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Measurement of the cross section for direct-photon production in association
with a heavy quark in pp collisions at /s = 1.96 TeV

T. Aaltonen,?! S. Amerio,*® D. Amidei,?> A. Anastassov®,'> A. Annovi,'” J. Antos,'? G. Apollinari,'®
J.A. Appel,'® T. Arisawa,”® A. Artikov,'? J. Asaadi,*® W. Ashmanskas,'® B. Auerbach,? A. Aurisano,*8
F. Azfar®® W. Badgett,'® T. Bae,2® A. Barbaro-Galtieri,?® V.E. Barnes,** B.A. Barnett,?> P. Barria® 42
P. Bartos,'? M. Bauce// 0 F. Bedeschi,*? S. Behari,'® G. Bellettini??,*? J. Bellinger,”® D. Benjamin,'*

A. Beretvas,'® A. Bhatti,*® K.R. Bland,® B. Blumenfeld,?® A. Bocci,'* A. Bodek,*® D. Bortoletto,**
J. Boudreau,*® A. Boveia,!'! L. Brigliadori®®,6 C. Bromberg,?® E. Brucken,?! J. Budagov,'® H.S. Budd,*®
K. Burkett,'® G. Busetto// %0 P. Bussey,'® P. Butti??,*?> A. Buzatu,'® A. Calamba,'® S. Camarda,*
M. Campanelli,?® F. Canelli°?,'’1® B. Carls,?? D. Carlsmith,®® R. Carosi,*?> S. Carrillo™,'6
B. Casal®,® M. Casarsa,*® A. Castro®®,® P. Catastini,?® D. Cauz,*® V. Cavaliere,?? M. Cavalli-Sforza,*
A. Cerrif 2% L. Cerrito®,?® Y.C. Chen,! M. Chertok,” G. Chiarelli,*?> G. Chlachidze,'® K. Cho,?
D. Chokheli,"™® M.A. Ciocci®® 42 A. Clark,'® C. Clarke,>* M.E. Convery,'® J. Conway,” M. Corbo,'®
M. Cordelli,!” C.A. Cox,” D.J. Cox,” M. Cremonesi,*?> D. Cruz,*® J. Cuevas®,® R. Culbertson,'®
N. d’Ascenzo®,'® M. Datta?¢,!> P. De Barbaro,*® L. Demortier,*6 M. Deninno,® M. d’Erricof/ 40
F. Devoto,?! A. Di Canto%9,*? B. Di Ruzza?,'® J.R. Dittmann,® M. D’Onofrio,?” S. Donati?9,*?
M. Dorigo™,*® A. Driutti,*® K. Ebina,®® R. Edgar,?? A. Elagin,*® R. Erbacher,” S. Errede,??

B. Esham,?? R. Eusebi,*® S. Farrington,? J.P. Fernandez Ramos,?? R. Field,'® G. Flanagan®,'”
R. Forrest,” M. Franklin,?® J.C. Freeman,'® H. Frisch,'’ Y. Funakoshi,®® A.F. Garfinkel,** P. Garosi"" 42
H. Gerberich,?? E. Gerchtein,'® S. Giagu,*” V. Giakoumopoulou,® K. Gibson,** C.M. Ginsburg,'®
N. Giokaris,®> P. Giromini,!” G. Giurgiu,?® V. Glagolev,'® D. Glenzinski,!> M. Gold,?® D. Goldin,*®

A. Golossanov,'® G. Gomez,” G. Gomez-Ceballos,?® M. Goncharov,>* O. Gonzalez Lépez,?® 1. Gorelov,3?
A.T. Goshaw,'* K. Goulianos,*® E. Gramellini,® S. Grinstein,* C. Grosso-Pilcher,'* R.C. Group®?,'®

J. Guimaraes da Costa,?® S.R. Hahn,'® J.Y. Han,* F. Happacher,!” K. Hara,’® M. Hare,’* R.F. Harr,>*

T. Harrington-Taber”,'® K. Hatakeyama,® C. Hays,?® J. Heinrich,*! M. Herndon,?® A. Hocker,'® Z. Hong,*®
W. Hopkins?,'® S. Hou,! R.E. Hughes,?® U. Husemann,?® M. Hussein?® 33 J. Huston,?® G. Introzzi"" *?
M. Tori#? 47 A. Ivanov?,” E. James,'® D. Jang,' B. Jayatilaka,'® E.J. Jeon,?® S. Jindariani,'> M. Jones,**

K.K. Joo,?®> S.Y. Jun,'° T.R. Junk,'® M. Kambeitz,2* T. Kamon?®,*® P.E. Karchin,’* A. Kasmi,’

Y. Kato®,3® W. Ketchum',!! J. Keung,*! B. Kilminster®®,'® D.H. Kim,?® H.S. Kim,?® J.E. Kim,?
M.J. Kim,'” S.B. Kim,?® S.H. Kim,*® Y.J. Kim,?® Y.K. Kim,"' N. Kimura,?® M. Kirby,'® K. Knoepfel,?
K. Kondo*,?® D.J. Kong,?® J. Konigsberg,'® A.V. Kotwal,'* M. Kreps,?* J. Kroll,*! M. Kruse,'*

T. Kuhr,?* M. Kurata,?® A.T. Laasanen,** S. Lammel,'® M. Lancaster,?® K. Lannon?,*¢ G. Latino",*2
H.S. Lee,? J.S. Lee,?® S. Leo,*? S. Leone,*? J.D. Lewis,'® A. Limosani?,'* E. Lipeles,*' A. Lister®,8
H. Liu,°? Q. Liu,** T. Liu,'® S. Lockwitz,>® A. Loginov,’® D. Lucchesif/ *° J. Lueck,?* P. Lujan,?¢
P. Lukens,'® G. Lungu,*® J. Lys,?6 R. Lysak®,'? R. Madrak,'® P. Maestro"® 42 S. Malik,*6 G. Manca®,?”
A. Manousakis-Katsikakis,? F. Margaroli,*” P. Marino® 42 M. Martinez,* K. Matera,??> M.E. Mattson,?*
A. Mazzacane,'® P. Mazzanti,® R. McNulty’,2” A. Mehta,?” P. Mehtala,?' C. Mesropian,® T. Miao,'?
D. Mietlicki,??> A. Mitra,! H. Miyake,®® S. Moed,'® N. Moggi,® C.S. Moon®*,'> R. MoorePP,!?

M.J. Morello® 42 A. Mukherjee,'® Th. Muller,?* P. Murat,'® M. Mussini®®,6 J. Nachtman”,'® Y. Nagai,?°
J. Naganoma,®? I. Nakano,?” A. Napier,®' J. Nett,*® C. Neu,?? T. Nigmanov,*3 L. Nodulman,? S.Y. Noh,?®
O. Norniella,?? L. Oakes,?® S.H. Oh,'* Y.D. Oh,?> I. Oksuzian,?®> T. Okusawa,>® R. Orava,?! L. Ortolan,*
C. Pagliarone,*” E. Palencia/,? P. Palni,?® V. Papadimitriou,'® W. Parker,®® G. Pauletta®* 4° M. Paulini,!°
C. Paus,?° T.J. Phillips,'* G. Piacentino,*? E. Pianori,*' J. Pilot,¢ K. Pitts,?? C. Plager,® L. Pondrom,>®
S. Poprocki?,'® K. Potamianos,?® A. Pranko,?® F. Prokoshin®,'3 F. Ptohos",'” G. Punzi%9,*? N. Ranjan,**
I. Redondo Fernandez,?? P. Renton, M. Rescigno,*” F. Rimondi*,® L. Ristori*?,'> A. Robson,

T. Rodriguez,*! S. Rolli*,°" M. Ronzani%9,*? R. Roser,'® J.L. Rosner,'! F. Ruffini"” 42 A. Ruiz,” J. Russ,'°
V. Rusu,'® W.K. Sakumoto,*® Y. Sakurai,®® L. Santi** 49 K. Sato,’ V. Saveliev?”,!> A. Savoy-Navarro®®,!?
P. Schlabach,'® E.E. Schmidt,'® T. Schwarz,3? L. Scodellaro,’ F. Scuri,*? S. Seidel,?® Y. Seiya,38
A. Semenov,'® F. Sforza?9,*2 S.Z. Shalhout,” T. Shears,?” P.F. Shepard,*3 M. Shimojima’,%® M. Shochet,'!



I. Shreyber-Tecker,?* A. Simonenko,'3 P. Sinervo,?! K. Sliwa,?! J.R. Smith,” F.D. Snider,'® H. Song,*?
V. Sorin,* M. Stancari,'® R. St. Denis,'? B. Stelzer,?! O. Stelzer-Chilton,?! D. Stentz®,'5 J. Strologas,?>
Y. Sudo,?® A. Sukhanov,'® I. Suslov,'® K. Takemasa,’® Y. Takeuchi,®® J. Tang,!! M. Tecchio,?? P.K. Teng,'
J. Thom9,'® E. Thomson,*' V. Thukral,*® D. Toback,*® S. Tokar,'? K. Tollefson,?* T. Tomura,?°
D. Tonellif,'> S. Torre,'” D. Torretta,'® P. Totaro,*® M. Trovato™,*? F. Ukegawa,’® S. Uozumi,?®
F. Vézquez™,'6 G. Velev,'® C. Vellidis,'® C. Vernieri®,*> M. Vidal,** R. Vilar,? J. Vizan’,® M. Vogel,*
G. Volpi,'” P. Wagner,*! R. Wallny,® S.M. Wang,'! A. Warburton,?! D. Waters,2® W.C. Wester III,'?
D. Whiteson®,*" A.B. Wicklund,? S. Wilbur,!! H.H. Williams,*' J.S. Wilson,?? P. Wilson,'® B.L. Winer,36
P. Wittich?,'® S. Wolbers,'® H. Wolfe,36 T. Wright,3? X. Wu,'® Z. Wu,® K. Yamamoto,?® D. Yamato,3®
T. Yang,'® U.K. Yang”,'' Y.C. Yang,?® W.-M. Yao,?% G.P. Yeh,'® K. Yi",'® J. Yoh,'"® K. Yorita,>3
T. Yoshida!,?® G.B. Yu,"* 1. Yu,?> A.M. Zanetti,*® Y. Zeng,'* C. Zhou,'* and S. Zucchelli¢*®

(CDF Collaboration')

! Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China
? Argonne National Laboratory, Argonne, Illinois 60439, USA
3 University of Athens, 157 71 Athens, Greece
4 Institut de Fisica d’Altes Energies, ICREA,
Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain
SBaylor University, Waco, Tezas 76798, USA
SIstituto Nazionale di Fisica Nucleare Bologna,
¢ Undversity of Bologna, I-40127 Bologna, Italy
"University of California, Davis, Davis, California 95616, USA
8 University of California, Los Angeles, Los Angeles, California 90024, USA
YInstituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain
10 Carnegie Mellon University, Pittsburgh, Pennsylvania 15218, USA
" Bnrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA
2 Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, 040 01 Kosice, Slovakia
13 Joint Institute for Nuclear Research, RU-141980 Dubna, Russia
Y Duke University, Durham, North Carolina 27708, USA
15 Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
16 University of Florida, Gainesville, Florida 32611, USA
1 Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Ttaly
18 University of Geneva, CH-1211 Geneva 4, Switzerland
Y Glasgow University, Glasgow G12 8QQ, United Kingdom
20 Harvard University, Cambridge, Massachusetts 02138, USA
2! Division of High Energy Physics, Department of Physics,
University of Helsinki and Helsinki Institute of Physics, FIN-00014, Helsinki, Finland
22 University of Illinois, Urbana, Illinois 61801, USA
?3The Johns Hopkins University, Baltimore, Maryland 21218, USA
# Institut fiir Experimentelle Kernphysik, Karlsruhe Institute of Technology, D-76131 Karlsruhe, Germany
?5Center for High Energy Physics: Kyungpook National University,
Daegu 702-701, Korea; Seoul National University, Seoul 151-742,
Korea; Sungkyunkwan University, Suwon 440-746,
Korea; Korea Institute of Science and Technology Information,
Daejeon 305-806, Korea; Chonnam National University,
Gwangju 500-757, Korea; Chonbuk National University, Jeonju 561-756,
Korea; Fwha Womans University, Seoul, 120-750, Korea
26 Brnest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
2" University of Liverpool, Liverpool L69 7ZE, United Kingdom
8 University College London, London WCIE 6BT, United Kingdom
29 Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain
30 Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
3 Institute of Particle Physics: McGill University, Montréal,
Québec H3A 2T8, Canada; Simon Fraser University, Burnaby,
British Columbia V5A 156, Canada; University of Toronto,
Toronto, Ontario M5S 1A7, Canada; and TRIUMF,
Vancouver, British Columbia V6T 2A3, Canada
32 Undversity of Michigan, Ann Arbor, Michigan 48109, USA
33 Michigan State University, Fast Lansing, Michigan 48824, USA



3 Institution for Theoretical and Experimental Physics, ITEP, Moscow 117259, Russia

35 Unaversity of New Mezico, Albuquerque, New Mezico 87131, USA
% The Ohio State University, Columbus, Ohio 43210, USA
37 Okayama University, Okayama 700-8530, Japan
38 Osaka City University, Osaka 588, Japan
39 University of Ozford, Ozford OX1 3RH, United Kingdom
40 Istituto Nazionale di Fisica Nucleare, Sezione di Padova-Trento,
£ University of Padova, 1-35131 Padova, Italy
! University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA
42[stituto Nazionale di Fisica Nucleare Pisa, 99 University of Pisa,
"h University of Siena and " Scuola Normale Superiore, 1-56127 Pisa,
Ttaly, "™ INFN Pavia and University of Pavia, I-27100 Pavia, Italy
43 Unaversity of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
4 Purdue University, West Lafayette, Indiana 47907, USA
49 University of Rochester, Rochester, New York 14627, USA
45 The Rockefeller University, New York, New York 10065, USA
“TIstituto Nazionale di Fisica Nucleare, Sezione di Roma 1,
93 Sapienza Universita, di Roma, 1-00185 Roma, Italy
48 Mitchell Institute for Fundamental Physics and Astronomy,
Texas AEM University, College Station, Texas 77843, USA

“IIstituto Nazionale di Fisica Nucleare Trieste/Udine; ™" University of Trieste,

1-84127 Trieste, Italy; ** University of Udine, 1-33100 Udine, Italy
%0 Ungversity of Tsukuba, Tsukuba, Ibaraki 305, Japan

51 Tufts University, Medford, Massachusetts 02155, USA

2 University of Virginia, Charlottesville, Virginia 22906, USA

58 Waseda University, Tokyo 169, Japan

% Wayne State University, Detroit, Michigan 48201, USA

5% Unaversity of Wisconsin, Madison, Wisconsin 53706, USA
96 Yale University, New Haven, Connecticut 06520, USA

We report on a measurement of the cross section for direct-photon production in association with
a heavy quark using the full data set of v/s = 1.96 TeV proton-antiproton collisions corresponding
to 9.1 fb™! of integrated luminosity collected by the CDF II detector at the Fermilab Tevatron. The
measurements are performed as a function of the photon transverse momentum, covering photon
transverse momentum between 30 and 300 GeV, photon rapidities |y7| < 1.0, heavy-quark-jet

jet

transverse momentum p7° > 20 GeV, and jet rapidities |yj ¢'| < 1.5. The results are compared with

several theoretical predictions.

PACS numbers: 12.38.Qk, 13.85.Qk, 13.87.Ce

*Deceased

TWith visitors from ®University of British Columbia, Van-
couver, BC V6T 1Z1, Canada, PIstituto Nazionale di Fisica
Nucleare, Sezione di Cagliari, 09042 Monserrato (Cagliari),
Italy, “University of California Irvine, Irvine, CA 92697, USA,
¢Institute of Physics, Academy of Sciences of the Czech Re-
public, 182 21, Czech Republic, fCERN, CH-1211 Geneva,
Switzerland, 9Cornell University, Ithaca, NY 14853, USA,
hUniversity of Cyprus, Nicosia CY-1678, Cyprus, *Office of
Science, U.S. Department of Energy, Washington, DC 20585,
USA, 7 University College Dublin, Dublin 4, Ireland, *ETH,
8092 Ziirich, Switzerland, !University of Fukui, Fukui City,
Fukui Prefecture, Japan 910-0017, ™ Universidad Iberoamer-
icana, Lomas de Santa Fe, México, C.P. 01219, Distrito Fed-
eral, " University of Iowa, Iowa City, TA 52242 USA, °Kinki
University, Higashi-Osaka City, Japan 577-8502, PKansas
State University, Manhattan, KS 66506, USA, 9Brookhaven
National Laboratory, Upton, NY 11973, USA, "University
of Manchester, Manchester M13 9PL, United Kingdom,
SQueen Mary, University of London, London, E1 4NS, United

The study of direct-photon () production in
association with a heavy quark @ (b or ¢) in hadronic

Kingdom, ‘University of Melbourne, Victoria 3010, Aus-
tralia, “Muons, Inc., Batavia, IL 60510, USA, YNagasaki
Institute of Applied Science, Nagasaki 851-0193, Japan,
“National Research Nuclear University, Moscow 115409, Rus-
sia, *Northwestern University, Evanston, IL 60208, USA,
YUniversity of Notre Dame, Notre Dame, IN 46556, USA,
#Universidad de Oviedo, E-33007 Oviedo, Spain, **CNRS-
IN2P3, Paris, F-75205 France, ““Universidad Tecnica Fed-
erico Santa Maria, 110v Valparaiso, Chile, %¢Yarmouk Uni-
versity, Irbid 211-63, Jordan, !‘Universite catholique de
Louvain, 1348 Louvain-La-Neuve, Belgium, °°University of
Zirich, 8006 Ziirich, Switzerland, PP Massachusetts General
Hospital and Harvard Medical School, Boston, MA 02114
USA, 99Hampton University, Hampton, VA 23668, USA,
""Los Alamos National Laboratory, Los Alamos, NM 87544,
USA



collisions provides valuable information on the prob-
ability distributions of partons inside the initial-
state hadrons. At photon transverse energies E.
[1] smaller than 100 GeV, such events are produced
predominantly by the Compton scattering process
g@ — ~Q, while at higher energies the dominant
process is quark-antiquark annihilation with gluon
(g) splitting to heavy quarks ¢q7 — vg — YQQ
[2]. It is conventional to assume that the charm
(¢) and bottom (b) quarks in the proton arise only
from gluon splitting. However, there are other mod-
els that allow the existence of intrinsic heavy quarks
in the proton [3]. A cross-section measurement of
v+ @ + X (X can be any final-state particle) pro-
duction provides information on the heavy-quark
and gluon parton distribution functions (PDFs) and
on the rate of final-state gluon splitting to heavy
quarks.

The Collider Detector at Fermilab (CDF) Col-
laboration studied the process pp — v+b+ X at /s
= 1.96 TeV, for photons in the range 20 < EJ. < 70
GeV [4]. The measured cross section agreed well
with a prediction based on a perturbative quantum
chromodynamics (pQCD) expansion [2] at next-to-
leading order (NLO) in the strong coupling constant
as. The DO Collaboration measured the cross sec-
tion of photons in association with heavy-flavor jets
using data collected at /s = 1.96 TeV, covering the
range 30 < EJ. < 300 GeV [5]. The results disagreed
with the NLO pQCD prediction for both bottom jets
and charm jets in the region EJ. 2 70 GeV.

In this Letter, we present the updated CDF
measurements of the cross sections of photon with
heavy-flavor jets, using the full data set from 9.1
fb=! of integrated luminosity collected by the CDF
IT detector, exploring E,. up to 300 GeV with im-
proved techniques.

The CDF II detector [6] has a cylindrical ge-
ometry with approximate forward-backward and az-
imuthal symmetry [1]. It contains a tracking sys-
tem consisting of silicon microstrip detectors and
a cylindrical open-cell drift chamber immersed in
a 1.4 T magnetic field parallel to the beam axis.
The silicon subsystem is used for reconstructing
charged-particle trajectories (tracks) and heavy-
flavor-decay vertices displaced from the primary in-
teraction point. Pointing-tower-geometry electro-
magnetic (EM) and hadronic calorimeters surround-
ing the tracking system measure particle energies.
At a depth approximately corresponding to the
maximum development of the EM shower, the EM
calorimeters contain fine-grained detectors (central
electromagnetic strip chambers) that measure the
shower profile. Drift chambers and scintillators lo-

cated outside the calorimeters identify muons.

The data are collected using a three-level online
event-filtering system (trigger) that selects events
with at least one energy cluster consistent with a
photon in the final state. The trigger is approx-
imately 100% efficient for signal events in the ex-
plored kinematic region.

The offline event selection requires the primary
vertex z position to be within 60 cm of the center
of the detector. Each event is required to have at
least one photon candidate that has pseudorapid-
ity [1] in the fiducial region of the central calorime-
ter (approximately |n| < 1.04). The transverse en-
ergy of the photon is corrected to account for non-
uniformities in the calorimeter response, and cali-
brated using electrons from reconstructed Z boson
decays. Photon candidates are required to have
EJ. > 30 GeV and to satisfy pre-selection require-
ments on calorimeter and tracking isolation and
the ratio of the energy measured in the hadronic
calorimeter to the EM energy, as described in Ref.
[7]. An artificial neural network (ANN) is con-
structed from calorimeter- and strip-chambers-shape
information and isolation variables to further reduce
background [8]. The photon candidates are required
to pass a suitable threshold on the ANN output
(0.75) for optimal signal-to-background discrimina-
tion.

At least one jet must be present in each event.
Jets are reconstructed using the JETCLU algorithm
[9] with a cone radius R = /(A¢)? + (An)? = 0.4
in the azimuthal angle ¢ and pseudorapidity n space
[1]. We select jets that have Ep > 20 GeV and |n| <
1.5. At least one jet is required to be classified as a
heavy-flavor jet using a secondary-vertex tagger [6].
This tagging algorithm exploits the long lifetime of
hadrons containing b or ¢ quarks, and is based on the
reconstruction of a displaced, or secondary, vertex
using the reconstructed tracks. If multiple-tagged
jets are present in the explored kinematic region, the
one with the highest Fr is selected. The selected jet
is required to be reconstructed in a volume outside
an 7 — ¢ cone of R = 0.4 surrounding the photon
candidate.

After all the selection requirements, 214 336
events remain in the data sample. Two main back-
ground sources contribute to these events: jets
misidentified as photons (false photons) and light-
flavor jets mimicking heavy-flavor jets. To estimate
the rate of false photons, the photon ANN distribu-
tion in data is fitted to a linear combination of tem-
plates for photons and jets, obtained from a simu-
lated inclusive photon sample using SHERPA [10] and
a dijet sample using PYTHIA [11], after applying all



the photon selection criteria except the requirement
on the ANN output. A fit is performed in each E7.
interval, yielding prompt photon fractions (purities)
between 77% and 94% in the ANN signal range. The
resulting photon purities and one example fit are
shown in Fig. 1. The systematic uncertainties on
the photon purities are estimated by varying the in-
put variables to the ANN within their uncertainties.
The dominant uncertainty on the shape of the ANN
originates from the modeling of calorimeter isolation
energy. The overall uncertainty is estimated to de-
crease from 6% at E). = 30 GeV to 2% for EJ. > 70
GeV.
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FIG. 1: Photon purity as a function of E7. for events
restricted to the ANN signal region. The fit to the ANN
distribution for photon candidates passing pre-selection
requirements and with £} between 40 and 50 GeV is
shown in the inset.

Backgrounds to heavy-flavor jets arise from
light-flavor jets where random combinations of
tracks mimic a displaced vertex. The fractions of
b- and c-jets are determined by fitting the invariant
mass (Msecvix) of the system of charged particles,
assumed to be pions, originating at the secondary
vertex, using the templates for b-, c-, and light-quark
jets constructed with PyTHIA [11]. The contribu-
tion to the Mgecvix distribution from events with a
false photon is modeled using dijet data, where one
jet is required to deposit most of its energy in the
EM calorimeter to mimic a photon and the other jet
is required to pass all the heavy-flavor-jet selection.
The loose photon requirement selects predominantly
false photons. This background component is then
constrained to the number of false photons from the
ANN fits. After subtracting the contribution from
events with false photons, 22% to 37% of the ob-
served tagged jets are b-quark jets, and 16% to 24%
of the observed tagged jets are c-quark jets for E.

between 30 and 300 GeV. The systematic uncertain-
ties range from 15% to 30% and are dominated by
the uncertainties in the simulated Mgecvix template
shapes originating from the uncertainty in the mod-
eling of tracking-system efficiency. Figure 2 shows
the result of the fit for E. between 40 and 50 GeV,
as an example.
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FIG. 2: Distribution of the secondary-vertex mass of
tagged jets after applying the full selection, for photon
candidates with 40 < E7. < 50 GeV. The points are
data, and the stacked, shaded histograms represent the
estimated contributions from the fit of the b-, ¢-, and
light-quark jets and false photon background.

The differential cross section as a func-
tion of EJ is defined as do®9/dE] =
N £y foey/ (AE]€nigeur L), where N is the number
of data events in a given EJ. bin after applying
the full selection, f, is the photon purity, fy)
is the b-jet (c-jet) fraction in events with true
photons, AE]. is the EJ. bin size, €trig 1S the
trigger efficiency, and L is the integrated luminosity.
The bin-by-bin unfolding factor eyp combines
corrections for acceptance, efficiencies of the photon
selection and tagging algorithm and resolution
effects to infer the results at the hadron level, using
prompt-photon events simulated with SHERPA [10].
The numerator of the unfolding factor is obtained
by applying the same requirements to the SHERPA-
simulated events as the ones applied to data. The
denominator of the unfolding factor is obtained by
applying the same kinematic and isolation selection
on the generated quantities. Unfolding factors
obtained with PYTHIA [11] are used to evaluate the
systematic uncertainties. The photon efficiency is
calibrated by comparing the selection efficiencies for
ZY — ete” events in data and in simulation. The
tagging efficiency is calibrated with data enriched
with heavy-flavor jets. The unfolding factors range



from 18% to 27% for v + b + X events and from
4% to 8% for v + ¢ + X events. The systematic
uncertainties are estimated to be approximately
10% and are dominated by the uncertainties in the
photon-energy scale and the tagging efficiency.

The differential cross sections for v+b+ X and
v+ c+ X productions are extracted in eight intervals
of E7., and are listed in Table I and shown in Fig. 3.
The total systematic uncertainties range from 18%
and 35% and are dominated by the uncertainties in
the b-jet and c-jet fractions. A 6% constant uncer-
tainty comes from the Tevatron integrated luminos-
ity.

The predictions based on NLO pQCD [2] are
given in Table I and shown in Fig. 3. These predic-
tions include direct-photon production subprocesses
and subprocesses where the photon is emitted from
parton fragmentation, both at O(aa?). The calcu-
lation utilizes CTEQ6.6M parton distribution func-
tions [13]. The scale dependence is evaluated by
varying the renormalization, u,, factorization, p¢,
and fragmentation, pp, scales, assumed to be the
same, from the default value p7. to pJ./2 and 2p7..

The predictions based on a kp-factorization ap-
proach [14] are reported in Table I and Fig. 3. This
calculation is based on O(aa?) off-shell amplitudes
of gluon-gluon fusion and quark-(anti)quark inter-
action subprocesses, and the kp-dependent (i.e., un-
integrated) parton distributions, where kr denotes
the transverse momentum of the parton. The non-
vanishing transverse momentum of the colliding par-
tons leads to a broadening of the photon transverse-
momentum distribution. The scale dependence is
evaluated in the same way as the NLO calculations.

Both the NLO and kp-factorization predictions
are parton-level calculations without modeling of
underlying-event energy. We correct those two pre-
dictions for the non-perturbative effects of parton-
to-hadron fragmentation and for underlying-event
energy, by multiplying with a correction factor de-
rived from a sample simulated with SHERPA. The
correction factors are shown in Table I.

The predictions of SHERPA [10] are reported in
Table I and Fig. 3. This calculation includes all the
tree-level matrix-element diagrams with one photon
and up to three jets, with at least one b jet or c jet
in the explored kinematic region. This calculation
features a parton-jet matching procedure in order to
avoid an overlap between the phase-space descrip-
tions given by the fixed-order matrix-element sub-
processes and the showering and hadronization in
the multi-jets simulation.

The predictions of PYTHIA [11] are reported in
Table I and Fig. 3. This calculation includes the

2 — 2 matrix-element subprocesses gb — ~b and
q@ — g with ¢ — bb and g — c¢ splittings in
the parton shower. In the ratio plots, we multi-
ply the PYTHIA calculations by an empirical factor
of 1.4 to improve the agreement of the normaliza-
tion. Previous studies [12] showed that the con-
tribution of gluon splitting to heavy flavor has to
be approximately doubled over expectations from
the leading-order PYTHIA generator to reproduce the
data. Hence, we also show predictions that include
a double gluon-splitting rate to heavy flavors.

The NLO pQCD predictions agree with data
at low E7. but fail to describe data for E7. > 70
GeV for the bottom-jet cross section. The same
trend is observed in the charm-jet cross section even
though the experimental uncertainty is larger. For
large E7., the dominant production process yielding
a photon and a heavy quark involves a final-state
gluon splitting into a heavy-flavor pair. This pro-
cess is present only at leading order in the NLO
calculation. The SHERPA prediction allows up to
three partons in the final state, through the inclu-
sion of additional tree-level amplitudes. The addi-
tional amplitudes also serve as a source of heavy-
flavor pairs (through gluon splitting), which is im-
portant for the high E7. range. The kp-factorization
and SHERPA predictions are in reasonable agreement
with the measured cross sections. The PYTHIA pre-
dictions disagree with the data both in rate and in
shape. Scaling the PYTHIA prediction and doubling
the rate for g — bb or g — c¢ leads to an improved
agreement with the data.

In conclusion, we measure the differential cross
sections for inclusive production of a photon in as-
sociation with a heavy flavor quark for E7. between
30 and 300 GeV using the full CDF Run II data set
and compare the results with four theoretical pre-
dictions. The results indicate that an improved un-
derstanding of gluon-splitting rates to heavy flavors
is important for the NLO pQCD calculations and
the PYTHIA generator to model data. These results
can be used to improve the background modeling
in the searches for new physics in channels involving
the production of photons in association with heavy-
flavor quarks and to test the models that contain
intrinsic heavy quarks.
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FIG. 3: The measured differential cross sections compared with theoretical predictions. The left panels show the
absolute comparisons and the right panels show the ratios of the data over the theoretical predictions. The PYTHIA
predictions are scaled by 1.4 in the ratio distributions. The comparisons are shown for v+ b+ X (top) and v+ c+ X

(bottom) processes.

The shaded area around the data points indicates the total systematic uncertainty of the

measurement. The scale uncertainties are shown for the NLO and the kr-factorization predictions.
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[1] A cylindrical coordinate system, (r,¢,z) is used
with origin at the geometric center of the detector;
r is the radius from the nominal beam line, ¢ is
the azimuthal angle, and +z points along the di-
rection of the proton beam. The polar angle 6 with
respect to the proton beam defines the pseudorapid-
ity m, which is given by n = —In[tan(8/2)]. Trans-



TABLE I: The v+ b+ X and v+ ¢+ X cross sections in intervals of E7. together with statistical and systematic
uncertainties. Four theoretical predictions are shown. The scale uncertainties are shown for the NLO and the k-
factorization predictions. The SHERPA and PYTHIA predictions have large scale uncertainties, which are not shown
in the table. The last column shows non-perturbative corrections applied to the NLO and the kr-factorization
parton-level predictions.

E7. bins do/dE7. NLO [2] kr fact. [14] SHERPA [10] PYTHIA [11] Corr.
(GeV) (pb/GeV) (pb/GeV) (pb/GeV) (pb/GeV) (pb/GeV)
y+b+ X
30-35 1.474+0.07+0.41 2.09 +0.10 1.76 £ 0.64 1.84 1.09 0.937

35-40 (8.904:0.4942.49)x 107! 1.16 £ 0.08 1.05+£0.34 1.16 7.38x107' 0.936
40-50 (4.8740.2541.26)x 107" (5.18 £0.54) x 107" (4.89 4+ 1.67) x 107" 6.04x10™" 3.44x10™" 0.915
50-70  (1.604:0.0940.40)x 107" (1.53 4£0.22) x 107" (1.60 £ 0.51) x 10~ 2.08x10™" 1.02x10™" 0.966
70-90 (5.1740.5141.41)x1072 (3.59 4+ 0.70) x 1072 (4.24 £1.21) x 1072 5.83x1072 2.94x1072% 0.954
90-120 (1.7940.1840.50)x 1072 (9.45 £ 2.35) x 1072 (1.254+0.30) x 1072 1.79x1072 8.22x107% 0.920
120-170 (4.4940.8141.58)x 107 (1.98 £ 0.59) x 1072 (3.134+0.51) x 107% 4.19x10™% 1.94x10™% 0.907

) 1.90 £ 0.67) x 10™* (3.99 4+ 0.25) x 107* 4.30x10™* 2.37x10™* 0.913

y+c+ X

30-35  (1.164+0.05+£0.20)x10  (1.744+0.10) x 10  (1.07 £0.66) x 10  1.25x10 8.01 1.28
35-40 6.3340.33+1.08 8.82 +0.72 6.22 + 2.77 7.23 4.39 1.25
40-50 2.9240.1740.48 3.67 £+ 0.36 2.65 + 1.67 3.43 2.01 1.21
50-70 (7.6240.6041.39)x10* (8.54+£1.03) x 107! (7.26 £3.02) x 10! 9.79x10~ ! 5.12x10"" 1.16
70-90 (1.6740.3540.37)x 107" (1.6240.25) x 107" (1.71 £0.54) x 10~! 2.28x10™' 1.05x10™! 1.13
90-120 (4.3741.4440.85)x1072 (3.51 £ 0.65) x 1072 (4.99 +£0.97) x 1072 5.90x1072 2.50x1072 1.11
120-170 (1.3240.5540.26)x 1072 (5.44 + 1.37) x 1073 (1.25£0.02) x 1072 1.20x107% 4.56x10~% 1.07
170-300 (1.5141.2340.45)x107% (3.86 4+ 1.16) x 10™* (1.9240.10) x 107% 1.12x107% 4.84x10™* 1.04

e L e e T

170-300 (6.3942.26+2.04)x10™*
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