the ⌧ with four-momentum p⌧ . Dividing
the weak NLO amplitude into the LO amplitude, the weak virtual corrections to the amplitude,
and the corresponding counterterm part,

A
NLO,weak

h!⌧⌧
= A

LO + A
virt,weak + A

ct
, (3.53)

the condition Eq. (3.50) translates into

A
virt,weak + A

ct = 0 , (3.54)

and we get the mixing angle counterterm in the process-dependent scheme as

�↵ =

✓
2mW

gm⌧ cos↵

◆ h
A

virt,weak + A
ct

��
�↵=0

i
. (3.55)

Here A
ct

��
�↵=0

denotes the complete counterterm amplitude but without the contribution from
�↵.

4 Dark Matter Direct Detection at Tree Level

In the following we want to set our notation and conventions used in the calculation of the
spin-independent (SI) cross section of DM-nucleon scattering. The interaction between the DM
and the nucleon is described in terms of e↵ective coupling constants. The major contribution
to the cross section comes from the light quarks q = u, d, s and gluons. For the VDM model the
e↵ective operator basis contributing to the SI cross section is given by [49]

L
e↵ =

X

q=u,d,s

L
e↵

q + L
e↵

G , (4.56)

with

L
e↵

q = fq�µ�
µ
mq q̄q +

gq

m2
�

�
⇢
i@

µ
i@

⌫
�⇢O

q

µ⌫ , (4.57a)

L
e↵

G = fG�⇢�
⇢
G

a

µ⌫G
aµ⌫

, (4.57b)

where G
a
µ⌫ (a = 1, ..., 8) denotes the gluon field strength tensor and O

q
µ⌫ the quark twist-2

operator corresponding to the traceless part of the energy-momentum tensor of the nucleon
[50,51],

O
q

µ⌫ =
1

2
q̄i

✓
@µ�⌫ + @⌫�µ �

1

2
/@

◆
q . (4.58)

Operators suppressed by the DM velocities and the momentum transfer of the DM particle to
the nucleon are neglected in the analysis. Furthermore, we neglect contributions introduced
by the gluon twist-2 operator O

g
µ⌫ , since these contributions are one order higher in the strong
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and the LO amplitude reads

A
LO

h!⌧⌧
= gh⌧⌧ ū(p⌧ )u(p⌧ ) =

gm⌧ cos↵

2mW

ū(p⌧ )u(p⌧ ) , (3.52)

with u(p⌧ ) (ū(p⌧ )) denoting the spinor (anti-spinor) of the ⌧ with four-momentum p⌧ . Dividing
the weak NLO amplitude into the LO amplitude, the weak virtual corrections to the amplitude,
and the corresponding counterterm part,

A
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h!⌧⌧
= A

LO + A
virt,weak + A

ct
, (3.53)

the condition Eq. (3.50) translates into

A
virt,weak + A

ct = 0 , (3.54)

and we get the mixing angle counterterm in the process-dependent scheme as
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◆ h
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i
. (3.55)

Here A
ct

��
�↵=0

denotes the complete counterterm amplitude but without the contribution from
�↵.

4 Dark Matter Direct Detection at Tree Level

In the following we want to set our notation and conventions used in the calculation of the
spin-independent (SI) cross section of DM-nucleon scattering. The interaction between the DM
and the nucleon is described in terms of e↵ective coupling constants. The major contribution
to the cross section comes from the light quarks q = u, d, s and gluons. For the VDM model the
e↵ective operator basis contributing to the SI cross section is given by [49]

L
e↵ =

X

q=u,d,s

L
e↵

q + L
e↵

G , (4.56)

with

L
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q = fq�µ�
µ
mq q̄q +
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m2
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µ
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q

µ⌫ , (4.57a)

L
e↵

G = fG�⇢�
⇢
G

a

µ⌫G
aµ⌫

, (4.57b)

where G
a
µ⌫ (a = 1, ..., 8) denotes the gluon field strength tensor and O

q
µ⌫ the quark twist-2

operator corresponding to the traceless part of the energy-momentum tensor of the nucleon
[50,51],

O
q

µ⌫ =
1

2
q̄i

✓
@µ�⌫ + @⌫�µ �

1

2
/@

◆
q . (4.58)

Operators suppressed by the DM velocities and the momentum transfer of the DM particle to
the nucleon are neglected in the analysis. Furthermore, we neglect contributions introduced
by the gluon twist-2 operator O

g
µ⌫ , since these contributions are one order higher in the strong

9

Define the nucleon matrix elements

� �

hi

Q

Figure 2: Higgs bosons hi mediating the coupling of two gluons to two VDM particles through a heavy quark
loop.

coupling constant ↵s [49].

For vanishing momentum transfer and on-shell nucleon states, the nucleon matrix elements
are given by

hN |mq q̄q |Ni = mNf
N

Tq
(4.59a)

�
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f
N
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AmN = mNf
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(4.59b)

hN(p)| Oq

µ⌫ |N(p)i =
1

mN
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1

4
m

2

Ngµ⌫

◆ �
q
N (2) + q̄

N (2)
�
, (4.59c)

where N denotes a nucleon, N = p, n, and mN is the nucleon mass. Furthermore, qN (2), q̄N (2)
are the second moments of the parton distribution functions of the quark q(x) and the antiquark
q̄(x), respectively. The four-momentum of the nucleon is denoted by p. The numerical values
for the matrix elements fN

Tq
, fN

TG
and the second moments qN (2) and q̄

N (2) are given in App. A.
The SI e↵ective coupling of the VDM particle with the nucleons is obtained from the nucleon
expectation value of the e↵ective Lagrangian, Eq. (4.56), by applying Eqs. (4.59), which yields

fN/mN =
X

q=u,d,s

fqf
N

Tq
+

X

q=u,d,s,c,b

3

4

�
q
N (2) + q̄

N (2)
�
gq �

8⇡

9↵S

f
N

TG
fG . (4.60)

In the contribution from the quark twist-2 operator all quarks below the energy scale ⇠ 1 GeV
have to be included, i.e. all quarks but the top quark. The SI scattering cross section between
the VDM particle and a nucleon, proton or neutron (N = p, n), is given by

�N =
1

⇡

✓
mN

m� +mN

◆2 ��fN
��2 . (4.61)

Note that the sum in the first term of Eq. (4.60) only extends over the light quarks. The
leading-order gluon interaction with two VDM particles is mediated by one of the two Higgs
bosons which couple to the external gluons through a heavy quark triangle diagram, cf. Fig. 2.
The charm, bottom and top quark masses are larger than the energy scale relevant for DM
direct detection and should therefore be integrated out for the description of the interaction at
the level of the nucleon. By calculating the heavy quark triangle diagrams and then integrating
out the heavy quarks we obtain the related operator in the heavy quark limit. This is equivalent

10

And calculate the cross section

Shifman, Vainshtein, Zakharov, PLB78 443 (1978)

fraction of the nucleon momentum carried by the quarks (PDFs)

fTq denotes the fraction of the nucleon mass that is due to light 
quark q (lattice)
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b
P (2) = 0.012 , b̄

P (2) = 0.012 . (4.70e)

The identification of the corresponding contributions of the operators and the relation to the
SI operator O1 in Eq. (4.65) has to be discussed for di↵erent spin configurations of the DM
candidate. In the following, we will introduce the identification for scalar and vector-like DM
candidates.

4.3.1. Scalar Dark Matter

Scalar DM as present in the PNGDM cannot produce spin-dependent interactions with the
nuclei12, thus only the SI contributions are unsuppressed by the perpendicular velocity or
the momentum transfer. The e↵ective Lagrangian with the parton operators is given as
[116,119,120]

Le↵ =
X

q

C
q

S
O

q

S
+ C

g

S
O

g

S
+

X

q

C
q

T
O

q

T
, (4.71)

with the Wilson coe�cients C
q

S
, C

g

S
, C

q

T
and the parton operators, respectively,

O
q

S
= mq�

2
q̄q , (4.72a)

O
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2
G
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, (4.72b)

O
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m2
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q

µ⌫ . (4.72c)

The sum runs over all contributing quarks. The SI-cxn on a single nucleon n is then given
by

�n =
1

⇡

✓
mn

m� + mn
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mnf
n

q C
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�
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mnf

n
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g

S
+

3

4
mn

X

q =u, d, s, c, b

(qn(2) + q̄
n(2)) C

q

T

������

2

,

(4.73)
with mn either the proton or neutron mass, the Wilson coe�cients in accordance to Eq. (4.71)
and the nuclear matrix elements as in Eqs. (4.68) and (4.70). Note that the first sum runs
solely over the light quarks q = u, d, s, whereas the second sum runs over all quarks, except
for the top quark.

4.3.2. Vector Dark Matter

Analogous to the previous subsection, the SI-cxn on a single nucleon can be determined for
vector-like DM. The VDM introduces a vector-like DM candidate, which is coupled to the
Higgs sector. The e↵ective Lagrangian with the contributing parton operators reads [121]

L
e↵ =

X

q=u,d,s

L
e↵
q + L

e↵
G , (4.74)

with

L
e↵
q = fq�µ�

µ
mq q̄q +

gq

m2
�

�
⇢i@µi@⌫

�⇢O
q

µ⌫ , (4.75a)

L
e↵
G = fG�⇢�

⇢
G

a

µ⌫G
a µ⌫

. (4.75b)

12Even though there are operators in Eq. (4.65) depending on the spin of the nucleon, the corresponding operators
are suppressed by the perpendicular velocity or momentum transfer. These operators are neglected in our
analysis.
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The sum runs over all contributing quarks. The SI-cxn on a single nucleon n is then given
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(4.73)
with mn either the proton or neutron mass, the Wilson coe�cients in accordance to Eq. (4.71)
and the nuclear matrix elements as in Eqs. (4.68) and (4.70). Note that the first sum runs
solely over the light quarks q = u, d, s, whereas the second sum runs over all quarks, except
for the top quark.

4.3.2. Vector Dark Matter

Analogous to the previous subsection, the SI-cxn on a single nucleon can be determined for
vector-like DM. The VDM introduces a vector-like DM candidate, which is coupled to the
Higgs sector. The e↵ective Lagrangian with the contributing parton operators reads [121]

L
e↵ =

X

q=u,d,s
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q + L
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G , (4.74)

with
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q = fq�µ�
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12Even though there are operators in Eq. (4.65) depending on the spin of the nucleon, the corresponding operators
are suppressed by the perpendicular velocity or momentum transfer. These operators are neglected in our
analysis.
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The operator structure reflects Eq. (4.72), however, we have a vector-like state �µ in the
parton operators. The SI-cxn on a single nucleon, either a proton (n = P ) or a neutron
(n = N) reads

�n =
1

⇡

✓
mn

m� + mn

◆2 ��fn

��2 , (4.76)

with the e↵ective nucleon coupling

fn/mn =
X
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3

4
(qn(2) + q̄

n(2)) gq �
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9↵S

f
N

G fG . (4.77)

Again the prefactors fq, gq and fG are the Wilson coe�cients of the parton operators, respec-
tively. The corresponding nuclear matrix elements are given in Eqs. (4.68) and (4.70).

4.3.3. Extracting the Wilson Coe�cients

The only missing piece required for the determination of the SI-cxn of an underlying model
is the matching of the Wilson coe�cients in front of the ChEFT operators in Eqs. (4.72)
and (4.75). The procedure applied in this thesis will be discussed in the following section,
followed by a separate discussion on the inclusion of NLO EW corrections in Chapter 5 and 6.
Comparing the contributing operators in Eqs. (4.72) and (4.75), we have two di↵erent kinds
of DM interactions with the nuclei. The first one is induced through an e↵ective DM-quark
interaction, whereas the latter is induced through an e↵ective DM-gluon interaction. Even
though there is no direct coupling between the DM candidate and quarks neither to gluons
in PNGDM and VDM, there exist Feynman diagrams generating this interaction.
Quark Contributions:
The t-channel interaction between the DM and a quark mediated through a Higgs boson can
be generically described as

Agen =
X

i

C��hi
Cqqhi

1

q2 � m
2
hi

ū(p)u(p + q)
q
2!0

���! �

X

i

C��hi
Cqqhi

1

m
2
hi

ū(p)u(p) , (4.78)

with the generic trilinear coupling C��hi
between two �’s and the i-th Higgs boson and the

generic trilinear coupling Cqqhi
between two quarks and the i-th Higgs boson, respectively.

The sum runs over all involved Higgs bosons of the underlying model. The quark spinor with
its corresponding momentum p is described as u(p). The explicit zero momentum transfer
limit (q2 ! 0) is taken to extract the SI-cxn, since we neglect the velocity or momentum
transfer suppressed operator contributions. For simplicity let us assume scalar DM implying
scalar-like couplings. Such a diagram would be produced by the EFT operators

Le↵ � �

X

i

C��hi
Cqqhi

2m
2
hi

��q̄q , (4.79)

with the scalar fields � and the quark spinor q. Note the additional factor 1/2 to account for
the symmetry factor due to the scalar fields. The comparison with Eq. (4.72) allows us to
extract the contribution to the Wilson coe�cient for the quark operator ��mq q̄q to be

C
q

S
� �

X

i

C��hi
Cqqhi

2mqm
2
hi

. (4.80)

Furthermore, there can be additional contributions to the quark operators generated through
other diagrams, even though at tree level the t-channel exchange is the only topology con-
tributing to this operator in the models under investigation. This method can be applied to
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tively. The corresponding nuclear matrix elements are given in Eqs. (4.68) and (4.70).

4.3.3. Extracting the Wilson Coe�cients

The only missing piece required for the determination of the SI-cxn of an underlying model
is the matching of the Wilson coe�cients in front of the ChEFT operators in Eqs. (4.72)
and (4.75). The procedure applied in this thesis will be discussed in the following section,
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ū(p)u(p + q)
q
2!0

���! �

X

i

C��hi
Cqqhi

1

m
2
hi
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Furthermore, there can be additional contributions to the quark operators generated through
other diagrams, even though at tree level the t-channel exchange is the only topology con-
tributing to this operator in the models under investigation. This method can be applied to

And so the Wilson coefficient is 

There can be additional contributions to the quark operators generated through other diagrams, even though at tree 
level the t-channel exchange is the only topology contributing to this operator in the models under investigation. 
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Figure 2: Higgs bosons hi mediating the coupling of two gluons to two VDM particles through a heavy quark
loop.

coupling constant ↵s [49].

For vanishing momentum transfer and on-shell nucleon states, the nucleon matrix elements
are given by
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where N denotes a nucleon, N = p, n, and mN is the nucleon mass. Furthermore, qN (2), q̄N (2)
are the second moments of the parton distribution functions of the quark q(x) and the antiquark
q̄(x), respectively. The four-momentum of the nucleon is denoted by p. The numerical values
for the matrix elements fN

Tq
, fN

TG
and the second moments qN (2) and q̄

N (2) are given in App. A.
The SI e↵ective coupling of the VDM particle with the nucleons is obtained from the nucleon
expectation value of the e↵ective Lagrangian, Eq. (4.56), by applying Eqs. (4.59), which yields
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In the contribution from the quark twist-2 operator all quarks below the energy scale ⇠ 1 GeV
have to be included, i.e. all quarks but the top quark. The SI scattering cross section between
the VDM particle and a nucleon, proton or neutron (N = p, n), is given by

�N =
1

⇡

✓
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m� +mN

◆2 ��fN
��2 . (4.61)

Note that the sum in the first term of Eq. (4.60) only extends over the light quarks. The
leading-order gluon interaction with two VDM particles is mediated by one of the two Higgs
bosons which couple to the external gluons through a heavy quark triangle diagram, cf. Fig. 2.
The charm, bottom and top quark masses are larger than the energy scale relevant for DM
direct detection and should therefore be integrated out for the description of the interaction at
the level of the nucleon. By calculating the heavy quark triangle diagrams and then integrating
out the heavy quarks we obtain the related operator in the heavy quark limit. This is equivalent
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both models PNGDM and VDM. In addition, it can be generalized to NLO. The application
to the specific model will be discussed in Chapter 5 for the PNGDM and in Chapter 6 for
the VDM, respectively.
Gluon Contributions:
In the following, we discuss the extraction of the gluon interaction. The e↵ective DM-gluon

� �

g g

hi

Figure 4.4.: Interaction of a DM particle and a gluon via a Higgs boson mediator and a quark
loop.

interaction arises at one-loop level. One example of such a diagram is depicted in Fig. 4.4,
where the quark triangle induces the coupling to the Higgs mediator. This triangle can be
expanded for heavy quark masses and for vanishing momentum transfer, however there is
also the possibility to extract this coupling from the e↵ective Higgs-nuclei interaction [122].
The derivation is based on the QCD trace anomaly allowing us to determine the trace of the
energy-momentum tensor of the nuclei to be [122,123]
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with Nf being the number of active quark flavors, the anomalous dimension � and �Nf
as

the �-function. In the leading-order approximation, the three lightest quarks q = u, d, s yield
the mass of the nucleon n
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Eq. (4.82) implies that the heavy quarks Q = c, b, t do not contribute to the nucleon mass (at
leading order). By going from Nf ! Nf + 1 it is possible to determine the expectation value
for the heavy quark operator
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with �� ⌘ �4 � �3 = ↵
2
s/(3⇡)2 indicating the di↵erence of the �-function between Nf + 1 and

Nf . This coincides with the result for the e↵ective hG
a

µ⌫G
aµ⌫ vertex for small q

2 at the order
of ↵s [124].
Thus, in order to derive the e↵ective DM-gluon interaction, one can calculate the correspond-
ing diagram with a heavy quark line and replace

mQQ̄Q ! �
↵s

12⇡
G

a

µ⌫G
aµ⌫

. (4.84)

This replacement yields the Wilson coe�cient of the e↵ective gluon contributions to the
SI-cxn as depicted in Fig. 4.4. This method implies subtle problems when including NLO
EW corrections. We will discuss the implications of this problem and possible solutions in
the specific part of the calculation.

Besides the triangle quark loop, also a fermion box-like topology can induce an e↵ective
DM-gluon interaction. However, these contributions are of two-loop order. Nevertheless, we
want to investigate their overall e↵ect on the SI-cxn in suitable approximations.
The corresponding topology is shown in Fig. 4.5. The upper gray blob indicates possible
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both models PNGDM and VDM. In addition, it can be generalized to NLO. The application
to the specific model will be discussed in Chapter 5 for the PNGDM and in Chapter 6 for
the VDM, respectively.
Gluon Contributions:
In the following, we discuss the extraction of the gluon interaction. The e↵ective DM-gluon

� �

g g

hi

Figure 4.4.: Interaction of a DM particle and a gluon via a Higgs boson mediator and a quark
loop.

interaction arises at one-loop level. One example of such a diagram is depicted in Fig. 4.4,
where the quark triangle induces the coupling to the Higgs mediator. This triangle can be
expanded for heavy quark masses and for vanishing momentum transfer, however there is
also the possibility to extract this coupling from the e↵ective Higgs-nuclei interaction [122].
The derivation is based on the QCD trace anomaly allowing us to determine the trace of the
energy-momentum tensor of the nuclei to be [122,123]

⇥µ

µ =
X

qNf

mq (1 � �) q̄q +
�Nf

(↵s)

4↵s

G
a

µ⌫G
aµ⌫

, (4.81)

with Nf being the number of active quark flavors, the anomalous dimension � and �Nf
as

the �-function. In the leading-order approximation, the three lightest quarks q = u, d, s yield
the mass of the nucleon n

mn = hn| ⇥µ

µ |ni = hn|

X

q=u,d,s

mq (1 � �) q̄q +
�3(↵s)

4↵s

G
a

µ⌫G
aµ⌫

|ni . (4.82)

Eq. (4.82) implies that the heavy quarks Q = c, b, t do not contribute to the nucleon mass (at
leading order). By going from Nf ! Nf + 1 it is possible to determine the expectation value
for the heavy quark operator

hn| mQQ̄Q |ni = �
��(↵s)

4↵s(1 � �)
hn| G

a

µ⌫G
aµ⌫

|ni = �
↵s

12⇡
hn| G

a

µ⌫G
aµ⌫

|ni + O
�
↵
2
s

�
, (4.83)

with �� ⌘ �4 � �3 = ↵
2
s/(3⇡)2 indicating the di↵erence of the �-function between Nf + 1 and

Nf . This coincides with the result for the e↵ective hG
a

µ⌫G
aµ⌫ vertex for small q

2 at the order
of ↵s [124].
Thus, in order to derive the e↵ective DM-gluon interaction, one can calculate the correspond-
ing diagram with a heavy quark line and replace

mQQ̄Q ! �
↵s

12⇡
G

a

µ⌫G
aµ⌫

. (4.84)

This replacement yields the Wilson coe�cient of the e↵ective gluon contributions to the
SI-cxn as depicted in Fig. 4.4. This method implies subtle problems when including NLO
EW corrections. We will discuss the implications of this problem and possible solutions in
the specific part of the calculation.

Besides the triangle quark loop, also a fermion box-like topology can induce an e↵ective
DM-gluon interaction. However, these contributions are of two-loop order. Nevertheless, we
want to investigate their overall e↵ect on the SI-cxn in suitable approximations.
The corresponding topology is shown in Fig. 4.5. The upper gray blob indicates possible

obtained in Ref. [13] should be applicable to our model as well. Moreover, the box contribution
to the NLO SI direct detection cross section is only minor as we verified explicitly.

The diagram in Fig. 7 (right) yields the following contribution to the Lagrangian
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C
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, (5.82)

where C
ij

4 denotes the contribution from the triangle loop built up by hi, hj and the VDM
particle. It has to be extracted from the calculated amplitude of Fig. 7 (right). Using Eq. (4.57b)
the contributions by the box topology to the gluon-DM interaction are given by

f
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. (5.83)

5.4 The SI One-Loop Cross Section

In the last sections we discussed the extraction of the one-loop e↵ective form factors for the
operators in Eq. (4.57). The NLO EW SI cross section can then be obtained by using the
e↵ective one-loop form factor
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with the Wilson coe�cients at one-loop level given by
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Like at LO, the heavy quark contributions of f
vertex
q and f

med
q have to be attributed to the

e↵ective gluon interaction. With the LO form factor given by
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where f
LO
q has been given in Eq. (4.63), we have for the NLO EW SI cross section at leading

order in ↵S ,
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6 Numerical Analysis

In our numerical analysis we use parameter points that are compatible with current theoretical
and experimental constraints. These are obtained by performing a scan in the parameter space
of the model and by checking each data set for compatibility with the constraints. In order to
do so, the VDM model was implemented in the code ScannerS [53, 54] which automatises the

16

� �

q q

hi

Figure 3: Generic tree-level diagram contribution to the SI cross section. The mediator S corresponds to the two
Higgs bosons h1 and h2. The quark line q corresponds to all quarks q = u, d, s, c, b, t.

corresponding to the e↵ective leading-order VDM-gluon interaction in Eq. (4.56).

For the tree-level contribution to the SI cross section the t-channel diagrams depicted in
Fig. 3 have to be calculated for vanishing momentum transfer. The respective Wilson coe�cient
for the e↵ective operator in Eq. (4.55) is extracted by projecting onto the corresponding tensor
structure, mqqq̄. Accounting for the additional symmetry factor of the amplitude, this yields
finally the following fq factor for the quarks,
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As explained above, the heavy quarks Q = b, c, t have to be integrated out, contributing thereby
to the e↵ective gluon interaction. By using Eq. (4.61), the Wilson coe�cient for the gluon
interaction, fG, can be expressed in terms of fq for q = c, t, b,

fG =
X
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�
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resulting in the SI LO cross section
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The twist-2 operator does not contribute to it. The obtained result is in agreement with
Ref. [35]2.

5 Dark Matter Direct Detection at One-Loop Order

As a next step, we want to include the NLO EW corrections in the calculation of the SI cross
section. For this, we evaluate the one-loop contributions to the Wilson coe�cients fq and fG in
front of the operators in Eq. (4.56). At this order, also the Wilson coe�cient gq is non-zero, as
opposed to at LO. The additional topologies contributing at NLO EW are depicted in Fig. 4.
Note that we do not include vertex corrections to the hiq̄q vertex. They are part of the nuclear generic

box
topolo-
gies!

generic
box
topolo-
gies!

find a ref,
or solid
argument

find a ref,
or solid
argument

matrix elements and beyond the scope of our study. For the purpose of our investigation, we
assume them to be encoded in the e↵ective coupling factors of the respective nuclear matrix
elements. In the following, we present the calculation of each topology separately.

2The authors of Ref. [35] introduced an e↵ective coupling fN ⇡ 0.3 between the nucleon and the DM particle,
which corresponds to |

P
q=u,d,s fTN

q
+ 2

9
fTN

G

��.

11

And for normalisation the Wilson coefficient in a model with two scalars is 
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found to lead to unphysically large corrections. This did not improve by choosing the gauge-
parameter dependent MS scheme. A renormalisation scheme exploiting the OS conditions of
the scalar fields on the other hand, leads to moderate K-factors, while being manifestly gauge-
parameter dependent. For the proper interpretation of the data, therefore, the choice of the
gauge parameter has to be specified here.

We found that the NLO corrections can either enhance or suppress the cross section. With
K-factors of up to about 2.5, they are important for the correct interpretation of the viability
of the VDM model based on the experimental limits on the direct detection cross section. The
NLO corrections can increase the LO results to values where the Xenon experiment becomes
sensitive to the model, or to values where the model is even excluded due to cross sections above
the Xenon limit. In case of suppression, parameter points that might be rejected at LO may
render the model viable when NLO corrections are included.

The next steps would be to investigate in greater detail the interesting region of degenerate
scalar masses and study its implication on phenomenology in order to further be able to delineate
the viability of this simple SM extension in providing a VDM candidate.
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A Nuclear Form Factors

We here present the numerical values for the nuclear form factors defined in Eq. (4.59). The
values of the form factors for light quarks are taken from micrOmegas [75]

f
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= 0.0447 , (A.99a)
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which can be related to the gluon form factors as
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The needed second momenta in Eq. (4.59) are defined at the scale µ = mZ by using the CTEQ

parton distribution functions [76],

u
p(2) = 0.22 , ū

p(2) = 0.034 , (A.101a)

d
p(2) = 0.11 , d̄

p(2) = 0.036 , (A.101b)

s
p(2) = 0.026 , s̄

p(2) = 0.026 , (A.101c)

c
p(2) = 0.019 , c̄

p(2) = 0.019 , (A.101d)

b
p(2) = 0.012 , b̄

p(2) = 0.012 , (A.101e)

where the respective second momenta for the neutron can be obtained by interchanging up- and
down-quark values.
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Nuclear form factors

where M is the proton mass, or alternatively by the o↵-diagonal part of the EMT matrix elements,

hxi
o↵
q,g ⌘
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4i
|Pi]
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q
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4
�{4
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D i} (x), T

g
4i
=

Z
d

3
x✏i jkE j(x)Bk(x),

where |Pi is the nucleon state with momentum P and Pi is a non-zero component of P. These two
definitions should give the same result in the continuum due to the rotational symmetry. But they can
be di↵erent under the lattice regularization which breaks this symmetry and should be renormalized
separately to get consistent results.

In Ref. [18], we provided the 1-loop renormalization and mixing calculation of T̄44 and T̄4i. The
rotational symmetry breaking e↵ects in the renormalization constant of the quark operator and the
mixing from quark to gluon are small, while that in the gluon to quark mixing case is large. The glue
renormalization constant turns out to be ⇠2 at the 1-loop level and is thus not reliable. The renor-
malization condition provided in Ref. [18] can also be used for the non-perturbative renormalization
calculation, and the preliminary result shows that the renormalization constant of the gluon operator
with 1-step HYP smearing is about 1.3 [19]. That with more steps of the HYP smearing is under in-
vestigation and would be closer to 1, since the corresponding bare gluon matrix elements are slightly
increased compared to the 1-step HYP smearing case.

Figure 1. The contributions of di↵erent quark flavors and glue to the proton momentum fraction. The left panel
shows the lattice results renormalized in the MS scheme at 2 GeV with 1-loop perturbative calculation and proper
normalization of the glue. The experimental values are illustrated in the right panel, as a function of the MS scale.
Our results agree with the experimental values at 2 GeV.

In view of the uncertainty in the glue renormalization, we calculate the renormalized quark mo-
mentum fractions with the 1-loop perturbative calculation including the mixing of the bare glue mo-
mentum fraction and apply the momentum sum rule to determine the renormalized glue momentum
fraction. The resulting renormalized momentum fractions of the u, d, s quarks, and glue in the MS
scheme at 2 GeV are illustrated in the left panel of Fig. 1, while the right panel shows the correspond-
ing experimental values as a function of Q [20]. We note that they agree with each other well within
uncertainties.

Figure 2. The pie chart of the proton mass decomposition, in terms of the quark mass, quark energy, glue field
energy and trace anomaly.

With these momentum fractions, we can apply Eqs. (5) and (6) to obtain the quark and glue
energy contributions in the proton mass, and combine with the quark mass contribution [6] to obtain
the entire picture of the proton mass decomposition, as illustrated in Fig. 2.

4 Summary

In summary, we present a simulation strategy to calculate the proton mass decomposition. The renor-
malization and mixing between the quark and glue energy can be calculated perturbatively or non-
perturbatively, while the quark mass contribution and the trace anomaly are renormalization group
invariant. Based on this strategy, the lattice simulation is processed on four ensembles with three
lattice spacings and volumes, and several pion masses including the physical pion mass, to control the
systematic uncertainties. With 1-loop perturbative calculation and proper normalization on the glue,
we obtained the proton mass decomposition, with the quark mass and trace anomaly contributing
9(2)% and 23(1)% respectively, while the fractional contributions of the quark and glue field energies
are 31(5)% and 37(5)% in the MS scheme at 2 GeV. As a check of validity of the present calculation,

Yang et al., arXiv:1710.09011v1 (2018)
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The SM is extended by an extra real scalar singlet S. The most general Lagrangian we can write is 

ℒ = ℒSM +
1
2

(∂μS )(∂μS ) − aS − bS2 − cS3 − dS4 − κ1SH†H − κ2SH†H − μ2H†H − λ(H†H )2

64

The spin 0 extension - real

And with a  symmetry , the potential reduces toZ2 S → − S

VN = bS2 + dS4 + κ1S2H†H + μ2H†H + λ(H†H )2

S = 0; h2 = − μ2 /(2λ);

Let us consider the solution (for the minimum)

P: Collect the relevant couplings for direct detection.

P: Calculate the amplitude.
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DD measurements

This is what we have to compare to.
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Back to the complex spin zero extension
3 Cancellation in the direct detection amplitude

The tree-level diagrams for scattering of � on matter involve the t-channel exchange
of a single h1 or h2 (Fig. 1). The �-�-h1,2 couplings are given by
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because the momentum transfer in this process is negligibly small, t ' 0. Thus, the
contributions from the h1-exchange and the h2-exchange cancel each other up to tiny
corrections of order t/(100 GeV)2. Note that this does not require any relation between
mh1 and mh2 , and the cancellation occurs for any choice of model parameters.

� �

ff

h1, h2

Figure 1: Tree–level dark matter scattering o↵ SM matter.

It is instructive to examine the cancellation mechanism in the interaction basis,
i.e. in terms of the states h and s, where only h couples to SM fermions. The relevant
�-�-h and �-�-s couplings are
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1

2
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while, for vanishing momentum transfer t, the propagator matrix is proportional to
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3

Let us now consider the same process but in the complex extension. The relevant pieces of the Lagrangian 
are 

And 

P: What is now the amplitude in the limit of zero exchanged momentum?
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At higher orders - just to have a look
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5.4 The SI One-Loop Cross Section

In the last sections we discussed the extraction of the one-loop e↵ective form factors for the
operators in Eq. (4.57). The NLO EW SI cross section can then be obtained by using the
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6 Numerical Analysis

In our numerical analysis we use parameter points that are compatible with current theoretical
and experimental constraints. These are obtained by performing a scan in the parameter space
of the model and by checking each data set for compatibility with the constraints. In order to
do so, the VDM model was implemented in the code ScannerS [53, 54] which automatises the
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The LO form factor is given by

And the cross section at one-loop is 

� �

q q
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Figure 3: Generic tree-level diagram contribution to the SI cross section. The mediator S corresponds to the two
Higgs bosons h1 and h2. The quark line q corresponds to all quarks q = u, d, s, c, b, t.

corresponding to the e↵ective leading-order VDM-gluon interaction in Eq. (4.56).

For the tree-level contribution to the SI cross section the t-channel diagrams depicted in
Fig. 3 have to be calculated for vanishing momentum transfer. The respective Wilson coe�cient
for the e↵ective operator in Eq. (4.55) is extracted by projecting onto the corresponding tensor
structure, mqqq̄. Accounting for the additional symmetry factor of the amplitude, this yields
finally the following fq factor for the quarks,
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As explained above, the heavy quarks Q = b, c, t have to be integrated out, contributing thereby
to the e↵ective gluon interaction. By using Eq. (4.61), the Wilson coe�cient for the gluon
interaction, fG, can be expressed in terms of fq for q = c, t, b,
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The twist-2 operator does not contribute to it. The obtained result is in agreement with
Ref. [35]2.

5 Dark Matter Direct Detection at One-Loop Order

As a next step, we want to include the NLO EW corrections in the calculation of the SI cross
section. For this, we evaluate the one-loop contributions to the Wilson coe�cients fq and fG in
front of the operators in Eq. (4.56). At this order, also the Wilson coe�cient gq is non-zero, as
opposed to at LO. The additional topologies contributing at NLO EW are depicted in Fig. 4.
Note that we do not include vertex corrections to the hiq̄q vertex. They are part of the nuclear generic
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matrix elements and beyond the scope of our study. For the purpose of our investigation, we
assume them to be encoded in the e↵ective coupling factors of the respective nuclear matrix
elements. In the following, we present the calculation of each topology separately.

2The authors of Ref. [35] introduced an e↵ective coupling fN ⇡ 0.3 between the nucleon and the DM particle,
which corresponds to |
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Figure 7: The full two-loop gluon interaction with the DM candidate (left) and the e↵ective two-loop interaction
after integration out the heavy quarks (right).

and therefore can be dropped. We refer to these one-loop contributions to the corresponding
tree-level Wilson coe�cients as fbox

q and g
box
q .

As discussed in Refs. [12, 13] the box diagrams also induce additional contributions to the
e↵ective gluon interaction with the VDM particle that have to be taken into account in the
Wilson coe�cient fG in Eq. (4.57b). The naive approach of using the same replacement as in
Eq. (4.62) to obtain the gluon interaction induces large errors [12]. To circumvent the over-
estimation of the gluon interaction without performing the full two-loop calculation, we adopt
the ansatz proposed in Ref. [13]. For heavy quarks compared to the mediator mass, it is possible
to derive an e↵ective coupling between two Higgs bosons and the gluon fields. Using the Fock-
Schwinger gauge allows us to express the gluon fields in terms of the field strength tensor Ga

µ⌫ ,
simplifying the extraction of the e↵ective two-loop contribution to fG. Integrating out the
top-quark yields the following e↵ective two-Higgs-two-gluon coupling [13]4

L
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, (5.79)

where the e↵ective coupling d
e↵

G
of Ref. [13] has to be adopted to our model. First of all we

only have scalar-type mediators, given by the Higgs bosons hi, so that the mixing angle �SM of
Ref. [13] which quantifies the CP-odd admixture, is set to

�SM = 0 . (5.80)

Second, the coupling of the Higgs bosons hi to the top quark di↵ers depending on which Higgs
boson is coupled, so that the e↵ective coupling in Eq. (5.79) becomes

d
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d
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, (5.81)

with the rotation matrix R↵ defined in Eq. (2.8). The e↵ective coupling allows for the calculation
of the box-type diagram in Fig. 7 (right).

In Ref. [13], the full two-loop calculation was performed. The comparison with the complete
two-loop result showed very good agreement between the approximate and the exact result for
mediator masses below mt. Our model is structurally not di↵erent in the sense that the mediator
coupling to the DM particle (a fermion in Ref. [13]) is also a scalar particle so that the results

4The authors of Ref. [13] found that the bottom and charm quark contributions are small. This may not be
the case if the Higgs couplings to down-type quarks are enhanced. This does not apply for our model, however.
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obtained in Ref. [13] should be applicable to our model as well. Moreover, the box contribution
to the NLO SI direct detection cross section is only minor as we verified explicitly.
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In our numerical analysis we use parameter points that are compatible with current theoretical
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Figure 2: Higgs bosons hi mediating the coupling of two gluons to two VDM particles through a heavy quark
loop.

coupling constant ↵s [49].

For vanishing momentum transfer and on-shell nucleon states, the nucleon matrix elements
are given by
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where N denotes a nucleon, N = p, n, and mN is the nucleon mass. Furthermore, qN (2), q̄N (2)
are the second moments of the parton distribution functions of the quark q(x) and the antiquark
q̄(x), respectively. The four-momentum of the nucleon is denoted by p. The numerical values
for the matrix elements fN

Tq
, fN

TG
and the second moments qN (2) and q̄

N (2) are given in App. A.
The SI e↵ective coupling of the VDM particle with the nucleons is obtained from the nucleon
expectation value of the e↵ective Lagrangian, Eq. (4.56), by applying Eqs. (4.59), which yields

fN/mN =
X

q=u,d,s

fqf
N

Tq
+

X

q=u,d,s,c,b

3

4

�
q
N (2) + q̄

N (2)
�
gq �

8⇡

9↵S

f
N

TG
fG . (4.60)

In the contribution from the quark twist-2 operator all quarks below the energy scale ⇠ 1 GeV
have to be included, i.e. all quarks but the top quark. The SI scattering cross section between
the VDM particle and a nucleon, proton or neutron (N = p, n), is given by

�N =
1

⇡

✓
mN

m� +mN

◆2 ��fN
��2 . (4.61)

Note that the sum in the first term of Eq. (4.60) only extends over the light quarks. The
leading-order gluon interaction with two VDM particles is mediated by one of the two Higgs
bosons which couple to the external gluons through a heavy quark triangle diagram, cf. Fig. 2.
The charm, bottom and top quark masses are larger than the energy scale relevant for DM
direct detection and should therefore be integrated out for the description of the interaction at
the level of the nucleon. By calculating the heavy quark triangle diagrams and then integrating
out the heavy quarks we obtain the related operator in the heavy quark limit. This is equivalent

10
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S2HDM - Now the SM is extended by one doublet and a complex singlet. There is an extra doublet 
compared to the previous model.

Extra particles: 2 CP-even scalars, 2 charged scalars and 1 CP-odd scalar and a DM particle. Free 
parameters .mh1,2,3

, mA, mχ, α1,2,3, tan β, m2
12, vS

𝒱 = ∑
ij

m2
ijϕ

†
i ϕj + ∑

ijkl

λijkl ϕ†
i ϕjϕ†

k ϕl + ∑
ij

κij 𝕊
2

ϕ†
i ϕj − μ2

S 𝕊
2

+ λS 𝕊
4

+μ2(𝕊2 + 𝕊*2)

These models can lead to tree-level flavour changing neutral currents. These are very constrained by 
experiment. To solve this problem one usually forces the Yukawa Lagrangian to be invariant under a Z2 
symmetry. This leads to 4 possible Yukawa Lagrangians (the way scalars are combined with fermions). 

Introduction The S2HDM h125-funnel Direct detection

Despite the soft breaking, the U(1) still helps

Actually contributing diagrams

X

diags

M(t ! 0) 6= 0

(diagrams with internal � in 1PI part, UV divergences cancel)

16 / 19

Diagrams that survive. Same type of 
diagrams as for the CxSM but with 

more particles in the loop.
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Introduction The S2HDM h125-funnel Direct detection

Generic features of loop-corrected scattering XS

17 / 19
Here we just fixed all input parameters except for the VEV of the singlet. The behaviour is similar 

for all values of the singlet VEV but as the VEV gets smaller a larger mass region in the WIMP region 
is excluded. 

We also show Darwin as an example of some future projection. This is the total cross section.

Type dependent blind-spots

J
H
E
P
1
0
(
2
0
2
2
)
1
2
6

Figure 8. Left: Cross sections for the scattering of χ on protons (N = p) and neutrons (N = n)
as a function of mhb in type I (orange) and type II (blue). Right: Wilson coefficients as defined
in eq. (3.2) and eq. (3.3) as a function of mhb . The remaining parameters are fixed to the values
shown on the right.

type II decrease by two orders of magnitude, whereas the cross sections in the type I remains
almost constant. Moreover, it should be noted that in this interval of mhb

the cross sections
in type II are substantially different for the scattering on protons (solid blue line) and
neutrons (dashed blue line). On the other hand, in type I both cross sections are practically
equal, and consequently only one line for both the scattering on protons and on neutrons is
shown. As a phenomenological consequence, one can notice that since different nuclei are
composed out of a different number of neutrons and protons, a hypothetical measurement
of the scattering cross sections on different kinds of nuclei could be utilized to distinguish
between a DM candidate χ as predicted by the types I/LS or the types II,F, respectively.

The suppression of the cross sections in type II can be understood by the fact that
one of the Wilson coefficients CII,F

u or CII,F
d changes the sign at the corresponding mass

interval of hb. In the right plot of figure 8 we show the Wilson coefficients as a function of
mhb

for the same benchmark scenario as was used in the left plot of figure 8. As expected,
one can see that one of the coefficients (CII,F

d , dashed line) becomes negative in the mass
range 50 GeV ! mhb

! 200 GeV, where the mass range coincides with the one in the left
plot in which the cross sections in type II are strongly suppressed. Since in type I there is
only one Wilson coefficient CI,LS

q , which is identical to the coefficient CII,F
u in type II (solid

line), the change of the sign of CII,F
d has no impact on the cross sections in type I. Finally,

we note that the precise location of the blind-spot visible for type II and also the amount
of the suppression of the cross sections depend on the nucleon form factors fN

Tq
, which

are only known approximately as they are determined from lattice simulations and from
experimental data. As a consequence, in the parameter regions in which the scattering cross
sections are suppressed due to the accidental cancellation of contributions from different
quark types with opposite sign, the relative uncertainty of the cross-section predictions
associated to the uncertainty of the form factors should be regarded as larger compared to
other parameter space regions in which no such cancellation takes place.

– 15 –
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Experimental prospect for direct detection in Types I and II Experimental prospects for a direct detection of �
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Scalar DM but more interesting



Some models have negligible dark matter direct detection (DD) cross section at zero momentum 
transfer (at leading order). Barely affected by direct detection bounds. 

True for models with a pNG dark matter candidate with origin in a potential of the form

𝒱 = ∑
ij

m2
ijϕ

†
i ϕj + ∑

ijkl

λijkl ϕ†
i ϕjϕ†

k ϕl + ∑
ij

κij 𝕊
2

ϕ†
i ϕj − μ2

S 𝕊
2

+ λS 𝕊
4

+μ2(𝕊2 + 𝕊*2)

𝕊 → eiα𝕊

with

𝕊 =
1

2
(vS + S + iA)ϕi =

c±

1

2
(vi + ai + ibi)

The potential is invariant under

𝕊 → 𝕊*

and without the red term it is also invariant under

The soft breaking term gives mass to the pNG dark matter.

Stabilises A

which is a model with N Higgs Doublet Model plus a complex singlet.
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The SM is extended by an extra complex scalar singlet  which has a global U(1) symmetry 𝕊

𝕊 → eiα𝕊

ℒ = ℒSM + (Dμ𝕊)†(Dμ𝕊) + μ2
S 𝕊

2
− λS 𝕊

4
− κ 𝕊

2
H†H+μ2(𝕊2 + 𝕊*2)

Softly break dark U(1) symmetry to the residual Z2 symmetry in one of the singlet components

𝕊 → 𝕊*

(h1

h2) = ( cos α sin α
−sin α cos α) (h

S)
The mass eigenstates fields h1 and h2 are obtained from h and S via

m± = λHv2
H + λSv2

S ± λ2
Hv4

H + λ2
S v4

S + κv2
Hv2

S − 2λHλSv2
Hv2

S

S ¼ 1ffiffiffi
2

p ðvS þ ivA þ ϕS þ iAÞ;

H0 ¼ 1ffiffiffi
2

p ðvþ ϕH þ iσHÞ where H ¼
"
Hþ

H0

#
; ð2:3Þ

where we have temporarily allowed hSi to be complex.
Locations of extrema of the potential (2.1), correspond-

ing values of the potential and corresponding curvatures in
the basis ðϕH;ϕS; AÞ are as follows
v1:

v2 ¼ 4λSμ2H − 2κðμ2S − 2μ2Þ
4λHλS − κ2

;

v2S ¼
4λHðμ2S − 2μ2Þ − 2κμ2H

4λHλS − κ2
; v2A ¼ 0 ð2:4Þ

V1 ¼
−1

4λHλS − κ2
fλHðμ2S − 2μ2Þ2

þ μ2H½λSμ2H − κðμ2S − 2μ2Þ&g ð2:5Þ

M2 ¼

0

B@
2λHv2 κvvS 0

κvvS 2λSv2S 0

0 0 −4μ2

1

CA; ð2:6Þ

v2:

v2 ¼ 4λSμ2H − 2κðμ2S þ 2μ2Þ
4λHλS − κ2

; v2S ¼ 0;

v2A ¼ 4λHðμ2S þ 2μ2Þ − 2κμ2H
4λHλS − κ2

; ð2:7Þ

V2 ¼
−1

4λHλS − κ2
fλHðμ2S þ 2μ2Þ2

þ μ2H½λSμ2H − κðμ2S þ 2μ2Þ&g ð2:8Þ

M2 ¼

0

B@
2λHv2 0 κvvS
0 4μ2 0

κvvS 0 2λSv2S

1

CA; ð2:9Þ

v3:

v2 ¼ μ2H
λH

; v2S ¼ 0; v2A ¼ 0; ð2:10Þ

V3 ¼ −
μ4H
4λH

ð2:11Þ

M2 ¼

0

BB@

2μ2H 0 0

0 2μ2 þ κμ2H
2λH

− μ2S 0

0 0 −2μ2 þ κμ2H
2λH

− μ2S

1

CCA;

ð2:12Þ

v4:

v2 ¼ 0; v2S ¼
μ2S − 2μ2

λS
; v2A ¼ 0; ð2:13Þ

V4 ¼ −
ðμ2S − 2μ2Þ2

4λS
ð2:14Þ

v5:

v2 ¼ 0; v2S ¼ 0; v2A ¼ μ2S þ 2μ2

λS
; ð2:15Þ

V5 ¼ −
ðμ2S þ 2μ2Þ2

4λS
ð2:16Þ

Note that vS ≠ 0 and vA ≠ 0 may happen only if μ2 ¼ 0.
Since nonzero μ2 is essential to avoid the appearance of a
Goldstone boson, we do not consider those points any
more.
Forcing the vacuum v1 to be the global minimum implies

that we have to assume λH > 0, 4λHλS − κ2 > 0 and
μ2 < 0. Then for consistency we enforce the conditions

2λSμ2H > κðμ2S − 2μ2Þ and 2λHðμ2S − 2μ2Þ > κμ2H

ð2:17Þ

It turns out that V1 < V4 for any choice of parameters,
while V4 < V5 for μ2 < 0. From (2.17) one can find that
the vacuum v3 is never a minimum. Obviously, v2 is not a
minimum either for μ2 < 0. Therefore we conclude that for
μ2 < 0 the vacuum v1 is the global minimum. Note that in
this case A is indeed a pseudo-Goldstone boson and its
mass vanishes in the limit of exact global Uð1Þ as it was
discussed and anticipated below (2.1). The presence of the
Uð1Þ breaking term μ2ðS2 þ S'2Þ implies a trivial shift of
the μ2S → μ2S − 2μ2 and an addition of the Goldstone boson
mass −4μ2. In fact, an equivalent Uð1Þ breaking would be
to add just the Goldstone boson mass without the trivial
shift by replacing μ2ðS2 þ S'2Þ by μ2ðS − S'Þ2.
Similar models have been considered in a more general

context including a possibility of fast first order phase
transition in [7,20,30]. In the VDM that we consider here,
A becomes a longitudinal component of the massive DM
vector X, but it remains an independent degree of freedom.
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[14,27], these models not only provide a DM candidate but
they also improve the stability of the SM and present a
possibility to solve the baryon asymmetry problem.
In this article we explore possibilities of distinguishing

the scalar and the vector DM (VDM) models. The minimal
VDM requires an extra Uð1Þ gauge symmetry that is
spontaneously broken by a vacuum expectation value
(vev) of a complex scalar neutral field under the SM
symmetries but charged under the extra Uð1Þ. This model
bears many similarities with a model of scalar DM (SDM)
which is a component of an extra complex scalar field (that
develops a vev) which is added to the SM. In both cases
there are two scalar physical Higgs bosons h1;2 that mix in
the scalar mass matrix with a mixing angle α. So the goal of
this paper is to investigate if those two models could be
distinguished. This is a very pragmatic task, both models
are attractive candidates for simple DM theories, therefore
it is worth knowing if there are observables which can
distinguish them.
Using the SCANNERS program [28] we impose the most

relevant bounds: theoretical, collider experiment bounds,
precision electroweak physics, DM direct and indirect
detection experiments, and DM relic density. The param-
eter space of each model is scanned with all the above
constraints providing the regions of the parameter space
where the models can indeed be distinguished. Whenever
possible these results are presented in terms of physical
observables that can be measured at the LHC. Finally we
present a direct way to distinguishing the models by
looking at the energy distribution in Higgs associated
production, with the Higgs decaying to DM, at a future
electron-positron collider.
The paper is organized as follows. In Sec. II we present

the complex singlet extension of the SM, reviewing its
main properties and setting notation. In Secs. II A and II B
we discuss the scattering of scalar DM off nuclei and
invisible SM-like Higgs boson decays, respectively. In
Sec. III we set the review of most relevant aspects of the
vector DM model. In Secs. III A and III B constraints from
DM direct detection and invisible decays of SM-like Higgs
boson are formulated, respectively. In Sec. IV we present a
discussion of the possibility to distinguish the models at a
future electron-positron collider. The results of the scan
showing the allowed parameter space for each model are
presented in Sec. VI. In the conclusions, Sec. VII, we
summarize our findings. Technical details concerning
Goldstone Boson couplings to Higgs bosons are left to
the Appendices.

II. SCALAR DARK MATTER

Gauge singlet scalars as candidates for DM were first
proposed in [3,4] and then discussed by many authors.
Even though the minimal model of scalar DM assumes
merely an addition of a real scalar field odd under a Z2

symmetry, here we are going to consider a model that

requires an extension by a complex scalar filed S. The
motivation is to compare the VDM with a SDM that are in
some sense similar. In order to stabilize a component of S
we require an invariance under DM charge conjugation
C∶ S → S#, which guarantees stability of the imaginary
part of S, A≡ ImS=

ffiffiffi
2

p
. The real part, ϕS ≡ ReS=

ffiffiffi
2

p
, is

going to develop a real vacuum expectation value
hϕSi ¼ hSi ¼ vS=

ffiffiffi
2

p
.1 Therefore ϕS will mix with the

neutral component of the SM Higgs doublet H, in exactly
the same manner as it happens for the VDM. In order to
simplify the potential we impose in addition aZ2 symmetry
S → −S, which eliminates odd powers of S. Eventually the
scalar potential reads:

V ¼ −μ2HjHj2 þ λHjHj4 − μ2SjSj2 þ λSjSj4 þ κjSj2jHj2

þ μ2ðS2 þ S#2Þ ð2:1Þ

with μ2 real, as implied by the C symmetry. Note that the μ2

term breaks the Uð1Þ explicitly, so the pseudo-Goldstone
boson, A is massive. In the limit of exact symmetry, A
would be just a genuine, massless Goldstone boson. Since
the symmetry-breaking operator μ2ðS2 þ S#2Þ is of dimen-
sion less that 4, its presence does not jeopardize renorma-
lizability even if noninvariant higher dimension operators
were not introduced, see for instance [29]. Note that
dimension 3 terms are disallowed by the Z2’s and gauge
symmetries. In other words, we can limit ourself to
dimension 2 Uð1Þ breaking terms preserving the renorma-
lizability of the model. The freedom to introduce solely the
soft breaking operators offers a very efficient and eco-
nomical way to generate mass for the pseudoscalar A
without the necessity to introduce dimension 4 terms like
S4 or jSj2S2 and keeping the renormalizability of the model.
It is also worth noticing that the Z2 symmetry S → −S is
broken spontaneously by vS and therefore ϕS, the real part
of S, is not stable, making A the only DM candidate.
The requirement of asymptotic positivity of the potential

implies the following constraints that we impose in all
further discussions:

λH > 0; λS > 0; κ > −2
ffiffiffiffiffiffiffiffiffiffi
λHλS

p
: ð2:2Þ

Hereafter the above conditions will be referred to as the
positivity or stability conditions.
The scalar fields can be expanded around the corre-

sponding generic vev’s as follows

1This is a choice that fixes the freedom (phase rotation of the
complex scalar) of choosing a weak basis that could be adopted to
formulate the model. The model is defined by symmetries
imposed in this particular basis in which the scalar vacuum
expectation value is real.
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The conditions for the potential to be bounded from below are the same for the two models

The scalar mass matrix is
mDM = − 4μ2

SM + dark matter candidate A + a new scalar that mixes with the CP-even field in the doublet such that
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ℒ = ℒSM + (Dμ𝕊)†(Dμ𝕊) + μ2
S 𝕊

2
− λS 𝕊

4
− κ 𝕊

2
H†H+μ2(𝕊2 + 𝕊*2) 𝕊 → 𝕊*

𝕊 =
vS + S

2
e i A

vS ⇒ Vsoft = − μ2(vS + S )2cos ( 2A
vS ) = − μ2(vS + S )2(1 −

2A2

v2
S ) + . . .

Including the kinetic term leads to the following Lagrangian interaction

Writing

ℒSA2 = =
1

2vS
(∂2S )A2 −

1
vS

SA(∂2 + m2
A)A

First term proportional to p2 of S and the second term vanishes when the DM particle is on-shell. 
Amplitude is proportional to p2 with A on-shell.

The amplitude for the DM direct detection cross section

iℳ ∼ sin α cos α (
im2

h2

t − m2
h2

−
im2

h1

t − m2
h1

) (
−imf

v ) ūf (k2)uf (p2) ∼ 0 (t → 0)

And it vanishes for zero momentum transfer. Why? Going back to the Lagrangian,
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the cancellation is lost except for fine-tuned values of the couplings

V′￼soft = − κ3
1 (𝕊 + 𝕊*) − κ2 |𝕊 |2 (𝕊 + 𝕊*) − κ3 (𝕊3 + 𝕊*3)

iℳ ∼ ( −it
vS ) i

t − m2
S

(−i2λSHvvS)
i

t − m2
h (

−imf

v ) ūf (k2)uf (p2)

Which vanishes when t = 0

Note however if other soft breaking terms are added

κ3
1 =

1
2

(κ2 + 9κ3)v2
S
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mDM; sin α; m2; vS
INDEPENDENT 
PARAMETERS Singlet VEV

Mass of the 
second scalar

Mixing angle between 
doublet and singlet (real)

Mass of the DM 
particle

There is obviously a 125 GeV Higgs (other scalar can be lighter or heavier). 
Experimental and theoretical constraints included.

Note that the cancellation does not happen in scattering
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Back to colliders  
- the Higgs invisible width



If the dark matter particle has a mass that is below half of 
Higgs mass, the Higgs can decay to a dark matter pair. h

χ

Back to colliders - Higgs invisible width

79

BR(h → χχ) =
Γ(h → χχ)

ΓT(h)

χ

1

1 Introduction

A particle compatible with the standard model (SM) Higgs boson (H) [1–6] was discovered at
the CERN LHC in 2012 [7–9]. Since then, extensive studies of this particle have been performed
with data taken at

p
s = 7, 8, and 13 TeV, in particular to understand how it couples to other

SM particles.

In the SM, the branching fraction to invisible final states, B(H ! inv), is only about 0.1% [10],
from the decay of the Higgs boson via ZZ⇤ ! 4n. Several theories beyond the SM (BSM),
however, predict much higher values of B(H ! inv) (see Ref. [11] and references therein). In
particular, in Higgs portal models, the Higgs boson acts as the mediator between SM particles
and dark matter (DM) [12–15], strongly enhancing B(H ! inv).

Direct searches for H ! inv decays have already been performed by the ATLAS [16, 17] and
CMS [18–20] Collaborations using data collected at

p
s = 7, 8, and 13 TeV, and combining the

three main Higgs boson production modes, namely gluon-gluon fusion (ggH), production of
a Higgs boson in association with vector bosons (VH, with V = W± or Z), and vector boson
fusion (VBF). Assuming SM production of the Higgs boson, the best observed (expected) 95%
confidence level (CL) upper limits on B(H ! inv) are set at 0.19 (0.15) by CMS, using data
collected at

p
s = 7, 8, and 13 TeV, and at 0.26 (0.17) by ATLAS using data collected at 13 TeV. In

both cases, the data at 13 TeV were collected in 2016. Combining the latest CMS constraints on
both visible and invisible decays within the k framework [21], the upper bound on B(H ! inv)
is 0.22 at the 95% CL, using only the data set collected at 13 TeV in 2016.

Thanks to its large production cross section [22] and distinctive event topology, the VBF pro-
duction mechanism drives the overall sensitivity in the direct search for invisible decays of the
Higgs boson. This paper focuses exclusively on the search for H ! inv in the VBF production
mode using the LHC proton-proton (pp) collision data set collected during 2017–2018, corre-
sponding to an integrated luminosity of up to 101 fb�1, and on the combination of this search
with analyses performed on previous data sets [18, 23].

Employing a strategy similar to the one used in the previously published analysis [18], the
invariant mass of the jet pair produced by VBF, mjj, is used as a discriminating variable to
separate the signal and the dominant backgrounds arising from vector boson production in
association with two jets (V+jets). Representative Feynman diagrams for the signal and main
background processes are shown in Fig. 1.

q
q

q'
q'

H

˜

˜

χ

-χ

Figure 1: Leading-order Feynman diagrams for the production of the Higgs boson in associa-
tion with two jets from VBF (left), and representative leading-order Feynman diagrams for the
production of a Z boson in association with two jets either through VBF production (middle)
or strong production (right). Diagrams for the production of a W boson in association with two
jets are similar.

Control regions enriched in V+jets processes are used to constrain the associated background
contributions in the signal region. Additional sensitivity is obtained by using g+jets events to
further constrain the Z(nn) background. In the previous CMS publication, the trigger strategy

One of the many on-going searches is

The result gives us a bound on the BR of the Higgs to invisible

ΓT(h) ≈ 4.6 MeV
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The width is calculated using

Back to colliders - Higgs invisible width

80

256 49. Kinematics

with Ep =


p2 + m2.

49.4 Particle decays
The partial decay rate of a particle of mass M into n bodies in its

rest frame is given in terms of the Lorentz-invariant matrix element M
by

d≈ =
(2fi)4

2M
|M |2 d�n (P ; p1, . . . , pn), (49.11)

where d�n is an element of n-body phase space given by

d�n(P ; p1, . . . , pn) = ”4 (P ≠
nÿ

i=1

pi)
nŸ

i=1

d3pi

(2fi)32Ei
. (49.12)

This phase space is reduced by combinatoric factors whenever there are
identical particles in the final state. The phase space can be generated
recursively, viz.

d�n(P ; p1, . . . , pn) = d�j(q; p1, . . . , pj)

◊ d�n≠j+1 (P ; q, pj+1, . . . , pn)(2fi)3dq2 , (49.13)

where q2 = (
qj

i=1 Ei)2 ≠
--qj

i=1 pi

--2
. This form is particularly

useful in the case where a particle decays into another particle that sub-
sequently decays.

49.4.1 Survival probability
If a particle of mass M has mean proper lifetime · (= 1/≈ ) and

has momentum (E, p), then the probability that it lives for a time t0 or
greater before decaying is given by

P (t0) = e≠t0 ≈/“ = e≠Mt0 ≈/E , (49.14)

and the probability that it travels a distance x0 or greater is
P (x0) = e≠Mx0 ≈/|p| . (49.15)

49.4.2 Two-body decays

p1, m1

p2, m2

P, M

Figure 49.1: Definitions of variables for two-body decays.

In the rest frame of a particle of mass M , decaying into 2 particles
labeled 1 and 2,

E1 =
M2 ≠ m2

2 + m2
1

2M
, (49.16)

|p1| = |p2| =
1

2M


⁄(M2, m2

1, m2
2) , (49.17)

and
d≈ =

1
32fi2 |M |2

|p1|
M2 d� , (49.18)

where ⁄(–, —, “) = –2 +—2 +“2 ≠2–— ≠2–“ ≠2—“ is the Källén function
and d� = d„1d(cos ◊1) is the solid angle of particle 1. The invariant mass
M can be determined from the energies and momenta using Eq. (49.2)
with M = Ecm.
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Now calculate the invisible BR for the three models
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Scalar - The SM is extended by an extra real scalar singlet S, with a  symmetry Z2 S → − S

ℒ = ℒSM +
1
2

(∂μS )(∂μS ) − VN + VSM VN = bS2 + dS4 + κ1S2H†H + μ2H†H + λ(H†H )2

S = 0; h2 = − μ2 /(2λ);

Let us consider the solution (for the minimum)

H =
G±

1

2
(vH + h + iG0)

ℒ = ℒSM −
1
4

XμνXμν + (Dμ𝕊)†(Dμ𝕊) + μ2
S 𝕊

2
− λS 𝕊

4
− κ 𝕊

2
H†H

Vector - Dark U(1)X gauge symmetry: all SM particles are U(1)X  neutral.

with
𝕊 =

1

2
(vS + S + iA)

Dμ = ∂μ + igX Xμ

(h1

h2) = ( cos α sin α
−sin α cos α) (h

S)
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Figure 11: Observed and expected 95% CL upper limits on (sH/sSM
H )B(H ! inv) for all data-

taking years considered, as well as their combination, assuming an SM Higgs boson with a
mass of 125.38 GeV.

Table 6: The 95% CL upper limits on (sH/sSM
H )B(H ! inv), assuming an SM Higgs boson

with a mass of 125.38 GeV. The observed and median expected results are shown, along with
the 68% and 95% interquartile ranges for each category and for the combinations.

Category Observed Median expected 65% expected 95% expected
2012–2016 0.33 0.21 [0.15, 0.29] [0.11, 0.39]

VTR 2017 0.57 0.45 [0.32, 0.66] [0.24, 0.94]
VTR 2018 0.44 0.34 [0.24, 0.49] [0.18, 0.69]
VTR 2017+2018 0.40 0.28 [0.20, 0.40] [0.15, 0.56]

MTR 2017 0.25 0.19 [0.14, 0.28] [0.10, 0.40]
MTR 2018 0.24 0.15 [0.11, 0.22] [0.08, 0.31]
MTR 2017+2018 0.17 0.13 [0.09, 0.18] [0.07, 0.25]

all 2017 0.24 0.18 [0.13, 0.26] [0.09, 0.37]
all 2018 0.25 0.15 [0.10, 0.21] [0.08, 0.29]
all 2017+2018 0.18 0.12 [0.08, 0.17] [0.06, 0.23]

2012–2018 0.18 0.10 [0.07, 0.14] [0.05, 0.20]

uncertainties. The systematic uncertainties with the largest impact in the B(H ! inv) mea-
surement are the theoretical uncertainties affecting the f

W/Z,proc
i

ratio, the trigger uncertainties,
the statistical uncertainties in the simulated samples, as well as the uncertainties in the QCD
multijet modelling, in the lepton and photon reconstruction and identification efficiencies, and
the JES.

The upper limit on B(H ! inv), obtained from the combination of 2012–2018 data, is inter-
preted in the context of Higgs-portal models of DM interactions, in which a stable DM particle
couples to the SM Higgs boson. The interaction between a DM particle and an atomic nucleus
may be mediated by the exchange of a Higgs boson, producing nuclear recoil signatures, such
as those investigated by direct detection experiments. The sensitivity of these experiments de-

BR(h → χχ) =
Γ(h → χχ)

ΓT(h)
ΓT(h) ≈ 4.6 MeV

Now choose a DM mass of 40 GeV and calculate the bound on the portal coupling
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