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Dihadron and isolated direct photon-hadron angular correlations are measured in pþ p collisions atffiffiffi
s

p ¼ 200 GeV. The correlations are sensitive to nonperturbative initial-state and final-state transverse
momenta kT and jT in the azimuthal nearly back-to-back region Δϕ ∼ π. To have sensitivity to small
transverse momentum scales, nonperturbative momentum widths of pout, the out-of-plane transverse-
momentum component perpendicular to the trigger particle, are measured. In this region, the evolution of
pout can be studied when several different hard scales are measured. These widths are used to investigate
possible effects from transverse-momentum-dependent factorization breaking. When accounting for the
longitudinal-momentum fraction of the away-side hadron with respect to the near-side trigger particle, the
widths are found to increase with the hard scale; this is qualitatively similar to the observed behavior in
Drell-Yan and semi-inclusive deep-inelastic scattering interactions, where factorization is predicted to hold.
The momentum widths are also studied as a function of center-of-mass energy by comparing to previous
measurements at

ffiffiffi
s

p ¼ 510 GeV. The nonperturbative jet widths also appear to increase with
ffiffiffi
s

p
at a

similar xT, which is qualitatively consistent to similar measurements in Drell-Yan interactions. Future
detailed global comparisons between measurements of processes where transverse-momentum-dependent
factorization is predicted to hold and be broken will provide further insight into the role of color in hadronic
interactions.

DOI: 10.1103/PhysRevD.98.072004

I. INTRODUCTION

QCD research has entered a period in which the focus of
nucleon structure has shifted from a one-dimensional to a
multidimensional picture. To take into account additional
degrees of freedom besides the longitudinal momentum
of partons within hadrons, the transverse-momentum-
dependent (TMD) framework, which also accounts for
partons’ transverse momentum, has been developed. Rather
than parton distribution functions (PDFs) and fragmenta-
tion functions (FFs) being integrated over transverse-
momentum degrees of freedom, TMD PDFs (FFs) contain
explicit dependence on the nonperturbative transverse
momentum of the parton within the nucleon (hadron
with respect to the fragmenting parton). This dependence
offers a way to describe the three-dimensional momentum
distribution of unpolarized partons within unpolarized
hadrons, in addition to a variety of spin-spin and spin-
momentum correlations when the parton and nucleon spin
states are considered.

In the past decade, significant effort has been placed on
measuring asymmetries that are sensitive to PDFs and FFs
within the TMD framework. Semi-inclusive deep-inelastic
scattering (SIDIS) and Drell-Yan (DY) measurements have
shown empirical evidence for nonzero spin-momentum
correlations in the initial state [1–5]. Additionally, eþe−
annihilation and SIDIS measurements have shown nonzero
spin-momentum correlations in the final-state hadroniza-
tion process [6–8]. With the development of robust and
theoretically interpretable jet finding algorithms, there have
also been several measurements studying nonperturbative
hadronization in unpolarized pþ p collisions [9,10] as
well as spin-momentum correlations in polarized pþ p
collisions [11,12]. Transverse single spin asymmetries of
inclusive hadron production in pþ p collisions of up to
∼40% also indicate large spin-momentum correlations
within the nucleon and/or the process of hadronization
[13]; however, these measurements cannot probe functions
within the TMD framework directly because there is not a
simultaneous measurement of a small and hard transverse-
momentum scale.
The focus on multidimensional parton structure has

brought the importance of soft gluon exchanges in hard
interactions to the forefront of QCD research. In particular,
the role of color exchanges due to soft gluon interactions
with remnants of the hard scattering has brought to light
fundamental predictions about QCD as a gauge-invariant
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quantum field theory. For example, the Sivers TMD PDF
[14,15], which correlates the partonic transverse momentum
with the nucleon spin, is predicted to exhibit modified
universality when measured in the SIDIS and DY processes
[16]. The underlying physical cause of this prediction is the
interference between color fields in the two processes when
an initial-state gluon is exchanged in DY vs a final-state
gluon in SIDIS. The Sivers function has already been
measured to be nonzero in SIDIS [1]. The first measure-
ments of the DY-likeW boson and DY transverse single spin
asymmetry were recently reported [17,18] and are consistent
with the predicted sign change of the Sivers function.
However, the uncertainties on the measurements are still
large enough that a definitive conclusion cannot be drawn;
more data will ultimately be necessary as the prediction is for
the entire Sivers distribution as a function of the partonic
longitudinal and transverse momentum x and kT .
In leading-order perturbative QCD processes where a

colored parton is exchanged in the hard interaction, and
thus color is necessarily present in both the initial and final
states, soft gluon exchanges can lead to new effects in a
TMD framework similarly to the predicted modified
universality of certain TMD PDFs. In hadronic collisions
where a final-state hadron is measured and the process is
sensitive to a small transverse-momentum scale, factoriza-
tion breaking has been predicted [19–22]. These processes
can offer sensitivity to the non-Abelian nature of QCD. In
processes where factorization is broken, the nonperturba-
tive objects can no longer be factorized into a convolution
of TMD PDFs and TMD FFs due to the complex color
flows that are possible throughout the hard scattering and
remnants of the collision and thus connect the initial- and
final-state hadrons. In both cases of factorization breaking
and modified universality of certain TMD PDFs, gluon
exchanges with the remnants cannot be eliminated via
gauge transformations. There have also been recent studies
showing that factorization is broken for certain processes
even at the collinear multiloop level [23,24]; however, the
focus of this work is to search for TMD effects.
In the past decade, the role of color in hadronic

interactions has also been explored in several different
types of observables in pþ p collisions. The measurement
of collective behavior in high-multiplicity pþ p collisions
has prompted new studies of global observables in addition
to interference effects between necessarily color connected
multiple partonic interactions [25–27]. Measurements of
dijetþ jet and direct photon-jetþ jet correlations at the
Large Hadron Collider studying color-coherence effects
have found effects from color-radiation patterns specific to
hadronic collisions [28,29]. New dijet observables which
rely on jet substructure have been shown to be sensitive to
color flow in tt̄ events [30]. With theoretical advances in jet
substructure techniques, such as within soft-collinear
effective theory [31], future measurements involving jet
substructure may be an effective way to probe soft radiation

patterns that allow quantification of color flow effects
similarly to Ref. [30]. The advancement of both experimen-
tal and theoretical techniques has allowed the magnitude of
effects from color flow and color connections to be probed in
a variety of ways across different subfields of QCD.
A previous measurement in pþ p collisions at

ffiffiffi
s

p ¼
510 GeV found that nonperturbative momentum widths in
dihadron and direct photon-hadron angular correlations
binned in a fixed range of the away-side associated hadron
pT decreased with the hard scale of the interaction, which is
qualitatively opposite to what is expected from Collins-
Soper-Sterman (CSS) evolution [32], which comes directly
out of the derivation of TMD factorization [33]. This study
is intended to extend the analysis of Ref. [32] at a smaller
center-of-mass energy; therefore, this measurement sup-
plants the previous PHENIX analysis at

ffiffiffi
s

p ¼ 200 GeV
[34] with an approximately four times increase in inte-
grated luminosity. The two different center-of-mass ener-
gies of Ref. [32] and this analysis allow TMD effects in
dihadron and direct photon-hadron correlations to be
studied as a function of

ffiffiffi
s

p
.

II. EXPERIMENT DETAILS

In 2015, the PHENIX experiment collected data from
pþ p collisions at

ffiffiffi
s

p ¼ 200 GeV. A total minimum-bias
integrated luminosity of 60 pb−1 was used for the analysis
of dihadron and direct photon-hadron angular correlations,
from which data quality assurance and z vertex cuts of
jzvtxj < 30 cm were applied. The PHENIX detector mea-
sures two particle angular correlations via its electromag-
netic calorimeter (EMCal) and drift chamber (DC) plus pad
chamber (PC) tracking system located in two central-
rapidity arms. The central arms are nearly back to back
in azimuth, and each covers approximately Δϕ ∼ π=2 rad
in the azimuthal angle andΔη ∼ 0.7 units in pseudorapidity
centered about midrapidity. A schematic diagram of the
two central arms is shown in Fig. 1. Detailed descriptions of
the PHENIX central arm spectrometers can be found in
Refs. [35,36].
The PHENIX EMCal [36] comprises eight sectors, four in

each arm. Six of the sectors are lead-scintillator sampling
calorimeters, and the other two are lead-glass Čerenkov
calorimeters. A high-energy-photon trigger in the EMCal is
used to identify events with a high-pT photon. Photons are
identified with a shower shape cut that removes charged
hadrons as well as most high-energy clusters that overlap
closely with another photon, which helps eliminate π0

merging effects at high pT . The granularity of the EMCal
as well as the shower shape cuts allow for π0 and η
reconstruction up to ∼20 GeV in the diphoton channel,
which allows for direct photon measurements as well. In this
analysis, isolated photons are measured between 5 < pT <
15 GeV=c, and neutral pions are measured between
4 < pT < 15 GeV=c. Previous π0, η, and direct photon
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cross sections as well as π0 -hadron or direct photon-hadron
correlation can be found in Refs. [32,34,37–39].
The PHENIX tracking system [35] measures nonidenti-

fied charged hadrons with a DC and PC tracking system.
The PC1, located radially behind the drift chamber, and
PC3, located radially in front of the EMCal, allow for tracks
identified in the DC to be matched with PC hits. The track
matching condition in the PC1 and especially the PC3
reduces secondary tracks from conversions or decays. The
ring-imaging Čerenkov system, located radially behind the
DC in Fig. 1, is also used to remove electrons from
the charged hadron sample. The tracking system is also
used to suppress hadronic shower contamination when
identifying photons by matching tracks in the DC and PC to
showers in the EMCal and subsequently removing them.
In this analysis, charged hadrons are collected over 0.5 <
pT < 10 GeV=c. A previous nonidentified charged hadron
cross section from PHENIX can be found in e.g., Ref. [40].

III. ANALYSIS

Dihadron and direct photon-hadron correlation functions
are constructed following the methods of Refs. [32,34].
The correlation functions are constructed by measuring
the raw number of correlated trigger particles and asso-
ciated hadrons, where the trigger particle refers to either a
leading π0 or isolated photon. To account for the PHENIX
acceptance, the yields are corrected by a mixed-event
distribution by constructing correlations between trigger
particles from one event and associated hadrons from a
different event. The mixed event distribution is constructed
on a run-by-run basis to quantify any changing efficiencies
of the detector with time. The correlation functions are
additionally corrected by a charged hadron efficiency to
quantify the inefficiency of the DC and PC tracking system.
The charged hadron efficiency is determined by simulating
single particle hadrons in a GEANT3-based description of

the PHENIX detector [41]. After corrections, the correla-
tion functions are divided by the total number of trigger
particles to construct a per-trigger yield. In this analysis, a
9% uncertainty is assigned to the charged hadron effi-
ciency, which amounts to an overall normalization uncer-
tainty on the per-trigger yields. In total, the correlation
functions correspond to yields within full azimuthal cover-
age and jηj < 0.35. The correlations are constructed sim-
ilarly to previous PHENIX analyses in Refs. [32,34,42–44].

A. Statistical subtraction of decay photons

The correlation functions can be constructed for any
generic trigger-associated hadron combination. To identify
direct photon-hadron correlations, an additional statistical
subtraction must be applied to account for the background
due to decay photon-hadron correlations. Reference [44]
used a method which statistically subtracts the decay
photon-hadron per-trigger yield component from a total
inclusive photon-hadron per-trigger yield component with
the following equation:

Ydirect ¼
1

Rγ − 1
ðRγY inclusive − YdecayÞ ð1Þ

In this equation, Y is the per-trigger yield of a particular
component denoted by the subscript, and Rγ is the relative
contribution of direct photons to decay photons defined
as Rγ ≡ Ninclusive=Ndecay. In Ref. [44], direct photons are
defined as any photon not from a decay process and
includes next-to-leading-order fragmentation photons.
To reduce the presence of fragmentation photons,

Refs. [32,34] implemented an isolation cone criterion in
the method, which we also use in this analysis. This has the
added benefit of also reducing the decay photon back-
ground and thus providing a larger signal-to-background
ratio for the direct photons. Additionally, photons that
could be tagged as coming from π0 or η decays were
removed. Because the tagging procedure does not remove
all decay photons, Eq. (1) was modified to include these
cuts and introduce isolated photon quantities,

Y iso
direct ¼

1

Riso
γ − 1

ðRiso
γ Y iso

inclusive − Y iso
decayÞ; ð2Þ

where again the trigger particles are noted in the subscripts
for the various per-trigger yields and “iso” refers to both
“isolated” and not tagged as coming from a π0 decay. Here,
Riso
γ is the relative contribution of isolated direct photons to

isolated decay photons, defined in a way similar to Rγ

except with isolated quantities. While the subtraction
procedure of Ref. [44] removes all decay photons, the
modified isolated subtraction procedure removes back-
ground due to isolated decay photon-hadron correlations,
which, in the PHENIX acceptance, are due most often to

FIG. 1. A cross sectional view along the beam line shows the
two central arms of the PHENIX detector.
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isolated neutral pion decays which decay asymmetrically
such that the low-pT photon is not detected.
To implement the isolated statistical subtraction pro-

cedure, isolation and tagging cuts are applied at the event-
by-event level in the data analysis. Inclusive photon
candidates are removed from the analysis if a partner
photon with pT > 500 MeV=c is found such that the
invariant mass of the pair falls within the π0 or η
invariant-mass regions, 0.118 < mγγ < 0.162 and 0.5 <
mγγ < 0.6 GeV=c2. In addition to the tagging cuts, an
isolation cut is implemented. The isolation criterion is that
the sum of EMCal energy and pT of charged tracks within a
cone radius of 0.3 rad must be less than 10% of the
candidate photons energy, similar to Ref. [34]. To reduce
the effects of the detector acceptance, candidate isolated
photons are also required to be ∼0.1 rad from the edge of
the detector in both ϕ and η. This forces a large portion of
the cone to fall within the PHENIX acceptance.
The number of isolated decay photon-hadron pairs are

not known a priori because an unknown fraction of the
isolated photons still comes from decay processes. The
isolated decay photon-hadron correlations are determined
with a Monte Carlo generated probability density function
that quantifies the probability of an isolated π0 to decay to
an isolated photon within the PHENIX acceptance such
that the photon was not able to be tagged as coming from a
decay process. The functions are used to map the isolated
π0 -hadron correlations to the corresponding daughter
isolated photon-hadron correlations for use in the statistical
subtraction procedure, where the isolation criterion for the
π0 meson is the same as described above for single photons.
In total, a 4% systematic uncertainty was assigned for the
statistical subtraction process, which includes additional
background coming from higher mass state decays. With
the probability functions, the decay photon-hadron per-
trigger yields can be determined by

Y iso
decay ¼

P
Niso

π−h
Pðpπ0

T ; pγ
TÞNiso

π0−hP
Niso

π
Pðpπ0

T ; pγ
TÞNiso

π0

; ð3Þ

where Pðpπ0
T ; pγ

TÞ is the probability density function
described above and N is the number of isolated π0-hadron
pairs or isolated π0 triggers measured as indicated in the
subscripts.
To determine Riso

γ , the quantity Rγ must be corrected for
the isolation and tagging cuts. The Rγ was previously
measured in Ref. [34], so these values are used and
corrected with the measured isolation and tagging efficien-
cies of this analysis. The quantity is the ratio of isolated
inclusive photons to isolated decay photons, is dependent
only on the photon pT , and can be written as

Riso
γ ðpγ

TÞ ¼
Niso

inclusive

Niso
decay

¼ Rγ

ð1 − ϵtagdecayÞð1 − ϵnisodecayÞ

×
Ninclusive − Ntag

decay − Nniso
inclusive

Ninclusive
; ð4Þ

where “niso” refers to “not isolated,” ϵtagdecay is the tagging

efficiency, ϵnisodecay is the isolation efficiency, and the various
N values are the number of photons that correspond to
the subscript and superscript with which they are associ-
ated. The bottom-most fraction in Eq. (4) is simply the
number of isolated inclusive photons divided by the total
number of inclusive photons and can be determined by
just counting the photons that pass the necessary cuts.
The decay photon tagging efficiency can be written as
ϵtagdecay ¼ RγN

tag
decay=Ninclusive and can also be determined by

counting the number of photons that pass the cuts. To
determine the isolation efficiency, the isolation cut is
applied at the level of the parent π0, and the decay
probability functions are used to map the effect to the
daughter photons. The isolation efficiency can be written as

ϵnisodecay ¼
�
1þ

P
πPðpπ0

T ; pγ
TÞ · Niso

πP
πPðpπ0

T ; pγ
TÞ · Nniso

π

�−1
: ð5Þ

Therefore, all of the necessary components can be
determined to calculate Riso

γ . Figure 2 shows the measured
values of Riso

γ as a function of pγ
T in this analysis compared

to the previous PHENIX publication [34] at the same
ffiffiffi
s

p
.

The values show consistency with the previous analysis
and are all larger than unity, indicating the signal-to-
background ratio of the isolated direct photons to decay
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FIG. 2. Measured Riso
γ in this analysis compared to Ref. [34].

The statistic and systematic uncertainties are added in quadrature
and are dominated by the systematic uncertainties.
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photons. These can also be compared to the values of Rγ in
Refs. [34,44], showing that the tagging and isolation cuts
increase the signal-to-background ratio.

IV. RESULTS

A. Azimuthal correlations

Figure 3 shows the correlation functions measured in
various ptrig

T and passoc
T bins. In the figure, the red open

points are the dihadron correlations, while the filled blue
points are the isolated direct photon-hadron correlations.
A black dashed line estimates the underlying event pedestal
to emphasize the jet yields. The per-trigger yields as a
function of Δϕ show the expected visual features of
dihadron and direct photon-hadron correlations. The diha-
dron correlations have two peaks at Δϕ ∼ 0 and π corre-
sponding to intrajet and back-to-back jet correlations,
respectively. The isolated direct photon-hadron correlations
show away-side yields that are consistently smaller than
the corresponding π0 -hadron yields, which is to be
expected because the π0 -hadron correlations probe larger
hard scales due to the π0 being a fragment of the jet. Note

that a 9% charged hadron normalization uncertainty is
not explicitly shown on any of figures displaying the per-
trigger yields; this is denoted in each of the captions
where the uncertainty applies.

B. pout distributions

The hard scattering quantity pout ¼ passoc
T sinΔϕ, the

transverse momentum component of the associated hadron
with respect to the trigger particle axis, is defined kine-
matically in Fig. 4. Rather than constructing the per-trigger
yields as a function of Δϕ, they are instead constructed as a
function of pout in a way similar to the Δϕ correlations.
These distributions are the quantity of interest because the
nonperturbative TMD structure can be observed from the
correlation functions; additionally, they have the advantage
that the nonperturbative component of the away-side jet
width can be separated from the perturbative component in
momentum space with a transition region between the two
components.
Reference [32] found that the nonperturbative momen-

tum widths of the pout distributions binned in a fixed range
of passoc

T decreased with the hard scale ptrig
T , contrary to
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what is qualitatively expected from CSS evolution. The pout
distributions were binned in a fixed passoc

T range only, which
means that the longitudinal-momentum fraction z of the
away-side hadron with respect to the away-side jet was
generally decreasing as the hard scale increased. Here, we
bin the pout correlation distributions as a function of the
quantity xE, which is defined in Ref. [34] as

xE ≡ −
ptrig
T · passoc

T

jptrig
T j2 ¼ −

jpassoc
T j

jptrig
T j cosΔϕ ð6Þ

and is geometrically shown in Fig. 4. Because full jet
reconstruction within PHENIX severely limits available
statistics due to the limited acceptance, this quantity can be
used as a proxy for z, the longitudinal-momentum fraction
of the associated away-side hadron with respect to the
away-side jet. Although xE is an approximation for z, this
alternative binning allows for a clearer comparison of the
pout distributions between hard scales as the associated
hadrons are then binned in a similar kinematic way that is
normalized by the near-side ptrig

T .
Because xE is only a proxy for z, there is an embedded

dependence on the correlation between these two quantities
for both the π0 -hadron and direct photon-hadron correla-
tions. Previous correlations measurements from PHENIX
have shown that the quantity x̂h ¼ p̂assoc

T =p̂trig
T , where

quantities with a hat indicate partonic quantities, is on
average less than unity [34], and this has also been
shown in direct photon-jet correlations [45]. Thus, for
direct-photon hadron correlations, z > xE. For π0 -hadron
correlations, there is an additional dependence on hzTi ¼
ptrig
T =p̂trig

T , which is roughly 0.6 at Relativistic Heavy Ion
Collider (RHIC) energies [43]. Thus, for π0 -hadron
correlations, on average z < xE; therefore, the dihadron
and direct photon-hadron correlations are on average
probing different values of the away-side hadron momen-
tum fraction z.
The pout distributions for pþ p collisions at

ffiffiffi
s

p ¼
200 GeV binned in 0.1 < xE < 0.5 are shown in Fig. 5.
The open points are the π0 -hadron correlations, while the
filled points are the direct photon-hadron correlations.
In constructing the correlations, the underlying event
was statistically subtracted following a method similar to
Ref. [32]. The functions used to statistically subtract the
underlying event are shown as fits to the away-side
distributions in Fig. 3. Although the correlation functions
are binned in xE instead of passoc

T , there is still a clear
transition from nonperturbative to perturbative sensitivity
in the distributions. This is highlighted by the Gaussian fits
to the small pout region ½−1.1; 1.1� GeV=c in the figure,
where the fits clearly fail at describing the correlations at
large pout. We also note that Ref. [32] found that the large
pout region was described reasonably well with a Kaplan
fit; here, the distributions are not described by a Kaplan fit
due to the smaller center-of-mass energy. When

ffiffiffi
s

p
is

smaller, it is less likely that a high pT gluon radiation will
occur such that pout is large. This causes the pout distri-
butions to fall more quickly toward zero at large pout.
The widths of the Gaussian fits are extracted to quantify

the evolution of the nonperturbative away-side jet widths as
a function of ptrig

T . Systematic uncertainties are evaluated

FIG. 4. A diagram which shows the hard scattering kinematics
of a nearly back-to-back correlation for (a) dihadron and (b) direct
photon-hadron events, adapted from Ref. [32]. Two hard-scat-
tered partons, shown in red, are acoplanar due to the initial-state
k⃗1T and k⃗2T of the colliding partons. The partons result in a trigger
and associated jet fragment ptrig

T and passoc
T with a transverse-

momentum component perpendicular to the jet axis jT trig
y

and

jTassoc
y

in the transverse plane, which are assumed to be Gaussian

such that
ffiffiffiffiffiffiffiffiffi
hj2Ti

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hj2

T trig
y
i

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hj2Tassoc

y
i

q
. For direct photons

(b) ptrig
T corresponds to the hard scattering vector because the

direct photon is produced from the hard scattering. In each figure,
the quantity xE is labeled as the green vector and approximates
the momentum fraction z of the final-state away-side hadron.
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by adjusting the fit region by �0.2 GeV=c and taking
the absolute difference of the resulting Gaussian width.
The values are shown in Fig. 6 and Table I and clearly
demonstrate that the widths increase with ptrig

T . This is in
contrast to Ref. [32], where the widths decreased as a
function of ptrig

T when the pout distributions were binned in
a fixed passoc

T range and thus not in a way to account for the
longitudinal-momentum fraction of the away-side hadron
with respect to the near-side trigger particle.
To study the dependence of the nonperturbative momen-

tum widths on the fragmentation quantity xE, the pout
distributions were constructed as a function of xE. To
have sufficient statistical precision, and to compare to theffiffiffi
s

p ¼ 510 GeV data which are described later, the distri-
butions were integrated over a larger range of 7 <
ptrig
T < 12 GeV=c. The pout distributions are shown in

Fig. 7, and the nonperturbative structure is fit with a

Gaussian function, shown as dashed lines and solid lines
for π0 and direct photon triggered correlations, respec-
tively. The nonperturbative to perturbative transition is
still visible; however, the region of both large pout and xE
lacks statistical precision. The Gaussian fits are per-
formed in varying regions of pout, depending on the xE
bin because the nonperturbative structure strongly
depends on the xE bin probed. The Gaussian widths
are extracted and shown as a function of xE in Fig. 8,
where the systematic uncertainties on the widths are
estimated in a way similar to the previous nonperturbative
momentum widths.
To compare the results measured here to the previous

PHENIX data at
ffiffiffi
s

p ¼ 510 GeV, the data from Ref. [32]
were rebinned in xE similarly to the results shown here. The
nonperturbative momentum widths are extracted from
Gaussian fits to the small pout region, and the widths from
both center-of-mass energies are shown as a function of
ptrig
T in Fig. 9 and in Table II. Note that only the π0 -hadron
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TABLE I. Gaussian widths of pout for direct photon-hadron and
dihadron correlations in pþ p collisions at

ffiffiffi
s

p ¼ 200 GeV.
Units are GeV=c for both hptrig

T i and the Gaussian widths.

Trigger type hptrig
T i Gaussian width Statistical Systematic

π0 4.44 0.429 0.001 þ0.016
−0.014

5.69 0.449 0.001 þ0.024
−0.026

7.71 0.534 0.002 þ0.022
−0.031

10.1 0.545 0.004 þ0.024
−0.018

13.1 0.534 0.012 þ0.021
−0.031

Direct photon 5.65 0.46 0.01 þ0.02
−0.02

7.71 0.53 0.02 þ0.01
−0.04

10.1 0.60 0.04 þ0.01
−0.06

13.2 0.73 0.15 þ0.09
−0.22
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correlations with ptrig
T > 7 GeV=c were reanalyzed; this is

because, due to detector capabilities, there was a minimum
passoc
T limit of 0.7 GeV=c in the

ffiffiffi
s

p ¼ 510 GeV analysis
[32]. For the minimum xE cut of 0.1 to be unbiased, we
require that the ptrig

T > 7 GeV=c in the
ffiffiffi
s

p ¼ 510 GeV
data. The values at the two different center-of-mass
energies are consistent with one another at a similar ptrig

T
within uncertainties. Figure 10 shows the nonperturbative
Gaussian widths as a function of xE at the two different
center-of-mass energies. The nonperturbative Gaussian
widths also show little dependence as a function of xE
on the center-of-mass energy. The data show that, at the
hard scales and energies probed by RHIC, the nonpertur-
bative away-side widths are consistent within uncertainties
at two different center-of-mass energies. Similar conclu-
sions have been drawn by the STAR Collaboration, where
polarized TMD observables are consistent within uncer-
tainties between

ffiffiffi
s

p ¼ 200 and 500 GeV [11,12].

The nonperturbative away-side jet widths are also shown
as a function of xT ¼ 2ptrig

T =
ffiffiffi
s

p
in Fig. 11. The Gaussian

widths do not appear to scale with xT ; however, they appear
to show qualitatively similar behavior to DY interactions.
The nonperturbative momentum widths sensitive to a small
transverse-momentum scale increase with

ffiffiffi
s

p
at a similar

xT . This behavior can be observed in TMD momentum
widths measured from DY data as a function of

ffiffiffi
s

p
andffiffiffi

τ
p ¼ x1x2, where x1 and x2 are the partonic momentum
fractions of the quark-antiquark pair (see e.g., Ref. [46]).
However, it is interesting to note that in DY at similar Mμμ

nonperturbative momentum widths clearly rise with
ffiffiffi
s

p
,

while in the measurements presented here, as well as other
polarized TMD observables from RHIC [11,12], nonper-
turbative momentum widths are consistent with each other
as a function of ptrig

T and
ffiffiffi
s

p
.

TABLE II. Gaussian widths of pout for direct photon-hadron
and dihadron correlations in pþ p collisions at

ffiffiffi
s

p ¼ 510 GeV
in a fixed xE bin, as seen in Fig. 11 and rebinned from Ref. [32].
Units are GeV=c for both hptrig

T i and the Gaussian widths.

Trigger type hptrig
T i Gaussian width Stat. Sys.

π0 7.44 0.482 0.001 þ0.016
−0.017

8.44 0.505 0.001 þ0.018
−0.016

10.1 0.533 0.001 þ0.021
−0.022

13.1 0.595 0.001 þ0.025
−0.029

Direct photon 7.43 0.489 0.009 þ0.015
−0.032

8.44 0.483 0.009 þ0.021
−0.029

10.1 0.558 0.007 þ0.026
−0.033

13.2 0.562 0.011 þ0.040
−0.017
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V. CONCLUSIONS

Dihadron and direct photon-hadron correlations were
measured at the PHENIX experiment in pþ p collisions atffiffiffi
s

p ¼ 200 GeV. These processes have been predicted to
violate factorization in a TMD framework due to soft gluon
exchanges with remnants that are possible in both the initial
and final states in hadronic collisions [21,22]. To better
interpret the effects that were studied in Ref. [32], the pout
distributions were binned in the hard scattering variable xE
to provide more control over the fragmentation dependence
as a function of the hard scale of the interaction. When
accounting for the away-side hadron passoc

T with respect to
the near-side ptrig

T , the nonperturbative momentum widths
are found to increase with the hard scale of the interaction
ptrig
T . This is qualitatively similar to DY interactions in that

nonperturbative momentum widths sensitive to a small
transverse-momentum scale increase with the hard scale of
the interaction. This behavior has been verified phenom-
enologically in both DY and SIDIS processes [47–51], and
this measurement shows that this behavior is similar in
processes which are predicted to break factorization.
The idea of quantum-correlated partons across colliding

hadrons due to color flow, predicted from rigorous TMD
theory, represents a novel way of considering hadronic
interactions. The motivation of the present study was to
search for obvious differences in these types of processes
compared to ones where color can only be exchanged in
either the initial or final state. For the time being, without
observation of qualitative differences, the only obvious way
to quantify factorization-breaking effects will be to com-
pare data in processes such as those presented here to
calculations assuming factorization holds. Such calcula-
tions are not available at this time, largely due to the fact
that, even for unpolarized observables, the phenomenology
of TMD functions is not as advanced as that of collinear
functions. For example, significant theoretical focus has
recently been placed on matching the TMD and collinear
frameworks [52,53], understanding TMD evolution [54], or
incorporating more data into global fits. The first global fit
of TMD data was very recently reported [55], and in
particular, the study calls for more data covering a broader
range of kinematic variables to constrain future global fits.
Additionally, TMD-evolution predictions still vary signifi-
cantly depending on certain nonperturbative inputs [54].
Future comparisons of magnitudes, shapes, and evolution
of these observables to calculations should be made to
better understand effects from complex color flows.
To study the properties of non-Abelian quantum field

theories, experiments should perform further measure-
ments sensitive to color correlations. For example, spin
asymmetries in the direct photon-jet channel [56] or in
polarized pþ A collisions [57] have been predicted to
arise due to factorization-breaking effects. Additional
unpolarized processes may also provide input; e.g.,

nearly back-to-back direct photon-quarkonium produc-
tion could be used to study the color dependence of
observables, depending on whether or not the quarko-
nium state is produced in a color singlet or color octet
state. The exploration of the role of color in hadronic
interactions is deeply connected to the unique properties
of QCD, and future analyses will explore and constrain
the magnitudes of these effects.
It is unfortunate that theoretical calculations are not

available for comparison to our data. To encourage such
calculations and to facilitate comparisons with our exper-
imental results, we include data tables as Supplemental
Material [58].
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de Physique des Particules (France); Bundesministerium
für Bildung und Forschung, Deutscher Akademischer
Austausch Dienst, and Alexander von Humboldt Stiftung
(Germany); J. Bolyai Research Scholarship, EFOP, the New
National Excellence Program (ÚNKP), NKFIH, and OTKA
(Hungary); Department of Atomic Energy and Department
of Science and Technology (India); Israel Science
Foundation (Israel); Basic Science Research Program
through NRF of the Ministry of Education (Korea);
Physics Department, Lahore University of Management
Sciences (Pakistan); Ministry of Education and Science,
Russian Academy of Sciences, Federal Agency of Atomic
Energy (Russia); VR and Wallenberg Foundation (Sweden);
the U.S. Civilian Research and Development Foundation
for the Independent States of the Former Soviet Union;
the Hungarian American Enterprise Scholarship Fund; the
US-Hungarian Fulbright Foundation; and the US-Israel
Binational Science Foundation.

NONPERTURBATIVE TRANSVERSE-MOMENTUM-DEPENDENT … PHYS. REV. D 98, 072004 (2018)

072004-11



[1] A. Airapetian et al. (HERMES Collaboration), Single-Spin
Asymmetries in Semi-Inclusive Deep-Inelastic Scattering
on a Transversely Polarized Hydrogen Target, Phys. Rev.
Lett. 94, 012002 (2005).

[2] C. Adolph et al. (COMPASS Collaboration), Sivers asym-
metry extracted in SIDIS at the hard scales of the Drell-Yan
process at COMPASS, Phys. Lett. B 770, 138 (2017).

[3] J. Huang et al. (Jefferson Lab Hall A Collaboration), Beam-
Target Double Spin Asymmetry ALT in Charged Pion
Production from Deep Inelastic Scattering on a Transversely
Polarized He-3 Target at 1.4 < Q2 < 2.7 GeV2, Phys. Rev.
Lett. 108, 052001 (2012).

[4] L. Y. Zhu et al. (NuSea Collaboration), Measurement of
Angular Distributions of Drell-Yan Dimuons in pþ p
Interactions at 800-GeV/c, Phys. Rev. Lett. 102, 182001
(2009).

[5] M. Guanziroli et al. (NA10 Collaboration), Angular dis-
tributions of muon pairs produced by negative pions on
deuterium and tungsten, Z. Phys. C 37, 545 (1988).

[6] R. Seidl et al. (Belle Collaboration), Measurement of
Azimuthal Asymmetries in Inclusive Production of Hadron
Pairs in eþe− Annihilation at Belle, Phys. Rev. Lett. 96,
232002 (2006).

[7] J. P. Lees et al. (BABAR Collaboration), Measurement of
Collins asymmetries in inclusive production of charged pion
pairs in eþe− annihilation at BABAR, Phys. Rev. D 90,
052003 (2014).

[8] C. Adolph et al. (COMPASS Collaboration), Collins and
Sivers asymmetries in muonproduction of pions and kaons
off transversely polarised protons, Phys. Lett. B 744, 250
(2015).

[9] G. Aad et al. (ATLAS Collaboration), Measurement of the
jet fragmentation function and transverse profile in proton-
proton collisions at a center-of-mass energy of 7 TeV with
the ATLAS detector, Eur. Phys. J. C 71, 1795 (2011).

[10] B. B. Abelev et al. (ALICE Collaboration), Charged jet
cross sections and properties in proton-proton collisions atffiffiffi
s

p ¼ 7 TeV, Phys. Rev. D 91, 112012 (2015).
[11] L. Adamczyk et al. (STAR Collaboration), Azimuthal

transverse single-spin asymmetries of inclusive jets and
charged pions within jets from polarized-proton collisions atffiffiffi
s

p ¼ 500 GeV, Phys. Rev. D 97, 032004 (2018).
[12] L. Adamczyk et al. (STAR Collaboration), Transverse spin-

dependent azimuthal correlations of charged pion pairs
measured in p↑ þ p collisions at

ffiffiffi
s

p ¼ 500 GeV, Phys.
Lett. B 780, 332 (2018).

[13] C. A. Aidala, S. D. Bass, D. Hasch, and G. K. Mallot, The
spin structure of the nucleon, Rev. Mod. Phys. 85, 655
(2013).

[14] D.W. Sivers, Single spin production asymmetries from the
hard scattering of point-like constituents, Phys. Rev. D 41,
83 (1990).

[15] D.W. Sivers, Hard scattering scaling laws for single spin
production asymmetries, Phys. Rev. D 43, 261 (1991).

[16] J. C. Collins, Leading twist single transverse-spin asymme-
tries: Drell-Yan and deep inelastic scattering, Phys. Lett. B
536, 43 (2002).

[17] L. Adamczyk et al. (STAR Collaboration), Measurement of
the Transverse Single-Spin Asymmetry in p↑þp→W�=Z0

at RHIC, Phys. Rev. Lett. 116, 132301 (2016).

[18] M. Aghasyan et al. (COMPASS Collaboration), First
Measurement of Transverse-Spin-Dependent Azimuthal
Asymmetries in the Drell-Yan Process, Phys. Rev. Lett.
119, 112002 (2017).

[19] C. J. Bomhof, P. J. Mulders, and F. Pijlman, The construc-
tion of gauge-links in arbitrary hard processes, Eur. Phys.
J. C 47, 147 (2006).

[20] J. C. Collins, 2-soft-gluon exchange and factorization break-
ing, arXiv:0708.4410.

[21] J. C. Collins and J. W. Qiu, kT factorization is violated in
production of high-transverse-momentum particles in
hadron-hadron collisions, Phys. Rev. D 75, 114014 (2007).

[22] T. C. Rogers and P. J. Mulders, No generalized TMD-
factorization in hadro-production of high transverse mo-
mentum hadrons, Phys. Rev. D 81, 094006 (2010).

[23] S. Catani, D. de Florian, and G. Rodrigo, Space-like (versus
time-like) collinear limits in QCD: Is factorization violated?,
J. High Energy Phys. 07 (2012) 026.

[24] J. R. Forshaw, M. H. Seymour, and A. Siodmok, On the
breaking of collinear factorization in QCD, J. High Energy
Phys. 11 (2012) 066.

[25] B. B. Abelev et al. (ALICE Collaboration), Multiplicity
dependence of the average transverse momentum in pp,
p-Pb, and Pb-Pb collisions at the LHC, Phys. Lett. B 727,
371 (2013).

[26] A. Ortiz Velasquez, P. Christiansen, E. Cuautle Flores, I. A.
Maldonado Cervantes, and G. Paić, Color Reconnection and
Flowlike Patterns in pp Collisions, Phys. Rev. Lett. 111,
042001 (2013).

[27] B. Blok, C. D. Jkel, M. Strikman, and U. A. Wiedemann,
Collectivity from interference, J. High Energy Phys. 12
(2017) 074.

[28] S. Chatrchyan et al. (CMS Collaboration), Probing color
coherence effects in pp collisions at

ffiffiffi
s

p ¼ 7 TeV, Eur.
Phys. J. C 74, 2901 (2014).

[29] M. Aaboud et al. (ATLAS Collaboration), High-ET iso-
lated-photon plus jets production in pp collisions atffiffiffi
s

p ¼ 8 TeV with the ATLAS detector, Nucl. Phys.
B918, 257 (2017).

[30] G. Aad et al. (ATLAS Collaboration), Measurement of
colour flow with the jet pull angle in tt̄ events using the
ATLAS detector at

ffiffiffi
s

p ¼ 8 TeV, Phys. Lett. B 750, 475
(2015).

[31] M. D. Schwartz, K. Yan, and H. X. Zhu, Factorization
violation and scale invariance, Phys. Rev. D 97, 096017
(2018).

[32] A. Adare et al. (PHENIX Collaboration), Nonperturbative-
transverse-momentum effects and evolution in dihadron and
direct photon-hadron angular correlations in pþ p colli-
sions at

ffiffiffi
s

p ¼ 510 GeV, Phys. Rev. D 95, 072002 (2017).
[33] J. C. Collins, CSS equation, etc., follow from structure of

TMD factorization, arXiv:1212.5974.
[34] A. Adare et al. (PHENIX Collaboration), High pT direct

photon and π0 triggered azimuthal jet correlations and
measurement of kT for isolated direct photons in pþ p
collisions at

ffiffiffi
s

p ¼ 200 GeV, Phys. Rev. D 82, 072001
(2010).

[35] K. Adcox et al. (PHENIX Collaboration), PHENIX central
arm tracking detectors, Nucl. Instrum. Methods Phys. Res.,
Sect. A 499, 489 (2003).

C. AIDALA et al. PHYS. REV. D 98, 072004 (2018)

072004-12

https://doi.org/10.1103/PhysRevLett.94.012002
https://doi.org/10.1103/PhysRevLett.94.012002
https://doi.org/10.1016/j.physletb.2017.04.042
https://doi.org/10.1103/PhysRevLett.108.052001
https://doi.org/10.1103/PhysRevLett.108.052001
https://doi.org/10.1103/PhysRevLett.102.182001
https://doi.org/10.1103/PhysRevLett.102.182001
https://doi.org/10.1007/BF01549713
https://doi.org/10.1103/PhysRevLett.96.232002
https://doi.org/10.1103/PhysRevLett.96.232002
https://doi.org/10.1103/PhysRevD.90.052003
https://doi.org/10.1103/PhysRevD.90.052003
https://doi.org/10.1016/j.physletb.2015.03.056
https://doi.org/10.1016/j.physletb.2015.03.056
https://doi.org/10.1140/epjc/s10052-011-1795-y
https://doi.org/10.1103/PhysRevD.91.112012
https://doi.org/10.1103/PhysRevD.97.032004
https://doi.org/10.1016/j.physletb.2018.02.069
https://doi.org/10.1016/j.physletb.2018.02.069
https://doi.org/10.1103/RevModPhys.85.655
https://doi.org/10.1103/RevModPhys.85.655
https://doi.org/10.1103/PhysRevD.41.83
https://doi.org/10.1103/PhysRevD.41.83
https://doi.org/10.1103/PhysRevD.43.261
https://doi.org/10.1016/S0370-2693(02)01819-1
https://doi.org/10.1016/S0370-2693(02)01819-1
https://doi.org/10.1103/PhysRevLett.116.132301
https://doi.org/10.1103/PhysRevLett.119.112002
https://doi.org/10.1103/PhysRevLett.119.112002
https://doi.org/10.1140/epjc/s2006-02554-2
https://doi.org/10.1140/epjc/s2006-02554-2
http://arXiv.org/abs/0708.4410
https://doi.org/10.1103/PhysRevD.75.114014
https://doi.org/10.1103/PhysRevD.81.094006
https://doi.org/10.1007/JHEP07(2012)026
https://doi.org/10.1007/JHEP11(2012)066
https://doi.org/10.1007/JHEP11(2012)066
https://doi.org/10.1016/j.physletb.2013.10.054
https://doi.org/10.1016/j.physletb.2013.10.054
https://doi.org/10.1103/PhysRevLett.111.042001
https://doi.org/10.1103/PhysRevLett.111.042001
https://doi.org/10.1007/JHEP12(2017)074
https://doi.org/10.1007/JHEP12(2017)074
https://doi.org/10.1140/epjc/s10052-014-2901-8
https://doi.org/10.1140/epjc/s10052-014-2901-8
https://doi.org/10.1016/j.nuclphysb.2017.03.006
https://doi.org/10.1016/j.nuclphysb.2017.03.006
https://doi.org/10.1016/j.physletb.2015.09.051
https://doi.org/10.1016/j.physletb.2015.09.051
https://doi.org/10.1103/PhysRevD.97.096017
https://doi.org/10.1103/PhysRevD.97.096017
https://doi.org/10.1103/PhysRevD.95.072002
http://arXiv.org/abs/1212.5974
https://doi.org/10.1103/PhysRevD.82.072001
https://doi.org/10.1103/PhysRevD.82.072001
https://doi.org/10.1016/S0168-9002(02)01952-6
https://doi.org/10.1016/S0168-9002(02)01952-6


[36] L. Aphecetche et al. (PHENIX Collaboration), PHENIX
calorimeter, Nucl. Instrum. Methods Phys. Res., Sect. A
499, 521 (2003).

[37] A. Adare et al. (PHENIX Collaboration), Direct-photon
production in pþ p collisions at

ffiffiffi
s

p ¼ 200 GeV at mid-
rapidity, Phys. Rev. D 86, 072008 (2012).

[38] A. Adare et al. (PHENIX Collaboration), Inclusive cross
section and double helicity asymmetry for π0 production in
pþ p collisions at

ffiffiffi
s

p ¼ 62.4 GeV, Phys. Rev. D 79,
012003 (2009).

[39] A. Adare et al. (PHENIX Collaboration), Cross section
and double helicity asymmetry for η mesons and their
comparison to neutral pion production in pþ p collisions atffiffiffi
s

p ¼ 200 GeV, Phys. Rev. D 83, 032001 (2011).
[40] S. S. Adler et al. (PHENIX Collaboration), Measurement

of Transverse Single-Spin Asymmetries for Mid-Rapidity
Production of Neutral Pions and Charged Hadrons in
Polarized pþ p Collisions at

ffiffiffi
s

p ¼ 200 GeV, Phys. Rev.
Lett. 95, 202001 (2005).

[41] S. S. Adler et al. (PHENIX Collaboration), PHENIX on-line
and off-line computing, Nucl. Instrum. Methods Phys. Res.,
Sect. A 499, 593 (2003).

[42] A. Adare et al. (PHENIX Collaboration), Double-helicity
dependence of jet properties from dihadrons in longitudi-
nally polarized pþ p collisions at

ffiffiffi
s

p ¼ 200 GeV, Phys.
Rev. D 81, 012002 (2010).

[43] S. S. Adler et al. (PHENIX Collaboration), Jet properties
from dihadron correlations in pþ p collisions at

ffiffiffi
s

p ¼
200 GeV, Phys. Rev. D 74, 072002 (2006).

[44] A. Adare et al. (PHENIX Collaboration), Photon-hadron
jet correlations in pþ p and Auþ Au collisions atffiffiffi
s

p ¼ 200 GeV, Phys. Rev. C 80, 024908 (2009).
[45] A. M. Sirunyan et al. (CMS Collaboration), Study of jet

quenching with isolated-photon þ jet correlations in PbPb
and pp collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys. Lett. B 785,
14 (2018).

[46] A. S. Ito et al., Measurement of the continuum of dimuons
produced in high-energy proton- nucleus collisions, Phys.
Rev. D 23, 604 (1981).

[47] F. Landry, R. Brock, P. M. Nadolsky, and C. P. Yuan,
Tevatron Run-1 Z boson data and Collins-Soper-Sterman
resummation formalism, Phys. Rev. D 67, 073016 (2003).

[48] A. V. Konychev and P. M. Nadolsky, Universality of the
Collins-Soper-Sterman nonperturbative function in gauge
boson production, Phys. Lett. B 633, 710 (2006).

[49] P. Schweitzer, T. Teckentrup, and A. Metz, Intrinsic trans-
verse parton momenta in deeply inelastic reactions, Phys.
Rev. D 81, 094019 (2010).

[50] C. A. Aidala, B. Field, L. P. Gamberg, and T. C. Rogers,
Limits on transverse momentum dependent evolution from
semi-inclusive deep inelastic scattering at moderate Q,
Phys. Rev. D 89, 094002 (2014).

[51] P. Nadolsky, D. R. Stump, and C. P. Yuan, Semiinclusive
hadron production at HERA: The effect of QCD gluon
resummation, Phys. Rev. D 61, 014003 (1999); Erratum,
Phys. Rev. D 64, 059903(E) (2001).

[52] L. Gamberg, A. Metz, D. Pitonyak, and A. Prokudin,
Connections between collinear and transverse-
momentum-dependent polarized observables within the
Collins-Soper-Sterman formalism, Phys. Lett. B 781, 443
(2018).

[53] J. Collins, L. Gamberg, A. Prokudin, T. C. Rogers, N. Sato,
and B. Wang, Relating transverse momentum dependent
and collinear factorization theorems in a generalized for-
malism, Phys. Rev. D 94, 034014 (2016).

[54] J. Collins and T. Rogers, Understanding the large-distance
behavior of transverse-momentum-dependent parton den-
sities and the Collins-Soper evolution kernel, Phys. Rev. D
91, 074020 (2015).

[55] A. Bacchetta, F. Delcarro, C. Pisano, M. Radici, and A.
Signori, Extraction of partonic transverse momentum dis-
tributions from semi-inclusive deep-inelastic scattering,
Drell-Yan and Z-boson production, J. High Energy Phys.
06 (2017) 081.

[56] T. C. Rogers, Extra spin asymmetries from the breakdown of
transverse-momentum-dependent factorization in hadron-
hadron collisions, Phys. Rev. D 88, 014002 (2013).

[57] A. Schäfer and J. Zhou, Color entanglement for γ-jet
production in polarized pA collisions, Phys. Rev. D 90,
094012 (2014).

[58] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevD.98.072004 for data
tables showing numerical values for the experimental
results.

NONPERTURBATIVE TRANSVERSE-MOMENTUM-DEPENDENT … PHYS. REV. D 98, 072004 (2018)

072004-13

https://doi.org/10.1016/S0168-9002(02)01954-X
https://doi.org/10.1016/S0168-9002(02)01954-X
https://doi.org/10.1103/PhysRevD.86.072008
https://doi.org/10.1103/PhysRevD.79.012003
https://doi.org/10.1103/PhysRevD.79.012003
https://doi.org/10.1103/PhysRevD.83.032001
https://doi.org/10.1103/PhysRevLett.95.202001
https://doi.org/10.1103/PhysRevLett.95.202001
https://doi.org/10.1016/S0168-9002(02)01958-7
https://doi.org/10.1016/S0168-9002(02)01958-7
https://doi.org/10.1103/PhysRevD.81.012002
https://doi.org/10.1103/PhysRevD.81.012002
https://doi.org/10.1103/PhysRevD.74.072002
https://doi.org/10.1103/PhysRevC.80.024908
https://doi.org/10.1016/j.physletb.2018.07.061
https://doi.org/10.1016/j.physletb.2018.07.061
https://doi.org/10.1103/PhysRevD.23.604
https://doi.org/10.1103/PhysRevD.23.604
https://doi.org/10.1103/PhysRevD.67.073016
https://doi.org/10.1016/j.physletb.2005.12.063
https://doi.org/10.1103/PhysRevD.81.094019
https://doi.org/10.1103/PhysRevD.81.094019
https://doi.org/10.1103/PhysRevD.89.094002
https://doi.org/10.1103/PhysRevD.61.014003
https://doi.org/10.1103/PhysRevD.64.059903
https://doi.org/10.1016/j.physletb.2018.03.024
https://doi.org/10.1016/j.physletb.2018.03.024
https://doi.org/10.1103/PhysRevD.94.034014
https://doi.org/10.1103/PhysRevD.91.074020
https://doi.org/10.1103/PhysRevD.91.074020
https://doi.org/10.1007/JHEP06(2017)081
https://doi.org/10.1007/JHEP06(2017)081
https://doi.org/10.1103/PhysRevD.88.014002
https://doi.org/10.1103/PhysRevD.90.094012
https://doi.org/10.1103/PhysRevD.90.094012
http://link.aps.org/supplemental/10.1103/PhysRevD.98.072004
http://link.aps.org/supplemental/10.1103/PhysRevD.98.072004
http://link.aps.org/supplemental/10.1103/PhysRevD.98.072004
http://link.aps.org/supplemental/10.1103/PhysRevD.98.072004
http://link.aps.org/supplemental/10.1103/PhysRevD.98.072004
http://link.aps.org/supplemental/10.1103/PhysRevD.98.072004
http://link.aps.org/supplemental/10.1103/PhysRevD.98.072004

