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1. Introduction

The nature of dark matter is one of the most notable unsolkagolgms in particle physics and
there have been many attempts to identify its nature viactoeindirect detection experiments.
Prospects are promising for the future due to continuallgrowing experimental sensitivity. Fur-
thermore, collider experiments like the LHC might discozandidates for the dark matter particle,
for example by discovering the lightest supersymmetridiglarin the near future. In this paper,
we will discuss electroweak bremsstrahlung (EWBS) in daaktem annihilation. EWBS stands for
the radiation of electroweak gauge bos@randwW= in an annihilation process. For energies above
the electroweak scale, EWBSWf or Z bosons might induce important corrections due to Sudakov
logarithms[1 —6]. In the following we will focus on possibdmhancement resulting of EWBS to
neutrino flux coming from annihilation of dark matter. Iretit detection of dark matter through
neutrino flux observation can become promising searchésthgthelp of neutrino telescopes such
as the IceCube experiment. It would be then interestinggoeawhether such an enhancement can
play a role on the future detection of dark matter. Indiremttrino flux predictions in three-body
annihilation of dark matter have been done in Ref. [7] forgiaa neutralino annihilating inttb\.

In EWBS processes, neutrinos can be produced primarilyeiatimihilation hard process and in the
decay of the radiated gauge bosons which also lead to otbendaries like electrons, positrons,
gamma-rays and anti-protons that are interesting messgaggcles for indirect detection. We
present the expected enhanced neutrino flux on earth whigi?MiSSM resulting of electroweak
bremsstrahlung processes at high neutralino mass. The paprganized as follows. In section
2, we present an overview of our calculation. In section 3 madyeze electroweak bremsstrahlung
effects in the MSSM and we introduce a scenario where EWB®@®itant for neutrino signals.
We then discuss the resulting neutrino flux at creation iti@e@ and the neutrino signal on earth
from annihilation in the sun in section 5. Finally we summarand conclude in section 6.

2. Overview of the calculation

The observed flux of neutrinos on eadp, /dE, is proportional to the spectrum of neutrinos
per annihilationd N, /dE, at production,

do, dNf

whereB; stands for the branching ratio of dark matter annihilatiora tpartial final state giving
neutrinos and is related to the astrophysical context of neutrino praduactFor instance, in the
case of neutrino production in the suinis the annihilation rate given by

Ca 2 CC t 1
M= 22N%(t) = =tanl? (- = —— 2.2
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whereN(t) is the total number of neutralinos being trapped at a tip@ is the capture rate and
C, is the annihilation cross-section times the relative dadtten velocity per volume. When the
equilibrium is reached the annihilation rate depends onlthe capture rat€;, however this is not
automatically fulfilled in all possible MSSM parameter gsirespecially the one considered in the
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following where co-annihilation of dark matter is imporntdo the relic density[8]. We consider in
addition to the standard annihilation channgfs W+W—, ZZ andHCA?, Z°, ZHO, WEH= three-
body final state processﬁé’)”(f — vvZ,vetW~. First we present the enhancement produced by
EWBS at the creation point in section 4. MadGraph[9] is usegeinerate SLHA event files for the
two-to-three hard process. We use the SLHA interface of PMH0] to read in the files produced
by MadGraph and let the primarily producZdW+ andt* decay. Second we would like to see
the impact of EWBS corrections to neutrino production réisglfrom dark matter annihilation in
the sun, see section 5. In order to obtain the detectableimediux which can be seen on earth,
we need to insert the neutrino spectra produced with MadGaap PYTHIA into WimpSim[11]

to propagate the neutrinos to the earth, i.e. to 1 Astronaininit (AU). For annihilations in the
sun the muongt*, pionsr, kaonsK* and the neutrom are made stable since they interact with
the material in the sun and are absorbed before they can dadgyroduce neutrinos. An interface
between the flux produced at creation and WimpSim has beateckelf we have three particles in
the final state of the hard process the cms energy is constyspread over those three particles
and their energy distribution might depend on the specifmaehof the supersymmetric model.
Hence, if we want to study the contribution of EWBS procedsethe neutrino flux we cannot
just simulate the decay of the hard process final statesHikgimpSim but need to also simulate
the hard process itself. Our modified WimpSim performs theaiaing steps to propagate the
neutrinos to the earth and result tables are read with Da831LP] to calculate the neutrino flux
at IceCube.

3. Electroweak bremsstrahlung in the MSSM

The MSSM does not allow any primary production of neutrirasrf two-body final state an-
nihilations of dark matter. This is due to the so-calleddiglisuppression occured in annihilation
of neutralinos into a pair of light leptons. Indeed the mag&liement of the amplitude is propor-
tional to the mass of the leptons in the final state. For n@agtisuch processes are then completely
forbidden. It is then interesting to notice that primaryguwotion of neutrinos is restored in super-
symmetry in electroweak bremsstrahlung processes sugfi@s— vvzZ,vetW- (wherev ande
stand for any lepton generation). The Feynman diagramsh&Z toremsstrahlung are shown in
Fig. 1. Note that th&#V-bremsstrahlung has an analogue diagrammatic structure.

First, one should remember that we are considering antidnilat the zero velocity. It follows
that the two s-channel diagrams 1.b) and 1.c) are complstgigressed in this limit. Second, one
remarks that the two Initial State Radiation diagrams Ind)lad) are dominant for a higgsino- or
wino-like neutralino whereas the Intermediate State Rafialiagram 1.e) and Final State Radia-
tion diagram 1.f) are dominant for a bino-like neutralind bre suppressed for heavy sneutrinos.
In addition one can clearly see that diagrams 1.a) and léjnastly included in Monte Carlo
simulations as subprocesses of annihilation of dark matteigauge bosong2x? — ZzZ/W+w-
where one of the two gauge bosons decays on-shell into a pagutrinos. In such scenarios,
the three-body final state annihilation processes aredyingestly included as a by-product of the
two-body gauge boson final state ones. Finally we expect lardhancement from electroweak
bremsstrahlung processes for a heavy neutralino mass diwedeikov logarithms. Therefore we
have chosen a model demanding an heavy neutralino massintorget an important electroweak
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Figure 1: Generic Feynman diagrams f@fx? — vvz.

bremsstrahlung effect, a pure bino-like neutralino withnawrino mass close to the neutralino
one to focus on contributions coming from 1.e) and 1.f) arsd &hking a relic density which is
compatible with the actual experimental bounds. This ikéé by using DarkSUSY[12]. For
illustration we choose the following set of parameters. Thargino/neutralino system is fixed
by takingM; = 3 TeV, M, =9 TeV, u = 9 TeV in order to get a bino neutralino of aboutl 3
TeV. The slepton masses are abowt= 3.1 TeV whereas the squark masses are set to 9 TeV. For
completeness we give the parameters in the Higgs sectqs: +ah0 andMyo = 9 TeV.

For small relative velocity, the total two-bodynihilationcross sections contributesdw? 2 =
2.86x 10°% pb whereas the total-2 3 contributions givesv? 3 = 3.59x 10 pb representing a
large correction of about 126% compared to the standardibatibn. The relic density calculated
from all 2— 2 cross sections with coannihilation with DarkSUSY[12Dk? = 0.064.

4. Neutrino flux at creation

Even though we treat all the individual channels separakéty 2 shows the sum of all the
flavor and neutrino/antineutrino contributions for singili. Note that the spectrum for the elec-
tron/muon neutrinos and for tau neutrinos are differenvieishow the overall contribution only.
As we are working in the zero velocity limit and as we are iested in models where the slepton
mass is close to the neutralino mass, one can get a simplexapated formula for the spectrum
of neutrinodN, /dzresulting of the procesg?x? — vvz,

ddl\i} ~ 55[-22 - 2Z2log(1— 2) + 522 + 8zlog(1 — 2) — 8z— 8log(1 - 2)]
+oos (2 1172 + 4Z%log(1 — 2) — 182%log(1 — 2) + 197
+22zlog(1—2) —8z—8log(1—-2)] , (4.1)
wherez=E, /m, oande = (mg )/m Note that the relation is valid for a pure bino neu-

tralino. The formula (4.1) does not take into account theagleaf Z boson which increases the
neutrino flux at light energies namety< 0.1. One can observe in Fig. 2 that the three-body final
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Figure 2: Total neutrino spectrum at creation. The blue dotted cugpeasents the sum of all the standard
2 — 2 contributions whereas the red dot-dashed curve repetensum of all the 2 3 ones:f(f)?f —
vvZ,vetW~. The purple dashed curve represents the 2 spectrum with stable gauge bosons. The black
straight curve shows the total.

state processes give a very large enhancement especihijhatnergies. Such EWBS corrections
should be then included in expected neutrino flux. The neutspectrum obtained in Fig. 2 have
to be multiplied by an astrophysical factiorin Eqg. (2.1). In the next section we present the case
of the annihilation at the core of the sun and the resultingtrive® signals detected on earth by
IceCube.

5. Neutrino flux from the sun
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Figure 3: Total neutrino spectrum at the center (left panel) and astinface of the sun (right panel).

We present our results for the neutrino fldixi, /dz at the center and at the surface of the sun
in Fig. 3. Equation (4.1) tells us that the spectrdM, /dzz) of a generic 2— 3 process does not
depend explicitely on the neutralino mass wimen~ my. As all of these channels have a same
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branching ratio, the surfi; B¢ % for models with different values of the neutralino mass hHaea

the same shape. We clearly see in Fig. 3 that the high enertypfotne neutrino spectrum gets
absorbed in the sun. This is because high energy neutdngsl TeV undergo many interactions
in the sun and are absorbed as is discussed in Ref. [13] andl1Refl5]. During the propagation
in the sun, high energy neutrinos are suppressed by an exrfactore 2™/’ & ~ 100 GeV

for neutrinos ance ~ 140 GeV for antineutrinos and stands for a rescaled distanae= 0 at
production and = 1 at the surface of the sun. For example, with a 3 TeV dark matsss, the
flux gets a reduction of 95% (88%) for neutrinos (antinewsinatz = 0.1. This is a drawback
for MSSM models with largemny since it seems that most of the neutrino flux from neutralino
annihilation gets absorbed in the sun. In addition to thgipus set of parameters called bino3000
in the following, we introduce two other benchmark modelsoBi00 and bino500’ to reduce the
exponential suppression effect. In these two scenariogheesey = 1700 GeVM;1 = 500 GeV
andM; = 1800 GeV. The slepton masses are about 540 GeV. In bino50€qtleerk masses are
chosen to be very large whereas in bino500’ we decrease tlaksmasses to 650 GeV. We then
calculate the integrated flux of muon neutrirao®l anti-muon neutrino®,,, per knf and per year

at IceCube for the 2» 2 and the 2— 3 annihilation processes. The results for our benchmark
models bino3000, bino500 and bino500’ are in Table 1.

‘ P22 ‘ G2—2+2-3
vy vy
bin03000| 1.376-10% | 6.987-10% (80%)

bino500 | 5.337-10° | 6.104-10"3 (12.6%)
bino500’ | 6.713-1C° | 6.808-10'6 (1.4%)

Table 1: Muon-neutrino fluxegv, + v,) from the sun in km?yr—! at IceCube.

First of all, the ratio of the fluxes calculated in the lasturph of Table 1 tells us that EWBS
processes can indeed have an impact on the total neutrinatflagCube, i.e. in models bino3000
and bino500 but not so much in bino500’. However, the fluxagadver many orders of magnitude
which cannot be explained just by the variationoof

Tox o | T
bino3000| 1.37-10712 | 9.82.10° % | 7.2.10°%°
bino500 | 2.44-107'1 | 1.69-108 | 3.2.10°3
bino500’ | 9.13-107*' | 3.83.107 | 5.64-1¢°

Table 2: Cross sections?>!

S Opx in pb. Annihilation rate” in 1074yr ™.

We see in Table 2 that the variationCDf,“ in our three benchmark models is mostly determined
by the variation of the annihilation rafe. Clearly the influence of the spin-independent cross
sectionsoyy and the spin-dependent one$P on T is visible. In fact, increasingy, andos? was
the motivation for loweringng in the introduction of bino500’ since lower squark massessdase
these cross sections, which in turn increases the anilmledte. As a result, we observe the largest
muon neutrino flux for bino500’ but also EWBS does not havegasimjnificance in this scenario

because the fraction of the corresponding flux is enl¥%. We note that our obtained values for
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the inelastic neutralino-proton scattering cross sestaye below current limits of direct detection,
o5y < 1077 pb from the CDMS[16] and XENON[17] experiments and the l¢gsgent limit on
spin-dependent cross sectioa%D <1 pb from the COUPP[18] and KIMS[19] collaborations.
Qualitatively the current limits on the neutrino inducedantflux ®,, at IceCube from Ref. [20] is
around 16 km~2yr—1 for the three benchmark models we analyzed. However theceegh@rder
of magnitude calculated from Tab. 1 is about ¥km~2yr—1 for bino3000, 10° km~2yr—1 for
bino500 and 102 km~2yr—1 for bino500’. Comparing these results shows us that thezertainly
no hope of detecting a scenario like bino3000 at IceCubeo,Ale overall flux from bino500 is
still seven orders of magnitude lower than the current lmhiRef. [20]. Even scenario bino500’,
where EWBS does not play a relevant role as we showed in Talfoliii orders of magnitude away
from current detection limits.

6. Conclusion

We have shown that EWBS can correct the predicted neutrixofdlua neutrino telescope
in significant amounts. However the class of scenarios wtésds possible produce an overall
neutrino flux at the earth that may be too low to be detectel w&Cube. The following features
are responsible for these scenarios not to be detectabelegCube. Firstov?—? has to be
fairly small to obtain a significant relative contributiorofn EWBS processes which are limited to
ov? 3 < 107 pb for scenarios where EWBS is not indirectly included intile-body final state
Monte Carlo simulation via the on-shell decays of gauge he®sdhe small overalbv results in
a rather small annihilation rate that is in turn crucial foe toverall neutrino flux. Secondly, the
analyzis of our models showed that for TeV neutralino theyesg part of high energy neutrinos
is absorbed during the passage through the sun as showneacdrtnibution of EWBS processes
to the overallov is more important for these scenarios than for scenarios méutralino mass
below the TeV range. This drawback is of course absent fotraléwo annihilations produced
outside the sun, for example in the galactic halo. Thirdgmdnding the neutralino to be highly
bino to suppress the-2 2 gauge boson channel¥ andW W results in rather low scattering cross
sectionsoy, andasy since theZ boson exchange channels are suppressed in the neutraditoo:p
scattering process. These results in a low capture rateutrfati@os in the sun which in turn results
in a low annihilation rate.

A future prospect would be to analyze three-gauge bosondtagdsWtW~Z andZZZ In
that case, neutrinos are produced secondarily and of cénmsesubsequent decays. Such pro-
cesses might lead to important corrections in expectedineudignals. However some additional
complications come into play due to radiative correctiond alectroweak Coulomb-Sommerfeld
effects.
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