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Kinematic acceptance in DIS, DY and at two EICs
EIC White Paper, 1212.1701 [nucl-ex]
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Status of nuclear PDFs (12/2016)
K. Eskola et al., Eur. Phys. J. C 77 (2017) 163
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Fig. 24 The values of �2/Ndata from the Baseline fit (red bars) and EPPS16 (green bars) for data in Table 3.
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Fig. 25 Comparison of the EPPS16 nuclear modifications (black central curve with shaded uncertainty bands) with those
from the nCTEC15 analysis [32] (red curves with hatching) at Q2 = 10GeV2.

line fit gives a very large value but this disagreement
disappears when these data are included in the fit. How-

ever, upon including the new data no obvious conflicts
with the other data sets show up and thus the new
data appear consistent with the old. While it is true
that on average �2/Ndata for the old data grows when

including the new data (and this is mathematically in-
evitable) no disagreements (�2/Ndata � 1) occur. For
the NMC Ca/D data �2/Ndata is somewhat large but,

as can be clearly seen from Fig. 13, there appears to be
large fluctuations in the data (see the two data points
below the EPPS16 error band). While the improvement

in �2/Ndata for the CHORUS data looks smallish in

Fig. 24, for the large amount of data points (824) the
absolute decrease in �2 amounts to 106 units and is

therefore significant.

5.4 Comparison with other nuclear PDFs

In Fig. 25 we compare our EPPS16 results at the scale

Q2 = 10GeV2 with those of the nCTEQ15 analysis [32].
The nCTEQ15 uncertainties are defined by a fixed tol-
erance ��2 = 35, which is similar to our average value

��2 = 52 and in this sense one would expect uncer-
tainty bands of comparable size. The quark PDFs were
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Impact of RHIC π0 and LHC W±/Z 0/dijet data
E. Aschenauer et al., Phys. Rev. D 96 (2017) 114005
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tion, H.P. acknowledges the funding from the Academy of
Finland, Project 297058; the European Research Coun-
cil grant HotLHC ERC-2011-StG-279579 ; Ministerio
de Ciencia e Innovación of Spain and FEDER, project

FPA2014-58293-C2-1-P; Xunta de Galicia (Conselleria de
Educacion) — he has been part of the Strategic Unit
AGRUP2015/11.

[1] H. Abramowicz et al. [H1 and ZEUS Collabora-
tions], Eur. Phys. J. C 75 (2015) no.12, 580
doi:10.1140/epjc/s10052-015-3710-4 [arXiv:1506.06042
[hep-ex]].

[2] V. Andreev et al. [H1 Collaboration], Eur. Phys. J. C
77 (2017) no.4, 215 doi:10.1140/epjc/s10052-017-4717-9
[arXiv:1611.03421 [hep-ex]].

[3] H. Abramowicz et al. [H1 and ZEUS Collabora-
tions], Eur. Phys. J. C 73 (2013) no.2, 2311
doi:10.1140/epjc/s10052-013-2311-3 [arXiv:1211.1182
[hep-ex]].

[4] S. Forte and G. Watt, Ann. Rev. Nucl. Part. Sci. 63
(2013) 291.

[5] J. Rojo et al., J. Phys. G 42 (2015) 103103.
[6] H. Paukkunen, arXiv:1704.04036 [hep-ph].
[7] E. C. Aschenauer et al., arXiv:1602.03922 [nucl-ex].
[8] N. Armesto and E. Scomparin, Eur. Phys. J. Plus

131 (2016) no.3, 52 doi:10.1140/epjp/i2016-16052-4
[arXiv:1511.02151 [nucl-ex]].

[9] A. Dainese et al., CERN Yellow Report (2017) no.3, 635

doi:10.23731/CYRM-2017-003.635 [arXiv:1605.01389
[hep-ph]].

[10] C. A. Salgado and J. P. Wessels, Ann. Rev. Nucl. Part.
Sci. 66 (2016) 449. doi:10.1146/annurev-nucl-102014-
022110

[11] L. Alvarez-Ruso et al., arXiv:1706.03621 [hep-ph].
[12] A. Bhattacharya, R. Enberg, Y. S. Jeong, C. S. Kim,

M. H. Reno, I. Sarcevic and A. Stasto, JHEP 1611 (2016)
167 doi:10.1007/JHEP11(2016)167 [arXiv:1607.00193
[hep-ph]].

[13] J. L. Albacete, J. G. Milhano, P. Quiroga-Arias
and J. Rojo, Eur. Phys. J. C 72 (2012) 2131
doi:10.1140/epjc/s10052-012-2131-x [arXiv:1203.1043
[hep-ph]].

[14] C. Marquet, M. R. Moldes and P. Zurita,
arXiv:1702.00839 [hep-ph].

[15] J. Jalilian-Marian and Y. V. Kovchegov,
Prog. Part. Nucl. Phys. 56 (2006) 104
doi:10.1016/j.ppnp.2005.07.002 [hep-ph/0505052].

[16] J. L. Albacete and C. Marquet, Prog. Part. Nucl.

5 / 26



Current status aNNLO from threshold resummation Inclusive jet production in DIS Dijet photoproduction Conclusion

Impact of LHC heavy quark data (1)
A. Kusina et al., 1712.07024
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FIG. 1: Selected RpPb results before and after reweighting for (a) prompt D0, (b) prompt J/ , (c) B! J/ , (d) ⌥(1S ) as well as
the final reweighted nPDF uncertainties (e) nCTEQ15 and (f) EPPS16. The experimental data are from [76, 80, 81, 86, 87].

of our theoretical calculations with the data for D0, J/ ,
B ! J/ and ⌥(1S ). The NMF obtained with nCTEQ15
and EPPS16 have significantly di↵erent central values and un-
certainties but both agree with the data giving �2/N of 0.90
and 2.24 respectively. This observation is striking as the used
gluon nPDFs were derived from totally di↵erent observables
like DIS and Drell-Yan, and yet they allow one to reproduce
the most important feature of the data [48] which makes our
reweighting analysis meaningful. We see this as a confirma-

tion of the LT factorization (see also [88–91]).
As for the reweighting results (gray-blue hatched bands in

Figs. (1a–1d)), if we could simply fix the scale to a single
value for each particle, the LHC RpPb data for prompt D0 and
J/ would reduce the uncertainties of the gluon density by a
factor as large as 3 for EPPS16 and 2 for nCTEQ15 down to
x ' 5⇥10�6 (compare the relative size of the gray-blue and red
hatched bands in Figs. 1a and 1d). The current B ! J/ and
⌥(1S ) data do not constrain the gluon nPDFs due to their very
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Impact of LHC heavy quark data (2)
A. Kusina et al., 1712.07024
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FIG. 1: Selected RpPb results before and after reweighting for (a) prompt D0, (b) prompt J/ , (c) B! J/ , (d) ⌥(1S ) as well as
the final reweighted nPDF uncertainties (e) nCTEQ15 and (f) EPPS16. The experimental data are from [76, 80, 81, 86, 87].

of our theoretical calculations with the data for D0, J/ ,
B ! J/ and ⌥(1S ). The NMF obtained with nCTEQ15
and EPPS16 have significantly di↵erent central values and un-
certainties but both agree with the data giving �2/N of 0.90
and 2.24 respectively. This observation is striking as the used
gluon nPDFs were derived from totally di↵erent observables
like DIS and Drell-Yan, and yet they allow one to reproduce
the most important feature of the data [48] which makes our
reweighting analysis meaningful. We see this as a confirma-

tion of the LT factorization (see also [88–91]).
As for the reweighting results (gray-blue hatched bands in

Figs. (1a–1d)), if we could simply fix the scale to a single
value for each particle, the LHC RpPb data for prompt D0 and
J/ would reduce the uncertainties of the gluon density by a
factor as large as 3 for EPPS16 and 2 for nCTEQ15 down to
x ' 5⇥10�6 (compare the relative size of the gray-blue and red
hatched bands in Figs. 1a and 1d). The current B ! J/ and
⌥(1S ) data do not constrain the gluon nPDFs due to their very
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DIS (inclusive and heavy quarks)
3

aspect of this new accelerator complex is to match the
high performance of a collider with a specially designed
and built comprehensive DIS-specific detector in order
to control systematic e↵ects. The detector requirements
come directly from the broad EIC science case. Some of
the key capabilities such a detector must have are:

• Hermetic coverage in a wide pseudo-rapidity
range: ⇠ |⌘|  4

• Good scattered lepton identification and mo-
mentum resolution: in almost all cases, the DIS
kinematics (x and Q2) of the collision are most ac-
curately calculated from the scattered electron [28].
Therefore, in order to measure these quantities as
precisely as possible, an excellent particle identi-
fication as well as momentum, angular resolution
and good energy resolution at very backward ra-
pidities are required for the scattered lepton.

• Good hadronic particle identification: for
semi-inclusive measurements, one is also interested
in identifying the hadrons produced coincidently
with the scattered lepton in the collisions. There
are various techniques, which can be utilized to
identify protons, pions and kaons at di↵erent mo-
mentum intervals. At low momenta, these can
be identified through their specific ionization (or
dE/dx) in a time projection chamber (TPC). At
higher momenta, Cherenkov detectors are most
widely used.

• Good secondary vertex resolution: for mea-
surements which involve heavy quarks (charm, bot-
tom) a high resolution µ-vertex detector is essential
in order to reconstruct the displaced vertices of the
heavy-quark hadrons produced.

• High resolution and wide acceptance for-
ward instrumentation: a Roman-pot spectrom-
eter with almost 100% acceptance and a wide cov-
erage in scattered proton four-momentum is cru-
cial for studies of di↵ractive physics in e�+p and
e�+A collisions. Furthermore, for e�+A collisions,
a zero-degree calorimeter (ZDC) with su�cient ac-
ceptance is a key feature vetoing on the nucleus
break-up and determining the impact parameter of
the collision [29].

III. REDUCED CROSS SECTION AND
LONGITUDINAL STRUCTURE FUNCTION

The inclusive DIS process is a hard interaction between
a lepton and a nucleon, in which the latter breaks up,
the invariant mass of the hadronic final state being much
larger than the nucleon mass. This is depicted in the left
diagram of Figure 2. All the relevant kinematic variables
that describe the interaction are defined in Table I.

N, A
GN,A(x)

xg

c

x, Q2
e

eʹ

c

FIG. 2. Left : A depiction of inclusive DIS. Right : cc̄ produc-
tion through photon-gluon fusion.

TABLE I. Relevant kinematical variables in a DIS process.

Variable Description
⌘ pseudo-rapidity of particle
x fraction of the nucleon momentum

carried by the struck parton
y inelasticity, fraction of the lepton’s energy lost

in the nucleon rest frame.p
s center-of-mass energy

Q2 squared momentum transferred to the lepton,
equal to the virtuality of the exchanged photon
Note the relation Q2 ⇡ xys.

The direct observable used for constraining the nPDF
is the cross section (�), which is customarily expressed
as a dimensionless quantity known as “reduced” cross
section �r, defined as

�r ⌘
✓

d2�

dxdQ2

◆
xQ4

2⇡↵2
em[1 + (1 � y)2]

, (1)

where ↵em is the QED fine-structure constant. At small
x, the reduced cross section can be approximately ex-
pressed in terms of the structure function F2 and the
longitudinal structure function FL as

�r = F2(x, Q2) � y2

1 + (1 � y)2
FL(x, Q2). (2)

While F2 is sensitive to the momentum distributions
of (anti)quarks, and to gluons mainly through scaling vi-
olations, FL has a larger direct contribution from gluons
[30]. In most of the kinematical space covered by the
old fixed-target DIS experiments, �r is dominated by F2,
to the extent that the older data were presented solely
in terms of F2, largely disregarding FL. Therefore the
information on FL and, consequently, the direct access
to the nuclear gluon are not currently available. At an
EIC, the high luminosity and wide kinematic reach will
enable the direct extraction of FL and thereby more in-
formation on the behaviour of the nuclear gluons can be
obtained. In addition, an EIC will o↵er possibilities to
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FIG. 5. Left: The distribution of the momentum of a decay K from cc̄ production events versus pseudo-rapidity. Right: The
vertex position of K in inclusive DIS (blue line) compared to cc̄ production events (red line).

significantly exceed 2%.

C. QED Corrections

Cross section measuremeants with a precission as an-
ticipated from an EIC need to account for all processes,
which could alter the relation of measured to true event

kinematics. The radiation of photons and the corre-
sponding virtual corrections (QED corrections) from the
incoming and outgoing lepton can cause significant e↵ects
on the reconstruction of the reduced cross-section. The
correction of these radiative e↵ects can be either done
through Monte-Carlo techniques or including the QED
e↵ects directly in the PDF analysis.

For neutral-current l + A scattering, there exists a
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gauge-invariant classification into leptonic, hadronic and
interference contributions. The dominant correction
comes from the leptonic contribution, where the photons
are emitted collinear with the leptons and give rise to
large logarithmic terms / log(Q2/m2

`), where m` is the
lepton mass. In comparison to the case with no radia-
tion, the momentum carried by the radiated photons will
alter the values of x and Q2 measured from the scattered
lepton. Since the PDFs are typically very steep func-
tions of x, even small changes can lead to large variation
in the cross sections. Also the initial- and final-state
quarks may radiate photons giving rise to large logarith-
mic terms, which are nowadays often resummed to pho-
tonic component in the PDFs. However, these correc-
tions do not alter the event kinematics and are therefore
much smaller than the contributions coming from the ra-
diation o↵ the leptons.

The e↵ect of the QED radiation o↵ the incoming and
outgoing lepton can be quantified by a correction factor

RC =
�r(O(↵em))

�r(born)
� 1, (3)

where �r(born) and �r(O(↵em)) are the reduced cross
section at born-level and including the first-order radia-
tive corrections, respectively. To compute the above cor-
rection factors for �r and �cc̄

r for the EIC kinematics,
a sample of events were generated using the DJANGO
simulator [38]. The DJANGO Monte-Carlo generator
was recently expanded to simulate `+A collisions includ-

ing O(↵em) radiative e↵ects. The simulations show that
most of the radiative real photons have an energy much
below 1 GeV, as shown in Figure 7 (left). These radiative
photons are typically emitted at very rear angles (in the
electron going direction), see Figure 7 (right), and are
uniformly distributed in azimuthal angle.
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FIG. 7. The energy (left) and polar angle (right) distribution
of radiative photons emitted in e+Au collision events.

Figure 8 shows the radiative correction factor versus
the inelasticity, y, due to QED radiation in e+Au col-
lisions at

p
s = 89.4 GeV for di↵erent Q2 values, in

the case of inclusive (left plot) and charm (right plot)
reduced cross sections. These values are compatible with
earlier predictions [39]. In the photon-nucleon center-of-
mass frame, the maximum energy of the radiated photon,
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FIG. 1. Examples of diagrams for direct (left) and resolved
(right) processes in electron-proton scattering.

and its interactions. Unlike in e� scattering, the pho-
ton structure is probed by the partons from the proton
in the so-called photoproduction events in ep collisions.
By tagging high transverse energy (Et) jets [12], high-pT

charged particles [13] or heavy quarks [14] in photopro-
duction reactions, Parton Distribution Functions (PDFs)
of the photon can be constrained. The interaction of
electrons and protons at low virtuality is dominated by
quasi-real photoproduction processes where the electrons
scatter at small angles. Such reactions proceed via two
classes of processes, the so-called “resolved” and “direct”
processes. Examples of Feynman diagrams of these two
processes are shown in FIG. 1.

In this paper, we perform a detailed study of the fea-
sibility of measuring the photon structure via di-jets at a
future high-luminosity, high-energy Electron Ion Collider
(EIC) [15]. We demonstrate that, at a future EIC such
as eRHIC at BNL, it is feasible to do a high precision ex-
traction of photon PDFs with an integrated luminosity of
L = 1 fb�1. More importantly, an EIC also allows study
of the polarized photon PDFs, as both the electron and
proton beam can be polarized. Table I shows the defini-
tions of the kinematic variables used in this study.

TABLE I: Kinematic variables

q = (Ee � E
0
e,~l � ~l0) 4-momentum of the virtual photon

Q2 = �q2 Virtuality of the exchanged photon
P 4-momentum of the proton
E� Energy of exchanged photon
x� Momentum fraction of the parton from the exchanged photon
xp Momentum fraction of the parton from the proton
y = P ·q

P ·l Energy fraction of virtual photon with respect to incoming electronp
s Center of mass energy

pT Transverse momentum of final state particle(or jet) with respect to virtual photon
�� Azimuthal angle di↵erence of the two highest pT jets
⌘ = � ln tan(✓/2) pseudo-rapidity of the particles in lab frame
ŝ, t̂, û Mandelstam variable for partonic processes

This article is organized as follows: In Section II we
briefly describe the detector requirement of tagging low
Q2 events. We also discuss the framework used for mea-
suring the structure of the photon. The Monte Carlo sim-
ulations used to generate the di-jet cross section at a fu-
ture EIC are validated by the data collected with the H1
detector at HERA. In Section III we present the method
of distinguishing di-jets produced in resolved and direct
processes, and the measurement of di-jet cross sections
in quasi-real photoproduction events in (un)polarized ep
collision is discussed. Finally we close with a summary
in Section IV.

II. ELECTRON ION COLLIDER AND
SIMULATION

A. Low Q2-tagger

The eRHIC design [16] at BNL reuses the available
infrastructure and facilities of RHIC’s high-energy po-
larized proton and ion beams. A new electron beam is
to be built inside the current RHIC tunnel. At eRHIC,
the collision luminosity is expected to be of the order

of 1033�34cm�2s�1. The full range of proton/ion beam
energies will be accessible from the beginning of opera-
tions, with center-of-mass energies in the range 20 GeV
to 140 GeV. A dedicated low Q2-tagger is planned, to
measure scattered electrons from low Q2 events. These
electrons will miss the main detector, so installing an
auxiliary device is essential for low Q2 physics. Current
designs for an EIC low Q2-tagger assume a lead tungstate
(PbWO4) crystal calorimeter with a energy resolution

of 2%/
p

E + 1% preceded by Silicon detector planes for
a high precision measurement of the incident scattered
electron angle. The current design of the low Q2-tagger
essentially covers the region of Q2 above 10�5 GeV2. The
present study is based on lepton and proton beam ener-
gies of 20 GeV ⇥ 250 GeV, respectively.

B. Monte Carlo Set Up

In this paper, we use pseudo-data generated by the
Monte Carlo generator PYTHIA-6 [17], with the unpo-
larized PDF input from the LHAPDF library [18]. In
PYTHIA, depending on the wave function components
for the incoming virtual photon, the major hard pro-
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Current experimental and theoretical status
EIC White Paper, 1212.1701 [nucl-ex]

eRHIC conditions:
• Ee = 16 ... 21 GeV and EA = 100 GeV → √s = 80 ... 90 GeV
• Integrated luminosity: L = 10 ... 3 fb−1

MEIC conditions:
• Ee = 12 GeV and EA = 40 GeV → √s = 45 GeV
• Integrated luminosity: L = 100 fb−1

Detector specifications:
• Electron or JB method:Q2<0.1 [>1] GeV2 and 0.01≤y≤0.95
• Electromagn. (hadr.) calorimeter: −4 (−1) < ηjet < 4
• Jets: Anti-kT algorithm with R = 1 and pjetT >5/4.5 [4] GeV

Theoretical input:
• Ren./fact. scales: µ2

R/F = p̄2
T [µ2 = (Q2 + p2

T )/2, µ2
p = Q2]

• Nuclear PDFs: nCTEQ15(-np) with 32 error PDFs
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Unified approach to NNLO soft and virtual corrections
N. Kidonakis, Int. J. Mod. Phys. A 19 (2004) 1793

• Full NNLO calculations challenging, slowly making progress

• Soft/virtual corrections often dominant, e.g. close to threshold

z ≡ (p1 + p2)2

(pa + pb)2
→ 1

• Resummation of these corrections possible to all orders

• Reexpansion gives approximate NNLO (aNNLO) results

• Results depend on 1PI or PIM kinematics, MS or DIS scheme
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NLO master formula

dσab = dσBab
αs(µ)

π
[c3D1(z) + c2D0(z) + c1δ(1− z)]

+
α
dαs +1
s (µ)

π
[AcD0(z) + T c

1 δ(1− z)]

Dl(z) =

[
lnl(1− z)

1− z

]

+

dαs = 0, 1, 2, ..., if Born is of O(α0,1,2,...
s )
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Leading coefficients (simple color flow)
QCD Compton process: γq → qg

c3 = CF − NC ,

c2 = CF

[
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Photon gluon fusion: γg → qq̄
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Leading coefficients (complex color flow)

Quark-(anti-)quark scattering: qq → qq and qq̄ → qq̄

c3 = 2CF ,

c2 = −CF ln
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µ2
γ

s

)
− CF ln
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3
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]
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2
ln
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)

Similarly for qq̄ ↔ gg , qg → qg , and gg → gg .
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NNLO master formula (simple color flow)

dσab = dσBab
α2
s (µ)

π2





1

2
c2

3D3(z) +


3

2
c3c2 −

β0

4
c3 +

∑
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Cfj

β0

8
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D2(z)

+

[
c3c1 + c2

2 − ζ2c
2
3

β0

2
T2 +

β0

4
c3 ln

(
µ2

s

)
+ ...

]
D1(z)

+

[
c2c1 − ζ2c2c3 + ζ3c

2
3 −
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2
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4
c2 ln
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Conclusion

Theoretical approach:

• Approximate NNLO from threshold resummation
More reliable at higher Q2 or ET

Nuclear PDFs from jets at the EIC:

• Kinematic range extends to Q2 ≤ 103 GeV2 and xBj. ≥ 10−4

Current error shrinks by factor of 5 ... 10, in particular for fg/A

Outlook:

• Improve Kidonakis formalism to account for finite jet mass
D. de Florian, P. Hinderer, A. Mukherjee, F. Ringer, W. Vogelsang,

Phys. Rev. Lett. 112 (2014) 082001

• Full NNLO calculations, e.g. gg → gg
J. Currie, A. Gehrmann, N. Glover, J. Pires, JHEP 1401 (2014) 110
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