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Supersymmetry and the positron excess in cosmic rays
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Recently the HEAT balloon experiment has confirmed an excess of high-energy positrons in cosmic rays.
They could come from annihilation of dark matter in the galactic halo. We discuss expectations for the positron
signal in cosmic rays from the lightest superparttie8P). The simplest interpretations are incompatible with
the size and shape of the excess if the relic LSPs evolved from thermal equilibrium. Nonthermal histories can
describe a sufficient positron rate. Reproducing the energy spectrum is more challenging, but perhaps possible.
The resulting light superpartner spectrum is compatible with collider physics, the muon anomalous magnetic
moment,Z-pole electroweak data, and other dark matter searches.
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|. RECENT EXPERIMENTS Il. ATTEMPTS AT A STANDARD SUPERSYMMETRY
INTERPRETATION

Good solutions to the cosmological dark matter problem

often involve hypothesizing a stable weakly interacting mas- One of the most compelling theories for WIMP dark mat-
sive particle(WIMP). The particles populate galactic halos ter Is supersymmetryR-parity conserving supersymmetry

M o naturally provides a dark matter candidate in the lightest su-
providing gravitational support to the unusual constant ve-

locity profiles of many galaxies persymmetric partnefl.SP),
Direct experiments continue to look for WIMPs scattering . In some models, such as "minimal supergravity,” the LSP

off nuclear targets in cryogenic detectors. Indirect experi—IS mostly B-ino (fermion superpartner to the hypercharge

ments rely on annihilation of ambient WIMPs that producegauge boson For relatively light superpartneignass near

an excess above background of photons, antiprotons, posti—]e weak scale one finds in large fractions of the parameter

. . . . >pace of these models that a simple thermal history calcula-
trons or neutrinos in cosmic rays. Each of these experlmentt.

has its unique experimental challenges, and its unique astro-" will give an answer remarkably close to thth®=0.1
. q P 19€s, d needed for an acceptable cold dark matter candidate. LSP
physical assumptions and uncertainties. For example, to be” "= =~ . . . .
X o nnihilations into positrons can then be searched for in cos-
successful the direct searches need a significant local density.
) . ic rays [4—6]. However, the standard supersymmetry
of WIMPs, whereas discovery of a monochromatic photon .
X i . .~ _model does not explain the HEAT data, for two reasons.
line from WIMP annihilations generally requires a cusping

distribution near the galactic center. The charged particle Sigénrllzilrﬁgtggﬁsp?r?tlg\(;\r/] gggii’; EZTE%StoSrI\?p(IJ); Bcﬁiﬁciiggeljsp

nals (p and e") require an accurate model describing theirquenﬂy decays into a positron. Howeves;inos do not
propagation and energy loss from their source at WIMP angople tow's and so this final state is suppressed compared
nihilations in the galactic halo to the detector on Earth. 4 other final states. There is still the option of producing
~ Our imperfect understanding of the dark matter distribu-nosjtrons from cascade decays of the other final states of
tion and other astrophysics uncertainties makes it impossiblg_in annihilation. For example, annihilations into tau lep-
to.predlct which signal would be the_flrst to demonstra_tetOns can produce positrons from leptonic decaysrofor
evidence for WIMP dark matter. For this reason, all the dif-gom fragmentation of- jets. However, the total annihilation
ferent experiments designed for this purpose are interestinge for B-inos is small. Although this is correlated with a
and necessary parts of a comprehensive search strateg¥ssonable)h?, the annihilation rate is insufficient to pro-
Once WIMPs are found all the experiments provide informa-y,ce 4 |arge flux of positrons to overcome expected back-
tion about their properties and help to determine the W'Mpgrounds. Therefore, the positron fraction signal is not ex-

relic density. _ . pected to be visible, unless we have underestimated
Recently, the HEAT Collaboration has found tantalizing jmnortant astrophysical parameters considerably. The HEAT

evidence for unexpected structure in té/(e” +e") en-  yaia are likely not explained Btino LSP theories where the
ergy spectrun{1-3]. The first set of data from the 1994— (qic apyndance of LSPs is accurately computed from a
1995 flights indicated a rise or bump in the positron fl‘aCtIOI’]Simp|e thermal history of the universe.

at energies above about 7 GeV. Using a different instru-
ment, with different systematics, the HEAT Collaboration
found in the data of their 2000 flight a similar rise. The
consistency between the data sets adds further confidence in What is needed to explain the HEAT signal is a large relic
the measured energy distribution of the positron fraction. abundance, a large annihilation rate, and a rising distribution

Ill. HIGGSINO AND W-INO DARK MATTER
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of positron fraction at energies above about 7 GeV. Higgsino 0.20 L AL T
andW-ino LSPs may do this. They couple at full strength to
the W boson and have a large annihilation rate. As long as
they have mass abowe,,, Higgsinos and\-inos will anni-
hilate predominantly intoVW final states and so can pro-
duce a large number of high-energy positrons fidm-e™
+X. This has been discussed recently in the context of tra- —
ditional supersymmetry models with a large Higgsino frac- [
tion LSP[7,8] and anomaly mediation witt-ino LSP[10]. r .

Since the relic abundance correlates inversely with the 0.05 — e el ,=R00GeV

et/(e”+e¥)

strength of annihilation, there is still the worry that there will
be too few of these LSPs in the galactic halo to annihilate
with each other and produce a signal. However, that argu- 0.00 P B I B
ment is based on a standard thermal history calculation 1 2 5 10 20 50 100
which predictsQ, sp<10"2. Nonthermal sources and non- e’ energy [GeV]

standard cosmologies have been found to produce a signifi-
cant refic abundance independent of the thermal lanmhllatlo[]ashed line is the expected signal fraction with no LSP annihila-

rate [9-11]. It is one of the important conclusions of this tions for a certain set of astrophysical assumptions described in the

paper that the Higgsino dark matter density probably must b‘f‘ext. The solid lines also include the positrons and electrons from

understood outside the normal thermal evolution frameworlfhe annihilations in the galactic halo of LSPs with mass

7
I
!
[
]
;-
'

FIG. 1. Positron fraction as a function of energy. The lower

if the HEAT data is indicating LSP annihilations. —83 GeV andm =200 GeV, with boost factors of 2.7 and 3.9,
respectively. The 1994-1995 HEAT data are represented by the
IV. DETAILS OF THE POSITRON SIGNAL solid line cross-hairs, and the 2000 HEAT data by the dashed line
cross-hairs.

In order for the reader to understand our results we will
briefly describe the assumed dark matter density profile we
use to produce expected positron fluxes from LSP annihila- K(e)=6.1x 1027(
tions. The dark matter halo is assumed to be spherically sym-
metric isothermal sphere whose density at a positifiom

0.6
1
T Gev) cn? sec L. 3

the galactic center is As indicated earlier, the thermal relic abundance is much too
small to be of cosmological significance, but nonstandard
a2+ rS mechanisms can save the Higgsino &#do as dark matter
p(r):pom (1)  candidates. From here on we assume that the local dgnsity

is made up entirely of neutralino dark matter, assuming a

nonthermal source for the LSPs such as from late decays of
where po=0.3 GeV/cni is the local LSP densitya  very heavy gravitino$9]. Then we no longer need to con-
=3.5 kpc is the core radius, amg=8.5 kpc is the distance cern ourselves with neutralino relic abundance, since the

of the Earth from the galactic center. value of p, captures all the information we need about LSP
The flux F+ of positrons at the detector for Higgsino or abundance in our positron flux calculation. An obvious con-
W-ino can be calculated from sequence of this approach is that we do not respglac-

cording to the thermal relic abundance calculation.

dE.. 2 Figure 1 shows the positron fraction energy distribution
dé = p_gf de G+ (E,€) 2, (av)fA;(e) (2)  for the HEAT data[2,3], expected distribution with no LSP
my f annihilations, and expected distribution with LSP annihila-

tions subject to the above assumptions. The plot is made for

where (@v); is the annihilation rate of y into the final state @ Higgsino-gaugino mixed scenario with LSP massempf
f=WW or f=2Z, G.:(E,e) is the positron propagation =83 GeV and 200 GeV. ' S
Green’s function, and\;(e) is the average positron energy e have normalized the positron distribution to 0.06 at
distribution function for the final stateat the sourcdpre- 10 GeV for each value of the LSP mass. To do this we had
propagatioh The A; functions are normalized such that to arblltranly multiply tr‘ue flux calc_:ulated with the ?bove as-

§ ) . ) sumptions by a facto¢“astrophysical boost factor’ of 2.7
Jde A (e) is the average number of positrons in decays of;,4 3 g form,=83 GeV and 200 GeV, respectively. An

the final statef. _ extra boost factor less than about 10 is probably well within
We utilize pARKsUSY [12] for calculating the flux. We  the astrophysical uncertainties of parameters used to calcu-
also tested the results by simulating the. (€) fromPYTHIA.  late the flux. This gives us confidence that low-mass LSPs

The Green's functioiG+(E, €) can be extracted from Refs. m,,<<m, =200 GeV are worth pursuing as possible interpre-
[8,13]. The numerical values we used are frg&12] with  tations of the positron energy distribution and the total flux.
energy loss timerg=10'® sec, and with energy-dependent The HEAT data appear to show a dip in the positron en-
diffusion constant ergy fraction neaE.+=7 GeV. A dip would indicate that a
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O U o L I IR L LI L Qh?=0.1 cannot yield an excess of positrons above back-
= 0.0500 - Positron energy distribution — ground because the annihilation rate is too la) a
> [ trom yy-W'W-+e*+X 1 nggsmp or W-|_no. !_SP with massmW<_mX5200 GeV
S, 00200 - m,=100 GeV _ could yield a S|gn|f|can} excess of positrons above back-
a ground provided the relic abundance is from a non-thermal
S 0.0100} — source, (iii) a generic Higgsino ofV-ino interpretation is
é 0.0050 E consistent with the HEAT data only if no strong dip is
8 [ 1 present, andiv) uncertainties in the data and in astrophysical
B 0.0020 _ processes such as positron production, propagation and
*o modulation means we may not need a new-physics interpre-
0.0010 ¢ — tation of the HEAT data, although our current understanding
o005 L U suggests we do.
Y 20 40 60 80 100 If the Higgsino orW-ino interpretation of HEAT data is
e’ energy [GeV] correct, we should expect other correlating phenomena that

can be measured and quantified. First, it is well known by
now that the recent excefs4] in the muon anomalous mag-
etic moment is consistent with light supersymmetip—

7]. Particularly, a light Higgsino and large t@nare helpful

to get a large supersymmetric correction, since the Higgsino-
smuon-muon vertex is a tgh enhanced chirality flip. The

signal should have a large bump in its positron distribution asupersymmetric contribution téa,, with Higgsino orW-ino
energy above 7 GeVyx—W'"W~ annihilations are the LSPis
best hope to produce a bump in the positron spectrum from

LSP annihilations, sinc&/" —e™ » decays lead to a peak in

the positron spectrum at high energies. However, there are
numerous other sources for positrondftdecays, including

cascades fromr and w leptons, and decays of pions in jets. gquality in Eq.(4) is attained when all other sparticle masses
In Fig. 2 we+sh(3w the average positron energy distribution, e very close to the LSP mass. The measurement minus the
from XX_’VY w an+n|h|_Iat|ons, simulated USIMRNTHIA e~ giandard model contribution issa, = (41+16)x 10 *°.

sults frome” e —W"W". The lack of a peak in this distri- herefore, moderate tghand low mass superpartners have

bution clearly indicates thgt simple I__SP annihilations cannot,, difficulty recovering the central value for the measured
reproduce a strong peak in the positron energy spectrum. 5o

Therefore, in order for the LSP annihilations to be consis- Colliders can also search for Higgsino aWdino cold

tent with the data we have to assume that there is no signifly,rk matter. These searches are notoriously difficult because
cant dip in the data, but rather a change in slope. Given thgere js no guarantee that visible superpartners have mass
error bars for the HEAT data points, this possibility is not out . |ose to the LSP mass and are therefore accessible by the
of the question. In this case, the signal arises from an LSPsgliders. In the case of Higgsinos and-inos, there are

induced positron distribution that is somewhat flatter than the

; i+ A/ -
background positrons. The prediction is best fit to the dat§harged particles nearbid ™ or W™, however, they are al-

when the number of signal positrons starts to become as:idI1OSt degenerate in mass 1o the LSP. The production of

nificant fraction of the total positron rate Bt =5 Gev. € € —H"H™ may be high, but the final state of two soft
We briefly mention here another interpretation of the datgpions from H*—H%" is very difficult to find. Searches
which is somewhat fine-tuned, but would be more consistenbave been conducted, and the mass limits for these sparticles
with strong peaking in the positron energy spectrum. Theare aboutm,y [18], just below the interesting region for the
electron sneutrino is stable or nearly stable if its mass i$1EAT signal. Future lepton colliders will have a much
extremely close to the LSPs. In this case one could imaginbigher mass reach, and hadron colliders will be useful if
xv* —W-e* annihilations with the positron energy peaked Other superpartners are produdéd]. _
at Eq+ =m, (1—m32/4m?). Numerically, to get a sharp peak Other astrophysics experiments may also see evidence for
at about é(GeV requirXem;erxmeJr 10 GeV. Whether W-ino or Higgsino cold dark maitter. Cryogenic_ det_ectors
the neutralino or sneutrino is the lightest would not be im-Nave limits that are already sensitive #ino or Higgsino
portant. We have not carefully studied this possibility, al--SPS in some parts of parameter spf2@). However, these
though we recognize that the CERN e~ collider LEP Il limits depend on squark masses, heavy Higgs boson masses,

collider data would severely constrain it, and maybe everfic: Which feed into the spin-independent nucleon-LSP scat-
rule it out. tering cross section, and which have little to do with the

positron fraction prediction. Therefore, it is difficult to pre-
dict how sensitive next generation cryogenic detectors will
be to light Higgsinos andlV-inos.

In the previous sections we have concluded thatradi- On the other hand, loop-induced annihilations xf
tional supersymmetry with thermal relic abundance near— yvy are very high for Higgsinos and-inos. One therefore

FIG. 2. The solid line is the average positron energy distribution
from cascade decays resulting from LSP annihilations\ikiiboson
pairs. The mass of the LSP is 100 GeV in this example. The dashe!
line tracks the positrons fromv*" —e™ direct decays, and the dot-
ted line fromW* — u*/7"—e* direct decays.

oa,=l4tang
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— X107, )
X

V. CORRELATED PHENOMENA
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expects a monochromatic photon signal to arise from annipretation of the HEAT data, which requires superpartner
hilations of W-inos and Higgsinos in the galactic halo masses neamy,, is not only compatible with the precision
[21,22. As mentioned at the beginning, the astrophysicalelectroweak data, but may be encouraged by it. This is an-
uncertainties of this calculation are quite different than theother reason why the LSP interpretation is worthwhile pur-
positron fraction calculation. Therefore, it is difficult to pre- suing even though it has difficulty reproducing the precise
dict if experiments such as GLAST will see a signal, but westructure of the data.
do expect so if the HEAT results are due to LSP annihila-
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