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Abstract.

The Milagro detector surveyed the sky continuously in the Very High Energy regime from
January 2000 through March 2008. During that time, over 130 GRBs were detected and well
localized by satellites within its 2sr field of view. We have used Milagro data to search for >1
GeV emission from these bursts. Milagro is a water Cerenkov detector designed primarily for
observations in the 0.1-100 TeV energy range. In the standard mode of operation, Milagro data
is used to reconstruct the direction of an incoming high energy particle by analyzing the timing
information of a large number of photomultiplier tubes that are triggered in coincidence by the
air shower generated when such a particle interacts with the Earth’s atmosphere. Milagro data,
however, can also be analyzed in "scaler mode", where the rates of individual photomultiplier tubes
can be used to detect emission above 1 GeV (albeit with no directional information). Here we
present results from both techniques for all known GRBs detected by BATSE, BeppoSax, HETE-2,
INTEGRAL, Swift, and the IPN, within the field of view of Milagro in its 8 years of operation.
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INTRODUCTION

Gamma-ray bursts (GRBs) were detected up to GeV energies by the EGRET experi-
ment [1], and many models predict emission all the way into the very high energy (VHE,
> 100 GeV) regime (e.g. [2, 3, 4]). More recently, the Fermi-LLAT detected more than
10 photons above 1 GeV from GRB 080916C [5, 6].

Observations in this regime are limited to sources at relatively low redshifts (z<0.5)
because VHE gamma rays interact with the extragalactic background light (EBL) pro-
ducing electron-positron pairs, causing their attenuation. The optical depth for this pro-
cess increases with redshift and energy, and is roughly unity for 500 GeV (10 TeV)
gamma rays from a redshift of 0.2 (0.05), according to on¢ of the leading models [7],
although more recent models suggest that this absorption may be overstated [8].

Past VHE detections of GRBs have been marginal (e.g. [9]), although observations
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(and their interpretation) were hampered by the poor localization of GRBs and the small
number of measured redshifts. The launch of Swift, in late 2004, has greatly increased
the sample of well-localized GRBs available for follow-up observations by instruments
such as Milagro, and has thus made possible a much more thorough study of the VHE
emission from GRBs.

MILAGRO

Milagro is a TeV gamma-ray observatory located near Los Alamos, New Mexico (35.88°
N, 107.68° W and 2630 m above sea level). It employs a water Cherenkov detector in-
strumented with 723 photomultiplier tubes (PMTs) to observe extensive air showers pro-
duced by high-energy particles entering the Earth’s atmosphere. The central 60m x 80m
pond consists of two layers. The top layer is used to reconstruct the incident direction
of the gamma-ray showers, using the time of arrival information from the PMTs, while
the bottom layer is used for distinguishing gamma-ray events from background cosmic
rays. An additional 175 tanks spread out over an area of roughly 40,000 m?, known as
"outriggers”, lined with Tyvek and filled with filtered water and a single 8” PMT, serve
to increase the effective area of the detector and improve the angular resolution (from
~0.75 to ~0.5 degrees). Milagro was in operation since 2000 (with otriggers since 2003)
until March of 2003. A next generation , more sensitive experiment, HAWC [10, 11], is
currently being planned now that Milagro has been decomissioned (see contribution by
G. Sinnis in these proceedings). For more details on Milagro, see [12]. As a wide field of
view all-sky monitor in the 100 GeV to 100 TeV regime, Milagro is ideally suited for the
study of transient phenomena, like GRBs, either in coincidence with satellite detections,
or independently, in a blind search [13].

THE STANDARD ANALYSIS

In this analysis, we use the standard reconstructed data generated by the Milagro exper-
iment. The number of reconstructed events falling within a 1.6 degree bin is summed
for the relevant duration (e.g. T90). An estimate of the number of background events is
made by characterizing the angular distribution of the background using two hours of
data surrounding the burst (See [12] for more details). The second-to-last column of Ta-
ble 1 shows the Milagro upper limits on the fluence in the 0.2-20 TeV energy range, as
derived from this technique. For bursts with known redshift (Table 1, right), we compute
the effect of the absorption according to the EBL model of [7], and show the numbers
in bold. For those with unknown redshift (Table 1, left) we report the limits without any
correction for absorption.

THE SCALER ANALYSIS

The single hit rates of the Milagro PMTs are recorded once a second by a CAMAC data
acquisition system at two different thresholds: a low threshold of ~0.25 photoelectrons
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FIGURE 1. Effective area of Milagro with the standard analysis, for zenith angles of 10°, 30°, and 45°
(from [14]).

and a high threshold of ~4 photoelectrons. To reduce the number of scalers needed to
record these rates, tubes are combined into groups of 8 or 16, and the logical "or" of
hits from the individual tubes in the group is recorded. In this analysis, we use the low
threshold hits in the PMTs in the Milagro top layer. Those PMTs are in groups of 8 such
that the nearest neighbors are in different groups.

The average PMT rate during the GRB is compared to the average rate during a period
immediately before and after the burst. By doing the same for many comparable test
intervals over an 11 day interval around the burst, a distribution of the fluctuations is
obtained which is neither Poisson nor Gaussian. The excess (or deficit) rate during the
GRB interval, relative to the background region, is then compared to this distribution
to obtain the significance of the excess. This significance is then turned into a 99%
upper limit on the scaler rate. Using the effective area of the Milagro scalers (obtained
by Monte Carlo simulations) and assuming a power law energy spectrum dN/dE~E 2
(similar to that seen by EGRET), we obtain upper limits on the fluence in the 1-100 GeV
energy range. The last column of Table 1 lists the limits obtained. As in the standard
analysis, only the limits for bursts with measured redshifts have been corrected for EBL
absorption.

For bursts with measured redshifts (Table 1, right), we use the EBL absorption model
of [7] for the corresponding redshift and list the corresponding limits in bold. Those with
no measured redshifts (Table 1, left) are computed assuming z=0.

CONCLUSIONS

Two different analysis techniques have been used on the Milagro data to search for
emission, in the 1 GeV to 100 TeV energy range, for over 130 GRBs over the last 8
years. The standard analysis on reconstructed events, optimum in the 1-100 TeV range,
and the scaler analysis technique carried out on individual PMT counts with no angular
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FIGURE 2. Effective area of Milagro using the scaler analysis.

resolution but sensitive to events of energies in the 1-100 GeV range. No emission was
detected. Upper limits are presented for both techniques.
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TABLE 1. Fluence limits for GRBs in the Milagro field of view since the launch of Swift (De-
cember 2004). Left — Bursts with no measured redshift. Column 1 is the GRB name. Column 2
gives the duration of the burst (in seconds). Column 3 gives the instrument that detected the GRB
(S=Swift,I=Integral ,P=Interplanetary Network, IPN). Column 4 gives the Milagro 99% confidence up-
per limit on the 0.2-20 TeV fluence in erg cm ™2, using the standard analysis of the data. Column 5 gives
the Milagro 99% confidence upper limit on the 1-100 GeV fluence in erg cm 2, using the scaler analysis.
Right — Bursts with known redshift. Column 1 is the GRB name. Column 2 gives the duration of the
burst (in seconds). Column 3 gives the measured redshift. Column 4 gives the instrument that detected the
GRB. Columns 5 and 6 give the Milagro 99% confidence upper limits on the 0.2-20 TeV and 1-100 GeV
fluences, taking into account absorption by the EBL (using the model by [7]) assuming the redshift given
in column 3. Those with three dots imply the redshifts are so high that all the emission is expected to be
absorbed.

GRB Dur. Inst. TeV GeV
041219a 520 1  58e6 7.0c4
050124 4 S 3.0e7 26e6
050213 17 P 13e6 62e6
050402 8 S 2le6 87e6
050412 26 S 17e6 22e5
050504 80 I  13e6 84e5
050522 15 1 S5le7 7.7e6
050607 265 S 89e7 24e5
050703 26 P 1.2e-6  2.0e-5 GRB Dur. z Inst. TeV — GeV
050712 35 S 25¢6 765 oo s 301 s
050713b 30 S 4.0e6 1.led

050502 20 3793 I
050715 52 S 17e6 lled
0716 89 S 1éet ldea 050505 60 43 s ..

e e 050509 0128 02262 S  lle-6 33e-6

051211 80 I 26e6 1.6e4

050820 20 2612 S .. 7.3e-4
051221b 61 S 18e6 68e5

051103 017  0.001? P 42e6 2.le-5
060102 20 S 20e6 2.0e-5

051109 36 2346 S 14e-3
060109 10 S 4le7 42e6

051111 20 155 S .. 2.7e-3
060110 15 S 3.0e6 1.8e-5

051221 14 055 S 98ed 12e4
0601116 59 S 23e6 1.7c4
00114 100 1 Slee gows 060210 5 391 S L.

SR eed 060218 10 003 S  38e5 9.7e2

060204b 134 S 27e6 33e4

060510b 330 49 S
060306 30 S 72e6 2led

060906 436 3.685 S ..
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060507 185 S 18e5 3.2¢3
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060712 26 S 38e6 3.2¢5

080319 50 0937 S 1.9¢-3
060814 146 S 25e6 6.0e4

080319 20 195 S 53e-4
060904A 80 S 24e6 2Te-4 o€ S0 o Tiea
061002 20 S 40e6 3.7e5 : e
061126 191 S 43e6 ..
0612222 115 S 5.6e6 19e4
070103 19 S 13e6 23e5
070129 460 S 19e6 4.0c4
070311 50 1 20e6 44e5
070402 12 P 46e7 22e6
0706126 20 S 47e6 9.0e-5
070616 402 S lle6 Gded
071025 109 S 19e6 1.8e-5
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