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§ Why DM
§ Flat rotation curves
§ Velocity profiles in galaxy clusters
§ CMBR data
§ Bullet cluster mass distribution

§ What we know
§ DM evidence in astrophysical & cosmological observations
§ DM is ~6 times more abundant than SM matter
§ DM does not fit in the SM
§ DM undetected in all Earth-bound experiments (at least not yet)
§ No DM direct or indirect detection signals (at least not yet)
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§ Why SIDM?
§ Halo density inconsistent with non-interacting cold DM
§ Can be solved by assuming the DM has velocity- dependent self-interactions.
§ Simplest possibility: introduce a light mediator

There are other options    (e.g. using the exclusion principle)
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As an example, we show our results for cluster A2537 in
Fig. 2 ( top panel). Our SIDM fit is shown by the orange
band (1σ width) and the dashed line shows the mean. The
CDM prediction (cyan) is the NFW profile obtained from
the gravitational lensing data [28], which provides a poor fit
to the stellar kinematic data (red boxes in the inset). The
black point is the value of r1 and its 1σ width. It is
reassuring that the CDM and SIDM fits, while agreeing at
large radii, begin to diverge at r1. The inferred values of
hσvi=m for all six clusters are shown in Fig. 1 (green
points). Fitted with a constant cross section, we find
σ=m ¼ 0.10þ0.03

−0.02 cm2=g, but this should be interpreted
with caution as it does not include systematic errors.
Dwarf and low surface brightness galaxies: To measure

DM self-interactions at small-to-intermediate scales, we
consider rotation curves of five dwarf galaxies (IC 2574,
NGC 2366, Ho II, M81 dwB, DDO 154) in the THINGS
sample [30] and seven LSB galaxies (UGC 4325, F563-V2,
F563-1, F568-3, UGC 5750, F583-4, F583-1) from Kuzio
de Naray et al. [31]. Two galaxies have been omitted from
each of these samples for which Vmax was not well
determined.
To model these galaxies, we include the contributions to

the rotation curve from DM, gas, and stars, withϒ# allowed
to vary uniformly by $ 0.3 dex from the quoted population
synthesis values [30,32]. We have checked that it is a good
approximation to neglect the gravitational effect of baryons
on the SIDM density profile in Eq. (2). In our likelihood,
we also include a systematic error (in quadrature with the
statistical error) of 5% of the last measured velocity to
avoid skewing our fits based on data points with small
errors, Oð1 km=sÞ, since noncircular motions cannot be
excluded at this level.
As an example, we show the SIDM fit to the rotation

curve of IC2574 in Fig. 2 (bottom panel). The inferred

values of hσvi=m for the galaxies, shown in Fig. 1,
evidently prefer a larger σ=m than the cluster measurement.
Fitting all twelve galaxies with a constant cross section, we
find σ=m ¼ 1.9þ0.6

−0.4 cm2=g. We note that this value does not
include systematic errors, which we discuss next.
Simulated halos: To test our analytic model, we created

mock rotation curve data from halos in σ=m ¼ 1 cm2=g
simulations (without baryons) and fit them with our model.
Each rotation curve consisted of 20 points with a uniform
10% velocity error and covering a range 0.1≲ r=rs ≲ 3.
We chose six halos with virial masses in the range
1011–1014M⊙ from Ref. [5] and two dwarf-sized halos
around 1010M⊙ from Ref. [7].
The fit results shown by the gray points in Fig. 1

demonstrate that our simple halo model is in good agree-
ment with results from cosmological N-body simulations
for SIDM, except for the presence of a bias toward larger
cross sections by a factor of ∼2. The open circles, which
also line up along σ=m ¼ 1 cm2=g, represent our SIDM
profiles matched onto the “true” NFW profile for the same
halos simulated without DM self-interactions [5,7]. This
analysis supports the simple picture in our model that the
SIDM halo properties may be approximated by the corre-
sponding CDM halo properties augmented with a core
determined by Eq. (1).
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FIG. 1. Self-interaction cross section measured from astro-
physical data, given as the velocity-weighted cross section per
unit mass as a function of mean collision velocity. Data include
dwarfs (red), LSB galaxies (blue), and clusters (green), as well as
halos from SIDM N-body simulations with σ=m ¼ 1 cm2=g
(gray). Diagonal lines are contours of constant σ=m and the
dashed curve is the velocity-dependent cross section from our
best-fit dark photon model (Sec. V).
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FIG. 2. Top: SIDM density profile fit to cluster A2537 (orange)
compared to the NFW profile (cyan) and comparison to stellar
kinematics data (inset). Bottom: SIDM fit to the rotation curve of
galaxy IC2574 (orange) with contributions from the SIDM halo
(solid), the gas disk (dashed), and the stellar disk (dotted).
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(with large errors)
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The basic idea: assume a neutral fermionic mediator 

Odark depends on the model

OSM can be easily listed

When F = fermion  the leading (lowest dim.) operator

J Wudka - Scalars 2019 5

L ⇠ FOdark + F̄OSM
<latexit sha1_base64="2vTh+lTj4yc63gEkSrqv+6TBiuk="></latexit>

OSM = `�̃
<latexit sha1_base64="MdAw6ZQwntrD6VuIcJBbAHqBUVg="></latexit>
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General features

§ Detection:
§ Direct detection: ≥ 1 loop  → naturally suppressed ✓
§ Indirect detection: tree level annihilation into neutrinos ✓

§ SIDM: 
§ Simple extension without B-𝛾dark kinetic mixing ✓
§ 𝛾dark may produce DM bound states

§ Relic abundance
§ DM → 𝜈, 𝛾dark annihilation channels 
§ 𝛾dark may be long lived

§ The F mixes with the neutrinos:
§ Γ(Z→invisible)

§ Γ(H→invisible)
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§ Particle content: SM  plus
§ Ψ± two dark fermions. Relic DM candidates
§ Φ one dark scalar. Assumed heavier than the fermions
§ 𝑉 dark photon.
§ ℱ, mediator with SM family index 𝑟.

§ Symmetries:
§ U(1)dark: 

§ Ψ/ and Φ have the same charge

§ Ψ/ andΨ0 have opposite charges

§ Dark charge conjugation, Cdark:
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H portal

𝜈 portal

§ Lagrangian

§ Cdark softly broken:
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m± = m ± µ
<latexit sha1_base64="iTvygXNXDV0+RHv9dYvqFbjS2D0="></latexit>

D↵
± = @↵ ± igV ↵
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§ Mass eigenstates (will assume the N are degenerate)

§ Low hanging fruit: 
§ Indirect detection: main decays ΨΨ → 𝜈 𝜈, 𝑉 𝑉 (no discernible ΨΨ → 𝛾𝛾 signal) 
§ Direct detection: via Z and H exchanges -- naturally suppressed
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§ Self interactions
§ Cdark, if exact:

§ Forbids all 𝑉2 𝛾3 (n odd) couplings
§ 𝑉 is stable ➤ problems with relic abundance

§ ⟹ Break Cdark softly
§ Unique soft breaking term: 𝑚/ −𝑚0 = 𝜇 ≠ 0
§ Soft braking allows 𝑉 → 𝜈 𝜈 at 1 loop    (𝑉 − 𝑍 mixing at 2 loops; 𝑉 − 𝛾 mixing at 3 loops,)
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§ Comparison with observations
§ 𝜎 Ψ±Ψ± → Ψ±Ψ± and  𝜎 Ψ/Ψ0 → Ψ/Ψ0 fit the data provided,

… but with large errors:

§ In all cases:  𝑚= ≪ 𝑚?
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443 ! (116, 1557) , 64GeV ! (17, 225)GeV .
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§ Bound states

§ In the NR limit 𝑉 exchange generates a Yukawa potential between Ψ/ and Ψ0:

§ No bound states if:  (kinetic energy) ~𝑚=
A/𝑚? > 𝑔A𝑚=/4𝜋~ (potential energy)

§ Of course,  even if bound  states are allowed they may not form.
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§ Electroweak
§ Vector bosons & Higgs:

§ g-2 not yet competitive: Δ𝑎I ≤ 100LL

§ 𝑉 lifetime: Γ 𝑉 → 𝜈𝜈 > (1 s)0L
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§ Relic abundance: ΨΨ → 𝑉 𝑉, 𝑛Q 𝑛Q
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SIDM: 𝑔R~𝑚?/(64 𝐺𝑒𝑉) EW constraints: 𝒮 ≲ 0.1



§ Direct detection
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Neglecting momentum transfer,

J Wudka - Scalars 2019 16

�N ' f1 + 2bf2 + b2f3
16⇡2(mN +m )2

2

<latexit sha1_base64="BgoEGzstdpSIIPlipf8zI3B/Rlk="></latexit>

 =
p
2GFm mN


2(✏L + ✏R)s

2
W
�

p
8 ✏H

GH

GF

�

b =
(1� 2s2

W
)(✏L + ✏R)p

8 ✏HGH/GF � 2s2
W
(✏L + ✏R)

.
<latexit sha1_base64="vZjjGRzacAjdcUibmriD2Xkoeww="></latexit>

element f1 f2 f3
Xe 0.995256 �0.177925 0.031717
Ge 0.990137 �0.124142 0.0161359

CaWO4 0.0624983 0 0
<latexit sha1_base64="6ZqiC7YTu+kqoloNldbmhUXqoAM="></latexit>

Ψ

Ψ



§ All constraints can be written in the form

𝑓Y
(Z[\) ≤ 𝐹Y 𝜻 ≤ 𝑓Y

(_`)

§ Define a region in parameter space
§ Assume there are no holes → need only the boundaries
§ This is a nonlinear optimization problem
§ Software packages (e.g. NLOPT) more efficient than grid scanning

(Spot-checked w/MicrOmegas)
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§ We assumed 𝑀? ≤ 10 𝐺𝑒𝑉

§ Projections to 2-d planes
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§ Parameter space not fully hidden by the neutrino ‘floor’:
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§ Model can satisfy all current constraints
§ Large 𝑔 ⟹ DM under-production: better 𝜎efgh data will strongly constrain the model
§ Better data on Γ(𝐻 → invisible) will constrain 𝜆q

§ The upper bound on mY can be relaxed: formation rate calculation

§ Possible effects of 𝑉 → 𝜈𝜈 decays.

J Wudka - Scalars 2019 20



J Wudka - Scalars 2019 21



rij =

✓
mi

mj

◆2

,
<latexit sha1_base64="v8r6YUVE71SVOapu8qKHkIxddq0="></latexit>

J Wudka - Scalars 2019 22

LDM�Z = � g

2cW
 ̄± 6Z (✏LPL + ✏RPR) ± ;

LDM�H = ✏H ̄± ±H ,
<latexit sha1_base64="HzTAzvTjdYugImKv33N7C8x1LBc="></latexit>

✏R = � (zS2C2zT )

32⇡2

1� r�N + ln r�N

(1� r�N)2
;

✏L =
(zS2zT )

16⇡2

1� r�N + r�N ln r�N

(1� r�N)2
;

✏H = � 1

8⇡2

mN

vH

⇢
(zS2CzT )1� r�N + r�N ln r�N

(r�N � 1)2
+

1

2
�x

v2
H

m2
N

(zCzT )1� r�N + ln r�N

(r�N � 1)2

�
.

<latexit sha1_base64="SfQinMT6Svit727gFvhpURgIWxM="></latexit>



�(Z ! nn) = �0tr
�
C4
 
; �0 =

✓
g

2cW

◆2 mZ

24⇡
,

�(Z ! NN) = �0tr
�
S4
 
(1� rNZ)

p
1� 4rNZ ✓(1� 4rNZ) ,

�(Z ! Nn) = �0tr
�
C2S2

 
(2 + rNZ) (1� rNZ)

2 ✓(1� rNZ) ,
<latexit sha1_base64="L7XJg6gKlfsUmMn5e1cxrSxnAhk="></latexit>

J Wudka - Scalars 2019 23

�(H !   ̄) =
mH✏

2
H

8⇡
(1� 4r H)

3/2
✓(1� 4r H) ,

�(H ! n,N) =
m

3
H

4⇡v2
H


rNH(1� rNH)tr

�
S2C2

 
✓(1� rNH) +

1

2
(1� 4rNH)

3/2tr
�
S4
 
✓(1� 4rNH)

�
,

�(H ! ��) =
(vH �x)2

16⇡mH

p
1� 4r�H ✓(1� 4r�H) , .

<latexit sha1_base64="wH2USOHijD9cQsw7F250irUTk8k="> sO67zm3PgjJyxc+LQ1vPWUWvSOm1/an9pf21/K6StjTLmZ+fa0/7nP5RWBMI=</latexit>



�(`r ! `s⌫̄⌫) ' (1��r��s)�SM(`r ! `s⌫̄⌫) ; �r =
⇣
V †
PMNSS2VPMNS

⌘

rr
> 0 ,

<latexit sha1_base64="7VLKyjo6PPm1u8Ci3DR/ZbZs1DI="></latexit>

J Wudka - Scalars 2019 24


