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The Pierre Auger Observatory is the most sensitive air-shower detector for primary photons with
energies above ∼ 0.2 EeV. Using the Surface Detector array (SD), photons in the zenith angle
range from 30◦ to 60◦ can be identified through the broad time-structure of the signals expected
to be induced in the SD stations. An additional signature for photon-induced air showers is the
steeper lateral distribution of secondary particles at the ground with respect to nucleonic showers.
Stringent limits are set to the diffuse flux of ultra-high energy (UHE) photons above 10 EeV, us-
ing SD data collected between 2004 and mid-2018 with an exposure of 40000 km2 sr yr. Below
1 EeV, unprecedented separation power between primary photons and hadrons can be achieved
by combining observables from the low-energy enhancements of the Pierre Auger Observatory,
namely three upwards-pointing fluorescence telescopes, which can directly measure the atmo-
spheric depth of the shower maximum, and the 750 m SD array, which again accesses the steeper
lateral distribution of photon-induced air showers. For the first time, limits on the integral photon
flux below 1 EeV are presented using data collected by the Pierre Auger Observatory between
mid-2010 and 2015. This extends the range of photon searches at the Pierre Auger Observatory
to about three decades in energy.
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1. Introduction

The search for ultra-high energy (UHE) photons is a key to reveal the origin of the highest
energetic cosmic rays. Nuclei interacting with the extra-galactic background light, dominantly the
cosmic microwave background (CMB), are expected to produce a flux of UHE photons that can
propagate over several Mpc. The expected cosmogenic flux depends on the composition and energy
distribution of the source emission, as well as the distribution and cosmological evolution of the
sources themselves.

The Pierre Auger Observatory [1] is a hybrid detector, consisting of a Surface Detector (SD)
with 1600 stations distributed over 3000km2 in a triangular grid with a spacing of 1.5km, as well
as a Fluorescence Detector (FD) of 27 telescopes overlooking the area from four sites from the
boarder of the array. To extend the exposure to smaller energies below 1018 eV, an area of 23.5km2

is equipped with 60 additional SD stations to achieve half spacing of 750 m and three of the FD
telescopes (HEAT) have a field of view inclined by 30◦ with respect to the standard FD telescopes
above the 750 m array.

2. Photon searches at the Pierre Auger Observatory

SD observables that have the potential to separate the photon showers from the hadronic ones
are based on the difference in the signals in the particle detectors due to the later shower devel-
opment, measured in the depth of the shower-maximum, Xmax. For a photon, the electromagnetic
shower on average has a steeper lateral fall-off and a slower rise of the signal in the SD stations on
ground than hadronic showers.

Besides the use of the SD for the shower measurements on the ground, the Pierre Auger Ob-
servatory can exploit the hybrid setup and directly measure the longitudinal profile of the showers
with the FD. Xmax gives a direct and powerful estimator for the composition, thus discriminating
photons from hadrons as primary cosmic ray particles. The hybrid measurements are limited by the
about 15% uptime of the FD, though. Searches for photons and the derived upper limits on the flux
of photons as well as on the photon fractions of the measured cosmic ray flux have been already
published, using the SD data [2, 3] as well as hybrid ones [4, 5, 6]. In addition, the hybrid search
has been extended to search for point-like sources [7] and stacking of a source catalogue [8].

This contribution presents in the next section an extension of the previous analysis based on
the SD observables to the current data-set. Then the extension of the hybrid photon search towards
lower energies is described.

3. Diffuse photon flux at the highest energies

The measurement for energies above 10EeV follows the one presented in [3]. The range in
zenith angle used is 30◦ < θ < 60◦. The data-period has been extended, and covers the period
from 1 Jan 2004 to 30 Jun 2018. The corresponding exposure for that zenith angle range has been
determined to 40000km2 sryr. To estimate the efficiency and the optimal separation, a photon
signal Monte Carlo (MC) sample has been simulated using CORSIKA [9] with EPOS-LHC [10] as
hadronic interaction model. The conversion of UHE phtons in the geomagnetic field is simulated
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Figure 1: Left: Signal (top) and risetime of the SD stations (bottom) vs. distance to the shower axis for
a simulated photon event, together with the LDF (top) and risetime-benchmark (bottom) parametrization.
Right: Principal Component Analysis of the data (blue) and the MC prediction for photons (orange) for the
normalized observables g∆ and gLLDF described in the text.

using PRESHOWER [11]. The Landau-Pomeranchuk-Migdal (LPM) effect is also implemented
in the simulation. The photon MC has been reweighted to an energy distribution according to
a E−2 spectrum. For this analysis aiming at identifying photons in the UHECR-flux we do not
use any simulation of nucleonic primary cosmic rays (background MC sample) to avoid the large
uncertainties in the tail of the distributions due to the use of hadronic interaction models. Where
needed, 2% of the data are used as background sample, which are excluded from the measurement
(burned). With respect to [3] the hadronic interaction model has changed, which has only a minor
effect on the photon simulations. The simulation and reconstruction show minor improvement, i.e.
for the data reconstruction in terms of the automatic and therefore less biased detection of the rare
peculiarities in photomultipliers of the SD stations. These usually have no significant effect on
the integral, and therefore signal estimation, but on the shape which is used for the composition
estimation. The reconstruction of the energy is done using the observable S1000, the signal at 1000
m from the shower axis estimated using a fit of a lateral distribution function parametrized to
describe the Auger data. The conversion of S1000 to the energy corresponding to a photon shower is
done in an iterative procedure [12]. To avoid biases only showers which are almost fully developed
are selected by requiring the Xmax to be no more than 50g/cm2 below ground.

The selection of the photon candidates has been performed using two estimators. The first one
uses the steeper lateral distribution function (LDF) of electromagnetic showers. For this, the ratio
of the measured signal, Si, and the expected signal according to the LDF fit at the distance ri of
that SD station i to the shower axis, SLDF(ri), is determined. The observable is the logarithm of the
average of these ratios:

LLDF = log10

(
1
N

N

∑
i=1

Si

SLDF(ri)

)
,

3
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Figure 2: Distribution of the data (blue) and the MC prediction for photons (orange) along the principal
component axis. For better comparison, the two distributions are normalized to an integral of one. The line
indicates the signal selection at the median of the photon MC sample. 11 data events are above the threshold.

using only SD stations with ri > 1000m. Photon candidates are expected to have smaller signals
at larger distances to the shower axis, resulting in a negative LLDF. The second observable is
based on the electromagnetic signal in the stations, which is on average delayed compared to the
fast-rising signal of the muons. We therefore calculate the risetime, t1/2, as the time between the
0.1 and the 0.5 quantile of the time trace. It should be noted, that the difference in the muonic
and electromagnetic signal decreases with smaller distance of the observer to the Xmax for pure
geometrical reasons, additionally increasing the t1/2 for the larger Xmax of photon showers. The
measured t1/2 shows a clear asymmetry in the azimuth angle with respect to the shower direction.
This asymmetry, depending also on distance to the shower axis as well as the zenith angle, can be
parametrized and thus corrected for, resulting in the corrected SD station risetime, t i

1/2. To select
photon candidates, an observable is constructed from the average t i

1/2 and its uncertainty from the
data, the so called benchmark, tbench

1/2 . To obtain an event-wise observable, ∆, the residuals of t i
1/2 of

the SD stations from the benchmark are averaged similarly as described in [13],

∆ =
1
N

N

∑
i=1

t i
1/2 − tbench

1/2

σ i
t1/2

Here, only SD stations with an observed signal of minimally 6 VEM1 and a distance to the shower
axis 600m < ri < 2000m are considered. The deviation from the average LDF leading to LLDF and
the deviation of the risetime from the benchmark leading to ∆ are illustrated for a simulated photon
event in Fig. 1 left.

To obtain an optimal discrimination, the two observables are transformed using a Principal
Component Analysis (PCA). For this, the observables are normalized for the photon MC sample so

1the signal as calibrated to a vertical equivalent muon

4



P
o
S
(
I
C
R
C
2
0
1
9
)
3
9
8

UHE photons with the Pierre Auger Observatory Julian Rautenberg

Easting [m]
444 446 448 450 452 454

310×

N
or

th
in

g 
[m

]

6110

6111

6112

6113

6114

6115

6116

6117

6118

310×

11

12 13
97

98 99

101

102

103

104

105

106

107108

109

110

111

112

113

114

115

116

117

118

119

121

122

123

124

125

126

127

128

129

130

131

132133

134

135

137

138

139

140

141

142

143

144

145 146 147

148

149

150

151

152

153 154

155

156

157 158

159

160

161 162

163

164

165

166

167168

169

170

172 173

174

175

176177

178

179

180

181

182

183

184

187 188

189190

191192

193

194

195196197 198

199 200201 202

203 204205

206

207

208

209

211212

213

214

216

217

218

219

220 221

223

224

225

226

227

228

229 230

231232

233

234

235

236

237

238

239

240

241

242243

244

245246

247

248

249

250

251

252

253 254

255

256

257

258

259

260

261

262

263

264265

266

267

268269 270 271

272273

274 275

276

277 278

279

280

281

282

283

284

285

286287

288 289291

292

293294

295

296 298

299

300

301

302

303

304305

306 307

308

309

310

311

312

313

314

315

316

317319

320

321

322

323

324

325

326

327

328

329330

331

332333

334

336337

338

339 340

341342

343

344

345

346
347348

349

350

351

352

353

354

355

356

357

358 359360361

362

363

364

365

366

367368

369

370371

372

373

374

375376

377

378379

380381

382

383385

386387

388 389

390

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414415

416

417

418

419

420

421

422

424

425

426

427

429

431

432

433 434

435

436

437

438

440 441

447

448

449

450 452

453

454

455

456457

458459

460

461

462

463

464

465

466

468470

471

472

473

474

475

476

479 480

481

482

483

484 485

486 487488

489

490

491

492

493

494

495

496497

498

499

500

501

502

503

504

505

507508

509

510

511

513

514

518 519

521

522

523

525

528 529

530 531

532

534

535536 537

538 539

540

541

542

543

544

545

546

547

548

549

550

551

552

554

555

557

558

559

560

562

563

564

566

568

569

570

571

572

573 574

575

576

577

578

579

580

581

582

583

584

586

587

588

589

590

591

592

593
594

595

596

597

598

599

600

601 602

603

604

605

606

607

608

609

611

612

613

615

616

617

618 619

620

621

622

623

624627

628

629630 632

633

635

636637

638

639

640

641

642

643

645

646

647

648

649

650

651

652

653

654

655

658

659 660

661

662

663 664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

680

681

682

683

684

686

687

688

689

690

691

692

693

695

696 697

698

699

700

701

702

703

704

705

706

707

708

709

710

711712

713

714

715

716

717718

719

720

721

722

723

724725

726

727 728

729

730

731

732

733

734

735

736

737

738

739

740741

742

743744745

746

747

748

749

750

751

752

753

754

755

756 757

758

759

760

761

762 763

764

765

766

767

768

769

770

771

772

773

774

775 776777

778

779

780

781

782

783

784

785

786
787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

803

804

805

806

807 808

809

810811813 814

815

816

817

818

819

820

821

822

823

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839 841

842

843

844

845

846

847

848

849

850

851 852

853

855

856

859

860

862

863

864865

866

867 868

869870

871872 873

874875 876 877

878

879

880

881

882

884

885

886

887

888

889

890 891

892

893

894

895

896

897

899

900

901

902

903

904

905

906

907

908

909

910 911

912

913

914

915

916

917

918

919

920

921

922

923924

925

926 927

928

929

930

931

932

933

934935 936

937

938

939

940

941

942

946947950

951

952

953

955 957

958

959

960

961

962

963

964

966

967

968

969

970

971

973

974

975

976977

978

979

980

981

982

983

984

985

986 987

988989

990 992993 994

996

997

998

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013 1014

1015

1016 1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

10361037

10381039

1040

1041

1042

1043 1044104510461047 1048

1049

10501051

1052

1053 1054

105510561058 1059

1060

1061 10621063

1064

10651066

1067 1068

1069 1070

1071

1072

1073

1074

1075 1076

1077

1078 1079

1080

1081 1083

1084

1085 1086

1087

1088

1089

10901091

1092

1093

1094

1095

1096

1097

10981099

1100

1101 1102

11031104

1105

1106

1107

1108 1109

1110

1111

1112

1113

1114

1115

1116 1117

1118

1119

1120

1121

1122 1124

1125

1126

1127

1128

1129

11301131

1132

1133 1134

1135

1136 1137

1138 1139

1140

1141 1142

1143

1144

11451146

1147 1148

1149

11501151

1152

1153

1154

1155

1156 1158

1159 1161

1162

1163

1164

1165

1173

1174

11751176

1185 1186

1187

1188

1189

11901191

1192

119311941195

11961197

1198

1199 1200

12011202

1203

1204

1205

12071208

1209

1210

1211

1212

1213

1214

1215

1216

1217

1218

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228 1229

1230

1231

1232

12331234 1235

1236

1237

1238 1239

1240

1244

1245 12461247

1248

1250

1251

1254

1260

1261

1262

1263

1264

1269

1270

1271

1272

1273

12741275

1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

12921293

1294

1295

1296

1297

1298

1301 13021303

1304

1305

1306

1307

1308

1309

13101312

1313

1314

1315

1318

1319

1320

1321

1322

1323

1324

1326

1327

1330

1332

1334
1335

1336

1337

13381339

1340

1345

1346

1347 1348

1349

1350

1352

1353

1354

1355

1356

1357

1358

1359

1360

1361

1362 1363

1364

1365

1366

1367

1368

1369

1370

1371 1372

1373

1374

1375

1378

1379 1380

1381

1382

1383

1384

1385

1386

1387

1388

13901391

1392

1393

1394

1395

1396

1397

1398

1399 1400

1401

1402

1403

1404

1405

1406

1407

140814091410

1411

1412

1413

1414

1415 1416

1417

1418

1419 1420

1421 1422

1423

1424

1425 1426

1427

1428

1429 1430

1431

1432 1433

1434

1435

1436

1437

1438

1439

1440

1441

1443

1444

1445 1446

1447

1448

1449

1450 1451

1452

1453

1454

1455

1456

1457

1458

1459

1460

1461

1462

1463

1464

1465 1466

1467

1468

1469

1470

1471

1472

1473

1474

1475

1476

1477

1478

1480

1481

1482

1483

1484

1485

1486

1487

1488

1489

1490

1491

1492

1493

1494

1495

1496

1497

1498

1499

1500

1501

1502

1503

1504

1505

1506

1507

1508

1509

1510

1511

1512

1513

1514

1515

1516

1517

1518

1519

1520

1521

1522

1523

1524

1525

1526

1527 1528

1529

1530

1531

1532

1533

1534

1535

1536

1537

1538

1539

1540

15411542 1543 1544

15451546

1547

1548

1549

1550

1551

1552

1553

1554 1555

1556 1557

1558

1560

1561

1562

1563

1564

1566

1567

15681569

1570

1571 1573

1574

1576

1579

1580

1581

1582

1583

1586

1587

1588

1590

1592 1593

1594 1595

1597 1598

1599

1600

1601

1602

1604

1606

1608

1609

1610

1611

1613

1615

1616

1617

1619

1620

1622

1623

1624

1625

1626

1627

1629

1630

1631

1633

16341636

1639

1640

1641 1643

16441646

1648

1650

1652

1655

1657

1658

1659

1661

1662

1663

1665

1666

1667

16681669

1670

16721673

1674

1675

1677

1678

16791680

1682

1683

1684

1685

1687

1689

1690

1691

1692

1693

1694

16961697

1698

1699

1700 1701

1702

1703

1704

1705 1706

17071708

1709

1710

1711

1712

1713

1714

1716

1717

1718

1719

1720

1721

1722

1723 1724

1725

1726

17271728

1729

1730

1731 1732

17331734

1735

1736

17371738 1739 1740

1741

1742

1743

1744

1745

1746

1747

17481749

1750

1751
1752

1753

1754

1755

1757

1758

176017611762

17631764 1765

1766

1767 1768

1769

1770

1771 1772

1773 1774 1775

17761777

1778

1779

1781

17821783

1784

1785

1787

1788

1789

1790

1791

1795

1798

1800

1801

1802

1803
1804

1806

1807

1809

181018111812 1813 1814 18151816

1817

1818

1819

1821

1822

1823

1824

18251826

18271829

1830

1831

1832

1833

1834

18381839 18401841

1842 1843

1844 1845

18491850

1851

1853

1854

1860 1861

Coihueco  
HEAT  

607

608

609

615

635639 643651

659 660 663

669688

695698

701

702

707

710 734 736819

1570

1574 1622

1625

1627

176017611762

17631764 1765

1766

1767 1768

1769

1770

1771 1772

1773 1774 1775

17761777

1788

1790

181018111812 1813 1814 18151816

182318251826

18271829

1830

1831

1832

1833

18381839 18401841

1842 1843

1844 1845

Figure 3: Left: layout of the dense 750m array in the field of view of the FD builds Coihueco and HEAT.
Right: Picture of one HEAT telescope with the field of view inclined by 30◦
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Figure 4: Example of a simulated photon with the energy of 0.5EeV. Left: the camera view with the color
encoding the timing form early (blue) to late (red). Right: the longitudinal profile measured by HEAT (black
circles) and Coihueco (blue squares) with the Gaisser-Hillas fit (red line). The red cross indicates the Xmax

position.

that the mean is equal to zero and the standard deviation equal to one, resulting in gLLDF and g∆.
The PCA is performed on the burn sample of 2% of the Auger data and a part of the MC of about
equal statistics. The PCA axis is shown in Fig. 1 right.

The selection cut for the signal has been fixed in [2] to an efficiency on the non-preshowering
photon signal of 50%. We keep this cut-value for consistency here, noting that at energies closely
above 10EeV the background rejection is not guaranteed to be 100%. Applying the analysis to the
search data-set resulted in the distribution of the data and the photon MC in the PCA variable as
shown in Fig. 2. In the tail of the data-distribution, 11 events are above the threshold, two of them at
an energy above 20EeV. The number of candidates evolved with respect to [3] due to the increase
of exposure and slight changes in the reconstructed shower parameters. Further analysis using
proton simulations for the geometry and energy of the candidates are not excluding the background
hypothesis of the candidates. Here the large uncertainties of the hadronic interactions in the tail of
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Figure 5: Observables used as input for the BDT as described in the text are shown for the photon signal MC
(blue), the proton background MC (red), and the data-set (black).: Xmax measured by FD (top), Sb (bottom
left) as well as NSD (bottom right) as measured by SD.

the distributions limit the significance of such a test. As we can neither exclude the hypothesis of
the candidates to be hadronic, nor can we prove the candidates to be photons, we conservatively
determine the upper limit on the photon flux at 95% confidence level, as shown in Fig. 7. Therefore,
though improving the exposure by almost a factor of two, the limit for the lower energy of 10EeV
is background limited and even slightly worse than in [3]. For energies above 20EeV the limits are
significantly improved due to the large increase in exposure while not obtaining any new candidate.

4. Diffuse photon flux at lower energies

At energies below 10EeV the number of SD stations with signal is too small to have a signifi-
cant separation of photon-induced and nucleus-induced showers. But the increased event statistics
allows to use the direct Xmax measurement for the 15% uptime of the FD. We follow the measur-
ment in [6] combining the Xmax with the SD observables Sb [20],

Sb =
NSD

∑
i

Si(ri)
( ri

1000m

)b
,
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Figure 6: Output variable of the BDT trained on simulations together with the distributions for the photon
signal MC (blue), the proton background MC (red), and the data-set (black).

with b = 4 and the number of SD stations, NSD. Here, the measurment is extended towards energies
below 1EeV by using data of the sub-array at smaller spacing of 750m as shown in Fig. 3 and the
measurment of Xmax with the FD extension HEAT. The event selection is done according to [21].
MC simulations for photons and protons have been generated similar to Sec. 3. Using these as
signal and background, a Boosted Decision Tree (BDT) has been trained. To take the energy
and zenith angle dependence of the three discriminating observables into account they are used
as additional inputs to the BDT. An example for a simulated photon event can be seen in Fig. 4.
Before applying the BDT on the data it has been tested on a 5% burn-sample subsequently excluded
from the measurement. The data period used in this analysis is 1 Jun 2010 to 31 Dec 2015. The
distributions of the input variables for the different MC samples and the data-sample are shown in
Fig. 5. The separation power of the input variables is in this projection reduced due to their energy
dependence. The resulting distribution of the BDT output variable is plotted in Fig. 6. Again, the
selection cut on the BDT output variable is a-priori set to the median of the photon distribution,
leading to a selection efficiency of 50%. After application of the photon selection cut to the data
sample only one candidate event is selected. This number is compatible with the background
expectation from the proton MC. Evaluating the hybrid exposure for the given time-period, we
determine the upper limits on the integral photon flux for the thresholds of 0.2, 0.3, 0.5 and 1EeV
at 95% confidence level. These flux limits are displayed together with the flux limits at the highest
energy described in Sec. 3 in Fig. 7. They are compared to other measurements, partially derived
at 90% confidence level.

5. Conclusion

With the increase in exposure at the highest energies and the extension towards lower energies
using the enhancements of the Pierre Auger Observatory, the 750m SD array and the FD HEAT,
most stringent limits on the photon flux can be achieved. In combination with [6], the measurments
presented here form the most sensitive UHECR photon search over about three orders of magnitude
starting at 0.2EeV.
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