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DM models: from EFT to Simplified Models
Dark Matter Models
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DM models: from EFT to Simplified Models
Effective Field theories (EFT)

Name Operator Coefficient
D1 χ̄χ q̄q mq/Λ

3

D2 χ̄γ5χ q̄q imq/Λ
3

D3 χ̄χ q̄γ5q imq/Λ
3

D4 χ̄γ5χ q̄γ5q mq/Λ
3

D5 χ̄γµχ q̄γ
µq 1/Λ2

D6 χ̄γµγ
5χ q̄γµq 1/Λ2

D7 χ̄γµχ q̄γ
µγ5q 1/Λ2

D8 χ̄γµγ
5χ q̄γµγ5q 1/Λ2

D9 χ̄σµνχ q̄σ
µνq 1/Λ2

D10 χ̄σµνγ
5χ q̄σµνq i/Λ2

D11 χ̄χ GµνGµν αs/4Λ3

D12 χ̄γ5χ GµνGµν iαs/4Λ3

D13 χ̄χ GµνG̃µν iαs/4Λ3

D14 χ̄γ5χ GµνG̃µν αs/4Λ3

Only 2 parameters: Λ,mχ

Signal scales with Λ:

Nevents = Lint
f(mχ)

Λ2(d−4)

Optimal choice for DD
searches
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DM models: from EFT to Simplified Models
EFT validity Problems. EFT Validity Condition

Validity Condition

Q2
tr < M2 = gχgqΛ

2

To ensure EFT validity at LHC, we can throw away events with
Q2

tr > M2 produced by your event generator (Truncation) [1307.2253,
1402.1275, 1405.3101]

Issues
Validity problems at LHC
Validity conditions weakens exclusion regions and discovery
potential
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DM models: from EFT to Simplified Models
Simplified Models: s-channel

Underlying idea: only one mediator of a given UV model plays an
important role in DM phenomenology
Approximate phenomenology given by model with 1 mediator +
DM particle

LS(SS) =
1

2
∂µS∂

µS − 1

2
M2

medS
2 − yχSχ̄χ− gu,d

mi

v
Sq̄iqi + h.c.

LP(PP) =
1

2
∂µS∂

µS − 1

2
M2

medS
2 − yχSχ̄γ5χ− gu,d

mi

v
Sq̄iγ5qi + h.c.

LV(VV) = −1

4
FµνV FV,µν +

1

2
M2

medVµV
µ − gχVµχ̄γµχ− gqVµq̄iγµqi

LA(AA) = −1

4
FµνV FV,µν +

1

2
M2

medVµV
µ − gχVµχ̄γµγ5χ− gqVµq̄iγµγ5qi
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DM models: from EFT to Simplified Models
Simplified Models

Name Operator Model
D1 χ̄χ q̄q S(SS)

D4 χ̄γ5χ q̄γ5q P (PP )
D5 χ̄γµχ q̄γ

µq V (V V )

D8 χ̄γµγ
5χ q̄γµγ5q A(AA)

D11 χ̄χ GµνGµν S(SS)

G

G

χ

χ̄

S

Simplest UV-safe models that
yield EFT dim-6 operators
Replace contact interactions
with propagating degrees of
freedom
Scalar (and pseudoscalar)
also introduce dim-7 operator
with gluons through top loop
D2,D3,D6,D7 can also be
reproduced, by changing the
coupling structure
All other EFT dim-6 and 7
operators arise at loop level in
such models
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DM models: from EFT to Simplified Models
Simplified Models: consistency (s-ch)

A full UV consistent theory, features: only renormalizable
interactions, gauge invariance←→ renormalizable theory,
anomaly-free

3 Only renormalizable interactions
3 Anomalies are neglected and the particles to fix them are supposed

not to play an important role
7 Simplified models listed before are not (all) gauge invariant

Models are invariant only under SU(3)c × U(1)em, but not under
SU(2)L × U(1)Y , neither under U(1)dark in V,A models

Spin 1 models have a massive gauge boson whose mass term is
not G.I.
Spin 0 models have q̄q terms that are not G.I.
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DM models: from EFT to Simplified Models
Simplified Models: consistency spin 1

Pure Vector can acquire mass with Stuckelberg mechanism, no
higgs required
Presence of any new axial coupling implies requirement for new
higgs
New higgs φ will in general mix with SM higgs Φ via Φ†Φφ†φ

Axial couplings for SM particles require SM higgs charge under
new U(1), resulting in Z − Z ′ mixing

Model Gauge Invariant Dark Higgs h− h′ Z − Z ′ Mediators
VV Yes No No No 1
VA No Yes Yes No 1-3
AV No Yes Yes Yes 2-4
AA No Yes Yes Yes 2-4

1510.02110
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DM models: from EFT to Simplified Models
Simplified Models: consistency spin 0

Dark matter (singlet) can only couple to a singlet scalar S
SM fermions can only couple to scalars that have the same
quantum numbers of an higgs doublet
A new singlet scalar S can acquire a coupling only by mixing with
the scalar inside the doublet
Minimal choice: only one higgs doublet→ S − h mixing
Next to minimal choice: 2HDM→ S −H mixing

Model G. Inv. Dark Singlet Doublets S − h S −H Mediators
SS No Yes 1 Yes - 2
SP No Yes 1 Yes - 2
SS No Yes 2 No* Yes 2*
SP No Yes 2 No* Yes 2*
PS No Yes 2 No* Yes 2*
PP No Yes 2 No* Yes 2*
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Gauge Invariance for scalar models
Minimal case: 1 higgs doublet

Lnew =
1

2
∂µS∂µS +

1

2
M2
SSS

2 − 1

2
λHSφ

†φS2 − 1

4!
λSS

4 − yDMSχ̄χ(
h
s

)
=

(
cos ε − sin ε
sin ε cos ε

)(
φ0 − 〈φ0〉
S − 〈S〉

)
Lint = −yiQ̄iLuiRφ̃ = −miū

i
Lu

i
R(1 + cos ε

h

v
− sin ε

s

v
)

Also the higgs now couples to DM:

−yDMSχ̄χ→ −yDM (sin εh+ cos εs) χ̄χ

Both mediators therefore contribute to all cross sections:

σq̄q→χ̄χ+X ∝ (yχyq sin ε cos ε)2
( 1

Q2 −M2
h

− 1

Q2 −M2
s

)2

The mixing requires also the Higgs to couple to DM, and the product of
the couplings for h and s is equal and opposite
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Gauge Invariance for scalar models
Minimal case: 1 higgs doublet

Interference between the two mediators
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Gauge Invariance for scalar models
Minimal case: 1 higgs doublet

Higgs couples to DM
Stringent DD constraints on ε, even Ms →∞ (but not for
Ms ∼Mh)
DD blind window at Ms ∼Mh [1509.05771]
Bounds on h invisible give stringent constraints for mχ .Mh/2

Coupling to leptons arises as well
Small couplings to fermions, ∼ yf sin ε . 0.4yf

G. Busoni (University of Melbourne) Theoretical Models for Dark Matter La Thuile 2017 17 / 39



Outline

1 DM models: from EFT to Simplified Models
Effective Field theories (EFT)
Simplified Models
Simplified Models: consistency

2 Gauge Invariance for spin 0 models
Minimal case: 1 higgs doublet
Next-to-Minimal case: 2 higgs doublets
Collider signatures

3 Summary
Conclusions

G. Busoni (University of Melbourne) Theoretical Models for Dark Matter La Thuile 2017 18 / 39



Gauge Invariance for scalar models
Next-to-Minimal case: 2 higgs doublets

Alignment limit: Mi,j =

 Mρ
hh 0 0
0 Mρ

HH Mρ
HS

0 Mρ
HS Mρ

SS


Lnew = −yDM (cos θS2 + sin θS1)χ̄χ−

yfξ
f

√
2

(cos θS1 − sin θS2)f̄f

Type I Type II
ξu cotβ cotβ

ξd cotβ − tanβ

ξ` cotβ − tanβ

Type II can allow an enhanced coupling to down quarks, for large
values of tanβ

u, d quarks have same-sign couplings in Type I and opposite sign
couplings in Type II
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Gauge Invariance for scalar models
Next-to-Minimal case: 2 higgs doublets

10 100 100030 300 3000

100

1000

300

mχ (GeV)

M
S

1
(G

eV
)

Type I
tanβ = 1

MS2=100 GeV

MS2=300 GeV

MS2=500 GeV

10 100 100030 300 3000

1000

300

mχ (GeV)

M
S

1
(G

eV
)

Type II
MS2=200 GeV, tanβ=10

MS2=200 GeV, tanβ=1

MS2=500 GeV, tanβ=10

MS2=500 GeV, tanβ=1

Not only interference between the two mediators, but also interference
between different flavours (Type II)
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Gauge Invariance for scalar models
Collider signatures

Gen I models were all very similar and had similar signatures, i.e.
mono-X from ISR (spin-1) and loop (spin-0)
This difference was arising because of the structure of the
couplings for spin 0/1
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G. inv. models with multiple mediators have additional
differentiation. For scalar models, tighter connection with higgs
sector and EW interactions mean additional sources of
Mono-Z/W/h
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Conclusions
Summary

Construction of simple models valid at LHC and describing the
relevant phenomenology
EFT to simplified models is a first step in this direction
First generation of SM not gauge invariant
Gauge invariance implies multiple portals
DD: presence of blind spots and negative interference effects
LHC: more differentiation between spin 0 and spin 1

Enhanced mono-W/Z/h signals for spin-0
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Backup Slides
Generation I model

Just one additional scalar coupled with generic couplings gqyi, yχ

Lnew =
1

2
∂µS∂µS −

1

2
M2S2 − gq√

2
S
∑
q

yiq̄iqi − yDMSχ̄χ

The interaction term of S with quarks is not gauge invariant, as

q̄iqi = q̄iLq
i
R + q̄iRq

i
L

is not SM singlet
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Backup Slides
Assumptions and Implications

Assumptions
S is a scalar, and is a portal to DM
χ is a SM singlet
S is exchanged in the s-channel
Structure of SM yukawa lagrangian is not modified
There is only one Higgs doublet

Implications
S is a SM singlet
S has to mix with SM higgs, as a quark scalar bilinear can only
couple to a particle that has the same quantum numbers as an
Higgs doublet
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Backup Slides
A possible Gauge invariant version

A Gauge invariant version of this model could be obtained by the
following lagrangian (Z2 on S)

Lnew =
1

2
∂µS∂µS +

1

2
M2
SSS

2 − 1

2
λHSφ

†φS2 − 1

4!
λSS

4 − yDMSχ̄χ

EW symmetry breaking mixes the SM higgs with the new scalar(
h
s

)
=

(
cos ε − sin ε
sin ε cos ε

)(
φ0 − 〈φ0〉
S − 〈S〉

)
The mixing angle ε has to be small, so that higgs and EW
phenomenology does not get affected much (all SM signal strengths
involving the higgs get a cos2 ε factor)

Consequently, cos ε ∼ 1, sin ε < 0.4
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Backup Slides
A possible Gauge invariant version

The h− s mixing gives s a coupling to Standard Model fermions:

Lint = −yiQ̄iLuiRφ̃ = −miū
i
Lu

i
R(1 + cos ε

h

v
− sin ε

s

v
)

The coupling of s to quarks is indeed proportional to yukawas

gq ≡ − sin ε

Also the higgs now couples to DM:

−yDMSχ̄χ→ −yDM (sin εh+ cos εs) χ̄χ

Both mediators therefore contribute to all cross sections:

σq̄q→χ̄χ+X ∝ (yχyq sin ε cos ε)2
( 1

s−M2
h

− 1

s−M2
s

)2

The mixing requires also the Higgs to couple to DM, and the product of
the couplings for h and s is equal and opposite
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Backup Slides
Direct Detection Constraints
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Backup Slides
Consequences of Gauge Invariance

gq = sin ε ≤ 1 means low to moderate sensitivity
Higgs couples to DM
Stringent DD constraints on ε, even Ms →∞ (but not for
Ms ∼Mh)
DD blind window at Ms ∼Mh [1509.05771]
Too weak signal at LHC unless at least one of the 2 mediators can
go on shell
Bounds on h invisible give stringent constraints for mχ .Mh/2

Coupling to leptons arises as well!
VBF operator arises

Lint,V BF = − sin ε

(
2
M2
W

v
W+
µ W

−µ +
M2
z

v
ZµZ

µ

)
s

G. Busoni (University of Melbourne) Theoretical Models for Dark Matter La Thuile 2017 31 / 39



Backup Slides
Adding a second doublet

Conclusions of the previous slides are quite general
A more complex scalar sector would still lead to similar conclusions

To get more freedom with couplings to quarks, the only way is to
add an additional Higgs doublet
New Lagrangian will contain the singlet S as well, for a total of 3
scalars

V (Φ1,Φ2, S) = M2
11Φ†

1Φ1 +M2
22Φ†

2Φ2 + (M2
12Φ†

2Φ1 + h.c.)

+
λ1
2

(Φ†
1Φ1)2 +

λ2
2

(Φ†
2Φ2)2 + λ3(Φ†

1Φ1)(Φ†
2Φ2)

+ λ4(Φ†
2Φ1)(Φ†

1Φ2) +
1

2

(
λ5(Φ†

2Φ1)2 + h.c.
)
,

+
1

2
M2
SSS

2 +
1

3
µSS

3 +
1

4
λSS

4

+
λ11S

2
(Φ†

1Φ1)S2 +
λ22S

2
(Φ†

2Φ2)S2 +
1

2
(λ12SΦ†

2Φ1S
2 + h.c.)
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Backup Slides
Scalars Mixing

The 3 scalars will in general mix with arbitrary mixing angles
There is always a region of the parameter space where one can
decouple the first doublet and make it SM-like cos(β − α) = 0
This region may rise up naturally in presence of some symmetries
of the full UV model
In that case S mixes only with the scalar of the second doublet, and
there is no constraints on the mixing angle
SM phenomenology doesn’t get affected in this limit, and no VBF
operator arises
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Backup Slides
Natural Alignment

In 2HDM, natural alignment arises in presence of the symmetry

λ1 = λ2 =
1

2
(λ3 + λ4 + λ5)

Under such symmetry, rotating the doublets of an angle β leave
the couplings λ1,...,5 invariant

Rotating in the higgs basis, where 〈Φ1〉 =

(
0
v√
2

)
and

〈Φ2〉 =

(
0
0

)
one gets the mass matrix

Mρ =

 Mρ
hh 0 Mρ

hS

0 Mρ
HH Mρ

HS

Mρ
hS Mρ

HS Mρ
SS

 (1)

To avoid the SM higgs to mix with the singlet state, one needs to
require that in the new basis λ11S = 0
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Backup Slides
Type I and II

In the alignment limit (β − α = π/2), ones gets (neglecting scalar
interactions))

L = LSM +
1

2
∂µSi∂µSi −

1

2
M2
i S

2
i (i = 1, 2) + χ̄(i6 ∂ −mχ)χ

− yDM (cos θS2 + sin θS1)χ̄χ−
yfξ

f

√
2

(cos θS1 − sin θS2)f̄f

Type I Type II
ξu cotβ cotβ

ξd cotβ − tanβ

ξ` cotβ − tanβ

Type II can allow an enhanced coupling to down quarks, for large
values of tanβ
u, d quarks have same-sign couplings in Type I and opposite sign
couplings in Type II
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Backup Slides
Direct Detection Constraints
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Type II
MS2=200 GeV, tanβ=10

MS2=200 GeV, tanβ=1

MS2=500 GeV, tanβ=10

MS2=500 GeV, tanβ=1

Not only interference between the 2 mediators, but also interference
between different flavours (Type II)
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Backup Slides
Type III and FCNC

The most general case is Type III
In this case, FCNC generally appear at tree level

To get rid of them at tree level, one needs flavour-diagonal
couplings (in mass eigenstates basis)
In absence of symmetry, loop level FCNC will appear
Examples of Yukawa patterns that are ”protected” against loop
level FNCN:

Aligned yukawas: yUH = tan γuy
U
h , y

D
H = tan γdy

D
h , y

l
H = tan γly

l
h

Coupling only to first 2 generations: yu,cH = A, yd,sH = B, yb,t,lH = 0
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Backup Slides
Direct Detection Constraints
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MS2=500 GeV

|tanγu |=1, |tanγd |=10
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|tanγu |=1, |tanγd |=1
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2gen

A=10B=0.1, MS2=5 TeV

A=-10B=0.1, MS2=5 TeV

A=B=0.01, MS2=5 TeV

A=-B=0.01, MS2=5 TeV

A=-B=0.01, MS2=500 GeV

Interference between flavours only happens for a certain ratio between
the yukawa couplings
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Backup SLides
Models Summary

Model Singlet Type I Type II Type III
2 Mediators Yes Yes Yes Yes

MAX gq . 0.4 O(1)
qu ∼ O(1)

gd ∼ O(
mt

mb
)

O(
mt

mq
)

VBF Yes No No No
SM constr. Yes No No No
Num. Par. 4(+1Γ) 6(+2Γ) 6(+2Γ) 14(+2Γ)

NFC N/D Yes Yes No
MFV Yes Yes Yes Yes

Flavour constr. No Moderate Moderate Depends
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