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Kinematic Suppression



Pseudoscalars
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Pseudoscalars

• Generalize Bino-Higgsino to Singlet-Doublet dark matter coupled 
to a 2-Higgs-Doublet Model

• Slightly lighter pseudoscalar

• Near s-wave resonance, smaller couplings needed for freeze-out

• Dangerous couplings to CP-even Higgses come along for the ride.
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Pseudoscalars

• Generalize Bino-Higgsino to Singlet-Doublet dark matter coupled 
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DM Phenomenology
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Mono-Higgs Phenomenology
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X-Ray Phenomenology

• 3.55 keV line in galaxy clusters, but 
not in dwarfs.

• Decays are in strong tension.

• “Exciting Dark Matter” suppresses 
low-velocity systems.
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where ma, �a are the mass and width of a, respectively.
Therefore, perturbative unitarity of the theory in the
non-relativistic or ultra-relativistic regimes requires
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where in the first line of Eq. (6), we have assumed that
� ⌘ |1� (ma/2m1)

2 | ⌧ 1, but that the width �a is suf-
ficiently small such that �a/ma ⌧ �. We will show later
on that these conditions will provide the most viable pa-
rameter space for generating a large up-scattering cross
section. We see that in the non-relativistic regime, the
upper limit on �a

� from perturbative unitarity is weaker
than one generically expects from perturbativity of the
theory, �a

� . 4⇡. Throughout our analysis, we will con-
sider Yukawas as large as �a

� ⇠ 5 in the non-relativistic
regime. Of course, if �1,2 only couple to a, then large
values of �a

� will contribute positively to its beta func-
tion and cause �a

� to grow fast at higher energies. In
considering values of �a

� ⇠ 5 in the non-relativistic limit,
we then demand that new physics, such as coupling to
new gauge bosons, must come in at higher energies to
stabilize �a

� . 3.5 in the ultra-relativistic limit.

IV. ANNIHILATION

In the previous section, we noted that very large up-
scattering can be generated through a resonant s-channel
pseudoscalar, a, but at the cost of introducing O(1)
Yukawas in the DM sector. However, if �1 is to be popu-
lated thermally in the early universe, it must have some
non-zero couplings to the SM as well. Furthermore, if the
couplings of a to the SM are comparable to its coupling
to DM, then annihilations near freeze-out will be many
orders of magnitude larger than what is needed to gen-
erate a thermal relic of �1 consistent with ⌦h2 ⇠ 0.12.
However, if a’s coupling to the SM involves very weak
interactions of O(10�4 � 10�3), then this large hierarchy
between a’s interactions with the DM and SM sectors
can result in an annihilation rate consistent with that of
a standard vanilla thermal WIMP.

Such a coupling can be generated if a has some very fee-
ble interactions with SM fermions by mass-mixing with
the heavy pseudoscalar of a two-Higgs doublet model
(2HDM). Such a scenario has been discussed in previ-
ous works that have aimed to explain the GCE [28]. The
idea is to introduce a scalar potential involving a parity-
odd singlet pseudoscalar, a0, along with a second Higgs
doublet in the framework of a Type-II 2HDM. The two
Higgs doublets are denoted asHd,u and have hypercharge
+1/2. The corresponding pseudoscalar of the 2HDM sec-
tor is written as A0. After a0 and A0 mix, the light and
heavy mass eigenstates of the CP-odd sector will be writ-
ten as a and A, respectively.

The Higgs portal between the DM and SM sector
emerges from the trilinear interaction of the scalar po-
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potential corresponding to a Type-II 2HDM, and Ba is a
dimensionful parameter governing the strength of mixing
in the Higgs portal. In order to suppress flavor changing
neutral currents at tree-level, Type-II 2HDMs involve a
Z2 symmetry under which Hd ! Hd and Hu ! �Hu.
We have assumed that this symmetry is softly broken by
dimensionful couplings, such as by the Higgs portal inter-
action involving Ba in Eq. (7) and similar terms within
the 2HDM scalar potential. For simplicity, we assume
that CP is conserved in the full potential of Eq. (7), which
implies that the portal coupling Ba is real and that a0
and A0 do not develop VEVs. Once electroweak symme-
try breaking is induced by hHd,ui = vd,u/
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the 2HDM potential,

Hd =
1p
2

✓ �p
2 s�H

+ +
p
2 c�G

+

vd � s↵h+ c↵H � is�A0 + ic�G

◆
,

Hu =
1p
2

✓ p
2 c�H

+ +
p
2 s�G

+

vd + c↵h+ s↵H + ic�A0 + is�G

◆
, (8)

where h, H are the light and heavy CP-even Higgs, H±

the charged Higgs, G and G± the neutral and charged
goldstones, and A0 the pseudoscalar of the 2HDM sector.
c� and s� are the cosine and sine of �, defined by tan� ⌘
vu/vd and

p
v2d + v2u = v = 246 GeV, and c↵ and s↵ are

the cosine and sine of the mass mixing angle of the CP-
even scalars, ↵. We will remove all dependence on ↵
by choosing to work in the alignment limit throughout,
where sin(� � ↵) = 1 and the h couplings are SM-like.
We will further assume that the masses of A0, H, andH±

are decoupled and all clustered at a similar scale around
1 TeV.
Mass mixing between the pseudoscalars a0 and A0 is

induced by the coupling Ba of Eq. (7), where the mass-
squared matrix of the CP-odd sector in the (a0, A0) basis
is written as

M2
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Loops at Leading Order



Simplified Models

Annihilations to HH, HZ, ZZ
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Higgsino and Wino

Solon, Hill, arXiv:1309.4092

RGE Matters



Higgsino and Wino
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Multi-nucleon effects?

RGE Matters
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Bino Dark Matter

In progress
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Fixed Order vs. EFT

Hadronic Matrix Elements

Weak Scale Mediators
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Heavy-Light Current

• Decays of heavy-light metastable hadrons (B and D mesons)

• In mQ → ∞ limit, heavy-quark flavor symmetry gives:

⇢

�L ⇠ 1

2

M1
˜B2

+ µ ˜Hd
˜Hu +

g1p
2

H†
d

˜B ˜Hd +
g1p
2

H†
u

˜B ˜Hu + h.c.

�

n

�̃ = Nb
˜B +Nd

˜Hd +Nu
˜Hu

o

n

�h / Nb ⇥Nd,u , gz / (Nd)
2 � (Nu)

2
o

{ �1N ! �2N}
⇢

M�2 �M�1 . M�MN

M� +MN

v2

2

�

⇢

�L ⇠ M⌘⇠ +
1

2

m⌘2 + h.c.

�

{ m ⌧ M} { M�2 �M�1 ⇠ 2m}
n

L ⇠ � ✏

2

�µ⌫B
µ⌫

=) L ⇠ �✏ cos ✓w�µJ
µ
EM

o

⇢

�L ⇠ 1

2

MSS
2
+MDD1D2 + y1SD1Hd + y2SH

†
uD2 + h.c.

�

�

�SD
(pseudoscalar) / v4

 

{ �� ! ff , �q̃ ! gf}
⇢

mt̃R
�m�

m�
= 0.05 m�

�

{ m�̃1 = µ sin 2�}
(

mH ⇠

s

µ tan�

m�̃1

⇥ 100 GeV

)

⇢

L � m⌧̂

f

v

f
h ⌧̂ ˆ⌧̄ + h.c.

�

�

�(B,D ! l ⌫) / f2
B,D mB,D

 

(1)

1

⇢

�L ⇠ 1

2

M1
˜B2

+ µ ˜Hd
˜Hu +

g1p
2

H†
d

˜B ˜Hd +
g1p
2

H†
u

˜B ˜Hu + h.c.

�

n

�̃ = Nb
˜B +Nd

˜Hd +Nu
˜Hu

o

n

�h / Nb ⇥Nd,u , gz / (Nd)
2 � (Nu)

2
o

{ �1N ! �2N}
⇢

M�2 �M�1 . M�MN

M� +MN

v2

2

�

⇢

�L ⇠ M⌘⇠ +
1

2

m⌘2 + h.c.

�

{ m ⌧ M} { M�2 �M�1 ⇠ 2m}
n

L ⇠ � ✏

2

�µ⌫B
µ⌫

=) L ⇠ �✏ cos ✓w�µJ
µ
EM

o

⇢

�L ⇠ 1

2

MSS
2
+MDD1D2 + y1SD1Hd + y2SH

†
uD2 + h.c.

�

�

�SD
(pseudoscalar) / v4

 

{ �� ! ff , �q̃ ! gf}
⇢

mt̃R
�m�

m�
= 0.05 m�

�

{ m�̃1 = µ sin 2�}
(

mH ⇠
s

µ tan�

m�̃1

⇥ 100 GeV

)

⇢

L � m⌧̂

f

v

f
h ⌧̂ ˆ⌧̄ + h.c.

�

�

�(B,D ! l ⌫) / f2
B,D mB,D

 

⇢

fB
fD

=

r

mD

mB
+O

✓

⇤QCD

mD

◆�

(1)

1



Heavy-Light Current

• Decays of heavy-light metastable hadrons (B and D mesons)

• In mQ → ∞ limit, heavy-quark flavor symmetry gives:

⇢

�L ⇠ 1

2

M1
˜B2

+ µ ˜Hd
˜Hu +

g1p
2

H†
d

˜B ˜Hd +
g1p
2

H†
u

˜B ˜Hu + h.c.

�

n

�̃ = Nb
˜B +Nd

˜Hd +Nu
˜Hu

o

n

�h / Nb ⇥Nd,u , gz / (Nd)
2 � (Nu)

2
o

{ �1N ! �2N}
⇢

M�2 �M�1 . M�MN

M� +MN

v2

2

�

⇢

�L ⇠ M⌘⇠ +
1

2

m⌘2 + h.c.

�

{ m ⌧ M} { M�2 �M�1 ⇠ 2m}
n

L ⇠ � ✏

2

�µ⌫B
µ⌫

=) L ⇠ �✏ cos ✓w�µJ
µ
EM

o

⇢

�L ⇠ 1

2

MSS
2
+MDD1D2 + y1SD1Hd + y2SH

†
uD2 + h.c.

�

�

�SD
(pseudoscalar) / v4

 

{ �� ! ff , �q̃ ! gf}
⇢

mt̃R
�m�

m�
= 0.05 m�

�

{ m�̃1 = µ sin 2�}
(

mH ⇠

s

µ tan�

m�̃1

⇥ 100 GeV

)

⇢

L � m⌧̂

f

v

f
h ⌧̂ ˆ⌧̄ + h.c.

�

�

�(B,D ! l ⌫) / f2
B,D mB,D

 

(1)

1

⇢

�L ⇠ 1

2

M1
˜B2

+ µ ˜Hd
˜Hu +

g1p
2

H†
d

˜B ˜Hd +
g1p
2

H†
u

˜B ˜Hu + h.c.

�

n

�̃ = Nb
˜B +Nd

˜Hd +Nu
˜Hu

o

n

�h / Nb ⇥Nd,u , gz / (Nd)
2 � (Nu)

2
o

{ �1N ! �2N}
⇢

M�2 �M�1 . M�MN

M� +MN

v2

2

�

⇢

�L ⇠ M⌘⇠ +
1

2

m⌘2 + h.c.

�

{ m ⌧ M} { M�2 �M�1 ⇠ 2m}
n

L ⇠ � ✏

2

�µ⌫B
µ⌫

=) L ⇠ �✏ cos ✓w�µJ
µ
EM

o

⇢

�L ⇠ 1

2

MSS
2
+MDD1D2 + y1SD1Hd + y2SH

†
uD2 + h.c.

�

�

�SD
(pseudoscalar) / v4

 

{ �� ! ff , �q̃ ! gf}
⇢

mt̃R
�m�

m�
= 0.05 m�

�

{ m�̃1 = µ sin 2�}
(

mH ⇠
s

µ tan�

m�̃1

⇥ 100 GeV

)

⇢

L � m⌧̂

f

v

f
h ⌧̂ ˆ⌧̄ + h.c.

�

�

�(B,D ! l ⌫) / f2
B,D mB,D

 

⇢

fB
fD

=

r

mD

mB
+O

✓

⇤QCD

mD

◆�

(1)

1

~1.25



Heavy-Light Current

• Decays of heavy-light metastable hadrons (B and D mesons)

• In mQ → ∞ limit, heavy-quark flavor symmetry gives:

⇢

�L ⇠ 1

2

M1
˜B2

+ µ ˜Hd
˜Hu +

g1p
2

H†
d

˜B ˜Hd +
g1p
2

H†
u

˜B ˜Hu + h.c.

�

n

�̃ = Nb
˜B +Nd

˜Hd +Nu
˜Hu

o

n

�h / Nb ⇥Nd,u , gz / (Nd)
2 � (Nu)

2
o

{ �1N ! �2N}
⇢

M�2 �M�1 . M�MN

M� +MN

v2

2

�

⇢

�L ⇠ M⌘⇠ +
1

2

m⌘2 + h.c.

�

{ m ⌧ M} { M�2 �M�1 ⇠ 2m}
n

L ⇠ � ✏

2

�µ⌫B
µ⌫

=) L ⇠ �✏ cos ✓w�µJ
µ
EM

o

⇢

�L ⇠ 1

2

MSS
2
+MDD1D2 + y1SD1Hd + y2SH

†
uD2 + h.c.

�

�

�SD
(pseudoscalar) / v4

 

{ �� ! ff , �q̃ ! gf}
⇢

mt̃R
�m�

m�
= 0.05 m�

�

{ m�̃1 = µ sin 2�}
(

mH ⇠

s

µ tan�

m�̃1

⇥ 100 GeV

)

⇢

L � m⌧̂

f

v

f
h ⌧̂ ˆ⌧̄ + h.c.

�

�

�(B,D ! l ⌫) / f2
B,D mB,D

 

(1)

1

⇢

�L ⇠ 1

2

M1
˜B2

+ µ ˜Hd
˜Hu +

g1p
2

H†
d

˜B ˜Hd +
g1p
2

H†
u

˜B ˜Hu + h.c.

�

n

�̃ = Nb
˜B +Nd

˜Hd +Nu
˜Hu

o

n

�h / Nb ⇥Nd,u , gz / (Nd)
2 � (Nu)

2
o

{ �1N ! �2N}
⇢

M�2 �M�1 . M�MN

M� +MN

v2

2

�

⇢

�L ⇠ M⌘⇠ +
1

2

m⌘2 + h.c.

�

{ m ⌧ M} { M�2 �M�1 ⇠ 2m}
n

L ⇠ � ✏

2

�µ⌫B
µ⌫

=) L ⇠ �✏ cos ✓w�µJ
µ
EM

o

⇢

�L ⇠ 1

2

MSS
2
+MDD1D2 + y1SD1Hd + y2SH

†
uD2 + h.c.

�

�

�SD
(pseudoscalar) / v4

 

{ �� ! ff , �q̃ ! gf}
⇢

mt̃R
�m�

m�
= 0.05 m�

�

{ m�̃1 = µ sin 2�}
(

mH ⇠
s

µ tan�

m�̃1

⇥ 100 GeV

)

⇢

L � m⌧̂

f

v

f
h ⌧̂ ˆ⌧̄ + h.c.

�

�

�(B,D ! l ⌫) / f2
B,D mB,D

 

⇢

fB
fD

=

r

mD

mB
+O

✓

⇤QCD

mD

◆�

(1)

1

~1.25 ~0.6 + …



Heavy-Light Current

• Decays of heavy-light metastable hadrons (B and D mesons)
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Bino + Mixed Squarks

that we consider and will therefore be omitted from the discussion below. In calculating the
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Mixing generally doesn’t help
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Blind-Spots at NLO
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Tri-Lepton @ 100 TeV

500 1000 1500 2000 2500 3000 3500 4000
0

500

1000

1500

2000

2500

mNLSP@GeVD

m
LS
P@G

eV
D

Higgsino-Bino
L=3000êfb
1.96s

3L
OSDL
SSDL

Gori, Jung, Wang, Wells arXiv:1410.6287



Ways Out
• Spin-Dependent

• Pseudoscalars

• Resonance Freeze-Out

• Purity

• Co-Annihilation Freeze-
Out

• Blind-Spots

• Inelasticity

• Sub-GeV

• Isospin Violation

• Hidden Sector

• Luminous Dark Matter
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(Not-so-Hidden) Hidden Sector
Fraternal Twin Higgs

• Although unimportant for naturalness, internal consistency gives rise to 
twin taus.

• Stabilized by accidental global U(1) (Z2 of hypercharge).
• Naturalness demands twin weak scale is comparable to SM weak 

scale. (“Twin WIMP Miracle”)
• Freeze-out via twin weak scale gauge bosons.
• Nucleon scattering via SM-twin Higgs mixing.
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Disappearing Tracks

Low, Wang, arXiv:1404.0682
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Wino Annihilation
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