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In thispaperweproposeadarkm atterm odeland studyaspectsofitsphenom enol-

ogy.O urm odelisbased on a new dark m attersectorwith a U (1)0gaugesym m etry

plus a discrete sym m etry added to the Standard M odelofparticle physics. The

new �elds ofthe dark m atter sector have no hadronic charges and couple only to

leptons.O urm odelcan notonly give rise to the observed neutrino m asshierarchy,

butcan also generate the baryon num berasym m etry via non-therm alleptogenesis.

Thebreaking ofthenew U (1)0sym m etry producescosm icstrings.Thedark m atter

particlesareproduced non-therm ally from cosm icstringloop decay which allowsone

http://arxiv.org/abs/0905.1253v1
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to obtain su�ciently largeannihilation crosssectionsto explain theobserved cosm ic

ray positron and electron uxesrecently m easured by the PAM ELA,ATIC,PPB-

BETS,Ferm i-LAT,and HESS experim ents while m aintaining the required overall

dark m atter energy density. The high velocity ofthe dark m atter particles from

cosm icstring loop decay leadsto a low phasespacedensity and thusto a dark m at-

ter pro�le with a constant density core in contrast to what happens in a scenario

with therm ally produced cold dark m atter where the density keeps rising towards

the center. As a result,the ux of rays radiated from the �nalleptonic states

ofdark m atterannihilation from the G alactic centerissuppressed and satis�esthe

constraintsfrom theHESS -ray observations.

PACS num bers:14.60.Pq,95.35.+ d

I. IN T R O D U C T IO N

There isstrong evidence forthe existence ofa substantialam ountofcold dark m atter

(CDM ).The leading CDM candidates are weakly interacting m assive particles (W IM Ps),

forexam ple,thelightestneutralino in supersym m etric m odelswith R parity.W ith a sm all

cosm ologicalconstant,the CDM scenario is consistent with both the observations ofthe

largescalestructureoftheUniverse(scalesm uch largerthan 1M pc)and theuctuationsof

thecosm icm icrowave background [1].

However,the collisionlessCDM scenario predictstoo m uch poweron sm allscales,such

as a large excess ofdwarfgalaxies [2,3],the over-concentration ofdark m atter (DM ) in

dwarfgalaxies[4,5,6]and in largegalaxies[7].To solvethisproblem ,two ofuswith their

collaboratorsproposed a scenario based on non-therm alproduction ofW IM Ps,which can

be relativistic when generated. The W IM Ps’com oving free-stream ing scales could be as

largeasorpossibly even largerthan 0.1 M pc.Then,thedensity uctuationson scalesless

than thefree-stream ing scalewould besuppressed [8].Thus,thediscrepanciesbetween the

observationsofDM haloson sub-galacticscalesand thepredictionsofthestandard W IM P

DM picturecould beresolved.

Recently,the ATIC [9]and PPB-BETS [10]collaborationshave reported m easurem ents

ofthecosm icray electron/positron spectrum atenergiesofup to � 1 TeV.Thedata shows
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an obviousexcessovertheexpected background forenergiesin theranges� 300� 800GeV

and � 500 � 800GeV,respectively. At the sam e tim e,the PAM ELA collaboration also

released their�rstcosm ic-ray m easurem entsofthe positron fraction [11]and the �p=p ratio

[12]. The positron fraction (but not the antiproton to proton ratio) shows a signi�cant

excessforenergiesabove 10GeV up to � 100GeV,com pared to the background predicted

by conventionalcosm ic-ray propagation m odels. This result is consistent with previous

m easurem entsby HEAT [13]and AM S [14].

Very recently,theFerm i-LAT collaboration hasreleased data on them easurem entofthe

electron spectrum from 20 GeV to 1 TeV [15],and the HESS collaboration haspublished

electron spectrum data from 340 GeV to 700 GeV [16],com plem enting their earlierm ea-

surem entsat700GeV to5TeV [17].TheFerm i-LAT m easured spectrum agreeswith ATIC

below 300GeV;however,itdoesnotexhibitthespecialfeaturesatlargeenergy.Therehave

already been som e discussions on the im plicationsforDM physics obtained by com bining

theFerm i-LAT,HESS and PAM ELA results[18].

The ATIC,PPB-BETS and PAM ELA resultsindicate the existence ofa new source of

prim ary electrons and positrons,while the hadronic processes are suppressed. It is well

known that DM annihilation can be a possible origin for prim ary cosm ic rays [19]which

could accountforthe ATIC,PPB-BETS and PAM ELA data sim ultaneously,asdiscussed

�rstin [20]and also in [21](see [22]fora listofreferences) 1. However,the factthatthe

�p=p ratio does not show an excess gives strong constraints on DM m odels ifthey are to

explain thedata.In particular,itisvery di�cultto usewell-known DM candidateslikethe

neutralino to explain the ATIC and PAM ELA data sim ultaneously [24]since they would

also yield an excessofantiprotons.Therefore,iftheobserved electron/positron orpositron

excesses indeed arise from DM annihilation,it seem s to us that there m ay exist special

connectionsbetween theDM sectorand lepton physics[25](seealso [26,27]).

In thispaper,weproposea DM m odeland study itsim plicationsforDM detection.W e

�tourm odelto two di�erent com binations ofthe experim ent data: one set ofdata from

the ATIC,PPB-BETS and PAM ELA experim ents;the otherfrom the Ferm i-LAT,HESS,

and PAM ELA experim ents. Ourresultsshow thatourm odelcan naturally explain thee�

1 Note,however,that there are also astrophysical(see e.g. [23]) or other particle physics (see e.g. [22])

explanations.
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excesses while at the sam e tim e solving the sm allscale problem s ofthe standard �CDM

m odelvia non-therm alDM production.Fora singleM ajoranaDM particle,itsannihilation

cross section has s wave suppression. Thus, we consider two degenerate M ajorana DM

particles.W eaddanew DM sectorwithaU(1)0gaugesym m etryandintroduceanadditional

discrete sym m etry to the Standard M odel(SM ).The DM particles are stable due to the

discrete sym m etry.During theU(1)0 gaugesym m etry breaking phase transition a network

ofcosm ic stringsisgenerated.The decay ofcosm ic string loopsisa channelforproducing

a non-therm aldistribution ofDM .This non-therm aldistribution allows for DM m asses

and annihilation cross sections large enough to explain the cosm ic ray anom alies while

sim ultaneously rem aining consistentwith theobserved DM energy density.In addition,the

observed neutrino m assesand m ixingscan beexplained via theseesaw m echanism ,and the

baryon num berasym m etry can begenerated via non-therm alleptogenesis[28].

It has been recently recognized that a large annihilation cross section ofDM particles

into leptonsto accountforthecosm ic ray anom alieswillinducea largeux of raysfrom

the Galactic Center(GC)[29]orfrom the centersofdwarfgalaxies[30]. The predicted 

ray uxes based on the NFW pro�le forthe standard CDM scenario have been shown to

bein slightconictwith thecurrentobservationsofHESS [31].However,in ourm odelthe

DM particlesareproduced non-therm ally,sothehigh velocity oftheDM particleswilllower

the phase space density ofDM and lead to a DM pro�le with a constantdensity core [32].

Therefore our m odelwith non-therm ally produced DM on one hand gives rise to a large

annihilation crosssection to accountforthepositron/electron excessobserved locally while

on theotherhand itsuppressestheDM density attheGC and leadsto a low ux of ray

radiation.

Our paper is organized as follows: in Section II,we describe in detailthe m odeland

the production m echanism ofthe DM particles. In Section III we study aspects ofthe

phenom enology ofthem odel,includingstudiesofsom econstraintson them odelparam eters

from particlephysicsexperim ents,im plicationsforthePAM ELA,ATIC,PPB-BETS,Ferm i-

LAT,and HESS results,and also the-ray radiation from theGC.Section IV containsthe

discussion and conclusions.
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II. T H E D A R K M AT T ER M O D EL

A . T he D ark M atter Sector

TheDM m odelweproposeconsistsofaddinganew \DM sector"totheStandard M odel.

The new particleshave only leptonic chargesand are uncharged undercolor.Thisensures

that the DM particles annihilate preferentially into leptons. To ensure the existence ofa

stableDM particle,thenew sectorisendowed with a discretesym m etry which playsa role

sim ilarto thatofR-parity in supersym m etric m odels.Thelightestparticleswhich areodd

undertheZ2 sym m etry which weintroducearethecandidateDM particles.

In ourconvention,we denote the right-handed leptonsand Higgsdoublet aseiR (1;�1)

and H (2;� 1

2
) = (H 0

;H
� )T,respectively,where their SU(2)L � U(1)Y quantum num bers

aregiven in parenthesis.

W e considerthe generalized Standard M odelwith an additionalU(1)0 gauge sym m etry

broken at an interm ediate scale. In particular,allthe SM ferm ions and Higgs �elds are

uncharged under this U(1)0 gauge sym m etry. To break the U(1)0 gauge sym m etry, we

introduce a SM singlet Higgs �eld S with U(1)0 charge �2. M oreover,we introduce four

SM singletchiralferm ions�1,�2,N 1,and N 2,a SM singletscalar�eld eE and a SM doublet

scalar�eld H 0with SU(2)L � U(1)Y quantum num bers(1;�1)and (2;1
2
),respectively.The

U(1)0chargesfor�i and H
0are1,whiletheU(1)0chargesforN i and eE are�1.Thus,our

m odelisanom aly free.To havestableDM candidates,weintroducea Z2 sym m etry.Under

thisZ2 sym m etry,only theparticles�i and eE areodd whilealltheotherparticlesareeven.

The� particleswillbetheDM candidates,whereasthechiralferm ionsN i willplay therole

ofright-handed neutrinos.

Therelevantpartofthem ostgeneralrenorm alizableLagrangian consistentwith thenew

sym m etriesis

� L =
1

2
m

2

SS
y
S +

1

2
m

2

eE
eE
yeE +

1

2
m

2

H 0H
0y
H

0+
�

4
(Sy

S)2 +
�1

4
(eE yeE )2 +

�2

4
(H 0y

H
0)2

+
�3

2
(Sy

S)(eE yeE )+
�4

2
(eE yeE )(H 0y

H
0)+

�5

2
(Sy

S)(H 0y
H

0)+
�6

2
(Sy

S)(H y
H )

+
�7

2
(eE yeE )(H y

H )+
�8

2
(H 0y

H
0)(H y

H )+

�

y
i
ee

i
R
eE �1 + y

0i
ee

i
R
eE �2

+yij� S�
c
i�j + y

ij

N
S
y
N iN j + y

ij
� LiH

0
N j + H.c.

�
: (1)

Aswe willdiscussin the following subsection,the vacuum expectation value (VEV)for
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S isaround 109 GeV.Then,thecouplings�3,�5 and �6 should bevery sm all-about10
�12

-in orderforthem odeltobeconsistentwith theexpected valueoftheSM Higgs.This�ne-

tuning problem could be solved naturally ifwe were to considera supersym m etric m odel.

M oreover,in ordertoexplain therecentcosm icray data,theYukawacouplingsyij� should be

around 10�6 .Thiswould generatea DM m assaround 1 TeV.Such sm allYukawa couplings

yij� can beexplained via theFroggat-Nielsen m echanism [33]which willnotbestudied here.

Toexplain theneutrinom assesand m ixingsviathe\seesaw m echanism ",werequirethat

the VEV ofH 0 be about0.1 GeV ify
ij

N
� 1 and yij� � 1. In thiscase,the lightestactive

neutrino ism asslesssince we only have two right-handed neutrinosN i.In addition,in our

U(1)0 m odel,the Higgs�eld form ing the stringsisalso the Higgs�eld which givesm asses

to the right-handed neutrinos. There are right-handed neutrinos trapped as transverse

zero m odesin the core ofthe strings. W hen cosm ic string loopsdecay,they release these

neutrinos. This is an out-of-equilibrium process. The released neutrinos acquire heavy

M ajoranam assesand decay intom asslessleptonsand electroweak Higgsparticlestoproduce

a lepton asym m etry,which is converted into a baryon num ber asym m etry via sphaleron

transitions [28]. Thus, we can explain the baryon num ber asym m etry via non-therm al

leptogenesis.

In this paper,we consider two degenerate M ajorana DM candidates �1 and �2 since

the annihilation cross section for a single M ajorana DM particle is too sm allto explain

the recent cosm ic ray experim ents [25]. Forsim plicity,we assum e thatthe Lagrangian is

invariantunder�1 $ �2.Thus,wehave

y
i
e � y

0i
e ; y

ij
� � y

ji
� : (2)

To m akesurethatwehavetwo degenerateM ajorana DM candidates�1 and �2,wechoose

y12� = 0,and assum em � < m eE
.

B . N on-T herm alD ark M atter P roduction via C osm ic Strings

W e assum e thatthe U(1)0 gauge sym m etry isbroken by the VEV ofthe scalar�eld S.

To bespeci�c,wetakethepotentialofS to be

V (S) =
1

4
�
�
jSj

2
� �

2
�2
; (3)
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where� istheself-interaction couplingconstant.TheVEV ofS henceishSi= � with m2
S =

��2. Due to �nite tem perature e�ects,the sym m etry is unbroken at high tem peratures.

During the cooling ofthe very early universe,a sym m etry breaking phase transition takes

placeata tem peratureTc with

Tc ’
p
�� : (4)

During this phase transition,inevitably a network oflocalcosm ic strings willbe form ed.

These stringsare topologically non-trivial�eld con�gurationsform ed by the Higgs�eld S

and theU(1)0gauge�eld A.Them assperunitlength ofthestringsisgiven by � = �2.

Duringthephasetransition,anetwork ofstringsform s,consisting ofboth in�nitestrings

and cosm icstring loops.Afterthetransition,thein�nitestring network coarsensand m ore

loops form from the intercom m uting ofin�nite strings. Cosm ic string loops loose their

energy by em itting gravitationalradiation.W hen theradiusofa loop becom esoftheorder

ofthe string width w ’ ��1=2 ��1 ,the loop releases its�nalenergy into a burstofA and

S particles 2. Those particlessubsequently decay into DM particles,with branching ratios

� and �0. Forsim plicity we assum e thatallthe �nalstring energy goesinto A particles. A

singledecaying cosm icstring loop thusreleases

N ’ 2���1 � (5)

DM particleswhich wetaketo havea m onochrom aticdistribution with energy E � T c

2
,the

energy ofan S-quantum in thebroken phase.In ourm odel,weassum e thatthem assesfor

A,S and N i areroughly thesam e,so wehave� = 1.

Given thesym m etry wehaveim posed,thenum berdensitiesof�1 and �2 areequal.Thus,

thenum berdensity nD M ofDM particles,thesum ofthenum berdensitiesof�1 and �2,is

nD M � n�1 + n�2 = 2n�1 = 2n�2 : (6)

IftheS and A quanta werein therm alequilibrium beforethephasetransition,then the

string network isform ed with a m icroscopiccorrelation length �(tc)(wheretc isthetim eat

which the phase transition takes place). The correlation length gives the m ean curvature

2 W e are notconsidering here DM production from cosm ic string cusp annihilation since the e� ciency of

this m echanism m ay be m uch sm aller than the upper estim ate established in [34],as discussed e.g. in

[35].DM production from cusp annihilation hasbeen considered in [36].
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radiusand m ean separation ofthe strings. Asdiscussed in [37](see also the reviews[38]),

theinitialcorrelation length is

�(tc) � �
�1
�
�1
: (7)

Afterstring form ation,thereisa tim eintervalduring which thedynam icsofthestrings

isfriction-dom inated.In thisperiod,thecorrelation length increasesfasterthan theHubble

radius because loop intercom m utation isvery e�cient. Aswas discussed e.g. in [39],the

correlation length scale�(t)in thefriction epoch scalesas

�(t) = �(tc)

�
t

tc

� 3

2

: (8)

The friction epoch continuesuntil�(t)becom escom parable to the Hubble radiust. After

thispoint,thestringnetwork followsa\scalingsolution"with �(t)� t.Thisscalingsolution

continuesto thepresenttim e.

The lossofenergy from the network oflong stringswith correlation length �(t)ispre-

dom inantly due to the production ofcosm ic string loops. The num ber density ofcosm ic

string loopscreated perunitoftim eisgiven by [38,39]:

dn

dt
= ��

�4 d�

dt
; (9)

where� isa constantoforder1.W eareinterested in loopsdecaying below thetem perature

T� when theDM particlesfalloutoftherm alequilibrium (loopsdecayingearlierwillproduce

DM particleswhich sim ply therm alize).W edenotethecorresponding tim eby t�.

The DM num berdensity released from t� tilltoday isobtained by [8]sum m ing up the

contributionsofalldecaying loops.Each loop yieldsanum berN ofDM particles.W etrack

theloopsdecaying atsom etim etin term softhetim etf when thatloop wascreated.Since

the loop density decreases sharply asa function oftim e,itisthe loopswhich decay right

aftert� which dom inate the integral. Forthe values ofG� which we are interested in,it

turns out thatloops decaying around t� were created in the friction epoch,and the loop

num berdensity isdeterm ined by inserting (8)into (9). Changing the integration variable

from tto �(t),weintegratetheredshifted num berdensity to obtain:

n
nonth
D M (t0) = N �

Z �0

�F

�
t

t0

� 3

2

�
�4
d� ; (10)

where the subscript0 refersto param eterswhich are evaluated today. In the above,�F =

�(tF )where tF isthe tim e atwhich cosm ic string loopswhich are decaying atthe tim e t�

form ed.
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Now theloop’stim e-averaged radius(radiusaveraged overaperiod ofoscillation)shrinks

ata rate[38]

dR

dt
= ��loopsG� ; (11)

where �loops isa num ericalfactor� 10� 20. Since loopsform attim e tF with an average

radius

R(tF ) ’ �
1=2
g
�3=4

G�M
1

2

pl
t
3

2

F
; (12)

whereg� countsthenum berofm asslessdegreesoffreedom in thecorresponding phase,they

haveshrunk to a pointatthetim e

t ’ �
1=2
g
�3=4��1

loops
M

1

2

Pl
t
3

2

F
: (13)

Thus

tF � �
�1=3

g
��1=2 �

2

3

loopsM
�

1

3

Pl
t
2

3

�: (14)

Now theentropy density is

s =
2�2

45
g�T

3
: (15)

Thetim etand tem peratureT arerelated by

t = 0:3g
�

1

2

� (T)
M Pl

T2
; (16)

whereM PlisthePlanck m ass.Thususing Eqs.(8)and (10),we�nd thattheDM num ber

density today released by decaying cosm icstring loopsisgiven by

Y
nonth
D M �

nnonthD M

s
=

6:75

�
���

3=2��2loopsg
3=2
�Tc
g�T� g

�5=2
�TF

M
2

Pl

T4
�

T6
c

; (17)

wherethesubscripton g� refersto thetim ewhen g� isevaluated.

TheDM relicabundanceisrelated to Y� by:


� h
2 � m �Y�s(t0)�c(t0)

�1
h
2

� 2:82� 108Y tot
� (m �=GeV); (18)

where h is the Hubble param eter in units of100km s�1 M pc�1 ,m � is the DM m ass,and

Y tot
� = Y therm

� + Y nonth
� .

To give som e concrete num bers,we choose the param etervalues� = 1,� = 1,� = 0:5,

� = 10,M Pl = 1:22� 1019 GeV and 
� h
2 = 0:11. In our m odel,we have g�Tc = 136,
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TABLE I:The required Tc values in units ofG eV for various choices of� and � in the cases

m � = 620 G eV,m � = 780 G eV,and m � = 1500 G eV,respectively.

� 1 1 2 2 5 5

� 1 0.5 1 0.5 1 0.5

Tc (m � = 620 G eV) 7:7� 109 8:6� 109 4:8� 109 5:4� 109 2:6� 109 2:9� 109

Tc (m � = 780 G eV) 9:3� 109 1:0� 1010 5:9� 109 6:6� 109 3:2� 109 3:6� 109

Tc (m � = 1500 G eV)1:6� 1010 1:8� 1010 1:0� 1010 1:1� 1010 5:5� 109 6:2� 109

� 10 10 15 15 20 20

� 1 0.5 1 0.5 1 0.5

Tc (m � = 620 G eV) 1:7� 109 1:9� 109 1:3� 109 1:4� 109 1:0� 109 1:2� 109

Tc (m � = 780 G eV) 2:0� 109 2:2� 109 1:5� 109 1:7� 109 1:3� 109 1:4� 109

Tc (m � = 1500 G eV) 3:5� 109 3:9� 109 2:6� 109 3:0� 109 2:2� 109 2:4� 109

g�TF
= 128,and g�T� = 128.W ede�nethedim ensionlessratios

� �
m �

T�
; � �

Y nonth
�

Y tot
�

: (19)

Dem andingthatweobtain aspeci�cvalueof� fortheabovechoicesoftheparam etervalues

will�x Tc via (18). Forvarious values of� and �,we present the resulting Tc values for

thecasesm � = 620 GeV,m � = 780 GeV,and m � = 1500 GeV,respectively,in TableI.In

short,Tc m ustbearound 10
9 GeV ifwewanttogenerateenough DM density non-therm ally

via cosm icstrings.

III. P H EN O M EN O LO G Y O F T H E M O D EL

A . C onstraints on the M odelParam eters

The coupling constants yie between right-handed leptons and the DM sector are con-

strained by experim ents,and especially by the precise value ofm uon anom alousm agnetic
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m om entg� 2.Assum ing thatthem assesof� and ~E arenearly degenerate,weobtain that

thecontribution to them uon anom alousm agneticm om entfrom thenew coupling isabout

[40]

�ai � (yie)
2

1

192�2

m 2

ei

m 2
�

: (20)

The2� upperbound from theE821 Collaboration on �a� issm allerthan � 40� 10�10 [41],

from which wegetform � � 1 TeV,

y� . 10: (21)

Fortheelectron anom alousm agneticm om entum weassum ethecontribution from thedark

sectoriswithin theexperim entalerror[42]

�ae � 7� 10�13 : (22)

Then wegetaupperlim itonye which isabout30.Thereforetheconstraintson thecouplings

ofthem odeldueto theheavy m assesofthenew particlesarequiteloose.

Now we study the constraints from the experim entallim its on lepton avor violation

(LFV) processes such as � ! e,� ! �(e) and so on. The branching ratios for the

radiativeLFV processesaregiven by [40]

B r(ei! ej) � �em m
5

i=2�

�
Y i
ey

j
e

384�2m 2
�

� 2

=�i; (23)

where �i isthe width ofei. Given the experim entalconstrainton the process� ! e we

get

B r(� ! e) � 10�8 � (yey�)
2
. 10�11 ; (24)

which givesthatyey� . 0:03.Fortheprocess� ! �(e) wehave

B r(� ! �(e)) � 10�9 � (y�(e)y�)
2
. 10�7 ; (25)

which leadstotheconclusion thaty�y�(e). 10.Connecting theDM sectortothePAM ELA

and Ferm i-LAT (orATIC)resultsusually requiresa largebranching ratio into electron and

positron pairs. From the LFV constraints shown above we conclude thatitispossible to

have a largebranching ratio forthe annihilation oftheDM particlesdirectly into e+ e� ,or

via �+ �� .
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B . Explanation for the C osm ic e� Excesses

In ourm odelthe DM sectoronly couplesto the SM lepton sector.Therefore DM anni-

hilatesinto leptonsdom inantly. Furtherm ore,since DM isproduced non-therm ally in our

m odeltheDM annihilation ratescan bequitelargewith asizableYukawacouplingyie.Thus

ourm odelcan naturally explain thecosm ice� excessesobserved.

Becausetheannihilationcrosssectionsfor�1�1 and�2�2 toleptonsareswavesuppressed,

thedom inantcrosssectionsof�1�2 annihilating into charged leptonsaregiven by [25]

�ijv � �
�1�2! ei

R
e
cj

R

v

=
4

32�
jyiej

2jyjej
2

1

s

q

s
�
s� 4m 2

�

�

(
q

s
�
s� 4m 2

�

�
+

"

2
�
m

2

eE
� m

2

�

�
�

2m 2
�s

s+ 2m 2

eE
� 2m 2

�

#

� ln

�
�
�
�
�
�

s+ 2m 2

eE
� 2m 2

� �

q

s
�
s� 4m 2

�

�

s+ 2m 2

eE
� 2m 2

� +

q

s
�
s� 4m 2

�

�

�
�
�
�
�
�
+ 2

�
m

2

eE
� m

2

�

�2

�

2

4
1

s+ 2m 2

eE
� 2m 2

� �

q

s
�
s� 4m 2

�

� �
1

s+ 2m 2

eE
� 2m 2

� +

q

s
�
s� 4m 2

�

�

3

5

9
=

;
;(26)

wherev istherelativevelocity between thetwo annihilatingparticlesin theircenterofm ass

system . The overallfactor4 willbe cancelled when we calculate the lepton uxes,so,we

willleaveitin ourdiscussions.Up toO (v2),theabovecrosssection can besim pli�ed as[25]

�ijv ’
4

128�
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�
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�
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�
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�
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�
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m 2
�

; (27)

where

r�
m 2

eE
� m 2

�

m 2
�

> 0: (28)

W ith v � 10�3 and r� 0,weobtain [25]

h�ijvi . 4� 1:2� 10�25 cm 3sec�1
�
700GeV

m �

� 2

jyiej
2jyjej

2
: (29)

W eem phasizethattheYukawacouplingsyie should besm allerthan
p
4� fortheperturbative

analysisto bevalid.

In ourm odelwith non-therm alproduction ofDM particles,weconsidertwo separate�ts

to theATIC/PPB-BETS/PAM ELA and Ferm i-LAT/HESS/PAM ELA datasets.Firstly we
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considera num erical�tto theATIC,PPB-BETS and PAM ELA data [25].In thiscasewe

assum e the DM m assto be 620 GeV and thatDM annihilatesinto electron/positron pairs

predom inantly,i.e.,yie � 0 fori= 2; 3. In the second case we �tthe Ferm i-LAT,HESS

and PAM ELA data by taking the DM m ass1500 GeV and assum ing thatDM annihilates

into �+ �� pairsdom inantly.Notethatalllepton uxesresulting from DM annihilation are

proportionalton2��ann form odelswith asingleDM candidate�.Becausen�1 = n�2 = n�=2

in ourm odel,thelepton uxesareproportionalto

n�1n�2�ann =
1

4
n
2

��ann : (30)

Thiswillcanceltheoverallfactor4in theaboveannihilation crosssectionsin Eqs.(26)and

(27).

 10

 100

 1000

 10  100  1000  10000

E
3 dN

/d
E

 (
G

eV
2 m

-2
s-1

sr
-1

)

E (GeV)

bkg
bkg + 0.62 TeV(e+e-)
bkg + 1.5 TeV(µ+µ-)

ATIC
PPB-BETS

HESS
HESS low energy

Fermi LAT

 0.01

 0.1

 1

 1  10  100

e+
/(

e- +
e+

)

E (GeV)

bkg
bkg + 0.62 TeV(e+e-)
bkg + 1.5 TeV(µ+µ-)

AMS
HEAT94+95

HEAT00
PAMELA

FIG .1: Left: The e+ + e� spectrum including the contribution from DM annihilation com pared

with the observationaldata from ATIC [9],PPB-BETS [10],HESS [16,17]and Ferm i-LAT [15].

Right: The e+ =(e� + e+ )ratio including the contribution from DM annihilation asa function of

energy com pared with the data from AM S [14],HEAT [13,43]and PAM ELA [11]. Two sets of

�tting param eters are considered: in one m odel(M odelI) the DM m ass is 620 G eV with e+ e�

being the m ain annihilation channelto �t the ATIC data,while in the other m odel(M odelII)

the DM m assis1500 G eV and we assum e that�+ �� isthe m ain annihilation channelto �tthe

Ferm i-LAT data.

In Fig. 1 we show thatboth casescan give a good �tto the data afterconsidering the

propagation ofelectronsand positronsin interstellarspace [25]with the annihilation cross

section 0:75� 10�23 cm 3s�1 and 3:6� 10�23 cm 3s�1 ,respectively. The m odelparam etersof
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thetwo �tsaregiven in Table II.Forthe�rst�t,wedo notneed theboostfactoratallby

choosing y1e = 2:6,which isstillsm allerthan the upperlim it
p
4� fora valid perturbative

theory.M oreover,choosing y2e = 3 in thesecond �t,wejustneed a sm allboostfactorabout

10 which m ay be due to the clum psofthe DM distribution [44]. Therefore,the resultson

theobserved cosm ice� excessescan beexplained naturally in ourm odel.

C . -R ay R adiation from the G alactic C enter

Since the explanations ofthe anom alous cosm ic ray require a very large annihilation

crosssection to accountfortheobservationalresults,thiscondition leadsto a strong -ray

radiation from the�nallepton states.In particular,observationsoftheGC [29]orthecenter

ofdwarfgalaxies[30]havealready led to constraintson theux ofthe-ray radiation.

The HESS observation of-raysfrom the GC [31]setsconstraintson the Galactic DM

pro�le.TheNFW pro�lein thestandard CDM scenario leadsto too largea ux of-rays,

thus conicting with the HESS observation. On the other hand,ifDM is produced non-

therm ally assuggested in Section IItheDM pro�lewillhavea constantdensity core[32]so

thatthe-ray radiation from theGC willbegreatly suppressed.

In ournum ericalstudies,weconsiderthefollowingtwocasestoconstrain theDM pro�le:

� CaseI:wesim ply requirethatthe-ray ux dueto �nalstateradiation (FSR)do not

exceed theHESS observation.

� Case II:we m ake a global�tto the HESS data by assum ing an astrophysicalsource

with powerlaw spectrum plusan additionalcom ponentfrom FSR resulting from DM

annihilation.

Letusconsidera DM pro�letaking theform

�(r) =
�s

�
r

rs

� �

1+ r

rs

�3� ; (31)

where�s isthescaledensity and rs � rvir=cvir(1� )isthescaleradius,with rvir thevirial

radius ofthe halo3 and cvir the concentration param eter. In this work the concentration

3 Thevirialradiusisusually de� ned astherangeinsidewhich theaveragedensity ofDM issom efactorof

thecriticaldensity �c,e.g.,18�
2+ 82x� 39x2 with x = 
M (z)� 1= � 
 �


 M (1+ z)3+ 
 �

fora � CDM universe

[45].
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FIG . 2: Upper: the FSR -ray uxes from a region with jlj < 0:8� and jbj < 0:3� close to

G C com pared with the observationaldata from HESS [31]. The left panelcom pares the two

m odelsgiven in Table IIdirectly with the data,while the rightpanelshowsthe com bined �tting

resultsusing a powerlaw astrophysicalbackground togetherwith the FSR contribution from DM

annihilation at95% (2�)con�dencelevel.Lower:constraintson theDM pro�leparam eters and

cvir duetotheHESS observation of-ray radiation from theG C byassum ingdi�erent�nalleptonic

states. The leftpanelcorrespondsto the constraint Case I,while the rightpanelcorrespondsto

Case II.Thetwo curvesin therightpanelrepresentthe 1� and 2� upperboundsrespectively.

param etercvir and shapeparam eter areleftfree,and wenorm alizethelocalDM density to

be0:3GeV cm �3 .Then thevirialradiusand totalhalom assaresolved togetself-consistent

values.Given thedensity pro�le,the-ray ux along a speci�cdirection can bewritten as

�(E ; ) = C � W (E )� J( )

=
�2� R �

4�
�
h�vi

2m 2
�

dN

dE
�

1

�2� R �

Z

LO S

�
2(l)dl; (32)
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where the integralis taken along the line-of-sight,W (E )and J( ) represent the particle

physicsfactorand the astrophysicalfactorrespectively.Thus,iftheparticle physicsfactor

is�xed using the locally observed e+ e� uxes,we can getconstraintson the astrophysical

factor,and hencetheDM density pro�le,according to the-ray ux.Fortheem ission from

a di�useregion with solid angle�
,wede�netheaverageastrophysicalfactoras

J�
 =
1

�


Z

�


J( )d
 : (33)

Theconstraintson theaverageastrophysicalfactorJ�
 forthetwo m odelsaregathered

in TableII,in which Jm ax
�


showsthem axim um J factorcorrespondingtoCaseI,whileJ
1�;2�

�


correspondsto Case II,atthe 68% (1�)and 95% (2�)con�dence levels. The -ray uxes

ofthetwo casesareshown in theupperpanelsofFig.2.

In the lower panels ofFig. 2 we show the iso-J�
 lines in the  � cvir plane forCase

I(left)and Case II(right)respectively. In this�gure we also show the m asscondition of

(1� 2)� 1012 M � oftheM ilky W ay halo.From Fig.2wecan seethattheNFW pro�lewith

 = 1 (chosen based on N-body sim ulation in the standard CDM scenario)isconstrained

by the HESS data,ifthe observed cosm ic e� excessesare interpreted asDM annihilation.

However,ifDM isproduced non-therm ally the high velocity ofthe DM particle willm ake

theDM behavelikewarm DM and lead to a atDM pro�lewhich suppressesthe-ray ux

from theGC.

TABLE II:Param eters ofthe two scenarios adopted to �t the ATIC/PPB-BETS/PAM ELA or

Ferm i-LAT/HESS/PAM ELA data.

channelm �(G eV)h�vi(10
�23 cm 3 s�1 )Jm ax

�

J1�
�


J2�
�


M odelI e+ e� 620 0:75 300 42 97

M odelII �+ �� 1500 3:6 200 81 111

IV . D ISC U SSIO N A N D C O N C LU SIO N S

In this paper we have proposed a DM m odeland studied aspects ofits phenom enol-

ogy. W e have shown thatourm odelcan sim ultaneously explain the cosm ic ray anom alies

recently m easured by the ATIC,PPB-BETS and PAM ELA experim ents orby the Ferm i-

LAT,HESS and PAM ELA experim ents,resolve the sm all-scale structure problem s ofthe
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standard �CDM paradigm , explain the observed neutrino m ass hierarchies, explain the

baryon num berasym m etry via non-therm alleptogenesis and suppress the  ray radiation

from theGC.

In this m odel,DM couples only to leptons. In direct detection experim ents it would

show as an \electrom agnetic" event rather than a nuclear recoil. Experim ents that re-

ject electrom agnetic events would thus be ignoring the signal. However, in the Ferm i-

LAT/HESS/PAM ELA �ts,the DM particle couplesm ainly to m uons,and there being no

m uonsin thetargetofdirectdetection experim ents,nosigni�cantsignalwould beexpected.

In the ATIC/PPB-BETS/PAM ELA �t,the DM couples predom inantly to electrons;the

electron recoilenergy is oforder m ev
2
D M

� 0:1 eV,and it would be too sm allto be de-

tectable in currentdevices. Alternatively,thisenergy could cause uorescence [46],albeit

the uorescence crosssection would be prohibitively sm all. Regarding the annualm odula-

tion signalobserved by DAM A [47],although thisexperim entacceptsallrecoilsignals,an

estim ateoftheelectron scatteringcrosssection showsthatthepresentm odelpredictsacross

section which isabout8ordersofm agnitudesm allerthan � 1pb required toaccountforthe

m odulation [26].Thereforewedo notexpecta signalin directdetection experim entsifthe

DM m odelpresented hereisrealized.In addition,thecaptureofDM particlesin theSun or

the Earth isalso im possible since the DM willnotloose itskinetic energy when scattering

with electronsin theSun.Thereforewedonotexpecthigh energy neutrino signalsfrom the

Sun ortheEarth either.
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