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Semi-Annihilation



Thermal Dark Matter

❖ Bounds on thermal DM 
starting to get quite strong


❖ Successful test of this idea!

❖ But we should be diligent in 

checking for loopholes

❖ What are our assumptions?

What if we relax them?


Very basic assumption:  
DM stabilised by Z2 symmetry
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Semi-Annihilation

❖ Implies this familiar diagram

❖ Detection rates related to  

relic density calculation


❖ Leads to these strong bounds


Not Generic! (D’Eramo & Thaler, 2010)


Non-Z2 syms ➼ Semi-Annihilation:

Non-decay processes 

Odd number of external dark states


Irrelevant for colliders & DD
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You won’t believe this 1 weird trick for 

avoiding dark matter constraints! 



❖ SA relaxes bounds from terrestrial searches


❖ SA affects indirect (cosmic ray) searches

❖ Different kinematics


❖ Dark sector cascades (from unstable dark states)


❖ A number of studies so far 
Bélanger et al, 1202.2962; D’Eramo et al, 1210.7817; Ko & Tang, 1402.6449; Aoki & Toma, 
1405.5870; Berger et al, 1401.2246; Fonseca et al, 1507.08295; Cai & Spray, 1509.08481


❖ But based on particular models; no general study so far
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❖ Two classes of 2 ➙ 2 SA, depending on SM final state
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Gauge singlet


❖ Minimal theories: dark 
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Gauge charged 


❖ Must be light charged 
unstable dark states
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❖ Two classes of 2 ➙ 2 SA, depending on SM final state


❖ Call states with dark & SM symmetries Dark Partners

❖ DM-DM initial states: dark partners conjugate to SM
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Gauge singlet
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Effective Operators



Exploring Model Space: EFTs

❖ Standard tool for model-independent studies

❖ Two sectors: dark and visible

❖ Integrate out mediators to generate EFT


❖ Easy to exhaust possibilities

❖ Direct connection to initial & final states

❖ Very applicable for Semi-annihilation:


❖ Mediators must be more massive than DM

❖ Freeze out & indirect detection non-relativistic so EFT valid

SM Dark
L � 1

⇤d
�3OSM

(Heavy Mediator)
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Assumptions
1. DM is gauge singlet complex scalar or fermion,  

charged under exact global symmetry D ≠ Z2 

2. Consider 2 → 2 processes with 3 dark sector fields 
i.e. operators with 4 fields after EWSB


3. Allow dark partners, at most 1 per operator


4. Allow multi-component dark matter


5. Consider all possible terms to dimension 6 
& leading terms at dimension 7
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General Results
❖ See paper/back-up slides for operator lists

❖ Small number of operators; e.g. for unique DM,


❖ DM-only operators involve 5 fields before EWSB

❖ No operators leading to γ-ray line signatures for < 3 DM

❖ Lowest-dimension operators involve dark partners

DM-only Scalar DP Fermion DP
Scalar DM 1 9 6

Fermion DM 1 x gens. 19 x gens. 28 x gens.
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Higgs Portals
❖ Operators for scalar/fermion DM at dimension 5+/6+

❖ Compare this to the always-allowed Higgs portals:


❖ If SA is to dominate, these must be suppressed

❖ SA (Portal) generated at tree-level (one loop)

❖ UV scale ≲ 5—10 TeV


❖ Constrains UV particle content:

❖ No gauge- and D-singlet scalars


❖ No EW doublets in conjugate D-rep, same spin as DM 

O�H = ��H �†�H†H , O�H =
c�H
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Dark Partner Decay
❖ Dark partners cannot decay in minimal theory:


❖ Ψ → φφ + SM kinematically forbidden


❖ Need new coupling Ψ → φ† + SM 


❖ Additional model dependence

❖ Minimal allowed by symmetries?  Or similar to SA operator?

❖ Fermion DM particularly problematic: 2-body decays forbidden 


❖ Lower bound on decay rate from BBN

⌧ . 0.05 s, ) cdec & 10�11(4⇡)n�2

✓
⇤

mDP

◆Ddec�4

 
SM
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Impact of Decay Operators
❖ Prompt decays contribute to cosmic ray signals


❖ Function of dark partner mass

❖ Depends on decay mode


❖ Lead to upper bounds on Wilson coefficient:

❖ DM annihilation through t-channel Dark partner

❖ DM-Dark partner coannihilation

❖ Enhanced contributions to direct detection

❖ Possible DM-Dark partner mixing


❖ General bound cdec ≲ 0.1—0.01
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Figure 2: DM annihilation (left) and inelastic scattering (right) created by the dark partner decay
operator Odec.

This cosmological upper bound on the dark partner lifetime means that, for the purposes of
indirect searches using cosmic rays, we can treat the decays as prompt. The full SA process is
XiXj !  †V ! X†

kO†
SMV ; in particular, if OSM = V then we pair-produce it. This is similar

to the 2 ! 3 processes we discussed and neglected in Section 3. However, since this is a 2 ! 2
process followed by a decay, we do not have a phase space suppression. The visible states are also
typically produced with larger energies, making them more distinguishable from the backgrounds.
When OSM = V , either visible particle can be more energetic depending on the spectrum; the V
produced from SA (decay) will be more energetic when m ⇡ m (m ⇡ 2m). When OSM 6= V ,
such that  decays to three or more particles, the SA-produced V will tend to be the most energetic
state.

As well as the  decay, Eq. (31) will mediate additional annihilation and SA processes, as
well as contributing to collider and direct detection signals. These can potentially be important
in the dark sector phenomenology; in particular, when OSM = V then Odec is a lower-dimension
operator than OSA, which suggests it might be more relevant. For simplicity, we will demand that
processes mediated by OSA dominate, and derive the resultant upper bounds on cdec. We first list
generic bounds, then note specific operator-dependent constraints when we list the SA operators.

First, Odec directly leads to co-annihilation Xk † ! SM . This can be important for deter-
mining the relic density when m . 1.05 m, but is irrelevant for ID signals today. Even when the
dark partner is su�ciently light, we can estimate that co-annihilation will be negligible if

cdec . cSA

✓
m

⇤

◆���
dec

max
�
(4⇡)n�2, 1

 
. (34)

The strongest constraints come for n = 1 or 2, and � � �dec = 1; then cdec . cSA m/⇤. For the
regions of parameter space where we can set limits on SA (see Section 5), this is no stronger than
cdec . O(0.1).

Odec also contributes to ID signals today via the annihilation XkX
†
k ! OSMO†

SM through
t-channel  -exchange, see Fig. 2. Like the co-annihilation bounds, these apply for any OSM . The
cross section for this process will be smaller than that for XiXj !  †V if

c2dec . (4⇡)2(n�1) cSA
m2
 

m2

✓
⇤

m

◆2�
dec

��

. (35)

Since we expect ⇤, m > m this typically allows cdec > cSA. The strongest bound comes for n = 1
when OSA is a scalar quartic coupling and Odec a scalar cubic. In that case, we require the modest
suppression cdec . p

cSA m /⇤, or equivalently that the cubic coupling be of comparable size to
the dark partner mass.

A potentially strong constraint on cdec can come from direct detection searches, though this
is dependent on the decay mode. In particular, when OSM = V then Odec mediates elastic
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Phenomenology & 
Constraints



Overview
❖ Derive limits from γ-ray, positron & neutrino telescopes


❖ Additional assumptions:

❖ DM is single component

❖ Fix dark partner-DM mass ratio to 1.5


❖ Set limits on EW broken phase operators

❖ Direct connection to amplitudes

❖ More easily applicable to general models


❖ Only time & space to show a small selection of results

17/22



SA to Neutrinos
❖ Top: Bounds on dim-6 ops


❖ Bottom: dim-5 ops


❖ Regions below lines exluded

❖ Red: perturbativity (EFT)

❖ Solid: as marked (current)

❖ Dashed: CTA (projected)


❖ Dots: relic density from SA 
alone
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❖ Neutrino spectra for same 
operators as on last slide


❖ Varied DM—DP mass ratio

❖ Solid lines: 


❖ SA final state neutrinos

❖ Nearly monochromatic


❖ Dashed lines

❖ Dark partner decay neutrinos

❖ Broad spectrum; more so for 

fermion DM due to 3-body decay

❖ More important for heavier DPs
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Leptonic Dark Partner Limits
❖ Top: bounds on d = 5 ops


❖ Bottom: bounds on d = 6 ops


❖ Regions below lines exluded

❖ Red: perturbativity (EFT)

❖ Solid: AMS (current)

❖ Dashed: CMB (current)


❖ Exclude RD params for electron 
channel and 10 ≲ m ≲ 100 GeV
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Conclusions



❖ Semi-Annihilation is a generic feature of dark matter

❖ Constructed all SA operators up to dimension 6

❖ Model space for DM-only theories is small

❖ Dark partners lead to more varied phenomenology at 

cost of dependence on dark partner decay modes

❖ Derived limits & prospects from cosmic ray searches; 

close to relic cross section in some fermionic channels

❖ Many questions remain, e.g. UV completions
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Dark Matter Only
❖ Write down all operators consistent with assumptions

❖ Scalar
 ❖ Fermion
Operator Definition

Oh
4B sijk�i�j�kh

OZ
5B (xikj + yijk) �i�j(@µ�k)Zµ

Oh�
6B (xikj + yijk) (@µ�i)(@µ�j)�kh

Operator Definition EW Broken Phase
OH

5U sijk�i�j�k H†H v
⇤ Oh

4B

OZ
7U (xikj + yijk) �i�j(@µ�k)

�
iH† !DµH

� �vm
Z

⇤2 OZ
5B

OH
7U (xikj + yijk) (@µ�i)(@µ�j)�k H†H v

⇤ Oh�
6B

Table 3: Operators relevant for dark sectors comprised of scalar DM and no other light fields, in
the EW broken phase (top) and symmetric phase (bottom). We also show the relation between
the two phases in the lower table.

contribution to �i�j ! �†
k� occurs at dimension 7. However, as shown in Appendix D, all e↵ective

operator contributions to this process lead to p-wave annihilation. They therefore do not lead to
observable signals today and so we ignore them. In contrast, all the terms in Table 3 lead to s-wave
annihilation.

In the EW unbroken phase for gauge singlet DM, there is only a single operator up to dimension
6, which corresponds to Oh

4B after EWSB. The other two broken phase terms derive from dimension
7 operators, which we also include in the lower part of Table 3. We see that the operators in the
two phases are in a one-to-one relation in this case.

In constructing the operators in Table 3, we are implicitly assuming that they are the most
important couplings between the visible and dark sectors. It is necessary to critically examine that
assumption, and the implications for the parameter space and possible UV completions. We have
already discussed the existence of 2 ! 3 processes in the EW unbroken phase. In this case, the
final states for both types of processes are similar (Higgses and electroweak gauge bosons) that
the simple bound above, m . 3 TeV, is probably a reasonable approximation for when two-body
final states dominate.

Next, we discuss the Higgs portal coupling of Eq. (13). The constraints of Eq. (17) apply well
to the operators in this section, as both annihilation and SA involve similar final states. Tree-level
generation of the quartic will always dominate, while if it is one-loop then SA will dominate for
⇤ . O(10) TeV (3 TeV) for OH

5U (OZ,H
7U ). All the operators of Table 3 will generate the quartic

coupling at two-loops, which gives a lower bound

� & cH5U/cZ,H7U

(4⇡)4
, (21)

independent of the UV completion. If this value is realised, the upper limit on ⇤ increases by a
factor of (4⇡)2.

Lastly we observe that if we can write down any of the operators in Table 3, then in addition
to the Higgs portal term of Eq. (13) we can also include the renormalisable term

� L � 1

6
⇢ijk�i�j�k + h.c. (22)

The (fully symmetric) cubic term must be a singlet under the dark sector symmetry D for the
terms in Table 3 to be allowed, while it is a SM singlet since we restrict ourselves to total gauge
singlet DM. It can only be generated in the UV at tree-level by mixing between the DM and a
heavy dark sector field. If this is forbidden, we expect

⇢ ⇠ NF⇤

(4⇡)2
. (23)

8

Operator Definition
O⌫L

6B

�
sijk + yijk + xikj

�
(�̄c

iPL�j) (⌫̄PR�k)
O⌫R

6B

�
yijk + xikj

�
(�̄c

iPR�j) (⌫̄PR�k)

Operator Definition EW Broken Phase

OLL
7U

�
sijk + yijk + xikj

�
(⌘i⌘j)

�
(L†H̃)⇠̄†k

�
vp
2⇤

O⌫L
6B

OLR
7U

�
yijk + xikj

�
(⇠̄†i ⇠̄

†
j )

�
(L†H̃)⇠̄†k

�
vp
2⇤

O⌫R
6B

Table 4: Operators relevant for dark sectors comprised of fermion DM and no other light fields, in
the EW broken phase (top) and unbroken phase (bottom).

In the low-energy theory, OH
5U generates ⇢ at one loop, while the dimension 7 operators generate

it at four loops. These contributions give the approximate lower bounds

⇢ & cH5U
⇤

(4⇡)2
or cZ,H7U

⇤

(4⇡)8
. (24)

The cubic and Higgs portal couplings together lead to the SA process �i�j ! �†
kh. This will

have the same non-relativistic cross section as OH
5U if

(cH5U )ijk

⇤
=

X

l


⇢ijl�lk

(mi + mj)2 � m2
l

� ⇢ikl�lj(mi + mj)

(mi + mj)(mimj + m2
l ) � mjm2

k � mim2
h

� ⇢jkl�li(mi + mj)

(mi + mj)(mimj + m2
l ) � mim2

k � mjm2
h

�
! � ⇢�

m2
, (25)

where in the last step we assumed a single DM species with m2 � m2
h. This allows us to interpret

the limits we derive on OH
5U directly as limits on ⇢�/m2 in a renormalizable theory. It also lets

us identify in which regions of parameter space the higher-dimensional operators serve as the
dominant couplings between the two sectors:

⇤ . cH5U
m2

⇢�
or ⇤3 . cH,Z

7U

m4

⇢�
. (26)

These inequalities are stronger than the constraints from annihilation if m2 < v⇢. In contrast,
if both ⇢ and � are generated at one loop then we find the weaker conditions ⇤ . 16⇡2m/NF

(⇤ . 4⇡m/
p

NF ) for OH
5U (OH,Z

7U ).

3.2 Fermion dark matter

We next consider a dark sector composed of one or mor stable fermions �i and no other light
states. There is only a single possible 2 ! 2 SA process, �i�j ! �†

k⌫. This is generated by the
two dimension-6 operators shown in the upper part of Table 4 (six after accounting for neutrino
generations). We have used Fierz identities to reduce these to the minimal set. In particular,
spinor lines involving Lorentz indices all either vanish identically or can be written in terms of the
objects in Table 4. Both operators lead to phenomenologically-relevant s-wave annihilation. Note
that, when the DM is unique, only the single operator O⌫L

6B survives.
In the unbroken phase, there are no operators up to dimension 6. The leading terms are at

dimension 7, generated from the broken phase operators through the replacement ⌫̄L ! L†H̃. We
list these terms in the lower part of Table 4; recall that the four component DM spinor � has
Weyl components (⌘, ⇠̄†)T . As for scalar DM, the unbroken phase operators also lead to 2 ! 3
SA processes. The inequality m . 4⇡v likely underestimates the region where 2 ! 2 processes
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Operator Definition Operator Definition
O⌫

5B sij �i�j ⌫̄PR� O�
6B aij �̄c

i�
µ⌫�j � �µ⌫

O⌫
6B aij�i(@µ�j) ⌫̄�µPL� Õ�

6B aij �̄c
i�

µ⌫�j � �̃µ⌫
OhS

5B sij �̄c
i�j � h OZ

6B aij �̄c
i�

µ⌫�j � Zµ⌫

OhP
5B sij �̄c

i�
5�j � h ÕZ

6B aij �̄c
i�

µ⌫�j � Z̃µ⌫

OZV
5B aij �̄c

i�
µ�j � Zµ OZsS

6B sij
�
�
 !
@µ (�̄c

i�j)
�
Zµ

OZA
5B sij �̄c

i�
µ�5�j � Zµ OZsP

6B sij
�
�
 !
@µ (�̄c

i�
5�j)

�
Zµ

OhV
6B aij �̄c

i�
µ�j

�
�
 !
@µh

� OZaS
6B aij(�̄c

i@µ�j) � Zµ

OhA
6B sij �̄c

i�
µ�5�j

�
�
 !
@µh

� OZaP
6B aij(�̄c

i�
5@µ�j) � Zµ

Table 5: Operators relevant for dark sectors comprised of scalar and fermion DM, and no other
light fields, in the EW broken phase. The operators O⌫

5B and O⌫
6B involve two DM scalars and

one DM fermion; all others involve two fermions and one scalar. All operators lead to s-wave cross
sections except for ��-initiated processes from Oh�S

5 and OZ�S
6 .

Operator Definition EW Broken Phase

OLH†
6U sij �i�j

�
(L†H̃)⇠̄†

�
vp
2⇤

O⌫
5B

OL
7U aij�i(@µ�j)

�
(L†H̃)�̄µ⌘

�
vp
2⇤

O⌫
6B

OHS
6U sij �̄c

i�j � H†H v
⇤ OhS

5B

OHP
6U sij �̄c

i�
5�j � H†H v

⇤ OhS
5B

ŎB
6U aij �̄c

i�
µ⌫�j � B̆µ⌫ cW Ŏ�

6B � sW ŎZ
6B

OZV
7U aij �̄c

i�
µ�j �

�
iH† !DµH

� �vm
Z

⇤2 OZV
5B

OZA
7U sij �̄c

i�
µ�5�j �

�
iH† !DµH

� �vm
Z

⇤2 OZA
5B

OHV
7U aij �̄c

i�
µ�j

�
�
 !
@µ (H†H)

�
v
⇤ OhV

6B

OHA
7U sij �̄c

i�
µ�5�j

�
�
 !
@µ (H†H)

�
v
⇤ OhV

6B

Table 6: Operators relevant for dark sectors comprised of scalar and fermion DM, and no other
light fields, in the EW unbroken phase. The upper (lower) section lists operators with two DM
scalars and one fermion (one scalar and two fermions). cW (sW ) is the cosine (sine) of the Weinberg
angle. Recall that Ŏ = {O, Õ} so that the fifth line represents two di↵erent operators.

dominate, as they have a clear feature (a monochromatic neutrino) that is lacking for three body
final states.

These models are simpler than pure scalar DM, in that Lorentz invariance forbids a �3 term so
there is no necessary additional source of SA. We still have the Higgs portal bounds from Eq. (18),
⇤ . 5 TeV. As for the comparison with 2 ! 3 processes, this condition is probably conservative:
SA leads to a feature, monochromatic neutrinos at m�, while annihilation bounds will derive from
a broad excess in � rays at O(10) GeV. Finally, we note that the operators of Table 4 only generate
the Higgs portal coupling at two loops, so there is no inconsistency with this coupling being small
in the low energy theory.

3.3 Scalar and Fermion dark matter

Finally we consider the case where there are both scalar and fermion DM fields. The DM is nec-
essarily multicomponent, and all neutral SM particles are possible final states. In the EW broken
phase up to dimension 6 we find a total of 16 operators (20 summing over neutrino generations),
as listed in Table 5. Two (three-fold degenerate) operators involve two DM scalar fields, and
the remainder involve two fermions. Generically, either only operators with two scalars or only
operators with two fermions will be allowed by the dark symmetry D. Each operator leads to
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❖ Both ❖ Small number of operators; 
Only TWO for unique DM


❖ Only neutral SM: h, Z, γ, ν


❖ (Almost) all lead to 2 → 3 SA


❖ Very simple model space



Dark Partner
❖ Possibilities vastly increased

❖ Scalar DM plus 


❖ Scalar dark partner (top)

❖ Fermion dark partner (bottom)


❖ One renormalisable operator

❖ Multiple d = 5 operators


❖ Situation for fermion and 
scalar-fermion DM similar


❖ All SM final states possible

❖ γ/g require multi-component DM

Operator Definition !/ Broken Phase Odec

OH
4U sij �i�j (H†!) (1, 2, 1

2)
1p
2
Oh!

4B �†k (H†!)

O|H|21
5U sij �i�j !H†H (1, 1, 0) v

⇤ Oh!
4B �†k !H†H

O|H|23
5U sij �i�j !

a H†�aH (1, 3, 0) � v
⇤ Oh!

4B �†k !
a H†�aH

OH2

5U sij �i�j !
a H†�aH̃ (1, 3, 1) v

p
2

⇤ Oh!
4B �†k !

a H†�aH̃

OHd
6U sij �i�j (H†!)(H†H) (1, 2, 1

2)
3v2p
8⇤2 Oh!

4B �†k (H†!)(H†H)

OHq
6U sij �i�j !

IJKH†
IH

†
JH̃†

K (1, 4, 1
2)

p
3v2p
8⇤2 Oh!

4B �†k !
IJKH†

IH
†
JH̃†

K

OH3

6U sij �i�j !
IJKH†

IH
†
JH†

K (1, 4, 3
2)

3v2p
8⇤2 Oh!

4B �†k !
IJKH†

IH
†
JH†

K

OH@2

6U sij (@µ�i)(@µ�j)(H†!) (1, 2, 1
2)

1p
2
Oh!@

6B �†k (H†!)

OH@D
6U aij �i(@µ�j)

�
H† !Dµ!

�
(1, 2, 1

2) See text �†k (DµH)†(Dµ!)

OHD2

6U sij �i�j (DµH)†(Dµ!) (1, 2, 1
2) See text �†k (DµH)†(Dµ!)

Of̄ 
5U sij �i�j f̄⇣ (R̄f̄ , 1, �Yf̄ ) OfR 

5B �†k f̄⇣

OF 
5U sij �i�j F †�̄† (RF , 2, YF ) OF

u

L 
5B + OF

d

L 
5B �†k F †�̄†

Of̄H 
6U sij �i�j f̄(H̃†⇣) (R̄f̄ , 2, �Yf̄ � 1

2)
vp
2⇤

OfR 
5B �†k f̄(H̃†⇣)

Of̄H† 
6U sij �i�j f̄(H†⇣) (R̄f̄ , 2, �Yf̄ + 1

2)
vp
2⇤

OfR 
5B �†k f̄(H†⇣)

OFH 1
6U sij �i�j (F †H)�̄† (RF , 1, YF � 1

2)
vp
2⇤

OF
d

L 
5B �†k (F †H)�̄†

OFH† 1
6U sij �i�j (F †H̃)�̄† (RF , 1, YF + 1

2)
vp
2⇤

OF
u

L 
5B �†k (F †H̃)�̄†

OFH 3
6U sij �i�j (F †�aH)�̄a† (RF , 3, YF � 1

2) See text �†k (F †�aH)�̄a†

OFH† 3
6U sij �i�j (F †�aH̃)�̄a† (RF , 3, YF + 1

2) See text �†k (F †�aH̃)�̄a†

Of̄@
6U aij�i(@µ�j) f̄�µ�̄† (R̄f̄ , 1, �Yf̄ ) OfR 

6B �†k f̄⇣

OF@
6U aij�i(@µ�j) F †⇣̄µ⌘ (RF , 2, YF ) OF

u

L 
6B + OF

d

L 
6B �†k F †�̄†

Table 8: Operators relevant for dark sectors comprised of scalar DM � and additional light unstable
dark partner scalars ! (top) and/or fermions  = (⇣, �̄†)T (bottom), in the EW symmetric phase.
f̄ and F = (Fu, Fd) are SU(2)-singlet and doublet fields respectively, with SU(3)C representations
Rf̄/F and hypercharge Yf̄/F . We also list possibilities for the dark partner decay operator Odec.
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