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Recent anomalies in cosmic rays data, namely, from the PAMELA Collaboration, can be interpreted in

terms of TeV scale decaying/annihilating dark matter. We analyze the impact of radiative corrections

coming from the electroweak sector of the standard model on the spectrum of the final products at the

interaction point. As an example, we consider virtual one loop corrections and real gauge bosons emission

in the case of a very heavy vector boson annihilating into fermions. We find electroweak corrections that

are relevant, but not as big as sometimes found in the literature; we relate this mismatch to the issue of

gauge invariance. At scales much higher than the symmetry breaking scale, one loop electroweak effects

are so big that eventually higher orders/resummations have to be considered: we advocate for the inclusion

of these effects in parton shower Monte Carlo models aiming at the description of TeV scale physics.
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I. INTRODUCTION

At the TeV scale and beyond, electroweak (EW) radia-
tive corrections enter into the realm of nonperturbativity:
one loop corrections relevant for the LHC can reach the
40% level (see for instance [1]). It is surprising that the
same electroweak radiative corrections produce small ef-
fects (typically less than 1%) at LEP that probe the char-
acteristic scale of the theory of 100 GeVand become huge
at energies only 1 order of magnitude bigger. The reason
for this is the presence of energy-growing contributions
that, as has been pinpointed in [2], are related to the
infrared structure of the theory. More precisely, one loop
corrections feature double logarithmic contributions /
�W log

2ð ffiffiffi
s

p
=mWÞ, with

ffiffiffi
s

p
being the typical c.m. energy

of the process considered, and mW the weak scale of the
order of W and Z gauge bosons masses; the weak scale
itself acts in this case as an infrared regulator. Various
interesting features of electroweak radiative corrections
at energies much higher than the weak scale have been
studied in the last ten years: noncancellation between real
and virtual contributions, which is a unique feature of weak
interactions [3], resummation of leading effects [4], rele-
vance for phenomenology, and, in particular, for LHC
processes [5].

Recent e� excesses observed by PAMELA [6], FERMI
[7], and ATIC [8] (see also [9]) can be interpreted in terms
of heavy-mass (1 TeV or more) dark matter (DM) annihi-
lation or decay [10]. Clearly, even if the final products are
initially constituted by, say, an electron/positron pair shar-
ing half of the c.m. energy each, radiative virtual correc-
tions and emission of additional particles in the final state
will alter the injection spectrum at the interaction point.
Then, the following relevant question arises.

Assuming that physics below the DM mass is the stan-
dard model (SM) one, and assuming that the primary
annihilation/decay process is known, what is the final
products spectrum?
Even if the physics describing the process is assumed to

be perfectly known, the answer to this question is by no
means trivial. The usual approach in the literature is to
describe the effect of QCD and QED through analytical
calculations and Monte Carlo generators like PYTHIA [11];
radiative corrections due to weak gauge bosons are usually
neglected. However, including electroweak effects is im-
portant for at least two reasons. Qualitatively, since all SM
particles are charged under the SUð2ÞL � Uð1ÞY group,
because of particle radiation the final spectrum will be
composed of all possible stable particles, whatever the
primary process. For instance, even if a tree level annihi-
lation into electron/positron is considered, in the final
spectrum also antiprotons will be present. Quantitatively,
at the TeV scale and beyond EW corrections of infrared
origin are typically as big as the tree level values and
cannot therefore be neglected. These corrections have
been considered in the context of DM signals [12–14];
however corrections growing like s=m2

W were found, while

we find corrections featuring double logarithmic growth.
The reasons for these discrepancies are analyzed in Sec. IV.
The purpose of this paper is to investigate the impact of

EW radiative corrections for possible TeV scale DM sig-
nals, namely, trying to contribute to give an answer to the
question raised above. Since we focus on the impact of EW
corrections, we do not aim at constructing a realistic DM
model, nor do we consider the effects of propagation from
the interaction point to the detection point. Rather, we
consider a very simple model: a heavy Z0 gauge boson
corresponding to a U0ð1Þ group factorized with respect to
the SM group. We only consider Z0 decay into a fermion-
antifermion pair, to which we add a weak gauge boson
emission and one loop radiative corrections.
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II. GAUGE BOSON EMISSION IN THE SOFT/
COLLINEAR REGION

We add to the standard model Lagrangian LSM a vector
boson Z0 with mass M bigger than 1 TeV, belonging to an
extra U0ð1Þ gauge symmetry and singlet under the
SUð3ÞC � SUð2ÞL � Uð1ÞY gauge symmetry. The relevant
couplings with quarks and leptons are dictated by the
property of gauge invariance. Given the usual SUð2ÞL
doublet L ¼ ð�L; eLÞT and the singlets eR; �R, we have

L int ¼ Z0
�J

�
L ;

J �
L ¼ fL �L��Lþ f�R ��R�

��R þ feR �eR�
�eR;

(1)

with similar expressions holding for the other families and
for quarks. Let us consider the case feR ¼ f�R ¼ 0, so that
the Z0 couples to left electron and neutrino with equal
strength fL.

We indicate with �2 the width for the process Z0 ! e �e;
we wish to calculate the effect of adding one weak gauge
boson emission. As is well known, in the high energy
regime M � mW the leading contributions to the three-
body width Z0ðPÞ ! eþðp1ÞW�ðkÞ�ðp2Þ are produced by
the region of the phase space where the emitted boson is
collinear either to the final fermion or to the final antifer-
mion; moreover the three-body width is factorized with
respect to the two-body one in this region. Here we show
explicitly this factorization and we calculate the expression
for the three-body width.

Let us show that the phase space factorizes in the region
where the gauge boson momentum k is collinear to the
emitting fermion momentum p1 (the region where k is
collinear to p2 can be treated in the same way). In fact in
this region p2

1 ¼ k2 ¼ 0 implies p2 ¼ 0 (masses ne-
glected); moreover we can write

d3 ~p1

ð2�Þ32p0
1

d3 ~k

ð2�Þ32k0 �
ð4ÞðP� p1 � p2 � kÞ

� d3 ~p

ð2�Þ32p0
�ð4ÞðP� p� p2Þ d3 ~k

ð2�Þ32k0
�

1

1� x

�
; (2)

where P is the decaying Z0 momentum and x is the fraction
of energy carried away by the gauge boson, k0 ¼ xP0. The
three-body phase space therefore factorizes with respect to
the two-body one in the collinear region1:

d�3 � d�2

d3 ~k

ð2�Þ32k0
�

1

1� x

�
: (3)

Furthermore, the amplitude squared factorizes as well, as
we will show now.

Let us first consider the contribution to the modulus
squared of the amplitude shown in Fig. 1(c). This contri-

bution can be written as

jMj2C ¼ f2Lg
2��ðPÞ���ðPÞ

½ðkþ p1Þ2 �m2
f�½ðkþ p2Þ2 �m2

f�
D�	

� Tr½p6 2�
�ðk6 þ p6 1Þ��p6 1�

�ðk6 þ p6 2Þ�	PL�; (4)

where D�	 ¼ �g�	 þ k�k	=m
2
W is the sum over the emit-

ted W physical polarizations and ��ðPÞ is the physical Z0

polarization. In the following we will systematically ne-
glect terms that, when integrated over the phase space,
produce contributions not growing with energy: the symbol
� refers to this approximation. Let us first consider the
contribution coming from the g�	 component of the sum
over polarizations. In the collinear approximation k �
x=ð1� xÞp1 after some Dirac algebra we obtain

jMj2CD��¼�g��
� f2Lg

2��ðPÞ���ðPÞ
2ð2k 	 p1Þð2k 	 p2Þ

1

1� x
4p1

	 p2 Tr½p6 2�
�p6 1�

�PL�; (5)

which features factorization in the collinear region, since
because of (3):

d�3jMj2C�g��
¼ g2d3 ~k

ð2�Þ32k0
2p1 	p2

½ðkþp1Þ2�m2
f�½ðkþp2Þ2�m2

f�

� 1

1�x

�Z
d�2f

2
L��ðPÞ���ðPÞ

�Tr½p6 2�
�p6 1�

�PL�
�
; (6)

and the integral between braces in Eq. (6) is precisely the
tree level width �2. In the collinear/infrared region we have
(see the Appendix):

d3 ~k

ð2�Þ32!
2p1 	 p2

½ðp1 þ kÞ2 �m2
f�½ðp2 þ kÞ2 �m2

f�

� dx

x

1

16�2
ln
M2x2

4m2
W

; (7)

so that we finally obtain

d�CP
pol

¼�g��
� �2

�W

8�

dx

x

�
4ð1� xÞ lnx

2M2

4m2
W

�
; (8)

FIG. 1. Amplitude squared that contributes to the primary
particle spectrum (see text). (a)–(c) describe real emission con-
tributions, while (d) is an example of a virtual correction.

1For convenience, we include a 1=ð2MÞ factor in the definition
of d�: d�n ¼ 1=ð2MÞjMnj2d�n, with d�n being the usual
phase space.
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where �W 
 g2=4�. Analogous calculations produce the
contribution coming from the k�k� term:

d�CP
pol

¼k�k�=m
2
W

� �2

�W

8�

dx

x

�
2xðx� 1Þ lnM

2x2

4m2
W

�M2x2

2m2
W

�
:

(9)

The remaining contributions represented in
Figs. 1(a) and 1(b) are given by

d�AP
pol

¼�g��
� �2

�W

8�

dx

x

�
2x2 ln

M2x2

4m2
W

�
; (10)

d�AP
pol

¼k�k�=m
2
W

� �2

�W

8�

dx

x

�
2xð1� xÞ lnM

2x2

4m2
W

þM2x2

4m2
W

�
;

(11)

and

d�BP
pol

¼�g��
� 0; (12)

d�BP
pol

¼k�k�=m
2
W

� �2

�W

8�

dx

x

�
M2x2

4m2
W

�
: (13)

Finally, the sum of all amplitudes squared, generated by
Figs. 1(a)–1(c), gives

d�P
pol

¼�g��þk�k�=m
2
W
� �2P

W
R ðxÞdx;

PW
R ðxÞ ¼

�W

4�

�
x2 � 2xþ 2

x

�
ln
M2x2

4m2
W

:

(14)

Notice that, although terms proportional to M2=m2
W are

present in the single contributions (8)–(13), these terms
disappear from the final result (14). As wewill discuss later

in Sec. IV, showing explicitly the conspiracy that leads to
this cancellation in Figs. 2 and 3, this is a consequence of
gauge symmetry in the form of Ward identities.

III. VIRTUAL CORRECTIONS AND PRIMARY
PARTICLE SPECTRUM

The calculation of virtual corrections, which must be
included in order to predict the primary particle spectrum,
poses no particular difficulty. In the very high energy
regime we are considering, they are dominated by the
region of integration over the virtual momentum where
the exchanged gauge boson [see Fig. 1(d)] is close to the
mass shell and has the same kinematical structure of real
emission. Virtual corrections are thus dominated by the
soft/collinear region just as the real emission ones and
factorized with respect to the tree level amplitude.
Referring the reader to the relevant literature [15,16], we
wish to point out that, because of (a) factorization and
(b) unitarity of the theory, virtual contributions can be
derived from real emission calculations described in the
previous section.
The fully inclusive decay width �TOTðZ0 ! f �fþ XÞ is

given, at the order of perturbation theory considered here,
by the sum of the width for the case of no emission
[�0ðZ0 ! f �fÞ] and the one with one gauge boson emitted
[�1ðZ0 ! f �fþ X; X ¼ �; Z;WÞ]. Because of factorization
in the leading collinear/infrared regime, one can write �i ¼
�BornPi, where �Born is the tree level value and Pi are
functions of couplings and energy scales. Now, since the
theory is unitary, one has

�TOT ¼ �BornðP0 þ P1Þ ¼ �Born; (15)

so that the inclusive cross section equals the tree level
value and Pi can be interpreted as probabilities. Now, P1

can be found by integrating PRðxÞ in Eq. (14) over the
available phase space and

P0 ¼ 1� P1 ¼ 1�
Z 1

0
dxPW

R ðxÞ

� 1� �W

4�

�
1

2
ln2

M2

4m2
W

� 3

2
ln

M2

4m2
W

�
: (16)

If we indicate with z ¼ 1� x the momentum fraction
carried away by the positron, virtual corrections are de-
scribed by a distribution peaked at z ¼ 1, so that one
finally obtains

PW
V ðzÞ ¼ P0�ð1� zÞ

¼ �ð1� zÞ
�
1� �W

4�

�
1

2
ln2

M2

4m2
W

� 3

2
ln

M2

4m2
W

��
:

(17)

The spectrum of the positron is described by the distribu-
tion PWðzÞ 
 PRðzÞ þ PVðzÞ. To this one must add the
effects coming from radiation of a Z boson, which can be

FIG. 2. Ward identity relevant for the process considered in
this paper.

FIG. 3. Gauge boson emission diagrams (the wavy line is a Z
or a W) for the case of a heavy scalar decaying into a fermion or
an antifermion.
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derived in a similar way, and the effects of photon radia-
tion, that we discuss below.

In the case of QED the kinematic is different, since the
photon is massless and since collinear singularities are cut
off by the emitting particle mass (mf, considered here to be

a fermion). The distribution of emitted photons, derived in
the Appendix, is

P�
RðzÞ ¼

�

2�
ln
M2

4m2
f

�
1þ z2

1� z

�
#

�
1� z� 2�

M

�
; (18)

where � 
 e2=4� and where � is an infrared regulator,
with dimensions of a mass, having the physical meaning of
lowest energy for the photon. The distribution for virtual
corrections can be derived using (15) and is

P�
VðzÞ ¼ �ð1� zÞ

�
1� �

2�
ln
M2

4m2
f

�
Z 1�ð2�=MÞ

0
dz0

�
1þ z02

1� z0

��

¼ �ð1� zÞ
�
1� �

2�

�
2 ln

M

2�
� 3

2

�
ln
M2

4m2
f

�
: (19)

The QED distributions depend on the arbitrary parameter �
and are divergent in the limit � ! 0, so they are obviously
unphysical. As is well known, the way out is to introduce a
finite resolution �E on the observed hard particle (say, a
positron). The physical meaning is that what is really
observed is not a positron alone, but rather a positron
together with a soft photon of energy ! � �E. We take

this into account by substituting P�
V þ P�

R in the region z >

1� 2�E
M with a flat distribution whose integral is the same

as the one of P�
VðzÞ þ P�

RðzÞ in that region:

P�ðzÞ ¼ �

2�
ln
M2

4m2
f

�
1þ z2

1� z

�
#

�
1� z� 2�E

M

�

þ M

2�E

�
1� �

2�

�
2 ln

M

2�E
� 3

2

�
ln
M2

4m2
f

�

� #

�
z� 1þ 2�E

M

�
: (20)

Let us now discuss which value one should give to �E.
In a collider, this value would be given by the (known)
characteristics of the detector. Here however, the situation
is less clear because of the effects of propagation from the
interaction region to the point where the detector is physi-
cally placed. We choose to analyze two values for�E. The
first could be called the ‘‘optimal resolution case’’: �E is
chosen in such a way that the distribution (20) becomes a
continuous line; in the case at hand this corresponds to
�E � 0:3 MeV.2 The resulting distribution for the posi-

tron is drawn in Fig. 4, where contributions from �,W, and
Z radiation have been added together. The region z � 1
from the ‘‘ideal case’’ in Fig. 4 is drawn for convenience in
Fig. 5; here the contributions from �, Z, and W radiation
are drawn separately. Since the actual resolution on the
positron energy is certainly worse than the ‘‘optimal’’ one,
it is possible to obtain the actual distribution from the one
in Fig. 4 simply by dividing it into ‘‘bins’’ of finite width.
This is done in Fig. 6 where the more realistic case �E ¼
30 GeV has been chosen.
Let us now discuss our results. In the first place, it is

apparent from Fig. 5 that the emission of weak gauge
bosons plays a significant role in determining the spectrum
of the primary particle; therefore one should always con-
sider QED (�) and weak ðW;ZÞ radiation together at very
high energies. This is true even more so if the primary
particle is an EW gauge boson itself instead of a fermion.
In fact in this case QED radiation is partially suppressed
because the gauge boson mass provides the collinear cutoff
in Eq. (18), in place of the much smaller fermion mass
considered here. Moreover, in the case of final EW gauge
bosons since EW corrections of infrared origin are propor-
tional to the Casimir of the external legs representations
[5], they are expected to be bigger in magnitude.

EW
Z
W
QED

0.92 0.94 0.96 0.98 1.00
10−2

100

102

104

106

108

z

dN dz

FIG. 5 (color online). The same as Fig. 4 but zoomed in the
region z � 1 and with the contributions coming from �, W, and
Z emission drawn separately.

0.1 0.2 0.3 0.5 0.7 1
10−2

100

102

104

106

108

z

dN dz

FIG. 4. Spectrum dN
dz of the primary particle (antimuon) coming

from the decay of a heavy Z0 (M ¼ 10 TeV) after inclusion of
one loop virtual corrections and EW gauge bosons emission.
Here and in the following figures z ¼ 2E=M, with E being the
antimuon energy. An ‘‘optimal resolution’’ is assumed (see text).

2Figures 4–6 are plotted in the case of the spectrum of an
antimuon and a DM mass M ¼ 10 TeV.
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We can see from Fig. 4 that even after inclusion of EW
radiative corrections, the antifermion spectrum is rather
sharply peaked at z ¼ 1. This can be seen also from Fig. 6,
where the tree level distribution (dashed line) is also plot-
ted for convenience. Virtual EW corrections deplete the
first bin (from the right) by about 30%, and produce there-
fore a significant effect. However the second bin is de-
pressed with respect to the first one by 1 order of
magnitude, and the others are even lower, so that the great
majority of events falls into the first bin even after includ-
ing radiative corrections.

IV. COMPARISON WITH EXISTING
CALCULATIONS

In [12] the effect of adding a weak gauge boson emission
to a DM annihilation cross section at very high energiesffiffiffi
s

p � mW was considered; in [14] a similar calculation for
the case of very heavy decaying DM (M � mW) was done.
In both cases, corrections growing like the square of the
c.m. energy were obtained. In particular, it was found that
the cross section (width) with one additional gauge boson
in the final state is obtained by multiplying the original one
by a factor RZ;WðMÞ:

RZ;WðMÞ ¼ �WKZ;W

M2

m2
W

þ 	 	 	 ; (21)

whereM is the relevant high energy scale (
ffiffiffi
s

p
in the case of

scattering, DM mass in the case of decay), is supposed to
be much higher than the weak scale; KZ;W is a constant that

depends on whether a Z or a W is radiated. The dots here
stand for terms that are subleading in theM � mW regime.

On the other hand, when integrated over the final gauge
boson phase space (variable x), Eq. (14) gives

�3ðZ0 ! �eW��Þ
�2ðZ0 ! e �eÞ ¼ RWðMÞ

¼ �W

8�

�
ln2

M2

4m2
W

� 3 ln
M2

4m2
W

þ 	 	 	
�
:

(22)

Similarly, virtual corrections described by (17) grow like
the square of the logarithm ofM2=m2

W . Our result therefore
disagrees with the results obtained in [12–14], where cor-
rections growing likeM2=m2

W were found. Here we wish to
point out that the discrepancy is related to the introduction
of dimension 4 operators that break SUð2ÞL � Uð1ÞY gauge
invariance, and that one runs into ambiguous and possibly
inconsistent results when trying to calculate virtual correc-
tions in such framework.
Terms growing like M2=m2

W are indeed present in the
single contributions to the amplitude squared [see (9) and
(11)] and are related to the terms in k�k�=m

2
W in the sum

over the emitted gauge boson polarizations. However, such
terms are absent from the final result (22). This is a con-
sequence of gauge symmetry in the form of Ward identities
that are depicted in Fig. 2. These identities relate on shell
amplitudes with an external gauge boson with correspond-
ing amplitudes with an external Goldstone, in the follow-
ing way:

k�
mW

M�ðk; . . .Þ ¼ iMð’WðkÞ; . . .Þ; (23)

with mW being the mass of the relevant (W or Z) gauge
boson.
Since Goldstone bosons couple with fermions through

their mass, the right-hand side is close to zero. Therefore
the terms in the polarization sum proportional to k�k�, that

are formally dominant by power counting with respect to
the g�� term, are strongly suppressed at high energies.

A common feature of [12,14] is the introduction in the
Lagrangian of dimension 4 operators that explicitly break
SUð2ÞL � Uð1ÞY gauge invariance: D� ��L�

��L and/or

Dð ��R�L þ ��L�RÞ [to be compared with our gauge symme-
try invariant Lagrangian in (1)]. Let us first consider real
emissions.
Suppose that, following [12], we introduce aD� ��L�

��L

interaction in the Lagrangian without its electron counter-
part. Clearly, Ward identities are broken: for instance, from
the point of view of our gauge invariant example, in the
diagrams of Fig. 2 the second one on the left-hand side is
missing. Then, the terms proportional toM2=m2

W generated
by the term proportional to k�k� in the sum over polar-

izations do not cancel between the various contributions
and are eventually present in the expression for the width.
What one is really doing here is largely overestimating the
contribution from longitudinal degrees of freedom, whose

polarization is �L� ¼ k�
mW

þOðmW

M Þ and whose contribution,

although leading by naive power counting with respect to
transverse, is suppressed in a gauge invariant theory be-
cause of Ward identities.
As we have seen, virtual corrections have to be consid-

ered together with real emission for calculating the ob-
served spectrum and, by virtue of (15), are important for
unitarity of the theory. However we wish to point out that

TREE LEVEL

WITH ONE LOOP EW CORRECTIONS

0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1.00
10−1

100

101

102

103

z

dN dz

FIG. 6. Continuous line: the same as Fig. 4 but with an
experimental resolution �Eð�Þ ¼ 30 GeV. Dashed line: tree
level distribution with no electroweak corrections.
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if, as done in [13], one calculates virtual corrections, the
consistency of the calculation itself is put into doubt be-
cause, since Ward identities are broken, the final results
will depend on the (arbitrary) gauge that one chooses in
order to give a prescription for the weak gauge boson
propagators. In fact the infrared structure is dominated
by the region of phase space with on-shell gauge bosons.
Since Ward identities are broken, the gauge dependent
terms / k�k� in the propagators are completely different,

say, in the Feynman gauge and in the unitary gauge. These
problems are generated by the exchange of soft quanta with
energies greater than, but close to, the weak scale: there-
fore, we think that they cannot by cured by any ‘‘UV
completion’’ beyond the TeV scale.

In Ref. [14], for phenomenological purposes, a chirality-
(and gauge symmetry-)violating operator of the form
Dð ��R�L þ ��L�RÞ, withD being a scalar and gauge singlet,
is introduced into the Lagrangian.3 In this case only tree
level gauge boson emissions have been considered. Notice
that it is true that radiative corrections generate chirality
violating terms proportional to the gauge symmetry break-
ing vacuum expectation value v through fermion masses.4

However, since this term is generated in the framework of a
gauge invariant theory (like the SM itself), Ward identities
are obviously respected. On the contrary, by introducing a
dimension 4 operator that explicitly violates gauge invari-
ance, Ward identities are broken and by trying to compute
radiative corrections one runs into the problems signaled
above. One can, of course, write a gauge invariant interac-
tion if the scalar DM particle is an isospin doublet: this
would be similar to the usual Higgs-fermion–antifermion
coupling in the standard model. Wewish to point out that in
this case, like in any other case where the DM particle has a
weak charge, gauge boson emissions from the initial state
have to be considered together with emissions from the
final legs (see Fig. 3). If only final state radiation is
considered, Ward identities are broken and one effectively
breaks the SUð2ÞL � Uð1ÞY symmetry, potentially generat-
ing again ‘‘spurious’’ terms growing like the square of the
energy.

One final comment: in our case the Z0 can perfectly well
couple to right neutrinos only, with the choice fL ¼ feR ¼
0, f�R � 0. The Z0 then decays only into neutrinos and this
situation, barring possible tiny chirality breaking effects
proportional to fermion masses, is left unchanged by ra-
diative corrections. Therefore, no final electrically charged
states are present, even after including radiative
corrections.

V. CONCLUSIONS

In this work we have analyzed the impact of radiative
electroweak corrections on the spectrum of the final prod-
ucts resulting from the decay of a very heavy (M> 1 TeV)
weakly interacting particle. Determining accurately this
spectrum is an important issue, in view of recent experi-
mental results that can be interpreted as a dark matter
signal. We have considered a simple model with a Z0 gauge
boson decaying into leptons, and rediscussed one loop
radiative corrections plus emission of a weak gauge boson.
We have found that electroweak corrections play a relevant
role in this game; more precisely we can summarize our
conclusions as follows:
(i) EW radiative corrections at one loop are of the order

of 30% in the considered case of fermions as primary
particles, and grow like the log squared of the DM
mass. One expects these corrections to be even big-
ger in the case of EW gauge bosons as primary
particles (see Sec. III); in any case, higher order
effects play a significant role.

(ii) QED corrections and ‘‘pure weak’’ corrections pro-
duced byW and Z exchange have a similar impact on
the spectrum of the primary particle, so they should
always be considered together.

(iii) Different from recent results in the literature, we do
not find corrections growing like the square of the
energy. We have shown that the latter result can only
be obtained if the Ward identities related to
SUð2ÞL � Uð1ÞY gauge symmetry are broken. We
have argued that this choice can lead to ambiguous
results for virtual corrections and we think that this
point should be better clarified in the future in view
of its importance.

(iv) As already noticed in [14], since EW corrections link
all SM particles, all stable particles (including anti-
protons) will be present in the final spectrum, inde-
pendently of the primary particles (say, lepton/
antileptons) initially considered.

(v) Heavy DM annihilation/decay can produce final
states in which no electrically charged particles are
present (see Sec. IV).

Let us now comment on the possible impact of EW
corrections on indirect signals of dark matter. A detailed
quantitative analysis including the effects of propagation
goes beyond the scope of this work, but we can make some
general comments. The first point is related to the fact that
the e� excess measured in recent data in the 10–100 GeV
region [6–9] is not accompanied by a corresponding excess
in the antiproton flux in the same energy region: the

fraction �p
p is indeed compatible with the astrophysical

backgrounds [6]. One could then consider for instance
DM annihilating to leptons only, or to WþW� pairs with
so high an invariant mass that the antiproton excess is
shifted to energies higher than 100 GeV [19]. In both cases,
however, taking into account EW corrections changes the

3In a gauge invariant context [17], a milder growth with energy
of contributions coming from the emission of a gauge boson was
found.

4For some surprising features related to the high energy
behavior of such terms we refer the reader to [18].
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scenario: in the first case allowing for final antiprotons
coming from the decay of the weak gauge bosons irradi-
ated by the leptons, and in the second case by softening the
final gauge bosons spectrum. So radiative corrections of
EW origin should be definitely taken in such kind of
analyses.

Another issue is whether it is necessary, for the problem
at hand, to consider higher order EW corrections. At first
sight, one loop virtual corrections plus real gauge boson
emission, as are done here, seem to be sufficient. In fact, as
we have seen, one loop corrections are of the order of 30%
and higher order virtual corrections should not change the
picture much: the experimental precision of the measure-
ments involved is much lower than that of a earth based
accelerator of course. However, this conclusion turns out to
be a hasty one. In fact we are interested in the particles’
spectra, in the experimentally interesting region 10–
100 GeV, produced by a decay annihilation taking place
at a high invariant mass of the order of 1 TeV or more.
Then, even if EW corrections on, say, the total cross
section are relatively small, the impact on the spectrum
at low energies can be dramatic, since ‘‘soft’’ (� 10 GeV)
particles are radiated copiously in the presence of a ‘‘hard
‘‘(� TeV) process. So one can determine whether or not
higher order EW corrections are relevant in this context
only after calculating their effects: this can and should be
done in the future. Higher order EW radiative corrections
and resummation of leading effects in the high energy
regime have been extensively studied in recent years
[3,5]; recently a way of systematizing virtual corrections
through soft collinear effective theory has been considered
[20]. However, EW corrections are usually studied in two
rather ‘‘extreme’’ cases: virtual corrections to a given hard
process (in this case, Z0 decay into a hard fermion and a
hard antifermion) or the inclusive case where soft weak
gauge boson emission is fully included. Determining the
spectrum resulting from heavy DM annihilation/decay is a
different, and difficult, case, where one wishes to know the
distribution of a large number of particles in the final state.
One possibility to deal with such a problem is to implement
the EW evolution equations [16] (the analogous of the
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi equations in
QCD) in parton shower Monte Carlo models. This seems
to be unavoidable in the nearby future, especially if high
energy lepton colliders [21], where showers generated by
electroweakly charged particles will be ubiquitous, come
closer to see the light.

APPENDIX: KINEMATICS

We consider the decay Z0ðPÞ ! fðp1Þ �fðp2Þ with P ¼
ðM; 0Þ, p1 ¼ ðM=2;pÞ, p2 ¼ ðM=2;�pÞ, and p2

1;2 ¼ m2
f.

Then we consider the additional emission of a gauge boson
with momentum k and mass 
. The latter is parametrized in
the following way:

k ¼ ð!; kÞ; k2 ¼ 
2; p 	 k ¼ jpjjkj cos�: (A1)

We consider the region where the emitted boson is col-
linear to p1 ¼ p so that � 
 1 (the region where k is
collinear to p2 ¼ �p can be treated in a similar way). In
our calculations the following expression appears:

d3 ~k

ð2�Þ32!
2p1 	 p2

½ðp1 þ kÞ2 �m2
f�½ðp2 þ kÞ2 �m2

f�
; (A2)

where the differential phase space is evaluated in the col-
linear region to give

d3 ~k

ð2�Þ32! ¼ !

ð4�Þ2 d!d�2: (A3)

The denominator appearing in (A2) is evaluated differently
in the case of QED (
 ¼ 0) and in the case of weak gauge
bosons emission (
 ¼ mW � mf).

In the case of QED we have

ðp2 þ kÞ2 �m2
f ¼ 2p2 	 k � 2M!;

ðp1 þ kÞ2 �m2
f ¼ 2p1 	 k � M!

2

�
�2 þ 4m2

f

M2

�
;

(A4)

and the integration over �2 readily produces

d3 ~k

ð2�Þ32!
2p1 	 p2

½ðp1 þ kÞ2 �m2
f�½ðp2 þ kÞ2 �m2

f�

¼ dx

x

1

16�2
ln
M2

4m2
f

; (A5)

where x ¼ 2!=M is the fraction of energy carried away by
the emitted photon.
In the case of weak gauge boson emission we have

ðp2 þ kÞ2 �m2
f ¼ m2

W þ 2p2 	 k � 2M!;

ðp1 þ kÞ2 �m2
f ¼ 2p1 	 kþm2

W � M!

2

�
�2 þm2

W

!2

�
;

(A6)

and integrating over �2:

d3 ~k

ð2�Þ32!
2p1 	 p2

½ðp1 þ kÞ2 �m2
f�½ðp2 þ kÞ2 �m2

f�

¼ dx

x

1

16�2
ln
M2x2

4m2
W

: (A7)
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