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TABLE II: Dark matter and gluon non-relativistic reductions.

Notes for Brem E ! ects for Direct Detection

I. INTRODUCTION

In the elastic scattering of a dark matter particle and an atomic nucleus, two types of suppressions can arise: i)
momentum suppression, depending on the ratio of the exchanged momentum and either the dark matter or nuclear
mass, and ii) spin-dependent interactions.

Case i) is suppressed relative to interactions with no momentum dependence since galactic dark matter is non-
relativistic with a speed of roughly v ! O(10! 3). The nucleus of massmN will recoil with energy ER due to a
momentum transfer !q, with magnitude |!q| =

"
2mN ER . The recoil energy is given byER = µ2v2(1 # cos" )/m N , for

the scattering angle " , and reduced massµ. For typical massesm! = 100 GeV $ mN , this will be in the O(10keV)
range. These values lead to|!q| ! 100 MeV, and therefore terms arising in the non-relativistic reduction of the fermion
bilinears that contain !q/m ! or N , will be suppressed relative to terms without momentum dependence.

Case ii) su! ers a suppression due to a lack of coherent enhancement (% ((A # Z ) + Z )2 for isospin conserving dark
matter interactions) of the scattering, which is present in spin-independent interactions.

In this note we will see that emitting a dark sector particle from the initial and Þnal state dark matter particle can
lift the momentum suppression in certain cases, and the combination of initial and Þnal state bremsstrahlung of a
photon from the quark can provide spin-independent interactions for some processes which are spin-dependent in the
absence of bremsstrahlung.

II. DEFINITIONS

We are interested in the scattering process#(p) + q(k) & #(p") + q(k"). We will use the Bjorken-Drell conventions
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In this note, I check whether it is consistent to neglect the /Q term in the matrix element numerators in the case
where the 2! 2 elastic process is spin-independent with no momentum suppression. I Þnd that it is consistent, which
di! ers from the cases where the elastic process is a suppressed cross-section.

The combination of interest from the dark matter bilinear is
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We also need to sum over the photon spins, leading to a factor of 2s# + 1 = 3 in the denominator, along with the
deÞnition e2 = 4 '( . Putting this together with our result from the matrix element, and using |%q|2 = 2mER , leads to
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where the sum over the protons has given theZ 2 piece, and weÕve named this part of the cross-section I. IÕm missing
a factor of 2 somewhere compared to 1607.01789.

Now letÕs look at the second term from the matrix element. In the Þrst numerator, usingµ = 0, we Þnd

" " 0" $" " (Q$#" ) = " " 0" $" j (Q$#j ) (12)

We have taken$ = j since the photon is massless and has no longitudinal polarization. The only non-zero{ 11} piece
of this is

) i ) j Qi #j (13)
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where the sum over the protons has given theZ 2 piece, and weÕve named this part of the cross-section I. IÕm missing
a factor of 2 somewhere compared to 1607.01789.

Now letÕs look at the second term from the matrix element. In the Þrst numerator, usingµ = 0, we Þnd

" " 0" $" " (Q$#" ) = " " 0" $" j (Q$#j ) (12)

We have taken$ = j since the photon is massless and has no longitudinal polarization. The only non-zero{ 11} piece
of this is

) i ) j Qi #j (13)

1

I. (ø!" µ ! )(øq" µ q)

In this note, I check whether it is consistent to neglect the /Q term in the matrix element numerators in the case
where the 2! 2 elastic process is spin-independent with no momentum suppression. I Þnd that it is consistent, which
di! ers from the cases where the elastic process is a suppressed cross-section.

The combination of interest from the dark matter bilinear is

ø!" 0! = 1! (1)

The µ = i terms are momentum suppressed, so we will only need to consider theµ = 0 portions of the expressions.
The photon has polarization #" (paired with " " ), leading to the matrix element for the ISR plus FSR

M µ
N = eg! qøu(k!)

!

" µ
"

(/k " /Q) + m
(k " Q)2 " m2

#
" " + " "

$
(/k! + /Q) + m

(k! + Q)2 " m2

%

" µ

&

#" u(k) (2)

Since the photon has no longitudinal polarization, we will only need the$ = j piece of this expression.
Using the Dirac algebra and Dirac equation, the Þrst numerator has the combination

" µ (/k " /Q + m) /#u(k) = " µ (" /#/k + 2k á#" /Q/#+ /#m) u(k) (3)

= " µ (2k á#" /Q/#) u(k) (4)

Similarly, the second numerator has the combination

øu(k!)/#
'

/k! + /Q + m
(

" µ = øu(k!) (2k! á#+ /#/Q) " µ (5)

First, examining the k á# and k! á# pieces, we get the numerators

2%k á%# and 2%k! á%# (6)

The denominators are

(k " Q)2 " m2 = " 2k áQ = " 2m& (7)

(k! + Q)2 " m2 = 2k! áQ = 2m& (8)

Using the deÞnition %q = %k " %k!, and summing leaves

øu(k!)u(k)
"

"
%q á%#
&m

#
(9)

There is still the øu(k!)1N u(k), which gives the underlying 2! 2 elastic process. We need to integrate over the photon
phase space

)
4' 2&2d&
(2' )32&

=
)

&
4'

d& (10)

This gives the double di! erential cross-section
"

d2(
d&dER

#

2" 3,I
#

1
&

ER

m

"
d(

dER

#

2" 2,I
(11)

We also need to sum over the photon spins, leading to a factor of 2s# + 1 = 3 in the denominator, along with the
deÞnition e2 = 4 ') . Putting this together with our result from the matrix element, and using |%q|2 = 2mER , leads to

"
d2(

d&dER

#

2" 3,I
=

2Z 2)
3'

1
&

ER

m

"
d(

dER

#

2" 2,I
(12)

where the sum over the protons has given theZ 2 piece, and weÕve named this part of the cross-section I. IÕm missing
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When the nuclear recoil energy falls below the experimental 
threshold, the brem photon can create the signal.
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Consider now a standard DM-nucleus recoil cross
section, d�/dER = �SI

0

mN/(2µ2

Nv2)F 2(|q|) with
spin-independent DM-nucleus cross section �SI

0

'
A2�n(µN/µn)2 where �n is the DM-nucleon elastic cross
section and µn the DM-nucleon reduced mass. Making
the excellent approximation that the nuclear form factor
at low recoil is unity, F 2 ' 1, the di↵erential cross section
can be integrated to yield,
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In a final step, we take the average of the cross section
over the velocity distribution of DM in the frame of the
detector and compute the event rate,

dR

d!
= NT

⇢�
m�

Z

|v|�v
min

d3v vfv(v + ve)
d�

d!
. (10)

Here, NT is the number of target nuclei per unit detec-
tor mass and ⇢� = 0.3GeV/cm3 is the local DM mass
density. For fv(v) we take a truncated Maxwellian with
escape speed v

esc

= 544 km/s [19] and most probable
velocity v

0

= 220 km/s; ve is the velocity of the Earth
relative to the galactic rest frame and v

min

=
p

2!/µN .
The penalty for going to the inelastic channel is of

course very large. Whereas a factor of ↵ is compensated
by Z2 in (3) [or by f2

1,2 in (9)], the factor ER/mN

may be overcome by a quasi-exponential rising event
rate dR

el

/dER ⇠ e�ER/E
0 with decreasing ER where

E
0

= few ⇥ keV for WIMPs and typical target masses.
The spill over from photons into the higher energy region
is the key that allows us to exploit the inelastic channel
in the electron recoil band experimentally.
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FIG. 3. (m�,�n) plane of DM mass and DM-nucleon cross
section. Regions labeled CRESST-II and CDMSlite were pre-
viously excluded from elastic DM-nucleus scattering [22, 23];
regions labeled XENON10 and XENON100 show newly de-
rived constraints based on (1b). Above the line “m.f.p.” lim-
its are invalidated as DM scatters before reaching the detec-
tor. The region XQC is excluded from rocket-based X-ray
calorimetry data [24]. Projections for CRESST-III and for a
dedicated liquid Xe experiment, labeled LXE, are also shown;
see main text. The monojet constraint CDF is model depen-
dent; CMB constraints can be evaded [25] and are not shown.

The prospective parameter space where the method of
Bremsstrahlung emission yields an improvement of sen-
sitivity, is best identified by demanding that no elas-
tic nuclear recoil event (with rate dR/dER) has been
induced above the detector-specific nominal threshold
recoil energy ER,th, N(ER > ER,th) = exposure ⇥R1
ER,th

dER
dR
dER

< 1, and by computing from there the

number of bremsstrahlung-induced electron recoil events
via (10). It is important to note that N(ER > ER,th) < 1
becomes trivially fulfilled for any value of DM-nucleon
cross section once the DM mass falls below the kine-
matic threshold imposed by the maximum relative veloc-
ity between DM and target nucleus, v

max

= v
esc

+ ve '
750 km/s. For example, N(ER > ER,th) < 1 for any
value of �SI

0

once the DM mass falls below 3.3GeV in
a xenon experiment with nominal threshold of ER,th =
1.1 keV such as in LUX [20, 21] and before accounting
for finite detector resolution. Figure 2 shows the theoret-
ical rates for elastic scattering, dR/dER, and the photon
emission rate dR/d! as labeled resultant from nuclear
recoils of a DM particle of mass m� = 1GeV and a DM-
nucleon cross section of �n = 10�35 cm2. The dotted line
is the rate according to the naive estimate (3).
Probing low-mass DM. We now explore the sensitiv-

ity to Bremsstrahlung in the usual (m�,�n) plane. Here
we focus on the ionization-only signal in liquid scintil-
lator experiments, for which XENON10 [26], and most
recently XENON100 [27], have presented results. The
ionization threshold of xenon is ⇠ 12 eV, hence the emis-
sion of a 100 eV photon can already produce multiple
ionized electrons.
For XENON10 the collaboration has reported the spec-

trum in number of electrons, and we compute the elec-
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a xenon experiment with nominal threshold of ER,th =
1.1 keV such as in LUX [20, 21] and before accounting
for finite detector resolution. Figure 2 shows the theoret-
ical rates for elastic scattering, dR/dER, and the photon
emission rate dR/d! as labeled resultant from nuclear
recoils of a DM particle of mass m� = 1GeV and a DM-
nucleon cross section of �n = 10�35 cm2. The dotted line
is the rate according to the naive estimate (3).
Probing low-mass DM. We now explore the sensitiv-

ity to Bremsstrahlung in the usual (m�,�n) plane. Here
we focus on the ionization-only signal in liquid scintil-
lator experiments, for which XENON10 [26], and most
recently XENON100 [27], have presented results. The
ionization threshold of xenon is ⇠ 12 eV, hence the emis-
sion of a 100 eV photon can already produce multiple
ionized electrons.
For XENON10 the collaboration has reported the spec-

trum in number of electrons, and we compute the elec-
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I. (�̄�µ�)(q̄�
µ�5q)

The combination of interest from the dark matter bilinear is

�̄�0� = 1 (1)

The µ = i terms are momentum suppressed.
The photon has polarization ✏⌫ (paired with �⌫), leading to the matrix element for the ISR plus FSR
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0)

"
�µ�5

✓
(/k � /Q) +mq

(k �Q)2 �m2
q

◆
�⌫ + �⌫

 
(/k

0
+ /Q) +mq

(k0 +Q)2 �m2
q

!
�µ�5

#
✏⌫u(k) (2)

Since the photon has no longitudinal polarization, we will only need the ⌫ = j piece of this expression.
The first numerator has the combination

�µ�5 (/k � /Q+m) /✏u(k) = �µ�5 (�/✏/k + 2k · ✏+ /✏ /Q+ /✏m)u(k) (3)

= �µ�5 (2k · ✏+ /✏ /Q)u(k) (4)

The k · ✏ piece of this will certainly lead to the standard, and well-known to all since early childhood (or perhaps just
a few days ago), factorization of the elastic cross-section times a piece which will go like ER/(mN!). However, since
the elastic cross-section itself is both spin-dependent and momentum suppressed, let us instead examine the second
term, which has the form

�µ�5�⌫�⇢(✏⌫Q⇢) (5)

We will take µ = 0 since that is the index contracted to the µ on the dark matter side, which is µ = 0 for the
unsuppressed case. We also take ⌫ = j since there is no ✏0 term for the photon, and we also have ⇢ = 0 which
contracts with Q0 = !. This leads to

�µ�5�⌫�⇢(✏⌫Q⇢) = �0�5�j�0(✏j!) = �5�j(✏j!) (6)

This has a non-vanishing {11} piece

��j✏j! (7)

which was found previously in the Draft notes. For the second numerator we have

�⌫�⇢�µ�5(✏⌫Q⇢) (8)

Again we have µ = 0 = ⇢ and ⌫ = j. Therefore we find

�⌫�⇢�µ�5(✏⌫Q⇢) = �j�0�0�5✏j! = �j✏j! (9)

Combining this with the denominators
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and summing leaves
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This is a spin-dependent scattering cross-section, but it’s suppression is di↵erent than the ER/(mN!) factorized case.
We therefore need to compare these two. Let us call the standard factorized di↵erential cross-section I, and the new
one II. We need to compare
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Notes for Brem E↵ects for Direct Detection

I. INTRODUCTION

In the elastic scattering of a dark matter particle and an atomic nucleus, two types of suppressions can arise: i)
momentum suppression, depending on the ratio of the exchanged momentum and either the dark matter or nuclear
mass, and ii) spin-dependent interactions.

Case i) is suppressed relative to interactions with no momentum dependence since galactic dark matter is non-
relativistic with a speed of roughly v ⇠ O(10�3). The nucleus of mass mN will recoil with energy ER due to a
momentum transfer ~q, with magnitude |~q| = p

2mNER. The recoil energy is given by ER = µ

2

v

2(1� cos ✓)/mN , for
the scattering angle ✓, and reduced mass µ. For typical masses m� = 100 GeV ⇡ mN , this will be in the O(10keV)
range. These values lead to |~q| . 100 MeV, and therefore terms arising in the non-relativistic reduction of the fermion
bilinears that contain ~q/m� orN , will be suppressed relative to terms without momentum dependence.

Case ii) su↵ers a suppression due to a lack of coherent enhancement (/ ((A�Z) +Z)2 for isospin conserving dark
matter interactions) of the scattering, which is present in spin-independent interactions.

In this note we will see that emitting a dark sector particle from the initial and final state dark matter particle can
lift the momentum suppression in certain cases, and the combination of initial and final state bremsstrahlung of a
photon from the quark can provide spin-independent interactions for some processes which are spin-dependent in the
absence of bremsstrahlung.

II. DEFINITIONS

We are interested in the scattering process �(p) + q(k) ! �(p0) + q(k0). We will use the Bjorken-Drell conventions
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The combination of interest from the dark matter bilinear is
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Since the photon has no longitudinal polarization, we will only need the ⌫ = j piece of this expression.
The first numerator has the combination
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The k · ✏ piece of this will certainly lead to the standard, and well-known to all since early childhood (or perhaps just
a few days ago), factorization of the elastic cross-section times a piece which will go like ER/(mN!). However, since
the elastic cross-section itself is both spin-dependent and momentum suppressed, let us instead examine the second
term, which has the form

�µ�5�⌫�⇢(✏⌫Q⇢) (5)

We will take µ = 0 since that is the index contracted to the µ on the dark matter side, which is µ = 0 for the
unsuppressed case. We also take ⌫ = j since there is no ✏0 term for the photon, and we also have ⇢ = 0 which
contracts with Q0 = !. This leads to
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ū(k0)
~� · ~✏
mN

u(k) ! 2~SN · ~✏

mN
(12)

This is a spin-dependent scattering cross-section, but it’s suppression is di↵erent than the ER/(mN!) factorized case.
We therefore need to compare these two. Let us call the standard factorized di↵erential cross-section I, and the new
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Notes for Brem E↵ects for Direct Detection

I. INTRODUCTION

In the elastic scattering of a dark matter particle and an atomic nucleus, two types of suppressions can arise: i)
momentum suppression, depending on the ratio of the exchanged momentum and either the dark matter or nuclear
mass, and ii) spin-dependent interactions.

Case i) is suppressed relative to interactions with no momentum dependence since galactic dark matter is non-
relativistic with a speed of roughly v ⇠ O(10�3). The nucleus of mass mN will recoil with energy ER due to a
momentum transfer ~q, with magnitude |~q| = p

2mNER. The recoil energy is given by ER = µ

2
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2(1� cos ✓)/mN , for
the scattering angle ✓, and reduced mass µ. For typical masses m� = 100 GeV ⇡ mN , this will be in the O(10keV)
range. These values lead to |~q| . 100 MeV, and therefore terms arising in the non-relativistic reduction of the fermion
bilinears that contain ~q/m� orN , will be suppressed relative to terms without momentum dependence.

Case ii) su↵ers a suppression due to a lack of coherent enhancement (/ ((A�Z) +Z)2 for isospin conserving dark
matter interactions) of the scattering, which is present in spin-independent interactions.

In this note we will see that emitting a dark sector particle from the initial and final state dark matter particle can
lift the momentum suppression in certain cases, and the combination of initial and final state bremsstrahlung of a
photon from the quark can provide spin-independent interactions for some processes which are spin-dependent in the
absence of bremsstrahlung.
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The combination of interest from the dark matter bilinear is

�̄�0� = 1 (1)

The µ = i terms are momentum suppressed.
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Since the photon has no longitudinal polarization, we will only need the ⌫ = j piece of this expression.
The first numerator has the combination
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= �µ�5 (2k · ✏+ /✏ /Q)u(k) (4)

The k · ✏ piece of this will certainly lead to the standard, and well-known to all since early childhood (or perhaps just
a few days ago), factorization of the elastic cross-section times a piece which will go like ER/(mN!). However, since
the elastic cross-section itself is both spin-dependent and momentum suppressed, let us instead examine the second
term, which has the form

�µ�5�⌫�⇢(✏⌫Q⇢) (5)

We will take µ = 0 since that is the index contracted to the µ on the dark matter side, which is µ = 0 for the
unsuppressed case. We also take ⌫ = j since there is no ✏0 term for the photon, and we also have ⇢ = 0 which
contracts with Q0 = !. This leads to
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This has a non-vanishing {11} piece
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which was found previously in the Draft notes. For the second numerator we have
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�⌫�⇢�µ�5(✏⌫Q⇢) = �j�0�0�5✏j! = �j✏j! (9)

Combining this with the denominators

(k �Q)2 �m2
q = �2k ·Q = �2mqEq (10)

(k0 +Q)2 �m2
q = 2k0 ·Q = 2mqEq (11)

and summing leaves
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ū(k0)
~� · ~✏
mN

u(k) ! 2~SN · ~✏

mN
(12)

This is a spin-dependent scattering cross-section, but it’s suppression is di↵erent than the ER/(mN!) factorized case.
We therefore need to compare these two. Let us call the standard factorized di↵erential cross-section I, and the new
one II. We need to compare

✓
d2�

d!dER

◆

2�3,I

/ 1

!

ER

mN

✓
d�

dER

◆

2�2,I

(13)

1

I. (�̄�µ�)(q̄�
µ�5q)

The combination of interest from the dark matter bilinear is

�̄�0� = 1 (1)

The µ = i terms are momentum suppressed.
The photon has polarization ✏⌫ (paired with �⌫), leading to the matrix element for the ISR plus FSR

Mµ
N = eg�qū(k
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Since the photon has no longitudinal polarization, we will only need the ⌫ = j piece of this expression.
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The k · ✏ piece of this will certainly lead to the standard, and well-known to all since early childhood (or perhaps just
a few days ago), factorization of the elastic cross-section times a piece which will go like ER/(mN!). However, since
the elastic cross-section itself is both spin-dependent and momentum suppressed, let us instead examine the second
term, which has the form

�µ�5�⌫�⇢(✏⌫Q⇢) (5)

We will take µ = 0 since that is the index contracted to the µ on the dark matter side, which is µ = 0 for the
unsuppressed case. We also take ⌫ = j since there is no ✏0 term for the photon, and we also have ⇢ = 0 which
contracts with Q0 = !. This leads to
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which was found previously in the Draft notes. For the second numerator we have
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This is a spin-dependent scattering cross-section, but it’s suppression is di↵erent than the ER/(mN!) factorized case.
We therefore need to compare these two. Let us call the standard factorized di↵erential cross-section I, and the new
one II. We need to compare
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Suppressed Elastic Case
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I. (ø!" µ ! )(øq" µ q)

In this note, I check whether it is consistent to neglect the /Q term in the matrix element numerators in the case
where the 2! 2 elastic process is spin-independent with no momentum suppression. I Þnd that it is consistent, which
di! ers from the cases where the elastic process is a suppressed cross-section.

The combination of interest from the dark matter bilinear is

ø!" 0! = 1! (1)

The µ = i terms are momentum suppressed, so we will only need to consider theµ = 0 portions of the expressions.
The photon has polarization #" (paired with " " ), leading to the matrix element for the ISR plus FSR

M µ
N = eg! qøu(k!)

!

" µ
"

(/k " /Q) + m
(k " Q)2 " m2

#
" " + " "

$
(/k! + /Q) + m

(k! + Q)2 " m2

%

" µ

&

#" u(k) (2)

Since the photon has no longitudinal polarization, we will only need the$ = j piece of this expression.
Using the Dirac algebra and Dirac equation, the Þrst numerator has the combination
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There is still the øu(k!)1N u(k), which gives the underlying 2! 2 elastic process. We need to integrate over the photon
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We also need to sum over the photon spins, leading to a factor of 2s# + 1 = 3 in the denominator, along with the
deÞnition e2 = 4 '( . Putting this together with our result from the matrix element, and using |%q|2 = 2mER , leads to
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where the sum over the protons has given theZ 2 piece, and weÕve named this part of the cross-section I. IÕm missing
a factor of 2 somewhere compared to 1607.01789.

Now letÕs look at the second term from the matrix element. In the Þrst numerator, usingµ = 0, we Þnd

" " 0" $" " (Q$#" ) = " " 0" $" j (Q$#j ) (12)

We have taken$ = j since the photon is massless and has no longitudinal polarization. The only non-zero{ 11} piece
of this is

) i ) j Qi #j (13)
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Since# is of the same order as the recoil energy, the second cross-section is enhanced compared to what one would
get starting from the soft photon factorization.

II. (ø!" 5! )(øq" 5q)

The matrix element for photon brem in this case is
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where the 2-2 elastic cross-section is of the well-known form

this is coherent with no momentum suppression
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I. (ø!" µ ! )(øq" µ q)

In this note, I check whether it is consistent to neglect the /Q term in the matrix element numerators in the case
where the 2! 2 elastic process is spin-independent with no momentum suppression. I Þnd that it is consistent, which
di! ers from the cases where the elastic process is a suppressed cross-section.

The combination of interest from the dark matter bilinear is

ø!" 0! = 1! (1)

The µ = i terms are momentum suppressed, so we will only need to consider theµ = 0 portions of the expressions.
The photon has polarization #" (paired with " " ), leading to the matrix element for the ISR plus FSR

M µ
N = eg! qøu(k!)
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Since the photon has no longitudinal polarization, we will only need the$ = j piece of this expression.
Using the Dirac algebra and Dirac equation, the Þrst numerator has the combination

" µ (/k " /Q + m) /#u(k) = " µ (" /#/k + 2k á#" /Q/#+ /#m) u(k) (3)
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There is still the øu(k!)1N u(k), which gives the underlying 2! 2 elastic process. We need to integrate over the photon
phase space
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We also need to sum over the photon spins, leading to a factor of 2s# + 1 = 3 in the denominator, along with the
deÞnition e2 = 4 ') . Putting this together with our result from the matrix element, and using |%q|2 = 2mER , leads to
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where the sum over the protons has given theZ 2 piece, and weÕve named this part of the cross-section I. IÕm missing
a factor of 2 somewhere compared to 1607.01789.

Brem in the CE!NS process



For the photon emission rate we find

Brem in the CE!NS process

Preliminary



Beginning with a suppressed 2 to 2 elastic process

1

I. PSEUDOSCALAR BREM FROM (�̄�5�)(q̄�
5q)

The dark matter bilinear has the non-relativistic reduction

�̄�5� =

~S� · ~q

m�
(1)

A similar reduction holds on the nuclear side with the dark matter spin and mass replaced by their nuclear counterparts.

Therefore, this is a spin-dependent, doubly momentum suppressed interaction.

Let us check the case where the pseudoscalar mediator of mass m� is radiated from the initial and final quark legs.

This could occur when the mediator is light, m� < µv2/2.
The matrix element for the ISR plus FSR is
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Using the Dirac algebra and Dirac equation, the first numerator has the combination
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Combining the numerators and denominators we find
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We are in the limit where the radiated particle is much lighter than any nucleon, therefore we find the matrix element

ū(p0)�5u(p)ū(k0)u(k)
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We see that we have a spin-independent, unsuppressed process
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now comes from (

~S� · ~q/m�)1N , which will give an A2

enhancement. Is there a second enhancement (like the Z2
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This leads to a less-momentum suppression process

Currently under investigation



Brem inclusion can be a means of exploring light dark 
matter, as well as the coherent elastic neutrino-nucleus 
scattering process.

For cases where the elastic process is suppressed, the 
leading order brem may differ from the spin-independent, 
unsuppressed case.

Dark brem processes can change the nature of the 
interaction, but existing bounds and phase space can be 
constraining.

Summary

Ongoing work to look at bounds for these processes.
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S ⌦ S S ⌦ P P ⌦ P V ⌦ V V ⌦ A A ⌦ A S ⌦ V S ⌦ A P ⌦ V P ⌦ A

�� ! M1 M2 v2 1 v2 1 1 1 1 v2 1 v2

TABLE I. Suppression factors for fermionic DM annihilation to two di↵erent mediators M1 and M2, which have varying Lorentz
structures: vector (V), axial-vector (A), scalar (S) or pseudoscalar (P). The combination of mediators can be two spin-0 final
states, two spin-1 final states, or a mixed spin-0 plus spin-1 final state. Note for Majorana DM, the V cases do not exist.

�� ⌦ �f �� ! ff
�� ! ffZ0 �� ! ff�

�Z0 = V �Z0 = A �� = S �� = P

V ⌦ V 1 1 1 1 1

A ⌦ V v2 1 1 v2 v2

V ⌦ A 1 1 1 1 1

A ⌦ A (mf/m�)
2 1 1 v2 v2

S ⌦ S v2 1 v2 v2 1

P ⌦ S 1 1 v2 1⇤ v2

S ⌦ P v2 1 v2 v2 1⇤

P ⌦ P 1 1 v2 1 v2

TABLE II. Suppression factors for fermionic DM annihilation processes, for varying Lorentz structures: vector (V), axial-vector
(A), scalar (S) or pseudoscalar (P). In some cases, helicity suppression (/ m2

f/m
2
�) or p-wave suppression (/ v2) can be lifted

to s-wave (/ 1) by including dark bremsstrahlung, with no relative suppression factors. Note that the presence of any vector
or axial-vector ISR implies the existence of the competing s-wave process �� ! Z0Z0. An asterisk ⇤ indicates that the s-wave
process �� ! �1�2 will inevitably be induced via scalar(�1)-pseudoscalar(�2) mixing in a CP violating scenario. Note for
Majorana DM, the V cases do not exist.

III. DARK INITIAL STATE RADIATION

In this section, we consider the scenario where the ISR
of a dark sector particle lifts helicity or p-wave suppres-
sion in fermionic DM annihilation processes.

Figure 1 demonstrates the dark sector ISR in DM an-
nihilation. For the sake of illustration, we use an EFT to
describe the interactions between DM and SM fermions.
The qualitative e↵ects we discuss are relevant for UV
completions which map to the relevant cases. We assume
one mediator is su�ciently heavy, such that the EFT de-
scription can safely be used without unitarity issues.

Table II details the annihilation type and relative sup-
pression of all processes (whether they are s-wave, p-
wave, or helicity suppressed). This reveals which Lorentz
structures for particular dark ISR will lift suppression in
DM annihilation.

We see, for example, that the radiation of a dark vector
is a promising ISR scenario which lifts the suppression of
DM annihilation for several Lorentz structures: S ⌦ S,
S ⌦ P , A ⌦ A, and A ⌦ V . Radiating an axial-vector

lifts suppression in A ⌦ A and A ⌦ V annihilation pro-
cesses. Radiating a scalar fails to lift any suppression of
the annihilation cross section. Radiating a pseudoscalar,
however, makes a process with a S⌦S or S⌦P structure
s-wave. In the case of S ⌦ P or P ⌦ S, any scalar with
such a structure will not have well-defined CP properties.
Thus the mixing between the heavy scalar and the pseu-
doscalar is inevitable, and a 2 ! 2 s-wave contribution,
�� ! �

1

�

2

will be induced, where �

1

is a scalar and �

2

is a pseudoscalar.

It is also important to note that once an additional
dark sector field is included to allow dark ISR, there can
also be s-wave annihilations of DM into the dark radia-
tion. For spin-1 ISR, the direct annihilation to mediators
�� ! Z

0

Z

0 is s-wave for both vector and axial-vector
couplings, and can dominate the total DM annihilation
rate for some choices of the coupling strength or masses.
In the case that the dark radiation is a spin-0 field, the
t-channel annihilation process �� ! �� is p-wave sup-
pressed for both scalar and pseudoscalar couplings, and
so can very naturally be subdominant to the suppression-

3

�M
1

⌦ �M
2

S ⌦ S S ⌦ P P ⌦ P V ⌦ V V ⌦ A A ⌦ A S ⌦ V S ⌦ A P ⌦ V P ⌦ A

�� ! M1 M2 v2 1 v2 1 1 1 1 v2 1 v2

TABLE I. Suppression factors for fermionic DM annihilation to two di↵erent mediators M1 and M2, which have varying Lorentz
structures: vector (V), axial-vector (A), scalar (S) or pseudoscalar (P). The combination of mediators can be two spin-0 final
states, two spin-1 final states, or a mixed spin-0 plus spin-1 final state. Note for Majorana DM, the V cases do not exist.

�� ⌦ �f �� ! ff
�� ! ffZ ! �� ! ff�

�Z0 = V �Z0 = A �� = S �� = P

V ⌦ V 1 1 1 1 1

A ⌦ V v2 1 1 v2 v2

V ⌦ A 1 1 1 1 1

A ⌦ A (mf/m�)
2 1 1 v2 v2

S ⌦ S v2 1 v2 v2 1

P ⌦ S 1 1 v2 1" v2

S ⌦ P v2 1 v2 v2 1"

P ⌦ P 1 1 v2 1 v2

TABLE II. Suppression factors for fermionic DM annihilation processes, for varying Lorentz structures: vector (V), axial-vector
(A), scalar (S) or pseudoscalar (P). In some cases, helicity suppression (/ m2

f/m
2
�) or p-wave suppression (/ v2) can be lifted

to s-wave (/ 1) by including dark bremsstrahlung, with no relative suppression factors. Note that the presence of any vector
or axial-vector ISR implies the existence of the competing s-wave process �� ! Z !Z ! . An asterisk ⇤ indicates that the s-wave
process �� ! �1�2 will inevitably be induced via scalar(�1)-pseudoscalar(�2) mixing in a CP violating scenario. Note for
Majorana DM, the V cases do not exist.

III. DARK INITIAL STATE RADIATION

In this section, we consider the scenario where the ISR
of a dark sector particle lifts helicity or p-wave suppres-
sion in fermionic DM annihilation processes.

Figure 1 demonstrates the dark sector ISR in DM an-
nihilation. For the sake of illustration, we use an EFT to
describe the interactions between DM and SM fermions.
The qualitative e↵ects we discuss are relevant for UV
completions which map to the relevant cases. We assume
one mediator is su�ciently heavy, such that the EFT de-
scription can safely be used without unitarity issues.

Table II details the annihilation type and relative sup-
pression of all processes (whether they are s-wave, p-
wave, or helicity suppressed). This reveals which Lorentz
structures for particular dark ISR will lift suppression in
DM annihilation.

We see, for example, that the radiation of a dark vector
is a promising ISR scenario which lifts the suppression of
DM annihilation for several Lorentz structures: S ! S,
S ! P , A ! A, and A ! V . Radiating an axial-vector

lifts suppression in A ! A and A ! V annihilation pro-
cesses. Radiating a scalar fails to lift any suppression of
the annihilation cross section. Radiating a pseudoscalar,
however, makes a process with a S ! S or S ! P structure
s-wave. In the case of S ! P or P ! S, any scalar with
such a structure will not have well-defined CP properties.
Thus the mixing between the heavy scalar and the pseu-
doscalar is inevitable, and a 2 " 2 s-wave contribution,
�� " �

1

�

2

will be induced, where �

1

is a scalar and �

2

is a pseudoscalar.

It is also important to note that once an additional
dark sector field is included to allow dark ISR, there can
also be s-wave annihilations of DM into the dark radia-
tion. For spin-1 ISR, the direct annihilation to mediators
�� " Z

0

Z

0 is s-wave for both vector and axial-vector
couplings, and can dominate the total DM annihilation
rate for some choices of the coupling strength or masses.
In the case that the dark radiation is a spin-0 field, the
t-channel annihilation process �� " �� is p-wave sup-
pressed for both scalar and pseudoscalar couplings, and
so can very naturally be subdominant to the suppression-

2-2 annihilation

2-3 annihilation with dark brem

N.F. Bell, Yi Cai, JBD, R.K. Leane, and T.J.Weiler, PRD 2017, 1705.01105


