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Observable monochromatic photons from cosmic photino annihilation
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A recent suggestion that the observations of monochromatic photons from annihilation of pho-
tinos into quarkonium plus a photon could be a signature of dark-matter photinos is extended to in-
clude all S- and P-wave bound quarkonium states for a general interaction Lagrangian and an esti-
mate of the cross sections is given. We also propose the process A, A, ~yy as a potentially rich
source of monochromatic photons and estimate its strength.

I. INTRODUCTION

The dark-matter problem in the Universe has recently
attracted attention among astrophysicists and particle
physicists. ' Much work has been devoted to the task of
finding experimental signatures for the various candidates
for dark matter —axions, photinos, Higgsinos, heavy
neutrinos, etc. In the case of photinos (A, ) it has recently
been suggested by Srednicki, Theisen, and Silk that the
annihilation process kA, ~ Vy might give a detectable
photon signal (V is the vector-meson bound state of
heavy quarks, e.g. , cc). This analysis, which was based
on a pointlike coupling between the gg pair and the vec-
tor meson, has been criticized by Rudaz who found a
lower branching ratio for A.A,~ Vy using a more realistic
bound-state description of the vector meson. For mz &4
GeV, photons from kA, ~J/gy should still be detectable
using one of the high-resolution detectors that have been
proposed. High-energy resolution enables taking advan-
tage of the near monochromaticity of the lines which is
due to the low (galactic) relative velocities of the annihi-
lating A, pair (u„~/c=10 ).

In this paper we extend the analysis of Rudaz to in-
clude the processes A, A.~( +'LJ)+y for all bou~d QQ
P- and S-wave states and for a more general interaction
Lagrangian. In addition, we propose the process
A,A, ~yy as a potentially rich source of monochromatic
photons and make an estimate of its strength.

man rules a& effectively gets multiplied by a factor of 2
whereas U& vanishes. We will write the various ampli-
tudes as if A, is a Dirac fermion, but will take the last re-
mark into account when presenting cross sections for
photinos. For supersymmetric particles such as photinos,
Higgsinos, etc. , the effective couplings in (1} have been
expressed in terms of gauge couplings and scalar super-
partner masses by Ellis et al.

In models where the scalars associated with the left-
and right-handed fermions, respectively, are nearly de-
generate in mass the coupling Uf is small whereas it may
be important for large mass differences [generally
uf /af (m t —m tt )/(m r +m it )]

With the effective Lagrangian (1) governing the cou-
pling specifically between kA, and a heavy-quark pair, we
must prescribe the bound-state model before we can cal-
culate the process AA, ~( +'LJ)+y depicted in Fig. 1.
We adopt the point of view of Rudaz that an adequate
description of the process is provided by a nonrelativistic

II. AMPLITUDES FOR RADIATIVE QUARKONIUM
PRODUCTION

We write the effective interaction Lagrangian for the
interaction between a A. pair and a fermion (f ) pair as

ff l„[fy" ( uI +y'a1 )fjj

where l„=)(,y„(u~+a&y5)A,. When f is a quark field, a
sum over colors is implied. There is an important dis-
tinction between the case when A, is a Majorana fermion
(such as a photino) and in the straightforward case when
A, is a Dirac fermion (such as a heavy neutrino). In the
Majorana case, when passing from Eq. (1} to the Feyn-

FIG. 1. Diagrams contributing to the process A,A, ~Py,
where P is a +'LJ quarkonium bound state.
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bound-state model which has proven to be remarkably
successful in the calculation of charmonium and bot-
tomonium properties.

It is convenient to use the formalism developed in Ref.
6. Working in the rest frame of the produced heavy
meson one finds

M(AX~ +'LJ+y )

F/ ——2ieeg/Ncvgtps(0)/[/2mg(m g
—mg )];1:M =F2e„*(k)l„e(k)k d' "",

with

F2 2i——
eeg

"(/ N&ag+2mgps(0)/(m &
—mg);

1+: M =F~e„*(k)l„e*(A,)

(5b)

(6a)

(6b)

ieO'Nceg J d && me Tr(Xp A )

~ RL (p) (2)
4m, +~m, (2~)' 2E(E+mg)

where the positive-energy amplitude A is given by with

)& [k~[ g&"—+k "P"/(k P)]

+P"[ g~" +—keP "/(k P)]], (7a)

3 =(I+p/mz)(p +mg)

X 8'(k) l(vg+agy')
+tt —mg

F~ =2i &31/NceegagRp(0)(m ~ mg ) /+mmp

0++ M =F4e*(k)l„[g""P "k"/—(k P)]

(7b)

(8a)

0-+: Xp ——y', (4a)

+E(vg+agy') 8'(k) (p+ mg —) .—gf„—mg

(3)

Here P,p,p+, k,p~ are the momenta of the meson,
quark, antiquark, photon, and the fermion current 1„,re-
spectively. The photon polarization vector is denoted by
e; mz and m& are the meson and quark masses.

In (2), eg is the quark charge in units of the proton
charge, and RL (p) is the radial part of the L-wave func-
tion in momentum space. The various state projectors
Xp are given by

with

i+2mg+Nceegug mz —3mg
F4 = —

~ 2 2 Rp(0);
&~(m q

—mg ) mg

1++ M =F,e*(k)l„e*(A),
X(mme „„k

+e, rP k~P"„/4)/(m z —mg),

with

(8b)

(9a)

F~ = 2&6+—NceegvgRP'(0)/[}/2~mg(m ~
—mg)];

(9b)1; Xp ———g(A, ),
1+: Xp =&3e(A.).py',
0++: Xp ——(P —P+)/(2p),
1++: Xp=i&3e

&
P e~(A),

(4b)

(4c)

(4d)

2++: M =Fse*(k)I„Se(P)

&& [k (g""k~ g'~k")—
—g"~[k P"—(P k)g "]),

with

(10a)

&((p —p+ ) y~/(2&2pmp },
2++: X =(&3/2p)S (k)(p —p+ )~y

(4e}

(4f)
Fs —— i &3+Nceeg—vg "t/2mgR~(0)/[&n(m q

—mg ) ] .

(10b)

Here e(A, ) and S(A, ) are polarization four-vectors and
four-tensors for spin-1 and spin-2 states, respectively, and

p is a unit three-vector in momentum space. Inserting
these expressions into (3), performing the indicated traces
and retaining only lowest-order nonvanishing terms in
the momentum integration, one obtains in the sma11-

binding limit (mg~mz/2) the following total ampli-
tudes:

From these expressions we see that the vector coupling

v& contributes to 0 +, 0++, 1++, and 2++ production,
whereas the axial-vector coupling a& contributes to 1

and 1+ production, in accordance with C invariance.
For the case of photinos, only the latter two states are
then important in the limit of degenerate squark masses.

III. CROSS SECTIONS
0 +: M =F,e„(k)I„Pk e~ "

with

(5a)
Using the interaction Lagrangian (1), the cross section

A, A,~ff is calculated to be (for Dirac A, 's)
I

cr(AA~ff )=N&pg[12mpz(1 —pg)] '[azag(mggpg+6mzpg+3mgpg+3m&)

+a qug(mg@@ —3m gpg+9m q pg 3mg pg+ 6—mg 6m q)—
+u&agpg(mgp& 3m&pg+3—m ~&+3mg)

+u&ug(mgp+g —3mzpg —
3mgpg+3m &+6mg)],
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where pg and pz are the quark and A, velocities in the
center-of-mass system (c.m.s}. For our applications, the
limit pz ——u„,/2~0 is of interest. From (11)one immedi-
ately finds

(o u„i), o——(2m ) 'NcPg

X [a&agmg+2v zag(m z —mg )

+uzug(2mz+mg)] .

For Majorana A, 's, U& ——0 and a& ~2a&. Thus,

(our pi)u
~ o=(2Nc/m')Pga&agmg .

(12)

(13)

10-4-

Sometimes, the expression for AU„& is required to
second order in v„&.This is

( o v „&) "=n'2m .&Nca &a
Q't/I —p

X(p, +u„i[2+3p[—17/3

+(1—p ) ']/4I /6),
(14)

where p=mg/mz. This formula has often been given in-
correctly in the literature. Using now the expressions
(5a)—(10a) for the amplitudes for the radiative quarkoni-
um production, one obtains the corresponding cross sec-
tions (for Dirac A, 's), to lowest order in v„~.

o(0 +y)=
l
Fi l mfvq(1 p) /(2mu—„,),

cr(1 y)=
l F2 l

mg(1 —p, )

X[ &a+v (~1 +p )]/(8rrv„,~),

o(1+ y)=
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m&(1 —p )

(15)

(16)
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+u'„(p ' —1 p'+p'—)]/(8nv„,), .

and

~(0+'y) =
l
F4 l

'u', (1—p')/(8~u„, },
o (1++y)= l

F5
l

m &u ~(p —p )/(8m v„„),

(17}

(18)

(19)

o(2++y)=
l F6 l

m&u&(1 —p )

X(p +3p '+6)/(12~v„„). (20)

«~~ 1 +y}phot' o=4e egNcmg l
Ss(0}

l

X aga q(1 —p )/(mm qu„„),
(21)

whereas we get for 1+ production

To be specific, we now restrict ourselves to the case of
photino annihilation. Then u&

——0, a&~2a& and we see
from (15)—(20) that only 1 and 1+ production are
nonvanishing. For the 1 case, which is the only one
which has previously been considered in the literature,
we recover the result of Rudaz:

I I I

10 m&(GeV) 20

FIG. 2. The ratios R &
——o.(A,A, ~1 +y )ph()ttnp/0'(kk

~cc)»„;„,(V=J/g, P') and Rp=o(A%~1+ +y)»„;„,/o(XX
~cc )ph t, ( P = ' P

~ ) shown as a function of m z, the mass of the
annihilating photinos. The corresponding ratio for the first ex-

cited 1 state is also shown. The dotted curve is the ratio

2R» ——2o(A, A.~yy)/0(A, A, ~cc) as a function of the photino
mass.

o (AA ~1+ +y )php„„p 3e'eQNc——(7r'mgu„] )

Xag l
Rp(0)

l

X a '„p'(1+p')'/(1 —p') . (22)

A remarkable feature of the result (22) is the factor 1 —p
in the denominator which enhances this mode compared
to 1 production for m& values close to m&. This is il-
lustrated in Fig. 2, where the ratios of (21) and (22) to the
QQ cross section (13) are shown for charmonium. In Fig.
2 also cross section for the radial excitation f' is shown.

The fact that the 1+ photon line for large values of
the k mass is brighter than those from the excited 1

states is important, since to extract the mass of the an-
nihilating A, 's one needs at least two observed photon
lines which must be related to charmonium states of
known mass.

Following the analysis of Refs. 3 and 4, we conclude
that these processes may give an observable photon signal
if m& &4 GeV.

IV. T%'O-PHOTON ANNIHILATION
OF PHOTINOS

In the previous sections we have seen that cosmic pho-
tino annihilation into 1 or 1+ charmonium states
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plus a photon could give a detectable photon signal. We
now turn to another, potentially interesting mechanism
for production of nearly monochromatic, cosmic pho-
tons, namely, photino annihilation into two photons.

The kk~yy process is zero at the tree level but is in-

duced in higher order through loop diagrams. A full cal-
culation consists of evaluating several hundred diagrams.
In this paper we will only give a simplified calculation
based on several simplifying assumptions which we think
at least gives a reliable estimate of the order of magnitude
for this cross section.

First, we only keep the contribution from lepton and
quark loops (not W +—

, etc.). Second, we assume that the
supersymmetric spin-zero partners of quarks and leptons
are so heavy that the effective interaction (1) can be used

when integrating over the fermion loops (Fig. 3). Fur-
thermore, the contribution from fermions circulating the
loop can be neglected.

In the initial state, the A, A. pair can be in a 1++ or 0 +

state. Since a 1++ cannot decay into two real photons
due to Yang's theorem, we need only consider the pseu-

doscalar contribution. Using the projector for the pseu-
doscalar initial state

P'", =may (1 P—'/2m&)/&2, (23)

one gets

Tr(P'", y„y')= &—2P„. (24)

M =e)„(k,)e2„(k2)M"", (25)

with

M„=—16&2m&a&a&Nc( iee—&) e„,&k~k2I,

(26)

where

Using then the divergence condition for the axial-
vector current (there is no anomaly, since the loop dia-
gram is convergent when "resolving" the A, A, QQ vertex)
I'„j"=2m&j,we find the matrix element

d4k

(2n) [(k —k, ) —m&][(k —k& —k2) —m&](k —m&)

= —iF(1/p&)/(32m. m&) . (27)

Here

(28)

This gives

o (XX yy ) =m', a', a'v,„'n-

arcsin &x, x & 1,
F(x)= [m. —ln (v'x +Vx —1) ]/4

+imln(&x +Vx —1), x ) 1 .

l

sleptons. Then azaf (2n.aQf/m——), and

cr(kl ~cc)v„,=128~a m, P, /(27m ),
whereas

o v„,(yy ) =4a4n 'm,'m —-'
X g pf QfF ( 1 lpf )

f

(30)

(31)

X gij,faf QfF(1/pf )

f
(29)

FIG. 3. Effective loop diagrams that contribute to the pro-
cess A, A, ~yy.

where the sum is over all quarks and leptons (including a
factor Nc for color) and a top-quark mass of 50 GeV has
been assumed (our results are quite insensitive to this).

To calculate the branching ratio for XX~yy to
A, A. —+cc we assume a common mass m for all squarks and

The ratio yy Ice is shown in Fig. 2 as a function of mz.
This function falls less rapidly than the corresponding ra-
tios for 1 y and 1+ y production of photons, and in
fact rises from m& & 10 GeV. It can be seen that in the
range of m & between 1 and 6 GeV it is typically of the or-
der of a few times 10 . This makes it potentially in-
teresting as a source of cosmic photons. It should be not-
ed that to give a fair comparison between this process
and radiative quarkonium production, we have multi-
plied the yy branching ratio by a factor of 2 in the figure,
since here we get two photons per annihilation.

The important feature of Eq. (29), that the cross sec-
tion is proportional to m &, is independent of our approxi-
mations and comes just from dimensional arguments. In
fact, recalling that slow photinos annihilate from a pseu-
doscalar state, the relatively large 2y width is not surpris-
ing (cf. m ~2y).

It has recently been suggested that Higgsinos, rather
than photinos, constitute the dark matter. Our results
for the radiative quarkonium production are unchanged
in this case. For the yy process, assuming that Z ex-
change is the main contribution to the A, Aff vertex, we
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find roughly a 20% reduction of the yy production ratio.
It should be noted, though, that the present indications of
a heavy top squark (m, & m ~ ) could make the t-channel
squark exchange -(m, v, /mvz) (here v, and v2 are the
vacuum expectation values of the two Higgs doublets
needed in supersymmetric models) substantial and in fact
increase our estimates for yy production.

A consequence of our analysis of yy production is also
that we expect A, A, —egg (g is the gluon) to be substantial.
(This channel has not been considered in previous work. )

The cross section for gg production is simply obtained
from Eq. (31) by restricting the fermion sum to quarks
and by substituting Nca Qf ~2as. As a result, we esti-
mate the branching ratio for the gg channel to around
5 —10%.

photino annihilation into quarkonium and gamma only
the 1 and 1+ bound states contribute. For the 1

case we recover the result by Rudaz. For the 1+ case
it turns out that for large values of the photino mass this
line is brighter than the 1 line. These process might
give rise to observable lines provided the photino mass is
(4 GeV.

(ii) Some recently conceived high-resolution gamma-
ray spectrometers described in Ref. 5 seem to open up
further possibilities for studying discrete cosmic gamma
lines.

(iii) An estimate of the branching ratio for A,i.~yy
shows that the ratio yy/cc is of the order 10 for m& in
the range between 1 and 6 GeV. This makes it potential-
ly interesting as a further source of cosmic photons.

V. CONCLUSIONS

The results of the present investigation can now be
summarized as follows.

(i) Monochromatic photons resulting from the annihi-
lation of Majorana particles can be a signature for such
types of dark cosmic matter in the galactic halos, as origi-
nally suggested by Srednicki, Theisen, and Silk. For
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