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Supernovas and light neutralinos: SN 1987A bounds on supersymmetry reexamined
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For nonuniversal gaugino masses, collider experiments do not provide any lower bound on the mass of the
lightest neutralino. We review the supersymmetric parameter space which leads to light neutMljnos,
=<0(1 GeV), and find that such neutralinos are almost fime. In light of this, we examine the neutralino
lower mass bound obtained from supernova 1983N 1987A. We consider the production dfnos in both
electron-positron annihilation and nucleon-nucldmostrahlung. For electron-positron annihilation, we take
into account the radial and temporal dependence of the temperature and degeneracy of the supernova core. We
also separately consider the Raffelt criterion and show that the two lead to consistent results. For the case of
bino production in nucleon-nucleon collisions, we use the Raffelt criterion and incorporate recent advances in
the understanding of the strong-interaction part of the calculation in order to estimate the imiod of
radiation on the SN 1987A neutrino signal. Considering these liilmo production channels allows us to
determine separate and combined limits on the neutralino mass as a function of the selectron and squark
masses. FoM;~100 MeV values of the selectron mass between 300 and 900 GeV are inconsistent with the
supernova neutrino signal. On the other hand, in contrast to previous works, we find that SN 1987A provides
almost no bound on the squark masses: only a small window of values around 300 GeV can be excluded and
even then this window closes onbg; =20 MeV.
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I. INTRODUCTION The basic idea is that in a supernova, neutralinos with
masses of the order of the supernova core temperdiure
If the supersymmetry-breaking, electroweak, gaugino=0(30 MeV), can be produced in large numbers via
masses satisfy the grand-unified mass relation electron-positron annihilation(5,7] and nucleon-nucleon
(NN) “neutralinostrahlung”[6]:
M, = 3tarf6,M,, (1)
e"+e —xy+x, 3)
then, because CERMN‘*e™ collider LEP chargino and
neutralino-pair-production searches set a lower bound on N+N—N+N+y+Y. (4)
M., there is a concomitant lower bound &fy. These con-
straints on the mass matrix resifior the case of conserved Once produced, the neutralinos have a mean-free path,
R parity) in a limit on the mass of the lightest neutralinp, in the supernova core which is determined via the cross sec-

[1]: tions for the processd&—7|:
M7=46 GeV. 2) Y+te—x+e, (5)
However, Eq.(1) is not an inescapable consequence of Y+N=Y+N, (6)

unification. For example, unification might occur through a
string theory without a simple gauge gro[@). References as well as the electron and nucleon densitiea;lfs of the
[3,4] showed that if the assumptidd) is dropped andM;  order of the core siz&R,=O(10 km), or larger, the neutrali-
andM, are considered as independent free parameters thefbs escape freely and thus cool the supernova rapidly. As the
there iscurrently no lower experimental bound on the neu-supernova temperature drops, the neutrino scattering cross
tralino mass from collider experimen’tsln light of this situ-  section also drops and the neutrinos are no longer trapped,
ation, here we reconsider the bounds on neutralino propertiagereby further hastening the cooling of the supernova. Thus,
which can be determined from supernova 19878N  neutralino cooling could significantly shorten the supernova
1987A) [5-8. neutrino signal[9], in disagreement with the observation
from SN 1987A by the Kamiokande and IMB Collaborations
[10,11). However, if the neutralinos have massés much
The sensitivity at LEP2 to the cross sectiotee— yTy3) in the  greater than the supernova core temperaiyghen their
case wherevi;o andMyo are free parametefd] can be compared production is Boltzmann-factor suppressed and they affect
with the required sensitivity shown in Fig. 6 of R¢8]. It is then ~ the cooling negligibly, independent af, . Demanding that
clear that the light neutralino is not excluded by LEP2 but couldM3 be large enough that neutralino cooling does not mark-
possibly be produced at a next-generation collider. edly alter the neutrino signal—particularly its time
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structure—allows us to set a lower limit on the neutralinoergy in neutralinos, assuming they are weakly coupled to
mass. As we discuss in detail below, this limit depends on thenatter, and then applying the critei@ and (8).

squark and selectron masses which determine the relevant Previous author$5-7] considered the case of a stable
neutralino cross sections for the production proceé3esnd  neutralino and were thus restricted to the mass redibbis’

(4), as well as those for the scattering process¢snd (6).

_ A full treatment_of th?s physics requires th_e imp!ementa- M~=<100 eV or M==500 MeV, 9)

tion of the neutralinos into the supernova simulation code. X X

This is well beyond the scope of this paper. Instead, we in-

voke two different analytic criteria to estimate whether neu-in order to avoid an over closed universe. The heavier neu-
tralino emission will affect the detected neutrino signal sig-tralinos, M3>500 MeV, are irrelevant for supernovs and
nificantly. The first test we consider is to require thethus Refs[5-7] focused on a massless neutralino. In this
integrated supernova energy emitted through the neutralin/ork, we consider the range

channel to be less than

0=<M7=<200 MeV. 10
E?ax: 10°2 erg, 7) X (19

i.e., much smaller than the energy emitted by all neutrinoVeé avoid overclosure of the universe by allowing for the
species: E,~3.0x 10 erg [12]. The exact number we POssibility of a small amount oR parity violation[20,21],
choose here is somewnhat arbitrary—not least since it is sund thus assume that the neutralinos, although stable on the
ject to our ignorance of the total energy released in SNime scale of the supernova and collider experiments, are not

1987A. We will discuss the dependence of our neutralingstable on cosmological time scales. For such neutralinos,

mass bounds oE™ below. which we call “quasistable,” the mass restrictid@) does
not apply?

Detailed supernova simulations with axions suggest that To summarize: in this work, we consider a general lower

another way to place bounds on these energy-loss meChf’ﬁass bound on quasistable neutralinos as a function of the

m_srl"ns IS _the Raffelt criterion”[12]. This stat_es that “ex- squark and selectron masses. We assume the bounds from the
otic” cooling processes, stich as those cons@ered here, Witelic density are avoided through smatparity-violating
not. aIFe'r the neutrino signal observably, provided that the'rcouplings. This is similar in outlook to Ref8] where, in
emissivity £ obeys light of the Karmen time anomalf24], the impact on SN
. 0 1987A of a neutralino with the specific massM{
£<10" erglg/s. (8) =34 MeV) was examined. We extend this work to a general

If thei issivity is | han this th i - neutralino. We also differ from previous work in the follow-
their emissivity is larger than this they will remove suffi- ing more technical points.

cient energy from the explosion to invalidate the current un- (1) Throughout, we considerkino neutralino instead of a
derstanding of a type-Il supernova neutrino signal. With thisp ting since in Refs(3,4] it was shown that a light neu-
simple criterion the results of the detailed simulations iny..;ino M~<5 GeV. must be dominantlgino in order to be

_ i i i id- N ' . .
Refg.[13,14] _Whe:;e thg ercl)t'C coK?IllngKngechanl[s,ms cqn3|d consistent with LEP results. This leads to a substantially
ered were axionfL3] and Kaluza-KleinKK) graviton emis- e 1er effective coupling to nucleons and thus to weaker

sion [14]—can be reproduced. These detailed simulationsboundS on the supersymmetric-particle masses.
also show that the feature of the SN 1987A neutrino pulse (2) For the case of electron-positron annihilation and the

which is most affected by the presence of alternative COOIing:riterion Eq.(7), we consider the radial and temporal depen-

mechalnismz is_ the r’:er?_poral disgibutt)ion. Losing”ﬁﬂg tfc_’ dence of the temperature and the degeneracy in the 26fe
neutralinos during the first 1 s after bounce, as in our first 1his gives a more realistic estimate of this contribution. It

criterion (7), might not greatly affect neutrino temporal and also gives astricter bound than some previous woflé]

 thi d h d T b ding th Hince the temperature in the outermost region of the star (
of this energy could have a dramatic Impact—by ending the_ s p ) "\ here most of the neutralinos coming from annihi-

period .Of diffusive neutrino c_ooling much ear”ef than W.OU|d lation are produced, is somewhat higher than the temperature
otherwise be the case. In this paper, we examine the impact '

of the procesq3) using first Eq.(7) and then the Raffelt
criterion, Eq.(8), and compare the results. We find good »

agreement between the two. The lower bound has recently been reconsid¢déd-18 in the

. . . . . light of new data from LEP andg(-2),. Associating the neu-
Neither of these criteria are particularly suitable in thetralino with the dark matter of our universe these works obtain

case that neutralinos have a small mean-free path, M;>O(5 GeV). The upper bound in E¢9) was not considered in
=O(Rc), since the neutralinos’ contribution to the proto- pefs 116-14, although in fact sufficiently small neutralino masses
neutron star cooling is then diffusive, rather than radiativegre ajways allowed by the closure constraint, independent of the
The treatment of this “trapped” regime is beyond the scopesfermion masses. However, this light a neutralino would constitute
of this study. In Sec. VI, we make an estimate of the condi sizablehot dark-matter component, whose presence structure-
tions for trapping and then refer the reader to the literatur@ormation arguments strongly disfavEt9].

for bounds on SUSY parameters under these conditionsSA detailed analysis of cosmologically allowed neutralino life-
[5-7]. In this work, we focus on estimating the emitted en-times[21-23 will be given elsewhere.
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considered by, for instance, Rdf7]. However, it gives a

weaker bound than in the earlier work by Elis$ al., Ref.

[6], where a significantly higher core temperature was cho-

sen. Since all emissivities vary rapidly with temperature, this

results in a marked difference in the bounds on the

supersymmetric-particle masses. o . e
(3) The calculation of thé&NN—NNyy emissivity by EI- & — il el

lis et al. was based on the computation of the rate for thes*0-1g |- ﬁiii:ﬁgﬁ { L it TP, 3

related neutrinostrahlung proce$$N— NN [6]. For this | i posseey Ry & ]

Ellis et al. used the pioneering calculation of Friman and [ | =2 Mim2o0ev : : it ! B

Maxwell, Ref.[26]. A recent model-independent treatment of | L= Mi=40Gev HEY

NN dynamics in the production of axial radiation—e.g., by 0.01f i ‘\‘ S

reactions such adlN—NNvv or NN— NNy y—suggests : iy R ¥ :

that Ref.[26] overestimates supernova emissivities by about 1 100

a factor of 4[27-29. This loosens the bound previously M2 (GeV)

Obt"’?'”ed from SN 1987A on the relevant supersymmetric- FIG. 1. (Color onling The neutralino mass as a function Mf,

particle masses. for various values oM, and with tan3=10, ©=300 GeV. The

(_4) Since previous authors only COIjS|dered very light NeUGownward spikes correspond to true zeros of the neutralino mass.
tralinos, M7 was neglected in computing the total neutralind the hold horizontal line indicates the valik, =200 MeV, below
emissivity. We calculate the fulM;, dependence of; . In which we consider in this paper. To the right of the bold vertical
particular, forM;=T, the mass dependence is very strong.line at aboutM,=120 GeV the chargino mass satisfies the lower
Indeed, ultimately it is exactly this strong mass dependencenass bound from LEP2.
which we use to derive a bound &, . ) ) )

(5) We also combine the emissivities from both electron-consistent with all terrestrial dafa. _
positron annihilation and nucleon-nucleon neutralinostrahl- We have gone beyond Ref3,4] and looked in more

ung to get a bound on supersymmetric-particle masses froiétail at where in the MSSM parameter space a neutralino
both sources of neutralino radiation. with M7=<200 MeV can be obtained. We have found new

The outline of the paper is as follows. In Sec. II, we Parameter regigns which are shown in Fig. 1. Note particu-
discuss the possibility of a light neutralino in the minimal larly that for a fixed value oM there can be more than one
supersymmetric standard modMSSM). In Sec. lIl, we de- value ofM, leading to a specifié17 . Itis also clear that, as
termine the bounds which can be found from electronWas pointed out in Re{31], neutralino zero modes are pos-
positron annihilation. This allows us to exclude certain re-Sible. These are the downward spikes in Fig. 1. There are in
gions of the joint parameter space of selectron and neutralintCct extensive regions in the;-M, parameter space where
masses. In Sec. IV, we determine the effective neutralino2 light neutralino can be obtained. However, if we take into
nucleon coupling. In Sec. V, we use this to compute thedccount the lower mass bound on the chargino from LEP2
general bound obtained frolN— NNy as a function of (M2>120 GeV), we see that fortanp=10 and p
M- and M. This analysis can be applied to the production_SOO GeV a light neutralino is ﬁnly obtained for th:e spec!lf:c
of any particle pair which is axially coupled to nucleons. In@n9€ 1 Ge¥M,<1.5 GeV.(These parameter values wi

Sec. VI, we discuss the effect that neutralino trapping due t§€ Shifted by thﬁ, qne-:oop ra(j||a'qve . correc.t|onsf t% the
matter and/or gravitational interactions has on these boundg.auglno massesThis Involves are ative '”e't“”'”g of I )

. . . e etweenM ; andM,. While this is perhaps aesthetically dis-
Finally, in Sec. VII, we combine the results feif e — yx pleasing, it is by no means forbidden
andNN—NNxy in order to get overall information on the ~ |n this parameter range, the neutralino is more than 98%
regions of the MSSM parameter space which are excludegino. In the following we shall thus work with a putgno.
and offer our conclusions. Our only free supersymmetric parameters are thignand

the selectron and squark masses.

[l ALIGHT NEUTRALINO IN THE MSSM Ill. ELECTRON-POSITRON ANNIHILATION

Before we discuss in detail the bounds, we obtain from TO NEUTRALINOS

SN 1987A on a light neutralino, we consider whether such a e first discuss the case of free-streaming neutralinos. We

neutralino is consistent within the MSSM and with EXiSting defer the issue of trapped neutralinos to Sec. VI, where we
collider data. In Ref]3] it was shown that there are no labo-

ratory bounds on a neutralino with mads,= 34 MeV, pro-

vided it is dominantlybino—mainly because &ino neu- “A detailed analysis can be found in RE0].

tralino does not couple to th&® boson at the tree level. For  Stang=y, /v, is the ratio of the vacuum expectation values of the
a neutralino with mas#;<O(200 MeV)—which we con-  two neutralCP-even Higgs boson&vhereCP in charge conjuga-
sider here—none of the bounds in R€f3,4] depend sensi- tion parity) in the minimal supersymmetric standard modeis the
tively on the mass. We thus expect such a neutralino to benixing parameter of the Higgs fields in the superpotential.
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consider their scattering off electrons and nucleons in the B. Total emitted energy

supernova environment, as well as gravitational trapping. |5 order to determine the total energy emitted in the neu-

tralino channel, we must integrate the emissivity over the
A. Emissivity for free-streaming neutralinos time ty during which neutralinos are emitted and over the

. . . .volume of th rnov I
The neutralinos are produced via electron-positron anniyo'Ume o the supernova core

hilation to .
B B E;(M;)zf dtf d3r M5, Te(r,t), n(r,t))
e (p1)te (pa)—x(ky) +x(ky), (12) 0

to
where we have indicated the four-momenta of the particles. Ef dtP(Ms,1). (16)
The dominant process proceeds taand u-channel selec- 0
tron exchange. The energy thus emitted by the supernova per
unit time and unit volume is the emissivity When performing these integrations care must be taken since
the temperature and the degeneracy depend on the radius and
_ de d%p,d3p, on the time. We use the temperature djstribution given in I_:ig.
EM5, T, p)=—-= f —————f,f,(E;+Ey) 1 of Ref.[25]. There the temperature is shown as a function
dt (2m)® of the enclosed baryon mass. In Fig. 5 of R&5] we see
~ ~ that for t=250 ms the density is constant. This makes the
X|Avjo(e’+e —x+x). (12 conversion ofd® to dM straightforward. Here we adopt a
core radius olR;=13 km and a mass d¥lg=1.4M and
HereE,+E,=E3+E, is the combined energy of the emit- obtain
ted neutralinos. The Fermi-Dirac distributions are given by

p~3x10* g/cnt. (17

1
= ET T (13 .
eEi=m)Tet ] (Throughout we assume radial symmeftap).)
The timet=0 of Ref.[25] corresponds to the time when
wherey; is the chemical potential anf}, is the temperature the incoming shock wave stops and bounces outwards again.
in the supernova. In the following, we shall write= /T, The boundary conditions at this time are not well known

for the degeneracy of the electrons. We have neg'ected ﬂ{é?)] HOWeVer, the exact Shape of the initial conditions has
Pauli blocking of the final state neutralinos: £f5)(1 little effect on the subsequent evolution and after 0.5 s the

distributions are reliable. For the first second we have used
thet=0.5s distributions of Ref.25]. For longer time scales
we have used the subsequent radial distributionsT{ér,t)
and 7(r,t). However, as we will show below, most of the
energy is emitted during the first second after the bounce and
so ultimately we will usety=1 in Eq. (16) to derive our
(14) neutralino-mass bounds. This means that we are demanding
that the prompt neutralino pulse in the first second does not
have a total energy greater than the bodRd® We discuss
below how the neutralino-mass bound depends on the value
chosen fort.

f;

—f,). In Eq. (12), o(e*+e —x+Yx) is the (free-space
cross section for the proce$$l) and|Av| is the absolute
value of the relative Miter velocity

UiHl

Um = V(V1—Va)?— (V1 X Vp)? —— (1—cosb).

(v; are the velocities of the incoming electron and positron,
and 60 is the angle between themin the case where the
selectron masses are degenerM@,LzMgR: Mz the cross

section is given by

C. Results
o 177 a’s 4Mm2\ 32 Before presenting the total emitted energy, we consider
olet+e —=y+x)= 7| 17— X the power radiated in the neutralino channel. In Fig. 2, we
24.c08 O, M show the solid curve the power of the neutralino emission at

(15  t=0.5 s as a function of the neutralino maBg¢M7,0.5 s).

We have fixed the selectron massMig=200 GeV. Accord-
where we have usemh?<s< Mé. Herea is the fine struc- ing to Eq.(15), the power scales aM;:‘. A good fit to the
ture constantg,, is the electroweak mixing angle, asds  solid curve throughout most of the neutralino-mass range is
the center-of-mass energy squared. Replacingothe cou-  given by
pling by the photino coupling this agrees with RE32].

The emissivity in Eq(12) is a function of the neutralino
mass via the cross sectighd). It is a function of the super-  ®we have compared our integration with the ratio presented in
nova temperature ang via the Fermi-Dirac distributions Ref. [8] and agree with it. We thank Michael Kachelriess for dis-
(13). cussions on this poirii34].
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FIG. 2. (Color onling Neutralino powerP;(M73,t) for t M (GeV)
=0.5 s as a function of the neutralino magds , with the selectron
massM3=200 GeV. The solid curve shows our numerical compu-  FIG. 3. (Color onling The dependence of the neutralino lower
tation while the dashed curve represents the fit |n(Ea) The two mass bound on the selectron mass. Here we cES%&= 102 erg
curves are almost indistinguishable. andt,=1 s. The dashed line indicates the lower bound on the se-
lectron mass from LEP2. Beyorldz=1 TeV the exclusion curve

200 GeW * drops rapidly.
P(x)=C —\)) explagx*+agx3+a,x?+a;x),
Mz to be belowE™™ of Eq. (7). If we chooseE;"?aX: 10°2 erg,
M-~ to=1 s and the neutralino to be put@no then for My
X= Me){/’ (18 =300 GeV, we have

_ MI"=243 MeV, (22)
where the constants are given by X _
while for Mz=1 TeV we findM-""=90 MeV. For a mass-

_ -3 _ _ —4
2 =1.71X10°%, &, 1.58<10°%, less neutralino to be allowed, we requivie=1275 GeV.

min . .
a;=2.695¢10"7, a,=—1.99x10 10 The value oﬂ\/l} is shown for a wide range of selectron
’ ' masses in Fig. 3. Note that valuesMf, below the solid line
C=1.6318<10° ergls. (19)  areforbidden, as are valuesidf; to the left of the solid line,

since in either case the total energy produced by the process
The numerical fit in Eq(18) is shown as the dashed curve in (11) in the first 1 s will be larger tharEL:ax. The lower
Fig. 2. Throughout the mass range considered agrees to b&electron mass bound from LEP25]:
ter than 1% and the two curves are almost indistinguishable.
When using the Raffelt criterion it is also convenient to Mg>99.6 GeV, (23

have a parameterization for the emissivity is also indicated by the vertical dashed line in the figure.

200 GeVl? How sensitive are these results to the chdjcel s? We
&M=)=D —\/) exp(bx*+ bax3+ byx2+ b x), made this choice because we expect most of the neutralino
X % power to be emitted in a burst during the early, hottest, part
of the supernova. This is indeed the case. If we integrate the
M7 power out further, thereby increasitg and again apply the
X= Yoy (200 criterion (7), we obtain the bounds shown in Fig. 4. Once
to>1 s the bound is essentially independent pf
and the constants are given by As discussed above, the exact value chosen for
, , E7“"—10° erg—is somewhat arbitrary. In Fig. 5 we show
b;=4.75<10"", b,=-2.25x10"", the dependence of the lowest allowitf; on the choice of
. 1 EZ"™. This is done for several values of the selectron mass.
b3:46®< 10 y b4: _402>< 10 y X max -

Note that ifE} is decreasecincreaseglby a factor of two

D=9.0125¢ 10" erg/g/s. (21)  then M;Ti” becomes at most 25% larget0% smalle).

Thus, the main dependence of the neutralino-mass bound
Once we have computett (M7), we can determine a small- is on the selectron mass, which sets the effective electron-
est permitted neutralino mass by requiring the emitted energgieutralino coupling strength. In addition, it is important to
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FIG. 4. (Color online The minimum allowed value oM7,
M™N 55 a function of the time over which we integratg, The FIG. 6. (Color onling The neutralino lower mass bound as a
X ' ! . - . . .
curves correspond to three different values of the selectron masfnction of the selectron maddz, when the Raffelt criterion is

Mz=300, 500, 1000 GeV. HerET™= 1072 erg and the neutralino applled to the emlsswlty_for_ electron-positron annihilation to neu-
tralinos. The vertical line indicates the lower bound on the selectron

i bino. Our choice ofty=1 is indicated by th tical
is purebino. Our choice ofty=1 Is indicated by the gray vertical _~ " LEPZ35].

line.

. . D. Raffelt criterion for e*e™—xx
note that most of the neutralino production from electron- X

positron annihilation occurs in the outermost 10% of the star Although we have used the best supernova input available
(S£R.=r=R.). Looking at the profiles used for density and for radial temperature and de_nS|ty prof_ll_es, and have_argued
té?npceraturecduring the first 1[&5], the reason for this be- that our results are not especially sensitive to our choices for

max .
comes apparent. At early times, this outer region has thEy @ndto, we would like to check the bounds o7 as a
highest temperature, and, more importantly, the lowest eledUnction of Mg that resulted from our modeling of the super-
tron degeneracy). Since the rate of the procegkl) is sup-  hova. To this end we now turn to the Raffelt criterics). _
pressed by factors af~ 7, the smaller values of near the Th|s_|s an estimate of what \_/vould_happen were the nel_Jtrall-
surface of the star mean that the majority of neutralinos ar&0S implemented in a full simulation of SN 1987A. Itis a
produced there. This will prove critical when we look at the test that is local in space and time—unlike the integral mea-
effect of neutralino trapping on our bounds in Sec. VI. sure(7).

The one parameter we are free to choose in applying Eg.
(8) is the temperature at whi(ﬁ?;'( is to be computed. Previ-
ous work suggestsT.=30 MeV is a reasonable choice
[13,14,34. Computing the emissivity due te"e™ —yy at
this temperature and at a density ok 30'* g/cn? produces
the constraint on neutralino and selectron masses shown in
Fig. 6. The solid(red) line indicates the neutralino and se-
e lectron masses for which the emissivity of the proddds is

““““““““““““““ ] exactly 13° ergs/g/s. Neutralino masses below the solid line
J and selectron masses to the left of it are forbidden. Accord-
TS 7 ing to the criterion(8), if the supersymmetric particles had
____________ 7] such masses the time structure of the observed SN 1987A
_____________ J neutrino pulse would have been noticeably different.
i Note that the bound obtained with the Raffelt criterion is
a little less stringent than that obtained from E@) and
5 10 15 20 depicted in Fig. 3. The two criteria would be in agreement if
E (10 ergs) we choseE™" to be roughly a factor of 2 larger. Alterna-
max tively, if in the Raffelt criterion we chose the supernova core

FIG. 5. (Color online The neutralino mass bound as a function temperature to b&.= 34 MeV, we would also obtain agree-
of Ei:ax for three different values of the selectron mags;  ment between the two approaches.
=300, 500, 1000 GeV. Herg,=1 s and the neutralino is again ~ Thus the qualitative agreement between these “global”
purebino. Our choice of Eq(7) is represented by the black vertical and “local” criteria gives us confidence in the computation-
line. ally simpler Raffelt criterion—confidence that is supported

7 — M_= 300 GeV
—-M.= 500 GeV
— M = 1000 GeV

300

min (M,eV)
S / |
| / TR B

LA B B L B 7 B B

2100
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X X X X (k) ) X(k1) X(k2)
_________ a

|
|

X X
/ /
n n n & n 1 a9 ,,A_‘fl“l.‘q

7
7 |
n \ / n n \

FIG. 7. Two diagrams contributing to neutralinostrahlung from FIG. 8. The two diagrams contributing to neutralinostrahlung
the nucleon-nucleon system. Time flows from left to right. Thefrom a nucleon. The oval denotes the nucleon bound state. The
nucleons are denoted by double lines. The oval indicates thBorizontal lines are the partons with=u,d,s. The virtual squarkj
nucleon-nucleon interaction. The black circle indicates the effectivecan be either left or right handed.
neutralino-nucleon coupling which we compute in Sec. IV. Two
diagrams which are the same, except that the neutralinos are radi- . -
ated from the bottom lines, are not shown. Eqa}: _m % [YqR(qRPLX)qR+ Yqu*L((Xqu)],
by detailed simulations of the impact of axiofi3] and KK v (24)

gravitons[14] on the SN 1987A neutrino signal. From now
on, we will use the Raffelt criterion to assess the impact ofwheree denotes the electric charge. The sum runs in our case

neutralinos on the cooling of SN 1987A. over the quarkgj=u,d,s andq, g denotes the correspond-
ing left- or right-handed squark. The hypercharg%% for

the right-handed singlet quarks are given ‘b,sz —% and
We now turn our attention to thepi‘ryostrahlung".proces.s YdR:YSR: 2. For the left-handed quarksqu L. For each
(i s o evaate he emissily e o i eAC0Mer i fre Lagrangan, we otan twocrossed Feynman dia-
in Fig. 7 This gives the amplitude for the proceds to grams contrlbutlng'to 'neutrallno pair emission from a
leading order in the soft-radiation approximation. nucleon, as shown in Fig. 8. In the following, we shall as-
These two diagrams, together with their partners undefUme that the squark masses are degenerate
1+ 2 interchange, give the dominant result Bimostrahlung
in the limit that the total neutralino energy— 0, since they

are the only graphs which diverge-(L/w) in that limit. In- ) ) . )
deed, were the radiation a single photon, rather tharya Since the momentum transfer in the neutralinostrahlung in

' 2 . .
pair, the graphs in Fig. 7 would yield the leading-order low-0ur case satisfie@?< Mg, we can obtain an effective four-
energy theorem foN— NNy [27,37,3§. In order to evalu-  fermion operator for thejqyy interaction for a puresino
ate them we need to know two amplitudes: the nucleonsq):
nucleon interaction, denoted by a oval in Fig. 7, and the

IV. NEUTRALINO-NUCLEON INTERACTIONS

M3=M3 =Mg =Mj =Mg.. (25

effective neutralino-nucleon interaction, represented by a o2 o
large black dot in Fig. 7. Logs=———(xv*v°x) > [Y2 (q7,PLQ)
In the soft-radiation limit, the intermediate-state nucleon dax g co§0WM§ q A ot
line in Fig. 7 is almost on shell. Thus, as we explain in Sec. .
V and the Appendix below, to leading order in the soft- —YSR(QMPRQ)]- (26)

radiation expansion, the nucleon-nucleon interaction occurs

on-mass shell. In consequence, it can be reconstructed frofgre \ve have performed a Fierz transformation in order to

NN scattering data, giving a model-independent result f0lge 5416 the neutralino current from the quark current. The
this piece of input to the diagrams in Fig. 7.

. . : . vector current for the neutralinos vanishes since they are Ma-
In this section, we focus on the other piece of input to

these diagrams: the neutralino-nucleon coupling. We wiijorana fermions. The quark current can be split into a vector

show that in the limit of long-wavelengtfe., sof) neutrali- and an axial-vector part.
nos this coupling is expressible in terms of the spin content

~ 2
of the nucleonAq. We evaluate thgn coupling using two

e

Y — S ey Wag-
different sets of results faku, Ad, andAs: the predictions aaxx 16M300520W(X7 3’5)()% [ qd7,d
of the nonrelativistic quark model and those of the quark- _q
parton picture at leading order . The neutralino-neutron +X§q Y, vsd], (27

coupling turns out to be very different in these two cases and

his difference has a considerable impact on our final predicgy; i 2_vy2 _y2 2_ 2

this p Predicyith the effective charges Wg=Yg — Y5 . XG=Yj
R

tions for the emissivity due tan binostrahlung. We believe 2).
this gives an estimate of the range of permitted values. a’
A. The bino-quark four-fermion effective Lagrangian Wﬁ= 5, W§=W§= 3, (28
The Lagrangian for a puriino-neutralino coupling to a ) 2 U2
quark and a squark is given Hg9] XG=%, Xg=X;=3§. (29)
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B. Nucleon matrix elements e?

The neutralino coupling to nucleons can be calculated by GSUSYE4\/§CO§9 M2’ (38)
taking matrix elements of the interaction in Eg7) between WHq
nucleon states. In the limit th@2<AéCD this interaction

i i i i . 19

energy can be rewritten in terms of_an axial neutralino cur Y=, cX=YAd+3(AutAs). (39)
rent coupling to quark vector and axial-vector current matrix 9
elements

[In Eg. (39) we have used the conventional definitions of the
= NG NRYEING) AQ's and isospin].

[xr y5X]% (WaVi' + XA, The two diagrams in Fig. 7 enter with opposite signs in
(30) the computation of the amplitude for the radiative process.
Thus, as we discuss further in Sec. V, to leading order in
with 1/M, the vector-current interaction does not contribute to the
neutralinostrahlung emissivity. Hereafter we disregard its
(@ _ 3. contribution in order to get the lowest-order result for the
Vi —(nlf d*xa(x) 7,a(x)[n), (3D pinostrahlung emissivity in the soft-radiation approximation.

It is worth bearing in mind though that N, corrections, as

2

Vo =
xxan 16M§c0§0w

@ 3. — well as effects due to non-zero proton fraction, could render
A=l | dxa(x) v, 7sa(x)[n). (32 vector-current radiation quite significant binostrahlung.
Note that, in general, the vector current dominates
These quark-current matrix elements simplify to neutralino-neutroscattering which we will examine in Sec.
VI.
@ P, - This leaves us with the task of estimatidg, Ad, and
Vi =(n| M_n|n>Nq ' (33 As. We consider only two out of a plethora of approaches.
(1) Employ the nonrelativistic quark modéNRQM). In
Aff)=<n|EM|n)Aq(”), (34) this case,
where P, and M, are the momentum and the mass of the Au=3, Ad=-3, As=0, (40

neutron N(”) is the number of valence quarks of typén the
neutron, E is twice the Pauli-Lubanski spin vector, and giving
Aq™ is the average contribution of quarks of tygeo the

total neutron spin. cX=4%. (47
For a neutron at rest, the only componentf which is
nonzero is the zeroth one, while the four-vectgr has only (2) Employ the leading-order quark parton modkeD-
nonzero spatial components. Thus, we arrive at an interactioQPM) [41]. This obeys the constrailku—Ad=g,, and
energy does not fare too badly with respect to the constraint from
the F/D ratio extracted from hyperon decaj42]:
2
e = ~
Virin=——s——| x7° ( WZN(”))n n CoAs~
xxnn 16M§C0520W[Xy YsX % q'Vq Au+Ad—2As~0.682. (42
= ~ - The values from Refl41] are
_X775X'(n10'nn)<% XﬁAq(“’”, (35)

Au=0.78-0.03, Ad=-0.48+0.03,
with o, the three-vector of the neutron Pauli spin matrices.
Corrections to Eq(35) are suppressed by powersRf/M,, As=—0.14+0.03. (43
and/or powers ofQR,,, with R, the neutron’s size. This al-
lows us to write an effective four-fermion Lagrangian for the These values rely on the extraction of the flavor-singlet ma-
interaction of neutralinos with nonrelativistic neutrons, trix element from the zeroth moment of the protapsstruc-
ture function and its subsequent evolution to |Q%. This
evolution is perhaps questionable, since belo@?
~1 Ge\? it becomes nonperturbative. Nevertheless, the val-
ues(43) give

GSUSY
Liinn=— a“[n’(c}s,0-cXd,i0)n],  (36)

22

with the axial-vector neutralino current

cX=—0.55+0.06, (44)

at=xy"ysx. (37) o _
a result five times as large as the NRQM one and of opposite
and the effective couplings sign.
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C. Ratio of neutralino and neutrino processes Meanwhile, Tr(;l;) are the space-space components of

We now follow Ref[6], and take the ratio of the coupling e neutrino tensor

cX to the corresponding neutrino coupling, in an attempt to

MYV = — —
eliminate some of the uncertainties in the computation. =T K1y, (1= vs)kay, (1= ¥5)], (52)
The effective Lagrangian for the neutrino case is ) ) ) , .
(26,2743 =8 kK5 + KoKy — 0#7Ky - Ko+ i €4, 5, KTK5] (53)
Ge in agreement with Friman and Maxwdl26] (k, , are the
L,nn= —|M[n*(c35%0—cg wioin], (45) outgoing_ neutrino momenya _ _
V2 Now, in order to compute the spin-squared matrix element

for nn—nnyy, we proceed by analogy with this neutrino
calculation. The spin-summed matrix element for neutrali-
|4=pyH(1— ys)v. (46)  nostrahlung which is integrated to yield the neutralino emis-
sivity due to the proces@}) can be written as
Here we will drop the vector-current piece, since it does not

with the leptonic current

. . 2 X2
contribute tonn—nnvv. Meanwhile, arguments analogous »_ GsustCa 16
to those of the previous section yield }gpin | M|*= 8 Tr(a;a;) »2 Hij - (54
c,=—[Au—Ad+As]. 47

Crucially, the hadronic tensor here is the same as the one in
Eq. (51), since neutralino-pair production is also induced by
two insertions of the neutron-spin operator in the hadronic
cl=-%, (48) system.

We now compute the neutralino tensor dj;). It is to
while using the values for thdq’s from the quark-parton be understood as the space-space piece of the four-tensor
model in Eq.(43), we find

In the nonrelativistic quark model, we have

NHP=TH (K +M3) v ys(ka—M3) ¥ ys], (55
c,=—1.12+0.05. (49
. _ = ALK+ KIKE— (Ky - kp— MZ)g#"], 56
The latter value is about 33% lower than in the NRQM: a [kika+kak = (ka- ko= M) G™] (56)
significantly smaller discrepancy than in the neutralino caseWhere k. and k. are now the outgoincneutralino four-
Therefore, for our chosen evaluation procedures the rati?‘nomentla 2 goingn
of neutralino to neutrino axial coupling constants is In order to compare the neutralino and neutrino computa-

tions, it is convenient to define; to be the ratio of neu-

i
C_é{_ 15 NRQM, 50 tralino to neutrino spin-summed matrix elements, with the
o’ (50 ratio taken in the limitM3=0. Then
a 0.49+0.08 LO-QPM.
2
In order to use the effective Lagrangiéb) to compute o= GsusvCa NijHij (57)
the neutrino emissivity due to the reactiom—nnvv, we Yl Geel ) GiHy

require the spin-summed matrix element fon—nnvy
[26,27,43: where’{;; is the hadronic spin response in both cases.

In the computation that follows in Sec. V, we assume that
GE(ck)? 16 the nucleons are in thermal equilibrium, with a common tem-
> |M|2:TTF(|H;) — | Hij - (51)  peratureT,. Thus, the nucleon kinetic energies are of the
v sen @ order of T, and their momenta are of the order g ,T..
Here 7;; is the hadronic tensor, which corresponds to two'Ne center-of-mass energy of the reactieh is therefore
also thermally distributed aroundl2. This means that neu-

insertions of the neutron spin in the hadrofic this case - - .
nn) state. The evaluation of this quantity will be discussed inr@linos are produced with a common “temperatureT.
or M3=50 MeV, the neutralinos are then relativistic and

Sec. V, but note that we have already used the fact that onl
its spatial components are nonzero in the nonrelativistidave momenta of the order @< yM,T.. Consequently, to

limit. (Here and below we denote spatial indices by romarleading order inyT./M, we can ignore the recoil of the
letters) Also, for later convenience, we have removed a fac-hadronic system when the neutralinos are emitted, 7dpg

tor of 1/w?, to take care of the leading behavior|¢¢1|? in ~ Will then be independent ok; andk,. This allows us to
the soft-radiation limit, as well as a factor of 16, to accountPerform the integral over these variables and obtain an
for identical particles and the fact that the neutrinos couple toangle-averaged” neutralino tensor

both nucleons. 4 is the total emitted neutralino energyhe

sum over hadronic states #; will then only include states I EJ &f &N 59
permitted by the Pauli principle. wr 4o | 47~ HY
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and analogously for the neutrino case. For the space- spasgiity due to nn—nnyy. As will be demonstrated below,
ComponentS—WhICh are a.” that are relevant here—thIS g|Veﬁ'"S em|ss|v|ty depends Sens|t|ve|y M' through the Bo|t_
2 _ zmann factors and so, even if our est|mate of the matrix
Nij= 84010~ MY, {ij=6,j8wiwa, (59 element s off by an order of magnitude, the neutralino-mass
) ) ) bound changes by only about 30%.
where w, , are the energies of the two emitted neutrinos/  The emissivity for the radiation of neutralinos from an

neutralinos. _ . o . _ interacting neutron gas is given by
In any observable—including emissivities—in which the
outgoing neuff@l)inos are not detected, we can use these p
“angle-averaged” leptonic tensors in the evaluation of the &= | dw (2m)* 8 (py+pr—p;
. - . T 9 \6 1
spin-summed matrix element—provided, of course, that we 1'2 (277)

truly are in the kinematic regime where recoil of the hadronic dE
system can be neglected. Calculatiag using the tensors —ps—K)S- fF(E)F(E)[1—f(EDI[1—F(E) ],
(59), we get do
)2 (63
.| Gsusyca , P

-l (600 whereS=1/8 is the symmetry factor taking into account that

GrCa the initial and final nucleon pairs, as well as the neutralinos
) 4 5 are identical.p,, p, are the incoming ang;, p; are the
_5'”49W & C_g 61) outgoing neutron four-momentd(E) is the Fermi-Dirac
2 Mg/ \ck distribution function(13). The energy per unit frequency in-

terval for a particular two-neutron phase-space element is
Note that the hadronic tensor has canceled, so this ratio @given by
independent of the model of the nuclear medium that is

adopted. Note also that all of tieicleonmodel dependence dE d3k, d3k, 3)
is now isolated in the last factor. Finally, E@1) gives do (2720, (27)%20, w(w—w;—wy)d
4 [z NRQM, X (k—Ky — ko) | M|2. (64)
a~sinto (—) X (62)
* v 3 1 LO-QPM, w andk are the total energy and three-momentum of the

neutralino pair, ank, , are the three-momenta of the neu-
where we have written 0.49%. a; is more than fifty imes ~ {ralinos. M is the matrix element for the processn

larger in the LO-QPM than in the NRQM. —nnyy.
To proceed, we now use the decompositiof/ef|? into a
V. EMISSION FROM A NEUTRON GAS hadronic tensor and a neutralino tensor as given in(&4).

o Introducing this into Eq(64) and using the angle-averaged
We are now ready to compute the emissivity due toexpression of Eq(58) for the neutralino tensor, we derive
neutron-neutron “neutralinostrahlung,” the proceéds (For

simplicity we will restrict ourselves to pure neutron matter. dE

The generalization to arbitrary proton fraction is straightfor- do = % Géc ”2—4f dordwr6(w— w1~ w))

ward, if somewhat cumbersomélNe shall derive a general

emissivity, which is valid for any particle pair which couples

axially to the nucleons. We then demand that this emissivity Xﬁ(wlwz— Mg)H” . (65)

is not larger than the Raffelt bouridl), and so set bounds on w X
. At the end of this section, we use the results of Sec. IV

N Here a3 ,Gg ,C, are as defined in Sec. IV. We will now set
to translate our bound or; into a bound on the squark
mass bounds onay which apply to any axially coupled light-

It was recently shown that, for soft radiation, the neutrinoparticle—pairs emitted from the neutron gas. We then translate

o — ) to bounds on the squark malf; using Eq.(62).
emissivity due tonn—nnvv can be directly related to the
on-shell nucleon-nucleon dafa7]. For M7=<50 MeV, this
soft-radiation approximation also provides a model-
independent way to compute the emissivity due to neutrali- In Sec. IV, we saw that when calculating the néalimo
nostrahlung. On the other hand, for neutralino masses of themissivity only the space-space diagonal elements of the
order of 100 MeV or more the radiation cannot be regardedadronic tensor are required. To leading order in the soft-
as soft, sinceM;~m_ and the pion plays an important role radiation approximation, and provided many-body effects are
in NN scattering and in bremsstrahlung dynamics. Howevemot large, only the diagrams shown in Fig. 7 contribute to
even for large(from a nuclear physics point of viewneu-  H;;. The tensor can then be expressed in terms of the com-
tralino masses, we still regard the method presented here agwautator of the production operator with tieN scattering
useful way to get an order of magnitude estimate of the emismatrix Tyy [27]. According to £3;n, of Eq. (36), in the

A. Evaluating the hadronic tensor
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Yx pair's coupling: the unit operator and the spin operator. 77n— FH" . (77)
The commutator of the unit operator willy vanishes, and m

therefore the vector current in E(R6) does not contribute to

nn—nnyy. Thus, at leading order the only structure which
contributes tdk;; is the two-nucleon spin operat§y. For a
given two-nucleon state of total enery we find that the
relevant, diagonal, components &f; are

nonrelativistic limit only two operator structures govern the f dpdp’

The replacemerﬂiii—>77“ is not only a good approximation,
it is a useful one, since the integrals in Egl) be carried out
analytically, when the\N T-matrix is given in partial wave

form. The procedure used to constri¢f from a given set
of NN phase shifts is sketched in the Appendix. The results
that follow were generated using the phase-shift analysis of

Hii(E)= 2 [(1mg,p’|[S, Tanllp, Img)|%,  (66)  Ref.[45] in that construction.

Mg, Mg

where|p,1m,) is a two-nucleon state of total spin 1, total B. Emissivity
spin projectiormg, and relative momentum. Here, because We now return to the computation of the emissivity Eqg.
the binos radiated in Fig. 7 are soft, the initial and fimal ~ (63). Doing the angular integrals as described leaves us with

relative momenta obey: a four-dimensional integral which we decompose as
2_ 12
p°=p’“=ME. (67) _ 2ca oo .
€=a;(F—All(2MTC)9/2M3JA dde*h(5IM5)
The key point here is that thN matrix elements in Eq. 8(2m) M
(66) are on shell, and so can be obtained from nucleon- " o
nucleon scattering data. So, to leading order in the soft- xf doF( 8,0, 7,)H;i(Teo), (72
S5

radiation approximation, there is a direct connection between
this data and the neutralino emissivity/dt: a connection
given by Egs(66), (65), and(63). where
To further simplify Eq.(63), spherical symmetry and 1
energy-momentum conservation can be exploited, thereby — h(y)==(y—1)3[(y2+1)lI5(y)—(y—1)2l(y)], (73
eliminating nine of the eighteen integrals. We define total, y
initial relative, and final relative momen® p, andp’, re-

spectively, and also move to dimensionless variaplds with
2 2_ 12 2 12 1
Ll N i N W)= | ao Ty S,
8MT,.’ 2MT, '’ 2MT, "’ -1
and andY(y)=(y+1)/(y—1). The result of the angular integra-
tion of the Fermi functions is
A M
7]n_-|-cu MX_ TC 1] (69)

F((S,O', 7][1): fo dTR( v %((T+ 5)171 77n)
whereT, is the temperature of the neutron gas in the super-

nova. At large temperatures, the angular dependence of the XR(Vi(o—=8),7,7,), (75)
Fermi functions becomes weak—in the nondegenerate limit,

the angular dependence disappears completely. We havygnhere
checked that at the temperatures we are studying replacing

the product of Fermi functions by their angular average is 1
justified. These angular integrals can be performed analyti- R(a,r,mp) = — >
cally [44] sinh(a®+ 7~ 1)
1 2
1 e & cosHz[(7+a) = n,l}
f dyH(EDf(E)=—————+ Sl bewrrrommeriy) B
-1 7(5+ o) sinh( £2) cosHz[(T—a)"— n,]}
cosh ${ &2+ 7(5+ o)} ] The functiond . (y) can be evaluated to very high accuracy if
n T , we replace the second factor in the square root by its Taylor
coshi;{& = 7(6+0)}] expansion up to third order ix(Y)?. Formally, one would

(70) expect this approximation to work fof>1 only. However,

even forY=1 bothl, as well ad ; turn out to be within 5%
where £&2=1(5+ o)%+ 7°— 5,. Doing the angular integrals of the exact result. The remaining three integrals are evalu-
this way necessitates the introduction of the angle-averageated numerically using the Gauss-Legendre method. The
hadronic tensor computation was performed for nuclear matter density
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FIG. 9. (Color online Neutralino emissivity in units of
10" erg/g/s as a function of the neutralino mass. The solid line
shows the full result fora;=10a", whereas the dashed line
shows the fit according to E¢77). The horizontal solid line shows
the emissivity 16° erg/g/s that is used when the Raffelt criterion is

applied.

andT.=30 MeV. The result of the numerical integration is
shown as the solid line in Fig. 9 faw;=2.5X 10" 4. The
numerical result is well fit by

E=4a;(1+2M5+ 0.55|\7I;2()e*2"7'}>< 107 erg/g/q,
(77)

whereM;=M7 /T, as defined in E¢(69). The fit is good for
M7=200 MeV. Our result represented in the fofiv) al-
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FIG. 10. (Color onling The region of thea;-M7(MeV) plane
that is excluded by our soft-radiation calculation, when applying the
Raffelt criterion(at T.=30 MeV) is indicated by the gray shading.
The blue solid line is the curve that defines the values;pandM7;
which produce a neutralino emissivity of exactly'd@rgs/g/s. The
horizontal(red dashed line indicates the uppermost valud/gf at
which the soft-radiation approximation should be trusted.

aim( 50 MeV)=1.2x10 4. (79

For a;= af{r't(SO MeV), we can still use the soft-radiation
calculation to obtain a reliable bound, as long ks
<50 MeV. This excludes the shaded area in Fig. 10.

For larger neutralino masses, the soft-radiation approxi-
mation breaks down, since the emitted energy is of the order
of 100 MeV. An approximate bound fdvi;=50 MeV can
still be derived because most of the dependence of the emis-

lows us to direCtly derive a neutralino-mass bound for a.nysivity comes from the phase_space integra|s in (Bq), and

given coupling strengthw;, using the Raffelt criterior(8).
Alternatively, we can think of defining a functiom‘r;”t(M;()

from Eq. (77): the coupling at which the Raffelt criterion is
exactly met for a given neutralino mabs; .

By settingl\?l;(=0 in Eq.(77) above, i.e., a massless neu-
tralino, we obtain the minimal couplingi”t(O), for which
we can set a bound. Using E@), we obtain

crit
a~
X

(0)=2.5x10 5. (79

For M3=T,=30 MeV, aim(M‘)‘() increases to 5:210 °.

For M;>T., the minimuma; we are sensitive to changes

rapidly with the neutralino mass due to the exponential de-

pendence seen in E(/7). Using the Raffelt criterion we can
exclude a region in the;-M7, plane which is to the right of
the curve defined by the functioani”t(M;(); this region is

shown in Fig. 10.

so using the form(54) to fix the nn—nnyy matrix element
should give results accurate to an order of magnitude, even if
My is as large as 200 MeV. Thus, we argue that the entire
region of ey — M7 parameter space to the right of the solid
curve in Fig. 10 is also excluded by the arguments of this
section, although less rigorously than the gray shaded area.

C. Bound on squark masses

Using Eq.(62) to relatea; to Mg we can turn the bounds
on a;, we have obtained into bounds on the squark mass

oo [25X10°° Y (132 GeV NRQM
~ — X
q aim(l\/l}) 360 GeV LO-QPM, (80

where all the dependence M, is now in the value obS™,

which can be easily obtained from E.7) and the Raffelt

As stated in the beginning of this section, we believe thecriterion.

soft-radiation approximation we make in our computation is

under control foM3 =50 MeV. This limiting mass value is
indicated by the horizontal dashed line in Fig. 10. At this
mass value, the smalleat, value we are sensitive to is

Equation (80) is significantly weaker than the bounds
found in Ref.[6]. There are following reasons for this.

(1) As noted in the Introduction, Ellist al. use a super-
nova core temperature df.=70 MeV—more than a factor
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of 2 larger than the one employed here. Since the emissivity Thus, for both electron and neutron scattering, we apply
(77) varies as a high power of the temperature this is a cruthe test(83) separately for two classes of neutralino.

cial difference. (1) Neutralinos produced bg"e™—Yy. In Sec. lll, we

(2) The axial hadronic response to which the neutralinogound that most of these are born in the outermost 10% of
COUp|e is about four times Iarger in the Elés al. result than the supernova. ThUS, in the case of these “annihilation neu-
in our improved computation, because R&f| (effectively)  tralinos,” we taker,=0.9R, in Eq. (83). As for their effec-
employed the single-pion-exchange approximation to comg, energy, ine* e~ — Yy, We must average over the ther-

put% tglsl' restpolnse. q trali hich h mal electron energies to obtain the neutralino energy. We
(3) Eliis et al. assumed a neutralino which was pure p O"estimate this as follows. The neutralino production cross sec-

tino. The effective coupling for a pure-photino neutralino .~ . . 2 - L
compared to a purbino neutralino is a factor tion is proportional toE;(. Combining this with the energy
dependence of phase spaﬁéx and the Boltzmann suppres-

sion exp(-E;/Ty), we expect a maximum number of neu-

~10.28 (81)  {ralino pairs with acombinedenergy(E%)=4Tc. Thus, for

the averageindividual annihilation neutralino energy we

larger. (Here we computedy; analogously to the manner 2dOpt(E3)~2T.. (For M3>2T,, we just seEy=M7.)

used to finda, in Eq. (62) and used the LO-QPM values for (2) Neutralinos produced bhinostrahlung. In this case,

the Ag’s.) the neutralinos are predominantly produced in the center of
Our bounds on the squark mass are thus significantly les§e supernova and so we apply E§3) with ro=0. By a

restrictive than those we found for the selectron mass in Segimilar argument to that of the previous paragraph, we esti-

. mate(Ei’;t():STc, and thus for the individual neutralinos

<E}>:ch-
VI. NEUTRALINO TRAPPING In both cases, the produced neutralinos can scatter off
either electrons or nucleons. Thus, for each type of neu-

tralino we now determine separate bounds fregnandny
The arguments of this paper apply only if neutralinos freescattering oriViz and My, respectively.

stream out of the supernova. In order to determine whether

this occurs, we must estimate their mean-free path

4Ad+5Au+iAs )’

TAd+ AU+ 3As

=256 co$ BW(

218
<

A. Diffusive trapping

1. Neutralino-electron scattering

1 ©2 The scattering cross section for a pbieo on electrons is
Ay =—, 82 iven b
X no g y
via the scattering processes given in E@s, (6). Heren is 2 2\2 2\ 2
. S - - 177« S M M

the target particle number density in the supernova. For the ;(e+y—e+y)= ——— — |l 1-—) 1+,
electrons, we take,=8.7x10** m~2 and for the neutrons 12 cod 6, M= S 2s
n,=5.7x 10" m~2 [25]. In both cases, we approximate the (84)

density to be independent of radius.
We shall first discuss the scattering on electrons and then 5 .
estimate the case for scattering on nucleons. In both caseshere s=M~)~(+ 2Ee(E;(—|p;(|cosﬁ), is the center-of-mass

we use the optical depth criterig@5] energy squared. The neutralino mean-free pagdepends
strongly on the selectron mab; and, less strongly, o7,
Re dr ) For a small selectron mass, we obtain a large cross section
=3, (83) - i i
o A=(F) and thus a small mean-free path. In the following, for a given
o Ny - .
neutralino mass, we shall determine a lower bound on the
to determine whether neutralinos produced at a degth Selectron mass above which free streargnng occurs.
free-stream out of the supernova or not. Estimating the electron energy &=3T, we find that

Any neutralino propagating out of the protoneutron starfor free streaming of annihilation neutralinos to occur, the
can undergo both electron and neutron scattering. There aré€lectron mass must obey
however, two distinct classes of neutralinos, each of which is
(mainly) produced in a different protoneutron star region.
Th_e two. classes al_so have different energy distribut_ionsM~ (MeV) 0 10 30 50 100 150 200
which is important, since the mean-free path depends via the X
cross section on the neutralino energy. Strictly speaking, wél; (GeV)> 322 322 321 315 341 363 377
should average over the entire spectrum of produced neu-
tralino energies, but here we estimate the effect of scattering———
by fixing the neutralino energy at the peak of the energy “we obtain the scattering for a massless photino by setdng
distribution and evaluating cross sections, and hence mear-0 and multiplying by 2 cd¥,,/[Y(e)*+Y(er)*], whereY(e )=
free paths, at that value. —1/2 andY(eg)=—1. The result agrees with R€f7].
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the results for values df1; between 0 and 200 MeV. The For the case of neutralinos produced via neutralinostrahl-

fact that the bound first drops and then rises with ridifig  ung, we take E;)=5T,. Settingr,=0 and using the results

is due to the functional dependence of the cross se¢@én  from the LO-QPM, we then obtain the lower limit on the
Mz must be larger than about 320—380 GeV in order tosquark mass

ensure free streaming. Thus even though Sec. Il suggested

that selectron masses of the order of 200 GeV were forbid-

den by the SN 1987A datgrovided thatM;<<200 MeV) B

this is not strictly speaking the case, sinc)é if the selectrorMX (Mev) 0 10 30 50 100 150 200

mass were that low then the neutralinos produced b)Ma (GeV)> 306 305 298 280 269 330 381

electron-positron annihilation would propagate diffusively

out of the supernova. To get an accurate bound Nbtr

~200 GeV, neutralinos would have to be coupled to matter Comparing this with the results in Sec. V, we see that

and included in a supernova simulation. even for the case of most dramatic neutralino-cooling
There is thus a window of allowed selectron masse£ffects—M7=0—we can only exclude a region 300 GeV

100 GeV=Mz=300 GeV where interactions with electrons <Mg=350 GeV by the arguments presented there. ¥gr

mean that the annihilation neutralinos will diffuse out of the=30 MeV, the values oMg excluded by the supernova-

supernova. This physics is beyond the scope of this papeooling analysis of Sec. V are so low that the supernova

and we have nothing to add to the previous approximateneutralinos would be trapped by their strong interactions

computations of this regime performed in R€f5,6]. with neutrons in the proto neutron star.

Meanwhile, a neutralino produced viEnostrahlung can It is interesting to note that scattering is competitive with
also scatter off the supernova electrons. These neutralinggoduction—even foM;=0—partly because of the sizable
free stream as long as ratio of vector to axial-vector coupling constants. The large

value ofc}/c) also means that if1;<3T, the cross section
. (85) is dominated by the term proportional ¢>. This piece
M7 (MeV) 0 160 30 50 100 150 200 drops withM7, but onceM;(ngc the cross section begins
Mz (GeV)> 606 606 604 596 607 646 67 fto rise with M7 as the ax.ial contribu_tion takes over. This
interplay of vector and axial-vector pieces produces the de-

pendence of thé/g bound onMs, seen in the two tables of

However, if M3 is lower than 600 GeV copious numbers F* :
of neutralinos will be produced by annihilation and the dif- this section. _
fusion of binostrahlung neutralinos can be safely neglected, Annihilation neutralinos can also scatter off nucleons. For
So the possibility of a7 low enough to inducéinostrahl- ~ N€S€ We again takeEy) =2T. andro=15R., thereby ob-
ung neutralino diffusion is already excluded by our other!@ining the free-streaming conditions:
arguments, unledgl; =150 MeV. The bounds of Sec. Il do
not precludeMz~650 GeV for this heavy neutralino, but if
M3 =150 MeV we will see below thabinostrahlung cannot M7 (MeV) 0 10 30 50 100 150 200
be used to set a bound on the squark mass anyway. Thus, the
constraint onMy from the consideration obinostrahlung Mg (GeV)> 154 153 147 132 152 186 214
neutralinos is essentially irrelevant.

Thus, if My is sufficiently small, the arguments of Sec. Il
) . _cannot be used to set boundsidn, since, below the values
The neutralinos can also be trapped via neutralinoyf v jisted in this table, annihilation neutralinos will propa-

nucleon scattering, Eq6). In order to compute the cross gate diffusively out of the core because of strong neutron-
section, we can employ the effective Lagrangian EB#§). neutralino scattering.

2. Neutralino-neutron scattering

We obtain
~ ~ G B. Gravitational trapping
o(x+n—=x+n)=—=—[clE:- M%) . |
16m X X Interactions with matter are not the only way that neutrali-
X2 =2 2 nos can be trgpped in the supernova. Neutralinos produced in

+3c3 (EX+ MX)]' (85) the outer regions whose kinetic energy obeys

We have made the approximation for the center-of-mass en- GMgM7

ergy squaredSwMﬁ, where M, is the neutron mass, and SUN R (86)

assumed nonrelativistic neutron spinors. We see that we ob-

tain contributions from both the vector and axial-vector neu-

tralino current. The vector-current contribution vanishes inwill be trapped by gravitational attractios is Newton’s
the limit of nonrelativistic neutralinos—a limit that is taken, constant andR is the radius at which the neutralino is pro-
for example, in computations relevant to dark-matter detecduced.Mp is the enclosed mass of the supernova at ralius
tion. To get an estimate of the effect of gravitational trapping, we

055004-14



SUPERNOVAS AND LIGHT NEUTRALINOS: SN 1987A.. .. PHYSICAL REVIEW B8, 055004 (2003

takeR~R, andMr~Mgy. In terms of neutralino momenta, nheutralinos are produced to affect the neutrino signal from
SN 1987A.

this means that neutralinos wiffr;| small enough that: For the case of the squarks, we obtain a similar table.

p; |2 GM
_ o Pl GMen (87
M7 Re M3(MeV) 0 10 30
will not escape from the supernova. Hefe=1/\1—v?. Mg (GeV)< 360 351 299
Since GMg\/R.~0.15, this demonstrates that relativistic Mg (Gev)> 306 305 298

neutralinos(almos) always escape.

In the nonrelativistic case, it is easy to rewrite E8j7) as Only a small interval ofM7 values is excluded, even for

M>=0, because there is only a narrow region where the

a condition on the neutralino velocity L . :
coupling of the neutralinos to neutrons is large enough to
R compete with neutrino production, but small enough to avoid
p2< 2, (88)  diffusive neutralino propagation.
Re Furthermore, we expect that many-body effects will

. , , modify this squark-mass bound. Recent calculations of these
with Rs=2GMgy~4.1 km the Schwarzschild radius of the efects in the case of neutrinostrahlufg] suggest that the
core. Assuming that the distribution gf velocities is Max-  dominant many-body correction to thinostrahlung rate at
wellian ((Eyn)=3T/2), we find for the nonrelativistic neu- supernova temperatures will be the Landau-Pomeranchuk-

tralinos Migdal (LPM) effect. The LPM effect will tend to suppress
the production of axial radiation, thereby serving to still fur-
o 3Tc ther weaken our already weak squark-mass bound
(v9)= e (89  [27,29,42,43
X In Fig. 11 we present the combined bounds fy=0.

Supernova-cooling arguments exclude a large range of pos-
sible selectron masses if the neutralino is masslessMiut
=1300 GeV is still allowed. In the regioiMz=300 GeV
annihilation neutralinos diffuse due to electron scattering.
3T.~285 MeV. (90) They also diffuse, but this time due to interactions with neu-
trons, if M3=150 GeV. We cannot set bounds in these re-

his | ide th ¢ i h ions of parameter space. Their proper treatment would re-
This is outside the range of neutralino masses where we Ca?ﬁhire a complete proto-neutro-star simulation.

set bounds M73=200 MeV) and thus our previous analysis * the hounds shown in Fig. 11 do not change significantly

Combining this with Eq(88), we obtain a lower bound for
the mass of gravitationally-bound neutralinos

R

M Rs

=
X

holds.
R o o o o e o o o o o o o e e 5 LB o s B e e
VII. CONCLUSIONS I ]
In general, in a supernova, neutralinos will be produced 400:— = Q,Q o @QL .
by bothe"e™ annihilation andNN hinostrahlung. If the neu- t| o QQ ;00 s
tralinos free stream out of the supernova, they can lead tc~ 1- < C}’ -\\/‘b' %,OOA
excessive cooling which would alter the observed neutrinos K| Z Q‘jt' N 0/%% B
signal from SN 1987A. In order to exclude this, we set 2 | S &,\Q ¢
bounds on the relevant supersymmetric masskk; ,z) s7af | O > i
and M3 ,Mg), respectively. The bounds are significantly 0 ' -
stricter fore*e™ annihilation, since the production cross sec- I Neutron Scattering
tion is larger in that case. 1%
For e"e™ annihilation we can, for a given neutralino L LEP ]
mass, exclude the following values of selectron mss ) I Lo R (TR Loy ]
0 400 SOOM_ (GCV;ZOO 1600 2000

M7 (MeV) 0 10 30 50 100 150 200 FIG. 11. (Color onling M3-Mg parameter space, with the re-

~ gions excluded by the arguments of this paper for the dége 0
Mz (Gev)< 1275 1275 1260 1188 930 700 450 shaded. The regions already explored by LEP searches are shown in
Mz (GeV)> 322 322 321 315 341 363 377 gray. The white regions indicate areas of parameter space in which

. ‘we are unable to set bounds. This is because of diffusive propaga-
If the selectron mass is below the lower bound, the neutralition of the neutralino, we have indicated the mechanism that leads

nos produced by annihilation do not free stream, and so thg diffusion. Values of ¥1z,M3) in the upper-right-hand corner are
arguments of this paper do not apply. MeanwhileMif is  permitted because there the neutralino production rate is too low to
above the upper bound then an insufficient number offfect the SN 1987A neutrino signal significantly.
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with M7, until masses of 50 MeV are reached. Above this APPENDIX
value there is no squark mass bound whatsoever from SN

1987A. Selectron mass bounds are also significantly reduced. In this append|?<, we give .the explicit result for the angle-
For neutralinos with mas#1~=200 MeV, we can essen- averaged hadronic tenséf;; in terms of phase shifts. The

tially place no limits. OnceX this range d¥17 values is quantity needed for the leading-order diagrams is the

reached the LEP and Tevatron bounds on the sfermiofucleon-nucleon scatteringmatrix Tyy in plane wave de-
masses, together with the Boltzmann suppression of heavf@mposition. It can be decomposed into partial waves in the
particle production, guarantee that the supernova neutralin llowing way. (We only give the expressions for equal final
production rate is just too small to modify the neutrino signa/@nd initial spin. This is all that is required for the reaction
markedly. nn—nnyy.)

In summary, we showed that a light neutralind;
<O(1 GeV) is allowed by laboratory experiments and con- b ,
siste(nt With)the MSSM ifyit is purebi)rllo. \F/)Ve have investi-  (SMs.P [ TunISMs,p)= 2 Yim (P )Yim (P)*
gated the bounds obtained from the SN 1987A neutrino sig- - ,
nal on a quasistable neutralino with mags$<200 MeV and X71(p,S'Ms,SMs,L",AL,My),
studied the production of such neutralinos in both electron- (A1)
positron annihilation and nucleon-nucleon collisions. In the
former case, we compared the Raffelt criterion with an estiywhere
mate of the integrated emitted energy calculated using the
radial temperature and degeneracy profiles obtained in supefrp s'M~., SMg,L’,AL,M,)
nova simulations. We found good agreement between the
two approaches. We then employed the Raffelt criterion to
bound neutralino production in nucleon-nucleon collisions
inside the supernova. Overall we find that for selectron
masses 300 Ge¥Mz=<900 GeV we can exclude neutralino
masses below 100 MeV. On the other hand, for selectron ,
masses above 1200 GeV there is no lower bound on th&he quantityT’"'“5(p) can be related to the phase shifts
lightest neutralino mass. There is also a near absence of afigduced from nucleon-nucleon scattering data directly. For
bound on the squark masses: only a narrow rangéptan example, in the case of noncoupled channels, we have
be excluded, and this only favi; <20 MeV.

= (S'M&,L'M{|[IMH(SMg, LM |IM)T*H'ES(p).

(A2)

2\
Te(p)=(2ﬂ)6<m> e Psin 5,(p)], (A3)
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