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47bSapienza Università di Roma, I-00185 Roma, Italy
48Rutgers University, Piscataway, New Jersey 08855, USA

49Texas A&M University, College Station, Texas 77843, USA
50aIstituto Nazionale di Fisica Nucleare Trieste/Udine, I-34100 Trieste, I-33100 Udine, Italy

50bUniversity of Udine, I-33100 Udine, Italy
51University of Tsukuba, Tsukuba, Ibaraki 305, Japan
52Tufts University, Medford, Massachusetts 02155, USA

53University of Virginia, Charlottesville, Virginia 22906, USA
54Waseda University, Tokyo 169, Japan

55Wayne State University, Detroit, Michigan 48201, USA
56University of Wisconsin, Madison, Wisconsin 53706, USA

57Yale University, New Haven, Connecticut 06520, USA
(Received 12 July 2012; published 11 September 2012)

We report a measurement of the difference (�ACP) between time-integrated CP-violating asymmetries in

D0 ! KþK� and D0 ! �þ�� decays reconstructed in the full data set of proton-antiproton collisions

collected by the Collider Detector at Fermilab, corresponding to 9:7 fb�1 of integrated luminosity. The

strong decay D�þ ! D0�þ is used to identify the charm meson at production as D0 or �D0. We measure

�ACP ¼ ½�0:62� 0:21ðstatÞ � 0:10ðsystÞ�%, which differs from zero by 2.7 Gaussian standard deviations.

This result supports similar evidence for CP violation in charm-quark decays obtained in proton-proton

collisions.

DOI: 10.1103/PhysRevLett.109.111801 PACS numbers: 13.25.Ft, 11.30.Er, 14.40.Lb

The noninvariance of the laws of physics under the
simultaneous transformations of parity and charge conju-
gation (CP violation) is accommodated in the standard
model (SM) through the presence of a single irreducible
complex phase in the weak couplings of quarks. Generic
extensions of the SM are expected to introduce additional
sources of CP violation, which, if observed, could provide
indirect signs of new particles or interactions. To date, CP
violation has been established in transitions of strange and
bottom hadrons, with effects consistent with the SM inter-
pretation [1–3]. Studies of CP violation in charm decays
provide a unique probe for non-SM physics. The neutral D
system is complementary to the B and K sectors in that up-
type quarks (electric charge þ2=3) are involved in the
initial state. Therefore, CP-violating effects probe the
presence of down-type (charge�1=3) new physics through
charged-current couplings [4–7]. However, CP-violating
effects are expected not to exceed Oð10�2Þ in the SM [4],
because charm transitions are well described by the physics

of the first two quark generations. Indeed, no CP-violating
effects have been firmly established yet in charm
dynamics.
Time-integrated CP-violating asymmetries of decays

into CP eigenstates such as D0 ! �þ�� and D0 !
KþK� probe non-SM physics contributions in the oscil-
lation and penguin transition amplitudes. Oscillation in-
dicates D0- �D0 transitions governed by the exchange of
virtual heavy particles occurring before the D meson de-
cay. Penguin decays are second-order transitions mediated
by an internal loop. Both amplitudes may be affected by
the exchange of non-SM particles, which could enhance
the size of the observed CP violation with respect to the
SM expectation. In 2011, CDF reported CP-violating
asymmetries compatible with zero within a few 10�3 un-
certainty in these decays, along with a measurement of
the difference �A of CP-violating asymmetries in D0 !
KþK� and D0 ! �þ��, also consistent with zero [8].
Shortly after, LHCb reported a more precise determination
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of the difference, which is 3:5� different from zero [9]. If
established, this result provides the first evidence for CP
violation in charm dynamics, with a size larger than most
SM expectations [10]. Among the quantities sensitive to
CP violation in charm mesons, �ACP can be measured
with good accuracy because many common systematic
uncertainties cancel. In addition, �ACP could be maxi-
mally sensitive to CP violation since the individual asym-
metries are expected to have opposite signs, if the
invariance of the dynamics under interchange of d with s
quarks is approximately valid [4].

In this Letter, we report a measurement of the difference
of CP-violating asymmetries in D0 ! KþK� and D0 !
�þ�� decays reconstructed in the full data set of 1.96 TeV
proton-antiproton collisions collected by the Collider
Detector at Fermilab, corresponding to 9:7 fb�1 of inte-
grated luminosity. In addition to the increase in the size of
the data set with respect to the previous measurement [8],
we optimize the selection for a measurement of the differ-
ence of asymmetries, reaching a sensitivity competitive
with the LHCb result [9].

For each decay mode, the CP-violating time-integrated
asymmetry between decays of states produced as D0 and
�D0 is defined as

NðD0 ! hþh�; tÞ � Nð �D0 ! hþh�; tÞ
NðD0 ! hþh�; tÞ þ Nð �D0 ! hþh�; tÞ ; (1)

where h identifies a charged kaon or pion. The asymmetry
can receive contributions from any difference in partial
decay widths between D0 and �D0 mesons (direct CP
violation) and both the difference in mixing probabilities
between D0 and �D0 mesons and the interference between
mixed and unmixed decays (indirect CP violation).
Because of the slow mixing rate of charm mesons, the
asymmetry is approximated to first order as the sum of
two terms [8],

ACPðhþh�Þ ¼ Adir
CPðhþh�Þ þ

hti
�
Aind
CPðhþh�Þ: (2)

The first term arises from direct CP violation and depends
on the decay mode, the second from indirect CP violation
and is nearly independent of the decay mode [11]. The
average decay time of the sample used in the measurement
hti depends on the detector acceptance as a function of
decay time and � is the D0 lifetime. To measure each
individual asymmetry, we determine the number of de-
tected decays of D0 and �D0 and use the fact that primary
charm and anticharm mesons are produced in equal num-
bers by the CP-conserving strong p �p interactions. We
require the D candidate to be produced in the decay of
an identified D�þ or D�� meson to determine whether the
decaying state was initially produced as a D0 or a �D0

meson. Flavor conservation in the strong-interaction decay
of the D�� meson, D�þ ! D0ð! hþh�Þ�þ

s and D�� !
�D0ð! hþh�Þ��

s , allows identification of the initial charm

flavor through the sign of the charge of the low-momentum
� meson (soft pion, �s). The observed asymmetry,
Aðhþh�Þ¼NobsðD0!hþh�Þ�Nobsð �D0!hþh�Þ=½sum�,
is the combination of the contributions from CP violation
and from the detection asymmetry between D�þ and D��
mesons, due to different reconstruction efficiency for posi-
tive and negative soft pions. The combination is linear for

small asymmetries, Aðhþh�Þ ¼ ACPðhþh�Þ þ �ð�sÞhþh� .
The instrumental asymmetry is due to differences in inter-
action cross sections with matter between positive and
negative low-momentum pions and the geometry of the
CDF tracking system (see below). The combined effect of
a few percent cancels in the difference of asymmetries
between KþK� and �þ�� decays,

�ACP ¼ AðKþK�Þ � Að�þ��Þ
¼ ACPðKþK�Þ � ACPð�þ��Þ
¼ �Adir

CP þ Aind
CP�hti=�:

Kinematic differences between the KþK� and �þ��
decays result in a fractional 10% difference in average
decay time of the sample, �hti=� ¼ 0:27� 0:01, mea-
sured through a fit to the decay time distribution of
background-subtracted signal candidates [8]. Therefore,
most of the indirect CP-violating asymmetry cancels in
the subtraction and �ACP approximates the difference in
direct CP-violating asymmetries of the two decays.
The CDF II detector is a multipurpose magnetic spec-

trometer surrounded by calorimeters and muon detectors.
The detector components relevant for this analysis are
briefly outlined below; a more detailed description is in
Ref. [8]. A silicon microstrip vertex detector and a cylin-
drical drift chamber immersed in a 1.4 T axial magnetic
field allow reconstruction of charged-particle trajectories
(tracks) in the pseudorapidity range j�j< 1:0. The vertex
detector contains seven concentric layers of single- and
double-sided silicon sensors at radii between 1.5 and
22 cm, each providing a measurement with up to 15
(70) �m resolution in the � (z) direction [12]. The drift
chamber has 96 measurement layers, between 40 and
137 cm in radius, organized into alternating axial and
�2� stereo superlayers [13]. A 35� tilt angle between the
drift chamber cell orientation and the radial direction
facilitates track finding, but induces charge-dependent de-
tection asymmetries of up to a few percent for low-
momentum charged particles [8,14]. The component of a
charged particle’s momentum transverse to the beam (pT)
is determined with a resolution of �pT

=p2
T � 0:07% (pT in

GeV=c), corresponding to a typical mass resolution of
8 MeV=c2 for a two-body charm-meson decay.
The data are collected by a three-level online selection

(trigger) system. At level 1, tracks are reconstructed in the
transverse plane. Two oppositely charged particles are
required, with reconstructed transverse momenta pT1,
pT2 > 2 GeV=c, the scalar sum pT1 þ pT2 > 5:5 GeV=c
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typically, and an azimuthal opening angle ��< 90� [15].
At level 2, tracks are combined with silicon hits and their
impact parameter d (transverse distance of closest ap-
proach to the beam line) is determined with 45 �m reso-
lution (including the beam spread) and typically required
to be 0:12< d< 1:0 mm [16]. A slightly tighter opening-
angle requirement of 2� < ��< 90� is also applied. Each
track pair is then used to form a neutralD candidate, whose
flight distance in the transverse plane projected onto the
transverse momentum Lxy is required to exceed 200 �m.

At level 3, the selection is confirmed on events that are
fully reconstructed by an array of processors.

The offline selection is based on a more accurate deter-
mination of the same quantities used in the trigger and is
detailed in Refs. [8,14]. Here we only describe the im-
provements specifically aimed at enhancing the sensitivity
to �ACP. By exploiting the highly accurate cancellation of
instrumental effects in �ACP, the selection of Ref. [8] is
loosened to significantly increase signal efficiency.
Requirements on the minimum number of measurement
points for reconstructing tracks are loosened, and the
transverse momentum threshold for D decay products is
lowered from 2.2 to 2:0 GeV=c, nearly doubling the D0

yield. Asymmetries from charm mesons produced in B
meson decays (secondary charm) may introduce a common
bias in the individual CP-violating asymmetries, which
cancels in the difference of asymmetries. Secondary charm
decays are therefore not excluded from the analysis, pro-
viding a 12% additional signal. An additional 10% of
events is contributed by secondary trigger selections that
were not used in Ref. [8]. Finally, the additional integrated
luminosity contributes approximately 20% more events.
As a result, the expected average resolution on the differ-
ence of asymmetries is improved by approximately 50%
with respect to Ref. [8].

The reconstruction of signal candidates is entirely based
on tracking information, with no use of particle identifica-
tion. Two tracks from oppositely charged particles, with
pion or kaon assignment, are fit to a common decay vertex
to form a neutral D candidate. A low-momentum (pT >
400 MeV=c) charged particle is associated with each D
candidate to form the charged D� candidates. This allows
identification of the charmmeson at production as aD0 or a
�D0 and strongly rejects background, albeit with an 85%
reduction in signal yield. In the few percent of cases in
which multiple candidates per event are reconstructed, one
is randomly chosen for further analysis. The resulting
sample contains approximately 591 000D0 ! KþK� can-
didates, 619 000 �D0 ! KþK� candidates, 270 000 D0 !
�þ�� candidates, and 279 000 �D0 ! �þ�� candidates.
Many kinematic distributions are compared for the KþK�
and �þ�� samples. Small differences are observed in the
distributions of the soft pion’s impact parameter, transverse
momentum, and pseudorapidity. The final candidates are
reweighted to make these distributions equal, by using as a

weight a smooth function extracted from a fit to the ratio of
KþK� and �þ�� distributions. The data show that the
weight function factorizes into the product of three one-
dimensional functions and typically does not exceed 10%.
The reweighting ensures that any kinematics-dependent
instrumental asymmetry cancels in the difference of
observed asymmetries.
The observed asymmetry in each sample is determined

from a simultaneous �2 fit of the D0�þ and �D0�� binned
mass distributions of candidates restricted to the signal D
region, defined as those with mass within 24 MeV=c2 (3�)
of the knownD0 mass. TheD0�mass is calculated using the
vector sumof themomenta of the three particles to determine
theD� momentum and the knownD0 mass. This quantity has
the same resolution advantages of the more customary
Mðhþh��Þ �Mðhþh�Þ mass difference, but it is indepen-
dent of the mass assigned to the D0 decay products.
The �þ�� sample is dominated by the signal of

D�-tagged D0 decays, a background of real D0 decays
associated with random pions or random combinations of
three tracks (combinatorics), and a 0.93% contamination of
the high-mass tail of the D0 ! K��þ signal misrecon-
structed as a �þ�� final state. In the KþK� sample, an
additional background is contributed by misreconstructed
multibody charm meson decays, dominated by the D0 !
h��þ�0 and theD0 ! h�‘þ	‘ contributions, where ‘ is a
muon or an electron. The functional form of the signal mass
shapes is determined from simulation, with parameters
tuned in a low-background sample of 12:5� 106

D�-tagged D0 ! K��þ decays [8]. The data indicate a
small asymmetry between signal shapes of D�þ and D��
decays, which can be attributed to differences in the track-
ing resolution for positive and negative soft pions. This
asymmetry is included in our fit model [8]. The shape of
the combinatorial component is obtained and fixed from
data, by forming artificial D� candidates where each D0

candidate is associated with soft pions of all candidates
found in different, randomly chosen events. The functional
form of the misreconstructed decays is extracted from
samples of simulated inclusive charm meson decays, and
its parameters are fit together with the desired asymmetries
[8]. The K� tail is not included in the �� fit, but is
accounted for in the systematic uncertainties. In the
�þ�� sample, the parameters determined by the fit are
the asymmetry betweenD�þ andD�� yields and the relative
sizes between the signals and the combinatoric background
components. In the KþK� sample, the fit also determines
the relative sizes and values of the shape parameters of the
misreconstructed component. The fit allows for asymme-
tries between the numbers of combinatorial and misrecon-
structed background events in the D�þ and D�� samples.
For each final state, we minimize the total �2 for the D�þ
and D�� samples and obtain the results shown in Fig. 1.
The fits show agreement with data, and the observed asym-
metries are
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Að�þ��Þ ¼ ½�1:71� 0:15ðstatÞ�%; (3)

AðKþK�Þ ¼ ½�2:33� 0:14ðstatÞ�%: (4)

Both asymmetries are dominated by the detector-induced
contribution. Fits including extreme variations of the signal
and background models yield significantly larger values of
reduced �2 with minimal variations in the observed asym-
metries. As a consistency check, we compare the results of
the measurement obtained in independent subsamples
chosen according to the soft pion’s direction in the four
quadrants of the tracking volume, different data-taking
periods (early and late data), or splitting the present
sample in the subsample of events used in Ref. [8] and the
complementary sample, in which we observe �ACP ¼
�0:74� 0:27. The results show a high level of consistency,
with reduced �2 between observed asymmetry differences
of 4:4=3, 0:38=1, and 0:46=1, respectively.

Most systematic effects cancel in the subtraction of
asymmetries. Residual higher-order instrumental effects
that do not cancel are estimated to contribute less than
�0:009% to �ACP, based on simulations in which known
instrumental asymmetries are varied as functions of the
kinematic variables. The impact of possible residual mis-
modeling of the mass shapes used in fits is evaluated by
repeating the measurement using extreme variations of

the model, as derived from data, and contributes to �ACP

by less than �0:020%. A dominant systematic uncertainty
of 0.1% arises from the possibility that signal and back-
ground shapes differ between the D�þ and D�� samples.
This effect is assessed by repeating the fit on data using
various modifications of the fit shapes in which indepen-
dent parameters are used for D�þ and D�� samples. The
effect of the K� tail in the �� signal induces a systematic
uncertainty of 0.013% that is the product of the size of the
contamination (0.93%) times the 3% observed asymmetry
of the D0 ! K��þ decay. The impact of the statistical
uncertainties associated with the kinematic reweighting is
negligible.
The final result,

�ACP ¼ ½�0:62� 0:21ðstatÞ � 0:10ðsystÞ�%; (5)

is consistent with and supersedes the previous CDF deter-
mination of �ACP ¼ ½�0:46� 0:31ðstatÞ � 0:12�% [8].
By adding in quadrature the uncertainties, assumed to be
independent and Gaussian-distributed, the difference of
asymmetries deviates from zero by 2:7 standard deviations,
strongly indicating the presence of CP violation in the
decays of D0 mesons. This result is consistent with the
LHCb measurement obtained in pp collisions, �ACP ¼
½�0:82� 0:21ðstatÞ � 0:11ðsystÞ�% [9], with comparable
accuracy and less than 1� difference in central value.
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FIG. 1 (color online). Distributions of D0�þ mass with fit results overlaid for (a) D0 ! �þ�� decays, (b) �D0 ! �þ�� decays,
(c) D0 ! KþK� decays, and (d) �D0 ! KþK� decays.
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The combined results of the two experiments provide sub-
stantial evidence forCP violation in the charm sector with a
size larger than most predictions [10], possibly suggesting
the presence of non-SM dynamics. More precise determi-
nations of the individual asymmetries in D0 ! �þ�� and
D0 ! KþK� decays and extension of the precise experi-
mental exploration to other charm decays may help in
understanding whether the observed effect can be attributed
to significant hadronic corrections to the SM weak ampli-
tudes or to new, non-SM sources of CP violation [17].

We thank the Fermilab staff and the technical staffs of the
participating institutions for their vital contributions. This
work was supported by the U.S. Department of Energy and
National Science Foundation; the Italian Istituto Nazionale
di Fisica Nucleare; the Ministry of Education, Culture,
Sports, Science and Technology of Japan; the Natural
Sciences and Engineering Research Council of Canada;
the National Science Council of the Republic of China;
the Swiss National Science Foundation; the A. P. Sloan
Foundation; the Bundesministerium für Bildung und
Forschung, Germany; the Korean World Class University
Program, the National Research Foundation of Korea; the
Science and Technology Facilities Council and the Royal
Society, UK; the Russian Foundation for Basic Research;
the Ministerio de Ciencia e Innovación, and Programa
Consolider-Ingenio 2010, Spain; the Slovak R&D Agency;
and the Academy of Finland.

aDeceased.
bVisiting from Istituto Nazionale di Fisica Nucleare,
Sezione di Cagliari, 09042 Monserrato (Cagliari), Italy.
cVisiting from University of CA Irvine, Irvine, CA 92697,
USA.
dVisiting from University of CA Santa Barbara, Santa
Barbara, CA 93106, USA.
eVisiting from University of CA Santa Cruz, Santa Cruz,
CA 95064, USA.
fVisiting from Institute of Physics, Academy of Sciences of
the Czech Republic, Czech Republic.
gVisiting from CERN, CH-1211 Geneva, Switzerland.
hVisiting from Cornell University, Ithaca, NY 14853, USA.
iVisiting from University of Cyprus, Nicosia CY-1678,
Cyprus.
jVisiting from Office of Science, U.S. Department of
Energy, Washington, DC 20585, USA.
kVisiting from University College Dublin, Dublin 4,
Ireland.
lVisiting from ETH, 8092 Zurich, Switzerland.

mVisiting from University of Fukui, Fukui City, Fukui
Prefecture, Japan 910-0017.
nVisiting from Universidad Iberoamericana, Mexico D.F.,
Mexico.
oVisiting from University of Iowa, Iowa City, IA 52242,
USA.

pVisiting from Kinki University, Higashi-Osaka City, Japan

577-8502.
qVisiting from Kansas State University, Manhattan, KS

66506, USA.
rVisiting from Korea University, Seoul, 136-713, Korea.
sVisiting from University of Manchester, Manchester M13

9PL, United Kingdom.
tVisiting from Queen Mary, University of London, London,

E1 4NS, United Kingdom.
uVisiting from University of Melbourne, Victoria 3010,

Australia.
vVisiting from Muons, Inc., Batavia, IL 60510, USA.
wVisiting from Nagasaki Institute of Applied Science,

Nagasaki, Japan.
xVisiting from National Research Nuclear University,

Moscow, Russia.
yVisiting from Northwestern University, Evanston, IL

60208, USA.
zVisiting from University of Notre Dame, Notre Dame, IN

46556, USA.
aaVisiting from Universidad de Oviedo, E-33007 Oviedo,

Spain.
bbVisiting from CNRS-IN2P3, Paris, F-75205 France.
ccVisiting from Texas Tech University, Lubbock, TX 79609,

USA.
ddVisiting from Universidad Tecnica Federico Santa Maria,

110v Valparaiso, Chile.
eeVisiting from Yarmouk University, Irbid 211-63, Jordan.

[1] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86,
010001 (2012).

[2] Y. Amhis et al. (Heavy Flavor Averaging Group),

arXiv:1207.1158; and the online update at http://

www.slac.stanford.edu/xorg/hfag.
[3] M. Antonelli et al., Phys. Rep. 494, 197 (2010).
[4] S. Bianco, F. L. Fabbri, D. Benson, and I. I. Bigi, Riv.

Nuovo Cimento 26, 1 (2003).
[5] M. Artuso, B. Meadows, and A.A. Petrov, Annu. Rev.

Nucl. Part. Sci. 58, 249 (2008).
[6] I. Shipsey, Int. J. Mod. Phys. A 21, 5381 (2006).
[7] G. Burdman and I. Shipsey, Annu. Rev. Nucl. Part. Sci. 53,

431 (2003).
[8] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D 85,

012009 (2012).
[9] R. Aaji et al. (LHCb Collaboration), Phys. Rev. Lett. 108,

111602 (2012).
[10] M. Golden and B. Grinstein, Phys. Lett. B 222, 501

(1989); A. Le Yaouanc, L. Oliver, and J. C. Raynal,

Phys. Lett. B 292, 353 (1992); F. Buccella, M.

Lusignoli, G. Miele, A. Pugliese, and P. Santorelli, Phys.

Rev. D 51, 3478 (1995).
[11] Y. Grossman, A. L. Kagan, and Y. Nir, Phys. Rev. D 75,

036008 (2007).
[12] A. Sill et al., Nucl. Instrum. Methods Phys. Res., Sect. A

447, 1 (2000); C. S. Hill et al., Nucl. Instrum. Methods

Phys. Res., Sect. A 530, 1 (2004); A. Affolder et al.,

Nucl. Instrum. Methods Phys. Res., Sect. A 453, 84

(2000).
[13] T. Affolder et al., Nucl. Instrum. Methods Phys. Res., Sect.

A 526, 249 (2004).

PRL 109, 111801 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

14 SEPTEMBER 2012

111801-7

http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://arXiv.org/abs/1207.1158
http://www.slac.stanford.edu/xorg/hfag
http://www.slac.stanford.edu/xorg/hfag
http://dx.doi.org/10.1016/j.physrep.2010.05.003
http://dx.doi.org/10.1393/ncr/i2003-10003-1
http://dx.doi.org/10.1393/ncr/i2003-10003-1
http://dx.doi.org/10.1146/annurev.nucl.58.110707.171131
http://dx.doi.org/10.1146/annurev.nucl.58.110707.171131
http://dx.doi.org/10.1142/S0217751X06034525
http://dx.doi.org/10.1146/annurev.nucl.53.041002.110348
http://dx.doi.org/10.1146/annurev.nucl.53.041002.110348
http://dx.doi.org/10.1103/PhysRevD.85.012009
http://dx.doi.org/10.1103/PhysRevD.85.012009
http://dx.doi.org/10.1103/PhysRevLett.108.111602
http://dx.doi.org/10.1103/PhysRevLett.108.111602
http://dx.doi.org/10.1016/0370-2693(89)90353-5
http://dx.doi.org/10.1016/0370-2693(89)90353-5
http://dx.doi.org/10.1016/0370-2693(92)91187-E
http://dx.doi.org/10.1103/PhysRevD.51.3478
http://dx.doi.org/10.1103/PhysRevD.51.3478
http://dx.doi.org/10.1103/PhysRevD.75.036008
http://dx.doi.org/10.1103/PhysRevD.75.036008
http://dx.doi.org/10.1016/S0168-9002(00)00166-2
http://dx.doi.org/10.1016/S0168-9002(00)00166-2
http://dx.doi.org/10.1016/j.nima.2004.05.037
http://dx.doi.org/10.1016/j.nima.2004.05.037
http://dx.doi.org/10.1016/S0168-9002(00)00610-0
http://dx.doi.org/10.1016/S0168-9002(00)00610-0
http://dx.doi.org/10.1016/j.nima.2004.02.020
http://dx.doi.org/10.1016/j.nima.2004.02.020


[14] A. Di Canto, Ph.D. thesis, University of Pisa [Fermilab-
Thesis-2011-29], 2011.

[15] E. J. Thomson et al., IEEE Trans. Nucl. Sci. 49, 1063
(2002); R. Downing, N. Eddy, L. Holloway, M. Kasten, H.
Kim, J. Kraus, C. Marino, K. Pitts, J. Strologas, and A.
Taffard, Nucl. Instrum. Methods Phys. Res., Sect. A 570,
36 (2007).

[16] L. Ristori and G. Punzi, Annu. Rev. Nucl. Part. Sci. 60,
595 (2010); W. Ashmanskas et al., Nucl. Instrum.
Methods Phys. Res., Sect. A 518, 532 (2004).

[17] I. I. Bigi and A. Paul, J. High Energy Phys. 03 (2012) 21;
G. Isidori, J. F. Kamenik, Z. Ligeti, and G. Perez, Phys.

Lett. B 711, 46 (2012); H.-Y. Cheng and C.-W. Chiang,
Phys. Rev. D 85, 034036 (2012); 85, 079903 (2012); 86,
014014 (2012); B. Bhattacharya, M. Gronau, and J. L.
Rosner, Phys. Rev. D 85, 054014 (2012); T. Feldmann,
S. Nandi, and A. Soni, J. High Energy Phys. 06 (2012) 7;
H.-N. Li, C.-D. Lu, and F.-S. Yu, arXiv:1203.3120;
E. Franco, S. Mishima, and L. Silvestrini, J. High
Energy Phys. 05 (2012) 140; J. Brod, Y. Grossman,
A. L. Kagan, and J. Zupan, arXiv:1203.6659; Y.
Grossman, A. L. Kagan, and J. Zupan, Phys. Rev. D 85,
114036 (2012).

PRL 109, 111801 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

14 SEPTEMBER 2012

111801-8

http://dx.doi.org/10.1109/TNS.2002.1039615
http://dx.doi.org/10.1109/TNS.2002.1039615
http://dx.doi.org/10.1016/j.nima.2006.10.005
http://dx.doi.org/10.1016/j.nima.2006.10.005
http://dx.doi.org/10.1146/annurev.nucl.012809.104501
http://dx.doi.org/10.1146/annurev.nucl.012809.104501
http://dx.doi.org/10.1016/j.nima.2003.11.078
http://dx.doi.org/10.1016/j.nima.2003.11.078
http://dx.doi.org/10.1007/JHEP03(2012)021
http://dx.doi.org/10.1016/j.physletb.2012.03.046
http://dx.doi.org/10.1016/j.physletb.2012.03.046
http://dx.doi.org/10.1103/PhysRevD.85.034036
http://dx.doi.org/10.1103/PhysRevD.85.079903
http://dx.doi.org/10.1103/PhysRevD.86.014014
http://dx.doi.org/10.1103/PhysRevD.86.014014
http://dx.doi.org/10.1103/PhysRevD.85.054014
http://dx.doi.org/10.1007/JHEP06(2012)007
http://arXiv.org/abs/1203.3120
http://dx.doi.org/10.1007/JHEP05(2012)140
http://dx.doi.org/10.1007/JHEP05(2012)140
http://arXiv.org/abs/1203.6659
http://dx.doi.org/10.1103/PhysRevD.85.114036
http://dx.doi.org/10.1103/PhysRevD.85.114036

