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Open charm tomography of cold nuclear matter
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We study the relative contribution of partonic subprocesses to D meson production and D meson-
triggered inclusive di-hadrons to lowest order in perturbative QCD. While gluon fusion dominates the
creation of large angle DD pairs, charm on light parton scattering determines the yield of single inclusive
D mesons. The distinctly different nonperturbative fragmentation of ¢ quarks into D mesons versus the
fragmentation of quarks and gluons into light hadrons results in a strong transverse momentum
dependence of anticharm content of the away side charm-triggered jet. In p + A reactions, we calculate
and resum the coherent nuclear-enhanced power corrections from the final-state partonic scattering in the
medium. We find that single and double inclusive open charm production can be suppressed as much as
the yield of neutral pions from dynamical high-twist shadowing. Effects of energy loss in p + A collisions
are also investigated phenomenologically and may lead to significantly weaker transverse momentum

dependence of the nuclear attenuation.
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L. INTRODUCTION

A useful probe of the dense nuclear matter created in
collisions of heavy nuclei at the relativistic heavy ion
collider (RHIC) is one that is sensitive to dynamical scales
and can be both cleanly measured experimentally and
reliably calculated theoretically. Because of color confine-
ment, only hard probes, i.e. those with large momentum
transfers, can be reliably calculated in the perturbation
theory of quantum chromodynamics (QCD) [1,2].
Experimental measurements of inclusive particle suppres-
sion [3,4] are now able to test jet quenching theory out to
transverse momenta of py ~ 20 GeV [5]. On the other
hand, typical dynamical scales of the nuclear matter pro-
duced in relativistic heavy ion collisions are on the order of
hundreds of MeV, which is both much smaller than the
scale of a hard probe and nonperturbative. Therefore, an
ideal probe should be not only “hard” but also sensitive to
this “soft”” physics. Open charm production has a potential
to satisfy these criteria because of the two distinctive scales
of the open charm meson: the charm quark mass, m,~
1.5 GeV, a relatively hard scale, and the binding energy,
~Mp — m, ~ hundreds MeV, which may be relevant to
the fragmentation and dissociation of D mesons.

Little quantitative understanding of medium effects ex-
ists for heavy-flavor production, due largely to the fact that
the relevant data is quite sparse at present [6,7] and inferred
from the modified cross sections for nonphotonic electrons.
The experimental situation is rapidly changing, however.
In addition to introducing new mass scales, the advantages
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of using heavy quarks as probes also arise from the fact that
once formed, heavy mesons live much longer (~
107" sec) than the duration of the QGP (~
10723 sec), travel macroscopic distances away from the
creation point and can be measured directly. Such precision
measurements are not only facilitated by the boost at
forward rapidities at RHIC and the LHC but also impacted
by the non-negligible cold nuclear matter effects in this
kinematic region [8—11].

With this in mind, we extend the study of
Refs. [10,12,13] to hadronic collisions with heavy-quark
final states and consider single- and double-inclusive open
charm production. Because of the quantitative importance
of multiple scattering effects for inferring properties of the
nuclear matter, the models of in-medium interactions
should be subjected to experimental verification for
heavy-flavor production. One may begin to gain confi-
dence by applying the theoretical description of such ef-
fects to heavy ion collisions in simpler situations, such as
proton-nucleus (p + A) scattering. In the this case, plasma
properties are not an issue and the main medium effect is,
therefore, due to the multiple interactions in cold nuclei.
The medium effects that we plan to investigate are also
present in nucleus-nucleus (A + A) reactions during the
interaction time i, = 2R, /y < Teq <K Togp and cannot
be neglected. Here R, is the nuclear radius, y is the
Lorentz gamma factor of the nucleus, 7, is the equilibra-
tion time and 7ogp is the lifetime of the plasma.

Multiple scattering affects the nuclear cross sections in
various ways depending on how parton propagation is
modified by the medium as the partons enter into, and
emerge from the hard scattering. At one extreme, when
the scattering from the medium is largely incoherent, the
parton modification is dominated by transverse momentum
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broadening [8]. At the other extreme, when the longitudi-
nal momentum transfer is small compared to the length of
the path of the parton as it propagates through the nucleus,
the scattering becomes coherent which can lead to attenu-
ation, or shadowing. The coherent limit is described differ-
ently in different approaches [14—16]. In our work its
effects are calculated in terms of nuclear-enhanced power
corrections [10,12,13]. We have shown that these could
account for a large portion or all of nuclear shadowing
observed at small Bjorken xp in lepton-nucleus deep in-
elastic scattering (DIS). They also contribute to the sizable
suppression of forward rapidity single- and double-
inclusive hadron production at RHIC [17,18]. As the heavy
quark introduces a new mass scale, the dependence of the
nuclear-size-enhanced power corrections on this scale
needs to be elucidated.

Inelastic interactions of partons propagating in nuclear
matter lead to energy loss in both the incoherent [19] and
the coherent [20,21] regimes. While jet quenching effects
are best established in A + A reactions [3-5], it was re-
cently shown that energy loss can lead to hadron suppres-
sion in d + Au collisions at forward rapidities at RHIC
[22]. In a preliminary study [23] we approximated the
effects of such energy loss by a rapidity shift. We will
demonstrate that partonic implementation of energy loss,
suggested in [8], gives qualitatively similar results but also
allows extraction of the fraction of the energy lost by an
average parton in cold nuclear matter. Finally, we point out
that the multiparton dynamics discussed in this work will
become even more important in p + A, and consequently
A + A, collisions at the LHC.

Our paper is organized as follows: In Sec. II we outline
the theoretical framework for the calculation of observ-
ables in hadronic collisions in which elastic, inelastic and
coherent multiple scattering effects in hot and cold nuclear
matter can be naturally incorporated. In Sec. III we calcu-
late to lowest order (LO) the contribution of the various
partonic subprocesses to single inclusive D meson produc-
tion and D meson-triggered inclusive di-hadron yields in
“elementary’’ nucleon-nucleon interactions. The light had-
ron/charm meson fraction in the away-side charm-
triggered jet is shown to be sensitive to the transverse
momentum of the associated particle. The effect of
nuclear-enhanced power corrections and their physical
interpretation is discussed in Sec. IV. The suppression of
both D meson production cross sections and of D meson-
triggered correlations at forward rapidity at RHIC are also
calculated. We discuss in Sec. V the effects of energy loss
in cold nuclear matter and demonstrate that the resulting
nuclear suppression has a different transverse momentum
behavior when compared to dynamical high-twist shadow-
ing. Our conclusions are given in Sec. VI. In Appendix A
we explicitly calculate the LO parton scattering cross
sections that contribute to single and double inclusive
charm production. Appendix B contains the details of the
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factorization of the quark and gluon coherent scattering
from the nonperturbative high-twist matrix elements. We
also demonstrate how to reduce these high-twist matrix
elements to the scale of power corrections per individual
nucleon enhanced by the nuclear size.

II. THEORETICAL FRAMEWORK

The interpretation of the plethora of results from past,
present and future heavy ion experiments necessitates a
reliable theoretical framework for the calculation of a
variety of moderate and large transverse momentum ob-
servables, p7 > AéCD, that can be systematically ex-
tended to incorporate corrections arising from the many
body nuclear dynamics. The perturbative QCD factoriza-
tion approach [1] provides such a tool and expresses the
observable hadronic cross sections as

O hadronic — o-partonic (xi’ Zj; Mrs Mris Mdj)
® {l_[d’i/h,- (xi, Mfi)} ® {“Dh,,-/j(zj’ 'U“d.i)}’
i J

ey

where ® denotes the standard convolution over the internal
kinematic variables in the reaction. In Eq. (1) w,, ps; and
Mg are the renormalization, factorization and fragmenta-
tion scales, respectively. ¢/, (x;, ;) is the distribution
function (PDF) of parton “i” in the hadron h; and
Dy, /i(zj, pay) is the fragmentation or decay function (FF)
of parton ““;” into hadron h;. Factorization not only sep-
arates the short- and long-distance QCD dynamics but
implies universality of the PDFs and FFs and infrared
safety of the hard scattering partonic cross sections.

In the nuclear environment, corrections in the basic
perturbative formulas arise from the possible nuclear de-
pendence of PDFs and FFs as well as multiple soft parton
scattering. These corrections may be enhanced by the
nuclear size and the density of the quark-gluon plasma
(QGP) in the deconfined phase. In DIS, cold nuclear matter
effects can be systematically organized in the framework
of the factorization approach as follows:

= 0'(()2)(1 + C(lz)as + C(22)a§ + ng)aﬁ + oo )T@

4)
+ 0-02 (1 + C(14)av + C(24)a% + Cg4)a% + .. )T(4)
7Q X X 3 X

O hadron

Jo_

+ (1+ C(16)as + C(zﬁ)af + CgG)ag’ + -+ )T©)

I (2)

In Eq. (2) T are the twist “i” nonperturbative matrix
elements. Q7 is a typical virtuality, for example, in hadron
collisions we find Q* = —%, —# or §. Standard higher order
calculations at leading twist, such as NLO, NNLO, corre-

spond to the determination of the coefficient functions ng)
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FIG. 1 (color online).

Schematic representation of the initial-
and final-state elastic, inelastic and coherent multiple parton
scattering that give the nuclear A”/3-enhanced corrections simi-
lar to Eq. (2) for proton-nucleus collisions in the nuclear rest
frame.

in Eq. (2). Soft in-medium interactions are controlled by
new scales, such as the transverse momentum transfer
squared per mean free path u?/A [5,8] and the scale of
higher twist per nucleon &2 [12,13]. While we can write a
formal expansion in «; for these quantities, it is usually
subject to theoretical uncertainties and slow convergence
of the perturbation series. For the purpose of this paper we
consider the new scales to be properties of the medium and
keep track only of the nuclear size A'/3, or L, enhance-
ment. In DIS, high-twist shadowing corresponds to the
identification and resummation of the nuclear-size-

TABLE 1.
inclusive hadron production in the perturbative regime.
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enhanced higher-twist terms, a'g)T(i) in Eq. (2). We em-
phasize that in p + A collisions, illustrated in Fig. 1, nei-
ther initial- nor final-state interactions can be neglected
since the coupling strength to the medium is qualitatively
the same.

From a phenomenological point of view, it is useful to
classify the multiple parton interactions based on their
experimentally observable effect on the hadronic spectra
and the correlated yield of leading di-hadrons from away-
side jets, or di-hadron correlations. Table I provides guid-
ance, consistent with our current knowledge and results
from this work, to the correspondence between the nuclear
modification to the cross sections measured in A + B
collisions and the binary scaled p + p result,

hy-+h,
(n) _ doyy ™" /dy, - dy,dpr, - dpr,
AB .
<Nz(1)9“>d0-1}vN " dy, - ~dy,dpr, - dpr

n

3)

In Eq. (3) (NS4') can be evaluated from an optical Glauber
model.

III. D MESON PRODUCTION AND
CORRELATIONS IN LOWEST ORDER PQCD IN
P + P COLLISIONS

Nuclear-enhanced power corrections to the hadronic
cross sections are sensitive to the partonic structure of
the underlying hard scattering event. We first evaluate the
differential cross sections for open charm production and
open-charm-triggered di-hadron correlations in the Born
approximation. Calculations to match the fixed order (FO)
perturbative results to resummed logarithms of the type
a(a; Inpy/m.)* up to next-to-leading log (NLL), n = 2,
exist that treat flavor as “heavy’ [24], based on the as-

Effect of elastic, inelastic and coherent multiple scattering on the transverse momentum dependence of single and double

Type of scattering

Transverse momentum dependence of the nuclear effect

Elastic (incoherent)

Inelastic (final-state)

Inclusive 1-particle production: Cronin effect, enhancement at moderate pr,

disappears at high py
Inclusive 2-particle production: di-jet acoplanarity,
broadening of away-side correlations

Inclusive 1-particle production: suppression at all py, weak py dependence,

amplified near the kinematic bounds

Inclusive 2-particle production: suppression of high pr correlations,

Inelastic (initial-state)

enhancement of low py correlations

Inclusive 1-particle production: suppression at all py, weak pr dependence,

amplified near the kinematic bounds

Inclusive 2-particle production: same as inclusive 1 particle production

Coherent (z-channel or u-channel)

Inclusive 1-particle production: suppression at low pz, disappears at high pr,

pronounced p; dependence

Inclusive 2-particle production: same as inclusive 1 particle production

Coherent (s-channel)

Inclusive 1-particle production: enhancement at low py, disappears at high py,

pronounced p; dependence

Inclusive 2-particle production: same as inclusive 1 particle production
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sumption ¢./y(x, uy) = 0. We include the charm contri-
bution from the nucleon wave function explicitly since this
approach leads to a faster convergence of the perturbation
series [25]. Our goal is to investigate the fractional con-
tribution of partonic subprocesses to the differential open
charm cross section with power corrections in mind. We
naturally limit our discussion to transverse momenta larger
than the heavy quark mass pr, pr, = m.. While in this
section we explicitly study p + p collisions, our results
provide the baseline for the calculation of dynamical nu-
clear effects in p + A and A + A reactions.

A. Partonic subprocesses for inclusive D meson
production and D meson-triggered correlations

The kinematics that underlies hadronic collisions is in-
troduced by the following example of LO jet production in
the collinear factorization approach:

daji _x 0(A¢ — ma(pr, — pr,)
dy.dy.d®pr.d* pr, NLO% pr,
% ¢a/N(xu)¢b/N(xh) CV_%
XqXp S?
X M gpscal® 4)

In Eq. 4) S = (p4 + pp)? is the squared center of mass
energy of the hadronic collision, x, = pJ/pi, x, =
p, /py are the light cone momentum fractions of the
incoming partons and ¢, /y(x,), ¢ y(x;,) are the distribu-
tion function of partons a, b in the nucleon. In this work we
use the CTEQ6.1 LO PDFs [26]. In the double collinear
approximation the jets are produced back-to-back at LO in
a,. The running of the strong coupling constant «; is also
taken to lowest order.

The power corrections to single- and double-inclusive
hadron production are manifest only at small and moderate
momentum transfers [10,12], where the effect of the heavy
quark mass may not be negligible. PDFs, based on global
QCD analysis, use massless evolution kernels to derive the
0? dependence of the heavy, ¢ and b, quark distributions
[26]. Systematic corrections of the type mé /Q? have so far
proven difficult to implement. To reconcile the use of
parton distributions for charm quarks with m, = 0 with a
final state where m, # 0 we calculate the relevant matrix
elements in Appendix A.

With my, = \[p7. + m}, i = ¢, d we identify the light
cone momentum fractions:

1 : :
Xy = —=(mr e’ + myg e’), &)

B

1
xp = —=(mg e + mg,e” ). (6)

VS

From Eq. (4), after fragmentation into charm mesons, and
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integration over the away-side jets, we obtain the single
inclusive D°, D" meson production cross section:

da'll\),}v !
—— =Ko [ dny dzy —Dp, /e(z1)
dy,d*pr, abzcd D 2 "
2
x Sam o) ey g,
XaXp N
Here

D ={(x €[01D)nk, €[0,1)N(z €[0, 1]}
21 = pr, / pr, and we have chosen the factorization, and

renormalization scales w, = w, =,/p7 + mi. Only

charm quark fragmentation into D°, D' mesons is
considered.

In this paper we take Dp.(z;) for vector and pseudo-
scalar mesons from [27]. The shape of the heavy quark
fragmentation function is determined by the value of the
nonperturbative parameter r. Smaller values of r corre-
spond to harder fragmentation. The decay of the vector
states D%, D™ into D°, DT with the experimentally
measured branching ratios is taken into account. To study
the relation between the phenomenological K-factor in
Eq. (7) and the nonperturbative parameter r [27] in D
meson fragmentation we compare the calculated D° and
D™ cross sections to the Tevatron Run IT /s = 1.96 TeV
data [28] in Fig. 2. We find that three different combina-
tions (Ko = 1.5, r=0.1), (Kyyo =2 r=0.2) and
(Knpo = 3, r = 0.4) yield little difference in the single
inclusive charm meson spectrum. We note that for the
same choice of the parameter r = 0.1, a LO calculation

104 T T T T 3
[ ) DO ]
= D' ]
. — r=01,Ky =15 |
o — r=02,K, =20
’ "'NLO
3 10°F — 1=04,K, =30 3
O] A 3
2 i m =1.3GeV 7
; - -
5
B 10°E Tevatron i E
© r .
F " =1.96 Tev ]
Lyl <1
101 1 I
5 10 15 20

Py [GeV]

FIG. 2 (color online). Cross section for D° and D' charm
meson production to LO in perturbative QCD at /s = 1.96 TeV.
Three approximately equivalent pairs of a phenomenological
K-factor and the D meson fragmentation parameter r are shown.
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with standard ¢./y(x, us) # O gives open charm cross
sections similar to the ones from a NLO calculation that
treats flavor as ‘“‘heavy.” In this paper we adhere to the
more conservative choice r = 0.2. Taking into account an
estimated ~50% uncertainty of the K-factors at the smaller
/s =200 GeV, we show the differential D° + D™ cross
sections in p + p in Fig. 3 for several rapidity bins: y = 0,
1.25, 2.5 and 3.75. These are the baseline differential
distributions relative to which the effects of power correc-
tions and energy loss can be studied. The uncertainty of the
choice at RHIC (Ky; o = 2.5, r = 0.2) cancels in the nu-
clear modification ratios, Eq. (3).

In hadronic collisions, heavy quark pair production pro-
ceeds via the “flavor creation” subprocesses, gluon-gluon
fusion, gg — c¢, and light quark-antiquark annihilation,
qq — cc, at lowest order in the strong coupling constant
a,. Since the gluon density is much larger than the quark
and antiquark distributions at a small parton momentum
fraction, x, the gluon fusion subprocess is believed to
dominate charm production in hadronic collisions at col-
lider energies. However, for inclusive single charm pro-
duction, a single charm (or anticharm) quark can be created
via the “flavor excitation” subprocesses, cg — cg and
cq — cq. Although the charm parton distribution is small,
¢ o/n(x) K ¢, n(x), such processes can be amplified by
the matrix elements |M ,;,_,.,|*. In Eq. (7), over most of the
available phase space

i s f s
=~ z‘7IZIJI>>1, or = z‘T‘ZLZ>>1,
t t u u
®)
107 FE T~ T T T T T T 3
[ : s"?=200Gev — Yy=0 ]
10°F \ -— y=125 5
«F RN —- y=25 3
> al N - y=375 ]
o 10°F 2
o F ) : _ ]
e P4 | Kyo=23 [ 7
— S A A -
i 10 ) (N m,=13 GeV
o r \ \° ]
N A N
g 6l v AN 1
S 10 F 4 N E
) E A\ N ]
© N v AN ]
10—7 3 -t::\ \Q‘\ AN
s D0 +D" % Ny \\tf
r % N ]
10 \ I A I \ LNy 1 \
0 2 4 6 8 10
pr, [GeV]

FIG. 3. The cross section for D’ + D charm meson produc-
tion to LO in perturbative QCD at /s =200 GeV in p + p
collisions at RHIC with Ky o = 2-3 and r = 0.2. The differen-
tial cross section is shown in four rapidity bins: y = 0, 1.25, 2.5
and 3.75.
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where L, L, are numerically large. From the analysis in
Appendix A, we find that the leading power behavior in L
of hard parton scattering for the first case in Eq. (8) is

(| Mgl ~ 1Ly versus ©)

(IM gmcl® ~ L3, (M 1) ~2L3.  (10)

cqg—cq
Clearly, there is large, « L, amplification of the scattering
rate in Eq. (10) relative to Eq. (9).

The fractional weight of the partonic subprocesses to
open charm production can be fully studied through the
ratio:

do? do?
R (py) = Groet [2S00 )
" dy dPpy, [ dydPpr,

Numerical results for the single inclusive charm cross
sections, Eq. (7), are shown in Fig. 4 at /s = 200 GeV.
We find that the dominant D meson production mechanism
is the scattering of the heavy quark from the wave function
of the nucleon (or nucleus) on gluons, cg — cg. Heavy on
light quark scattering, cq(g) — cq(g), also contributes
significantly to the cross section. In these processes the
charm antiquarks from the nucleon wave function end up
in the fragmentation region near the beam rapidity. While
gluon fusion, gg — c¢¢, is non-negligible it is also not the
main channel for single inclusive open charm production.
We have checked that R7(py,) is practically independent
of the interplay between Ky and the hardness r of the ¢
quark fragmentation into D mesons.

10—
ry=0 ]
— E == - _3
= [ o—=r=T - . f em-mem=mm o= 3
£ 0.1F - 5
© E _ E
[ass e ]
001 .- E
0.001 f———+——+—1 ]
F y=1.25 E
1 -

- E T

a [ ——=mmor

£ 0.1F . E
9 E o E
[as 3 =T ]
0.015‘ R -

3 .. e
0'0010 2 4 6 10

pr, [GeV]

FIG. 4 (color online). Fractional contribution of partonic sub-
processes (i) to moderate and high py, D° + D™ meson produc-
tion in \/s = 200 GeV p + p collisions at rapidities y = 0, 1.25,
2.5 and 3.75. We considered (1) cg — cg (solid line), (2)
cq(q) — cq(q) (dashed line), (3) gg — c¢ (dot-dashed line),
(4) qg — cc (double dot-dashed line) and (5) ¢¢ — cc¢ (dotted
line). Note the dominance (except at the highest values of pz,) of
the cg — cg channel.

054010-5



I. VITEV, T. GOLDMAN, M. B. JOHNSON, AND J. W. QIU

B. Hadron composition of D meson-triggered
away-side jets

We now proceed to charm meson-triggered di-hadron
correlations in away-side jets, which have not been studied
previously. For pairs of hadrons with large opening angle
between them, A = ¢; — ¢, ~ 7, including charm-
anticharm and charm-hadron correlations, we find [10,29]:

_ YYNN - dzy v
dyldy2de1de2 NLOade D 21 D, /c\21 hy/d\Z2
¢a (xa)d) (x )a2 _
X /N < x:/N b SikZYlMuh—wdlz’
(12)

where

D = {(xl € [Or 1]) N (x2 € [Or 1]) N (Zl € [0) 1]
N(z, €0, 1D}

The fragmentation scale for light hadrons in Eq. (12) is set
to u = pr,/2, and 2, = zypr,/ pr,. We use FFs from [30]
for 7%, K= and p(p). In the calculations that follow, we
also include charm quark fragmentation into light hadrons.
For the charm antiquark, Dp/-(z) = Dp/.(2).

The expectation for nontrivial py, dependence of charm-
triggered away-side correlations is based on the very differ-
ent behavior with respect to z = phadron/pparon of the
fragmentation functions of partons into light hadrons [30]
compared to those of heavy quarks into charm and beauty
mesons [27]. The insert in Fig. 5 shows that while light
hadrons favor soft decays of their parent partons, heavy
quark fragmentation is very hard. For z ~ 0.6-0.9 there is
more than an order of magnitude enhancement in the decay
probabilities Dpo;.(2) + Dp+;.(2) relative to
(1/N)Y iy n(Dy= /i + Dg= i + Dy i), Where i runs
over the light and charm quarks, antiquarks and the gluon.

Triggering on a D meson fixes the momentum of the
charm quark much more reliably than does triggering on a
light hadron [10,29] in studying away-side correlations.
The nonperturbative fragmentation therefore controls the
yields of di-hadrons versus the associated momentum py,
and the abundances of the different particle species.
Figure 5 shows our prediction for the hadronic composition
of the D + D*-triggered away-side jet. At transverse
momenta significantly smaller than the trigger transverse
momentum, pr, <K pr,, the away-side jet is dominated by
pions, kaons and protons. At transverse momenta py, =
Pr,, the away-side jet is expected to be dominated almost
completely by D° and D~ mesons. Since there is little
sensitivity to the choice of r, our prediction is robust and
can be used as a test of the production mechanism of heavy
quarks.

Figure 6 shows the behavior of the D-meson-triggered
di-hadron cross section, Eq. (12). The differential spectrum
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FIG. 5 (color online). Contribution of light hadrons and anti-
charm mesons to the fractional production cross section for
pr, =5 GeV D" + D" meson-triggered away-side correlations
for y; =y, =0 in p + p collisions. The insert illustrates the
difference in the fragmentation of light quarks and gluons into
hadrons versus that for the ¢ quark into charm mesons. Three
different values for the nonperturbative fragmentation parameter
r=10.1, 0.2 and 0.4 were used.

'
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107 ——————1———
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FIG. 6 (color online). The double inclusive hadron production
cross section at RHIC for a D° + D* trigger at p;, = 5 GeV in
p + p collisions. Three different combinations of r and Ky g are
studied. Two different rapidity gaps y; — y, = 0, 2 are shown
for comparison. The characteristic hump represents hard ¢
fragmentation into D mesons.
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cannot be described by a single power law for py, = pz,.In
the case of hard fragmentation, for example r = 0.1, the
double inclusive distribution can even be nonmonotonic as
a function of the associated particle momentum pr,. The
characteristic “‘hump” is associated with the ¢ fragmenta-
tion into D° and D~. This signature is unique for heavy
quark triggers and is seen to be independent of rapidity. For
pion or unidentified hadron triggers one expects a smooth
power law behavior as a function of pg, [10,29]. We
conclude, through the comparison of Figs. 2 and 6, that
charm-triggered correlations provide a much more power-
ful handle on the hardness of Dj,/.(z) than does the single
inclusive spectrum.

In summary, even in p + p collisions at RHIC and the
LHC, triggering on charm or beauty mesons can provide
constraints on the heavy quark production and fragmenta-
tion mechanisms that are not accessible via the Tevatron
single inclusive data. Such measurements may already be
possible at RHIC using electron or muon triggers as prox-
ies for heavy quarks [31,32].

IV. NUCLEAR-ENHANCED POWER
CORRECTIONS TO OPEN CHARM PRODUCTION

In this section we focus on the effects of coherence that
arise from the multiple soft scattering of the partons that
participate in the hard interaction. The processes where
such effects can be cleanly studied are deep inelastic
scattering (DIS), illustrated in Fig. 7(a), and Drell-Yan. If
the longitudinal momentum transfer along a fixed direction
becomes small, the probe will interact simultaneously with
more than one nucleon, due to the uncertainty principle. In
a frame where the longitudinal size of the exchanged
virtual meson is given by [. = 1/xP the Lorentz con-
tracted nucleon has longitudinal size 2ry/y =
2ry/(P/my). The critical value of the momentum fraction
for the onset of coherence can be easily estimated to be
xy = 1/Q2romy) ~ 0.1 [12,13]. For x =< 0.01, the interac-
tion with all of the nucleons at the same impact parameter
b is coherent, given the small transverse size A| = 1/0?,
Q? = m3,, determined by the virtual probe. The multiple

() - ®)

FIG. 7 (color online). Coherent multiple scattering of the
struck parton in deep inelastic scattering (a) and in proton-
nucleus collisions (b). Notice the difference between p + A
and DIS in terms of the multiple initial- and final-state scattering

[TPEL) PR

of the incoming and outgoing partons (“‘a’” and “‘c”).
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final-state interactions with these nucleons are mediated
via the field of soft gluons and are formally suppressed by a
power of the squared momentum transfer 1/Q? for each
additional coherent scattering. The resummed contribu-
tions form all powers in 1/Q? have the effect of a dynami-
cal generation of a quark or gluon mass as we shall see
below.

In the case of hadronic collisions there is indeed a
similarity with the DIS dynamics in the final-state rescat-
tering of the struck, small x; parton from the nucleus, as
shown in Fig. 7(b). Such nuclear-enhanced power correc-
tions lead to suppression of the single and double inclusive
hadron production cross sections at forward rapidity as
long as the coherence criterion is satisfied [10].

A. Physical interpretation

The physical interpretation of the resummed nuclear-
enhanced power corrections is most transparent in the
example of neutrino-nucleus scattering because of the
presence of a physical mass scale M in the final state in
some of the subprocesses [13]. Even in the absence of
final-state interactions, the charged current s-quark to
c-quark transition, s * W* — ¢, requires rescaling of the
value of Bjorken x; = Q?/2myv in the parton distribution
functions

MZ
x=x3—>x=x3<l +§> (13)

Since x represents the light cone momentum fraction car-
ried by the struck quark, Eq. (13) expresses the conversion
of the larger initial parton energy into the constituent mass
of the heavy quark. In Ref. [13], using Dirac equations of
motion, we showed that the physical mass and the dynami-
cal power corrections commute and therefore the two
effects add. The corresponding change in the value of
Bjorken x is

2A1/3_1 M2
x=x3—>x=x3<l+u+—>

08 08
m2 M2 M2 m2

= XB<1 + —d;n + —2> = XB<1 + —2><1 + 2 1 2 dyn 2),

0 Q Q M=+ 0
(14)

where, as defined in Eq. (B14) of Appendix B,
3ma, . 1

=l G 03

is the scale of higher-twist corrections per nucleon. Our
resummed higher-twist corrections rescale the momentum
fraction, xp, in Eq. (14) in a manner identical to the
modification arising from the constituent heavy quark
mass, Eq. (13). We identify m(zlen = £2(AY3 — 1) with the
dynamical mass [10,12,13] generated by propagation of
the struck parton through the nuclear background chromo-
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magnetic field. We remark that this effect, which we cal-
culated in QCD, is analogous to the generation of dynami-
cal mass for electrons propagating in a strong
electromagnetic field [33]. For xz < 0.1, due to coherence,
mﬁyn has to be incorporated in the underlying kinematics of
the hard scattering, Eq. (14). For values of xz > 0.1 re-
scattering of the struck parton still occurs but the vector
meson exchange is localized to one nucleon. The elastic
final-state interactions vanish by unitarity upon integrating
over the full phase space for the hadronic fragments, X.

The mechanism behind the reduction of the deep inelas-
tic inclusive scattering cross section and the differential
hadron production cross sections is illustrated schemati-
cally in Fig. 8. PDFs are falling functions of the momentum
fraction x:

by (x) o x~1/2H0,
by (x) o= X710,

b (x) o X710,

where |6, .| << 1. Experimental measurements of the
scattered lepton determine xz and Q2. However, in the
case of coherent scattering the evaluation of the parton
distribution function at an effectively larger value of x >
xp leads to a reduction of the per nucleon inelastic cross
section on a nucleus relative to the proton [12,13],

1
— Ao = Z0-6+A ~ Oetps (17)

valence quarks,
sea quarks, (16)

gluons,

due to the smaller flux for larger x partons. This is illus-

10 T T IIIIII| T T IIIIII| T T IIIIII| T T T TTTTT
Experimental x
e -—- u-valance §
10° = —— u-sea 3
~ — gluons

. 5 §~ —_ \Acsea ?

o5 o S S T

X L A T 7T = =

o e | ! = /= 3

2 F 3

< 10°F Effective gluon x > ~ n

~ .

B Effective quark x A r

SF '\E

10°F  Q=2GeV K

e CTEQ6 LO parton distributions E

'4: 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 IE

10 "~ B E B
10 10” 10” 10" 10°
X

FIG. 8 (color online). Effects of rescaling of the momentum
fraction x are illustrated using as an example the lowest order
CTEQ6 parton distribution functions for valence and sea
u-quarks. Gluons rescatter in the final-state to lowest order
only in hadronic collisions and are included for completeness.
The effective parton distributions or partonic flux are reduced
after the rescaling of the momentum fraction. We used Q2 =
4 GeV? and the large rescaling in x is for purposes of illustration
only.
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trated by a horizontal shift in Fig. 8, resulting in smaller
Dgqx, 0?%). From Eq. (16) we can also understand the
differences in the suppression of the partial cross sections
—A0gs —A0yyence and —Aog,., where we have sea
quarks (s), valence quarks (v) and gluons (g) coherently
reinteracting in the final state. From the different steepness
of sea- and valence-quark PDFs, see Fig. 8, it follows that
the same dynamically generated parton mass for quarks
apparently produces a different reduction in the sea and
valence contributions to the DIS cross sections, —A o, =
—2A 0 yaence- If @ gluon scatters coherently in the final
state, the generated dynamical mass is C,/Cp = 9/4
larger than the dynamical mass for a quark due to the larger
average squared color charge. Consequently, the observ-
able “shadowing” of gluons is substantially larger than
that for sea quarks, despite the very similar low-x behavior
of the PDFs in Eq. (16), —A0g,. = —9/4A0,. We can,
therefore, derive a hierarchy of dynamical high-twist shad-
owing,

—Aa(x, 02)
a(x, 09)
S,(x, 0%) < S,(x, 0?) < S,(x, 02),

for cross sections with multiple scattering dominated by
valence quarks, sea quarks or gluons, respectively.

S, 0%) = ‘

(18)

B. Power corrections in p + A reactions with heavy
quark final states

A detailed derivation of nuclear-enhanced power cor-
rections in proton(deuteron)-nucleus collisions is given in
Appendix B. In this subsection we summarize the main
results. Unlike structure functions in DIS, hadronic colli-
sions involve a more complicated momentum flow even in
LO tree-level diagrams. This requires isolating the x,
dependence of the integrand in Egs. (7) and (12) in the
function

_ uyn )M g cal?
Xb )

Fap—ca(xp) (19)
Since we use the standard on-shell hard scattering matrix
elements |M;,_, ,|* reproduced in Appendix A we obtain
an upper limit on the dynamical high-twist shadowing. The
scale of high-twist corrections on an individual nucleon
&2 = 0.09-0.12 GeV? is fixed by the world’s data on deep
inelastic scattering on a wide range of nuclear targets [12],
including the shadowing in the structure functions, F,, and
the enhancement in the longitudinal structure function, F;,
relative to the result at leading twist. This is the same scale
that was used to predict the Q*-dependent suppression of
the small x structure functions in neutrino scattering on
iron (Fe) targets measured by the NuTeV collaboration
[34]. Since £? is constrained from final-state quark scat-
tering, we account for the representation of parton d in
hadronic reactions by the color factor C; on a process-by-
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process basis. The values are C,; =1 and C, =
C,/Cpr=9/4 for a quark (antiquark) and a gluon,
respectively.

The forward rapidity particle production in p(d) + A
collisions is analogous to DIS, and resumming the coherent
scattering with multiple nucleons is equivalent to a shift of
the momentum fraction of the active parton from the
nucleus which leads to a net suppression of the cross
sections. The hard scattering scale is given here by 7 =
q* = (x,pa — p./71)?, and for Egs. (7) and (12) we derive
the following nuclear modification:

2041/3 _
Fopcalxp) = Fab—»cd<xb|:1 +Cy f(AAizl)D (20)
—t+ my
We denote by A the atomic mass number of the nucleus
even though it is labeled as hadron “B” or “b”. The
f-dependence of this shift in Eq. (20) indicates that the
attenuation increases in the forward rapidity region but
disappears at large transverse momenta. We note that the
effect of the mass of the final-state parton, for example, a
charm quark, in Eq. (20) is precisely the same as in the DIS
case [13], Eq. (14).

While we have focused in detail on the power correc-
tions in the t-channel, it should be noted that the coherent
initial- and final-state interactions of the incoming parton
from the proton, see the bottom diagrams in Fig. 9, can also
be calculated. The results that we present here are analo-
gous to Eq. (20),

MD 1

Fab—»cd(xb) = Fab—»cd<xb|:1 + Ca

2 Al/3 -1
Fopcalxp) = Fab—>c'd<xb|:1 + Ccér(AiQD- (22)
—u + mz:

C

In Egs. (21) and (22) C, and C, are the numerical coef-
ficients analogous to C, corresponding to partons a and c,
respectively. By  direct  comparison of  the
nuclear-A!/3-enhanced power corrections in Eqs. (20)—
(22) it is easy to see that in the forward rapidity region
|7| < |3], 4| only DIS-like dynamical shadowing correc-
tions are important.
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On the other hand, in processes with no strong final-state
interactions, such as the Drell-Yan, coherent multiple
initial-state scattering can give only enhancement of the
cross section, as shown in Eq. (21), because of the rescaling
of x, to smaller versus larger values. Such result is also
easily understandable since an incoming parton with large
dynamically generated mass prior to the hard scatter has to
carry a smaller fraction of the nucleon momentum in order
to produce particles in the final state with fixed momentum.
Thus, initial-state multiple soft interactions without energy
loss always lead to a Cronin effect [8] independently of
whether they are treated as coherent or not.

The derivations given here are critical to elucidating the
dynamical origin of nuclear effects in high energy hadronic
reactions. We have shown through explicit calculation that
such effects are process dependent and may change their
sign. Therefore, these are not factorizable as a part of the
PDFs and FFs.

The cross section for single and double inclusive hadron
production can be calculated from Egs. (7) and (12) via the
substitutions Eqgs. (20)—(22) in minimum bias reactions.
We recall that the A'/3-enhanced scale of higher twist,
&2 =0.12 GeV?, has the minimum bias geometry in-
cluded. For specific centrality classes we account for the
varying nuclear thickness along the line of parton propa-
gation as follows:

TA(b)
TA (bmin .bias) '
where T4(b) = [*,, pa(z, b)dz.

A3 — A3 (23)

C. Numerical results

To illustrate the similarities and differences between
massless and massive final-state partons, we carry out a
comparative study of the effect of power corrections on
single and double inclusive 77 and D meson production. In
contrast to the Cronin effect, which is thought to arise from
initial-state multiple scattering and not included here, the
origin of dynamical shadowing is in the coherent final-state
parton interactions. The calculations that we present are
parameter free, since &2 is constrained by the attenuation of
the structure functions measured in deep inelastic scatter-

A

FIG. 9. Multiple coherent scattering of the incoming and outgoing partons in p + A reactions in the #-, s- and u-channels,

respectively.

054010-9



I. VITEV, T. GOLDMAN, M. B. JOHNSON, AND J. W. QIU

ing. The left panels of Fig. 10 show the suppression of the
low and moderate py, neutral pion cross section relative to
the binary scaled p + p result, Eq. (3), from high-twist
shadowing. The nuclear modification factor is shown for
two different forward rapidities, y; = 1.25, 2.5 in /s =
200 GeV d + Au collisions at RHIC. At transverse mo-
menta py = 1.5 GeV the suppression can be as large as
25% but disappears toward higher p7, due to the power law
nature of the effect. Rys,(p7,) also shows nonzero rapidity
dependence with the effect increasing at forward rapidities.
For comparison, we show the PHENIX measurement of the
nuclear modification of muons coming from the decay of
charged hadrons in midcentral d + Au reactions at y; =
1.8 is shown [17]. Coherent power corrections cannot fully
account for the nuclear suppression measured by experi-
ment. The discrepancy becomes larger at higher transverse
momenta. The bottom left panel of Fig. 10 shows the
centrality dependence of coherent power corrections for
light pions. From Eq. (23), we see that in central collisions
the larger nuclear thickness generates correspondingly
larger dynamical parton mass leading to larger suppression
of the cross sections.

The right panels of Fig. 10 show the calculated suppres-
sion of DY+ D* mesons (and equivalently, D° + D~
mesons), in deuteron-gold collisions at RHIC. It should

12 (Minimum bias T~ o Minimum bias |
€ 1' Light pions (n") T D mesons (D"+D") ]
e [ _——1 —
Te}

b o8k ‘/+++’——_-_ :f _

So6 o ! + + # .

3 L 41 4
N 0.4

fg L 1l — y,=125 |

PHENIX 20-40%/60-88% —_ =2.
C o2 = Ly-t1s T =28 m
B + ® PHENIXprelim. p,y=16 -
0 1 I 1 I 1 I 1 I 1 1 1 1 1 1 1 1 1 1
1.2+ Centrality dependent —— Centrality dependent —|

y, =25 k

0.2 1 I 1 I 1 I 1 I 1 1
p;, [GeV]

Py, [GeV]

FIG. 10 (color online). Top: suppression of the single inclusive
hadron production rates in d + Au reactions versus pr for
rapidities y; = 1.25 (smaller attenuation) and y; = 2.5 (larger
attenuation) at ,/syy = 200 GeV. Bottom: impact parameter
dependence of the calculated nuclear modification for central,
b = 3 fm, minimum bias, b,;, pias = 5.6 fm and peripheral, b =
6.8 fm, collisions. The scale of higher twist per nucleon &> =
0.12 GeV?. Data is from PHENIX [17,35]. Theory does not
include energy loss.
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be noted that the nuclear modification is very similar to or
slightly larger than that for 7°. The reason for this simi-
larity is that in both cases the dominant channel of hadron
production is via quarks scattering on gluons, which have
the same (large) color singlet coupling to the medium,
C,; = 9/4 in Eq. (20). In addition, the typical momentum
fraction, z;, which enters in the determination of the hard
scale, 7o 1/z;, is slightly larger for the D mesons.
Preliminary PHENIX data on the modification of w™’s
coming from the decay of heavy flavor at y = 1.6 in cold
nuclear matter is provided as a reference [35]. Although
the error bars are large, D mesons seem to be suppressed as
much as light hadrons. This attenuation effect is larger than
predicted by power corrections alone.

Our results for the dynamical shadowing effects in in-
clusive two-particle measurements at large angle A¢ ~ 7
are given in Fig. 11. We have chosen p;, = pz, and the
same rapidity of the trigger hadron, y;, as in Fig. 10. The
associated hadron was chosen at rapidity y, = O to facili-
tate the study of di-jets with a large rapidity gap. The left
panels of Fig. 11 show that 7° — 7° modification in the
nuclear medium follows qualitatively the suppression of
single inclusive pions as shown in Fig. 10. The right panels
of Fig. 11 illustrate the effects of coherent power correc-

T I T I T I T I T T I T I T I T I T
= 1.2 y,=0 Minimum bias —~ Y>=0 Minimum bias
© n°-n° T (D%D") - (D%D) ]
n 1+ - —
I

£ 08 -+ —
g L 1 i
“1061 -+ — ¥;=25
o« | No E-loss 1 — y,=125
0‘4 1 I 1 I 1 I 1 I 1 1 I 1 I 1 I 1 I 1
12+ Centrality dependent —— Centrality dependent
Yy, =25y,=0 T ¥,=25,y,=0 4
—~ 1
=
<08k
I -
0.6
0 4 1 I 1 I 1 I 1 I 1 1 I 1 I 1 I 1 I 1
0 1 2 3 4 5 1 2 3 4 5

Pyy = Prp [GeV] Py =P, [GeV]

FIG. 11 (color online). Top: suppression of double inclusive
hadron production rates in d + Au reactions versus pr for trigger
and associated hadrons of the same transverse momentum but
different rapidities: y; = 1.25 (smaller attenuation) and y; = 2.5
(larger attenuation) for the trigger and y, = O for the associated
hadron. Bottom: impact parameter dependence of the calculated
nuclear modification for central, » = 3 fm, minimum bias,
bmin bias = 5.6 fm and peripheral, b = 6.8 fm, collisions. The
scale of higher twist per nucleon &2 = 0.12 GeV?. Theory does
not include energy loss.
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tions on (D° + DT) — (D° + D™) pair production. In this
case we have a heavy ¢ quark scattering coherently in the
final state. At py, = pr, = 1.5 GeV ~ m,, the effect of
the heavy quark mass on the power corrections that we
derived in Appendix B is noticeable, see Eq. (20). At
higher transverse momenta the mass effect is not relevant.
Naively, we would expect that DD pair production would
be less suppressed due to the quark versus the gluon color
singlet coupling to the medium, C, =1 versus 9/4.
However, in light hadron pair production the momentum
fractions z;, z, are significantly smaller [36] than in single
inclusive measurements and D meson production.
Therefore the relevant hard scale, 7, in DD pair production
is smaller which amplifies the effect of the dynamical
heavy quark mass.

D. Discussion

The nuclear-size-enhanced power corrections that enter
this work are the result of a tree-level QCD calculation and
represent the effect of multiple coherent scatterings of the
outgoing partons with the gluon field of the nucleus. The
strength of this interaction is specified by a universal
parameter, £2, which is related to the limiting soft gluon
distribution of a nucleon in the nucleus. Once &2 is speci-
fied, the effect of coherent scattering for all partons, heavy
and light quarks as well as gluons, is completely deter-
mined. In particular, when the coherence length, defined as
the inverse of the longitudinal momentum transfer, be-
comes comparable to the nuclear size, these power correc-
tions acting on partons in the final state suppress the hadron
cross sections.

In Ref. [16], the effects of coherence are determined by
multiple scattering, and this approach is therefore, in prin-
ciple, quite similar to ours. The following points of differ-
ence should, however, be noted. Using a Green-function
description of quark-gluon Fock states in combination with
the Glauber-Gribov formulation of nuclear shadowing, it is
shown there how multiple diffractive scattering of gluons
suppresses the gluon distribution in a nucleus when the
coherence length in gluon-dominated processes begins to
exceed the interparticle spacing, thus providing an estimate
of gluon shadowing. The scale of the suppression is fixed
by, among other things, the triple-pomeron coupling
G3p = 3 mb/GeV?. The small triple-pomeron coupling
suggests a rather confined gluon cloud, and this weakens
gluon shadowing and delays its onset. This gluon shadow-
ing is also ““leading twist,” i.e., weakly dependent on Q2,
vanishing logarithmically as Q> — oo,

V. ENERGY LOSS IN COLD NUCLEAR MATTER

In Fig. 1 and the discussion in the previous section we
clarified that, in the presence of a nucleus, final-state
rescattering of the struck small x parton with its remnants
exhausts the similarity between hadronic collisions, such
as p+ A and A + A, and DIS [10]. In € + A (DIS), the
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multiple interactions of the incoming leptons are sup-
pressed by powers of «,,,/a; relative to the struck parton
scattering. In contrast, in p + A and A + A the initial- and
final-state scattering of the incoming quarks and gluons are
equally strong. Nuclear modification, in particular, jet
energy loss associated with the suppression of particle
production, cannot be neglected. In a model of Sudakov
suppression, Ref. [22], it was shown that the effect is
amplified at forward Feynman x, xp — 1.

A. Evidence for energy loss in cold nuclear matter

To illustrate the importance of energy loss, we study the
nuclear modification of hadron production over a large
range of center of mass energies and momentum fractions
Xx,. In one extreme, at \/E = 200 GeV d + Au collisions at
RHIC, the STAR collaboration observed a factor of 3
suppression of 77° production relative to the binary colli-
sion scaled p + p result [18]. Figure 12 shows that dy-
namical high-twist shadowing, constrained by the DIS data
down to values of Bjorken xz ~ 10~*, underpredicts the
nuclear attenuation by a factor of 2.

Next, we implement the presently known incoherent
limit of energy loss for on-shell partons first derived in
[19]. The double differential gluon intensity spectrum per
scattering reads:

s x— YY)
dod’k ™ K’k —q;)*

where Kk is the transverse momentum of the radiative
gluon, q; is the transverse momentum transfer from the
medium and w is the gluon energy. The two characteristics
of this radiative energy loss that we use are AE o« E and
AE o L/ in the case of multiple interactions. Jet quench-
ing before the partonic hard scatter implies that in p + A

0 . .
STAR T R, ,,- min. bias No nuclear effect

— = Ry, A, - coherent power corrections
+Au

08k —— Ry, 4, - POwer corrections and energy loss

—_—
=
S
e ——
_——
—
—_—
p—
—_—
—

—_—
——
—
—

Forward rapidity <y > =4

0 . 1 . 1 . I .
1 1.25 1.5 1.75 2

p, [GeV]

FIG. 12 (color online). Suppression of 77° production at y = 4
for d + Au collisions at ./syy = 200 GeV at RHIC [18].
Calculations of dynamical shadowing with and without cold
nuclear matter energy loss are shown.
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and A + A reactions quarks and gluons carry larger frac-
tion x, of the nucleon momentum than in p + p collisions

[8]:

AE L
="z = /3
€= z o 3 = kA (25)
x
Dy o/n (X phs) = d)q,g/N(mr ,U~f>- (26)

Fitting Eq. (25) to the data, we find k = 0.0175 for mini-
mum bias reactions implying that an average parton loses
~10% of its energy in a large nucleus such as Au or Pb.
The variation of « with centrality in the Bertsch-Gunion
model is given by the nuclear thickness, T4 (b), in a manner
similar to the variation of the nuclear-enhanced power
corrections. Figure 12 shows that such energy loss imple-
mentation gives good quantitative agreement with the for-
ward rapidity suppression measured by STAR.

At the other extreme, the CERN NA35 fixed target
experiment with y., = 3 measured hadron production in
d + Au reactions at ,/syy = 19.4 GeV [37]. Although
there is a factor ~100 difference in the values of x;, the
STAR data were taken at much more forward y than the
NA35 data, the same rapidity asymmetry is observed as at
RHIC. We take Ry, the ratio of hadron spectra in different
rapidity bins defined as

dah(y)
dyd’ pr

da-h (y base)

Ry(pT) = dydzp'r

, 27)

as a measure of cold nuclear matter effects. The left panel
of Fig. 13 shows this forward rapidity suppression of
negative hadrons relative to the baseline y — y., = —1.5
production cross section. The ratio R,(p7) is constructed

by

[ s"2=19.4 Gev py=1GeV d+Au
3.5 -+ .
| @ YYg,=05
3 " VYon =05 -+ — n'+ 1, in p+p reactions .
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(3]
T
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FIG. 13 (color online). Left panel: nuclear modification at
three different rapidities y — y., in /Syy = 19.4 GeV d + Au
collisions. Data is from NA35 [37]. Right panel: theoretical
calculations of charged pion production in p + p and d + Au
collisions with high-twist shadowing (HTS) and energy loss
compared to the experiment.
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from the experimental data using bin-by-bin division in p7.
Its significance is in the demonstration of attenuation of
forward rapidity y — y., > 0 hadron production cross sec-
tions relative to the same backward rapidity —(y — yem) <
0 measurements already at low center of mass energies.
The right panel of Fig. 13 shows the deviation of the data in
pr = 0.8-1.5 GeV interval from the symmetric p + p
distribution around y.,. Dynamical shadowing calcula-
tions [10] give <5% effect at this energy in this rapidity
range. Leading-twist shadowing parametrizations are also
not compatible with the asymmetry in the data [15].
Conversely, the implementation of energy loss in cold
nuclear matter leads to much larger suppression at forward
rapidity and significant improvement in the theoretical
description of the data in Fig. 13. While the p; =
0.8-1.5 GeV NA35 results are at the borderline of appli-
cability of perturbative QCD calculations, the associated
uncertainty largely cancels in the ratio R, (p7), which then
becomes indicative of the dynamical many-body QCD
effects in large nuclei. We conclude that such low energy
p + A measurements [37] remove the ambiguity of what
nuclear effects dominate the forward rapidity suppression
in heavy ion collisions. We also emphasize that lower
energy, /Syy = 30-60 GeV d + Au runs at RHIC, ex-
tending hadron production cross sections to higher p; ~
few GeV, will greatly facilitate valid interpretation of this
experimentally observed universal feature of p + A
collisions.

B. Application of energy loss to D meson production in
proton-nucleus collisions

Having investigated the largest dynamic range of mea-
surements in proton(deuteron)-nucleus reactions acces-
sible to perturbative QCD calculations, we return to D
meson production and correlations at RHIC. We use the
same fractional energy loss € = AE/E as in Figs. 12 and
13 and there are no free parameters in the calculations that
follow. Single inclusive 77° and D° + D™ suppression at
rapidities y; = 1.25, 2.5 and minimum bias, central and
peripheral d + Au collisions at RHIC are shown in Fig. 14.
In this case very good agreement between the QCD theory
incorporating cold nuclear matter effects and the PHENIX
measurement of muons coming from the decay of light
hadrons [17] is achieved. We find that the magnitude of the
D meson suppression is similar to that of pions. It is also
comparable with the first forward rapidity results on heavy
quark nuclear modification in d + Au reactions at RHIC
[35]. In Fig. 15 we also show the result of our calculations
forthe 7° — 7° and (D° + D) — (D° + D™) mesons pair
production at large angles. The same rapidity gaps, Ay =
y¥1 — ¥,, and centralities as in Fig. 11 were used. Nuclear
modification of inclusive two particle production is seen to
follow closely that of single inclusive hadrons.

There are similarities between the calculations that only
include resummed nuclear-enhanced power corrections,
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FIG. 14 (color online). Nuclear modification of single inclu-
sive 770 (left panels) and D° + D™ mesons (right panels) in d +
Au collisions at RHIC. The same rapidities and centralities as in
Fig. 10 are shown. Energy loss is taken into account in the
theoretical calculations.

Figs. 10 and 11, and the calculations that do not neglect
energy loss in cold nuclear matter, Figs. 14 and 15. Both
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FIG. 15 (color online). Nuclear modification of 7° — 7 di-
hadron correlations (left panels) and (D° + D) — (D° + D)
mesons correlations (right panels) in d + Au collisions at RHIC.
The same rapidities and centralities as in Fig. 11 are shown.
Energy loss is taken into account in the theoretical calculations.
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effects are generated through multiple parton scattering in
the medium and lead to suppression of the rate of hard
scattering. In both cases single inclusive particle produc-
tion and large angle di-hadron correlations are similarly
attenuated. Like all nuclear many body effects these in-
crease with the centrality of the collision. The difference in
the resulting nuclear modification is that high-twist shad-
owing arises from the coherent final-state scattering of the
struck small x; parton of the nucleus and disappears as a
function of the transverse momentum. The energy loss
considered here arises from the initial-state inelastic scat-
tering of the incoming large x, parton from the proton(deu-
teron) and leads to a suppression which is much more py
independent. By comparing our results for inclusive one-
and inclusive two-particle production we see that

hyh
dog) 2 /dyidy,dpr, dpr,

2
R A(pr, = pr) _ (ol

1 My
R} ( pr,) o\ /dy,dpr,
N h
<N§Xl,ll>d0'NlN/d)'1dPT]

/dy\dy,dpr dpr,

~ 1. (28)

Deviation from unity may arise due to specific choices of
pr,» Pr, and improved theoretical calculations of the par-
ton color charge, system size and jet energy dependence of
AE in Eq. (25). Both calculations presented in this paper,
are consistent with the lack of significant modification of
the per trigger yield in d + Au reactions relative to p + p
[38].

VI. CONCLUSIONS

In this paper we have systematically studied inclusive D
meson production and D meson-triggered di-hadron yields
in p + p and p(d) + A reactions.

At collider energies, we have found that while DD pair
production is dominated by heavy quark flavor creation
processes, such as gluon-gluon fusion gg — ¢¢ and light
quark-antiquark annihilation ¢gg — c¢, single inclusive D
(and D) meson production is controlled by radiatively
generated charm quarks in the nucleon wave function
[25,26] scattering on light quarks and gluons cg — cg,
¢q(g) — cq(g). Our results for the mechanism of D meson
production are readily testable at RHIC and LHC via
charm quark triggered two particle measurements
[31,32]. It is a robust prediction of this approach that at
pr, < pr, the D meson triggered away-side jet is domi-
nated by hadrons from the fragmentation of light quarks
and gluons. Only at transverse momenta pr, = pry, is the
associated yield found to be dominated by D mesons. Such
experimental measurements will be able to shed light on
the partonic processes responsible for D meson production
and also constrain the hardness of the nonperturbative
heavy quark fragmentation functions [27]. Our results are
also suggestive that inclusive heavy meson cross sections
may be larger than the ones obtained in perturbative ex-
pansions that always treat ¢ and b quarks as heavy [24].
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In p(d) + A reactions we calculated and resummed the
nuclear-enhanced coherent power corrections [12,13] to
single inclusive D meson production and D meson-
triggered di-hadron yields. Improving upon our previous
work [10], we established here the effect of the heavy
quark mass on the power corrections and found it to be
relatively small for charm quarks. We also extended the
study of coherent multiple scattering to all s-, t- and u-
channels. While forward rapidity at RHIC is dominated by
DIS-like #-channel final-state interactions other kinematic
domains and other particle production processes, such as
the Drell-Yan, are controlled by different channels. In this
paper, by direct calculation, we demonstrated that initial-
state s-channel multiple interactions lead to an enhance-
ment in the cross sections in clear contrast to final-state
suppression. We have thus further corroborated the con-
clusion that enhancement/suppression effects in reactions
with nuclei are dynamically generated in the collision
[5,8,10,20,21]. We find that they are not universal (are
process dependent) and cannot be separated in the parton
distribution or fragmentation functions.

Numerically, we found that dynamical high-twist shad-
owing can suppress single inclusive D meson production
by as much as it does light hadrons. Similar results were
obtained for di-hadron production with light and heavy
quark triggers in the rapidity range y; = 1-4 studied at
RHIC. The nuclear modification at forward rapidity and
small pr ~1 GeV can be substantial, ~30%-50%. At
high p;, however, it disappears quickly « 1/p2% and cannot
fully explain the nuclear suppression measured in d + Au
reactions by PHENIX [17,35] and STAR [18]. Our calcu-
lations are fully constrained by existing DIS data [12] and
provide an upper limit on nuclear modification from dy-
namical high-twist shadowing. Deviations between the
calculations and the existing data are indicative of inelastic
scattering in nuclei [22].

To determine the additional dynamical effects that lead
to forward-backward hadron production asymmetry in
proton-nucleus collisions in a model-independent way,
we investigated low energy d + Au collisions [37] where
coherent scattering does not play a role. Suppression of
forward rapidity hadrons, similar to that observed at RHIC,
is found and is consistent with jet energy loss in cold
nuclear matter. We have shown that, based on initial-state
partonic implementation of energy loss [8] similar to the
established incorporation of final-state AE [5], the forward
rapidity suppression can be described over the widest
dynamic range in p(d) + A collisions accessible to pertur-
bative QCD analysis. Specifically, we implemented radia-
tive energy loss of the type derived by Bertsch and Gunion
[19] and found that if the average parton loses ~10% of its
energy in minimum bias reactions with nuclei such as Au
and Pb, this can explain the suppression of forward hadron
production from SPS to RHIC. Taking initial state trans-
verse momentum broadening from Cronin multiple scat-
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tering into account will require slightly larger AE/E.
Inclusion of cold nuclear matter energy loss together
with coherent power corrections results in suppression of
both single inclusive hadron production and hadron trig-
gered inclusive two particle yields (including D mesons
and DD pair production) which are fully consistent with
the forward rapidity hadron attenuation measurements at
RHIC [17,18,35].

The implication of such energy loss for extracting the
scale of momentum transfer in cold nuclear matter merits
further investigation. Of particular interest are analytic
solutions for initial-state gluon bremsstrahlung, including
coherence effects to all orders in the correlation between
multiple scattering centers [39]. In the future, these can be
studied numerically and implemented in the pQCD formal-
ism with a degree of sophistication that will match the
well-developed final-state energy loss phenomenology [5].
We plan to investigate the probabilistic implementation of
the calculated fractional energy loss and the inclusion of
the Cronin effect.

In summary, we have presented the first perturbative
QCD calculation on heavy meson triggered di-hadron
yields and showed how it can provide information on the
D meson production mechanism and the nonperturbative
fragmentation of heavy quarks. We identified the nuclear
effects that dominate the cold nuclear matter attenuation of
D meson and light hadron production at forward rapidities,
which has drawn considerable interest in its own right. This
work also provides the baseline for precision QGP tomog-
raphy using heavy quarks as probes of the plasma away
from midrapidity where new experimental capabilities at
RHIC and the LHC are expected to become available.
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APPENDIX A: FLAVOR CREATION AND FLAVOR
EXCITATION DIAGRAMS

We emphasize that our need for the matrix elements
calculated here is our interest in matching the m,. = 0
charm quarks from the parton distribution functions to
the m, # O in the final state. The internal heavy quark
propagators are treated as massive.

The dominant mode of charm-anticharm di-jet produc-
tion and subsequent fragmentation into DD mesons comes
from gluon fusion and light quark-antiquark annihilation.
The cc creation diagrams from g = (u, d, s) quarks are
shown in Fig. 16(a). An additional #-channel scattering
diagram contributes in Fig. 16(b) in the case of non-
negligible (anti)charm distributions in the nucleon wave
function. In all figures the arrows indicate momentum flow.
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q C C C
P, kB k;

B k n ky
7 (@ c ¢
FIG. 16. (a) Light quark-antiquark annihilation into a massive
cc final state. (b) #-channel scattering contribution for the case of
non-negligible initial (anti)charm parton distributions. Note that

for ¢¢ — c¢ both diagrams contribute. Time increases from left
to right in all diagrams and arrows indicate momentum flow.

The matrix element corresponding to Fig. 16(a) reads:
iMoo = k) (—ig, y* T ky)

_iglwaab

mﬂ(pz)(—igﬁ”ﬂ)u(m)-

(AL)

For identical initial- and final-state quark flavors, the
t-channel must also be considered:

iMO = —alk)(—ig,y*Tu(p;)

i U(py)(—igsy" T")v(ky).
(p1 — ky)* + ie
(A2)
The relative “—"" between Eqs. (A1) and (A2) comes from

Wick’s theorem. The dominant contribution to the ¢¢ cross
section comes from the diagrams with gluonic initial states,
Fig. 17:

—igay
(p1 + p2)* + i€
X (g f "N (pr = p)* + " 2py + p)*

+ gVr(=2p; — p)len (pr)er(py),  (A3)

iMY_.. = alk)(—ig,y T)(ky)

v (ky — py) + m,
(ky = p1)* — m? +ie

iME)_ = (k) (—ig,y*TO)i

X (—igy"Tv(ky)en (per(py),  (Ad)
. —ky)) +m
-M(d) =ik ) (—i vTbYi Y (pl 2 c
! gg—cc u( l)( 185Y )l (p1 — k2)2 — m% e
X (—igay T v(ky)en (p)er(py).  (A5)

In the covariant gauge used in this calculation, there are
contributions at the cross section level coming from the
unphysical gluon polarizations. The diagram M@ in
Fig. 17(a) is an example of where Fadeev-Popov ghost-
antighost annihilation diagrams, two of them with 7 and 7
interchanged, have to be taken into account:
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8 c n ¢
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P k p ky
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FIG. 17. (a) Gluon fusion via the s-channel into a c¢ final state.
(b) Ghost-antighost annihilation that cancels the contribution
from the unphysical gluon polarization states in the covariant
gauge. (c) r-channel and (d) the crossed u-channel charm ex-
change diagram.

. - . _lg v
MDD o = k) (—igy* T?)v(ky) ——— 2 ——
l nn—cc u( 1)( 185y )U( 2) (pl n p2)2 T e
X (gof*")(=p1)- (A6)
We recall that a closed ghost loop comes with a ““—"" sign

and the color factor is the same as in | M@ |2

For the case of single inclusive D meson production,
(anti)charm scattering on light quarks and gluons must also
be included. We illustrate the calculation for quarks, as
shown in Fig. 18. Results for antiquarks are similar. Only
one diagram contributes to heavy on light quark scattering:

iMEGcq = k) (—ig,y“ Tu(py)
_l'g/w(sab B - )
o ik )N —ie. T )
(pl _ k1)2 T e M( 2)( 185 )M(pZ)
(A7)

Figure 19 shows the contribution of charm quark scattering
on gluons. For z-channel gluon exchange, the matrix ele-
ment, M@ is:

b ki
B ky
7 @ 1
FIG. 18. (a) Heavy quark on light quark scattering via

t-channel gluon exchange. Diagrams for scattering of anticharm
and/or light antiquarks are similar.
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FIG. 19. (a) Charm quark on gluon scattering via ¢-channel
gluon exchange. (b) Charm-ghost scattering that cancels the
contribution from the unphysical gluon polarization states in
the covariant gauge. (c) Charm quark on gluon scattering via
virtual heavy quark exchange in the u-channel. (d) The corre-
sponding s-channel diagram. Anticharm on gluon scattering is
given by a similar set of diagrams.

—igax
(ky — p1)* + i€

X (g, SN gh" (py + k) + g""(pa — 2ky)*
+ gVt (ky — 2py)"1en (pr)er(ky),  (A8)

where the unphysical gluon polarizations are again can-
celed by the ghost contribution:

i:]\/l(c?g)—wg = ﬁ(kl)(_ igsyATc)u(pl)

I8N

1.7\/1 —¢ 7 N2 1
wes (ki — p1)* +ie

= i1(k)(—igsy* T )u(p;)

X (go ) (= p)V.

The other diagrams that contribute are u-channel and
s-channel virtual quark exchange, M and M@ respec-
tively, given for the example of charm by:

(A9)

a0 - . a: Vo (p1— k) +m
lj\/lcg—'cg - ”(kl)(_lgs’y,uT )l (p _ k2)2 _ m2 + je

X (—igsy" TP u(py)en (p2)€)* (ky),  (A10)
) _ ) oy (ky F k) + m,
lM(c?—wg = u(kl)(_lgsnya)l Y 1 2

(ky + ky)> — m2 + ie
X (—igyy* TP u(py)en (p)er(ky), (A1)

Next, we recall the definition of the Mandelstam invar-
iants:

= (p; + p2)* = (k; + k)?,
i=(p1—k)?=(pr— k)* (Al12)
i =(p; — k)* = (pr — k1)
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In simplifying the result for the squared matrix elements,
for charm-anticharm production we have § + 7 + i = 2m?
and for charm on light parton scattering we have § + 7 +
i = m%. We have taken all massless initial-state partons.

The spin (polarization) and color averages (- - -) are defined
in the usual way:
1
(-~ '>spin = 5 :Zl/z — quarks,
. T (A13)
<' ' '>polarizati0n = 5 /\:ZI"Z - gIUOnS,
(G : k
© color T — quarks,
N, a=T-N,
1 (A14)
(" * Deolor = maﬂ%z?l — gluons,

where N, = 3 is the number of colors. Summation over the
final-state spin (polarization) and color is understood.

In calculating the color factors we used factorization of
the color algebra and the Lorentz structure in the Feynman
graphs. A diagrammatic approach in non-Abelian gauge
theories is employed in the calculation below. This is the
same approach that was used in the evaluation of the
significantly more involved color factors [20,21] associ-
ated with medium-induced gluon bremsstrahlung. The cal-
culation of the squared amplitudes, Eqs. (A1)—(A10) is
straightforward though somewhat tedious in the presence
of nonzero parton mass for final-state heavy quarks,
Y=’ (P (p) =y -p+m, > v (p)v(p) =
v - p — m. In the squared matrix elements given below,
the color factors are separated in angle () brackets and a

—” sign inside denotes a destructive color interference.

For light quark annihilation into a massive c¢ final state:

2\ 2
<|~7quq—»c5|2> = <—> gs

_I_
5) 2

2+ 4m?2s — 2m?).
(A15)

For charm quark-antiquark scattering by 7-channel gluon
exchange and s-channel annihilation into a massive cc pair
the result is:

IM,eel?) = <—> 285 (2 4 42 4 42 — 2md)

2\ 2
+ <9>§;S(§2 + 2

2\ 4
+ < 27> i (02 + m2§s — 2m2a + m?).

+ 2m2f — 3m?)

(Al6)

Finally, the result for gluon fusion into a heavy charm-
anticharm pair, which includes the corresponding
t-channel and u-channel scattering, is:
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3\45 .
IM,mieP) = ~(f) 5

1
Fm2s 4+ mt) + (=)o
—fh+m2s + m?) <12>(f )
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24
8s (f it +m2§ — 2m%f — 3m?)

1 2g% . 3 4g% . n
+ < >(u e (fi +m28 — 2m%i — 3m?) — <3_2>m(22 + m2§ — 2m2t + m?)

12

+< 3>(4g¥ 2)( +ms—2mu+m4)+<

32

1 4g% 5
= J 5 — 4m?). Al7
58] =i = "5 4 A

We turn next to the additional contributions to single inclusive charm production. The scattering of heavy on light

(anti)quarks via t-channel gluon exchange yields:

2

<|mcq—>cq|2> = <§

For the case of charm quarks scattering on gluons, we obtain:

<|mcgﬂg|2>—+<2> (472 — 45 —m28 —

288 o L -
> s(2+u2+mt— ‘C‘)

2 2gv A A ~ A~ 1 283 ~
() e G2 ) — () O S+ =

1 284 n
+ <—>%(2§2 - Sm%f + m%t - mf) + <—
4/ 15 — m?)

We can partially check all results by taking the massless,
m, — 0, limit. If we denote by (§)g the light u, d, s
(anti)quarks, we recover the familiar form of the squared
matrix elements:

, 4gt (P2 + 0?
Yilgloquc}—»ul > <|:]quq—qu | > = _( §2 );

9
(A20)

hm <|Mc‘c—>cc|2> - <|M

gi—qal®)

_deyprar g4t 2@
9 ( §2 72 3 st>
(A21)
”lliglo<|mgg—»ca|2> = <|Mgg—'q!?|2>
3gt (2 + 0%\ (4 §
=2 (L ENEE ) (a22)
8 K 9ti

. 4g3 (82 + 0
nlllglo(Lchq—»cqlz):<|qu*qq|> g( 2 )’
(A23)
n%lgl <|~7Vlcg—>cg| > = <|‘7qug_’qg|2>
/) 4/5 1
=421_sl—77+7—1.
gﬂ[ ( 2) 9\a 3
(A24)

For comparison, see Ref. [2].

(A18)
3m2t — m?) — <%> = 2¢8 2)2( S i+ 2mi — m2$)
m?)
! 4g¢ )
%> G o =y e T (A19)

[

APPENDIX B: FACTORIZATION APPROACH TO
COHERENT MULTIPLE SCATTERING

In proton-nucleus reactions at RHIC the negative light
cone direction is assigned to the nucleus. Thus, the proton
has momentum p, = [p1, 0,0, ] and the nucleus has mo-
mentum Py = [0, P5,0,]. We again remind the reader
that “B” and “b” are just labels for the target nucleus
with mass number A. For example, pg = Pg/A is the
momentum per nucleon. Here, we neglect the Fermi mo-
mentum and the binding energy of the nucleons in the
nucleus. For momentum exchange g* = (p./7; —
x,ps)* we rotate to a frame where parton “d” interacts
head on with the remnants of the nucleus. Let n* =
[1,0,0,], n* =10, 1,0, ] specify the “+ and “—"" light
cone directions, respectively. In the equivalent Breit frame

-1 n
— 17, q> =1 (B1)
2%, pp

Here, %, can be derived from the requirement that when the
scattered parton “d” of momentum xpzn* + g* is on
shell. The ¢ = oo cut constrains the momentum fraction
from the nucleus to the known solution, Eq. (6),

q" = ~Zppyn +

Xb
1+ m2/(=0)
(B2)
We note that above, “d”’ is the label, not the flavor, of the
outgoing parton. In particular when “d” is a ¢ quark we
will have m; = m,. = 1.3 GeV.

Under the standard convention about the “+”” and ““—
light cone directions at RHIC, it is convenient to use the
A-n= A" = 0 gauge. Such a choice does not affect any
of the physical quantities that appear in the final result. For

8((q + xpp)* — m2) « 8(x — x,) = X, =

LX)
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example, the parton distributions, the scale of higher twist
and the hard scattering partonic cross sections and the
Mandelstam variables are all individually boost and gauge
invariant. We consider the final-state interactions of parton
“d” with the gluons from the nucleus with A*(y;) =
A+ (y]) shown in Fig. 20. Using

IAL(y) aA (]
P = 20 - D it 4 07)]
IAL(y/
_ _?Bgll, (B3)

J
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the gluon fields can be represented as components of the
field strength tensor. The initial-state parton carries mo-
mentum fraction xy and 2n gluons carry momentum frac-
tions ¥; — x;_;, at positions §;, and fractions x; — ¥;, at
positions y;", of the momenta pp = Py/A of their corre-
sponding nucleons. Such choice of the momentum trans-
fers ensures the flow indicated in Fig. 20 and a simple
representation of the momentum fraction in each of the
propagators along the scattered parton line. The part of the
diagram associated with the nonperturbative matrix ele-
ment reads:

+
fdxoja;ﬂeixw,;yo[ fdxd ]dyl Py a’y, pB el Ei=xim)py 5] pili=%)pyy! :|
T

X(PglO™AL (y;)AL(Gr) - -

dyg
= |d 270
fx"fzw

X (PO F =L (y ) FL () -

In Eq. (B4) we have carried out an integration by parts
assuming that the gluon fields vanish sufficiently fast at
ly;| — oo, 5] — o0. The choice of —ie is convenient for
guiding the evaluation of the remaining momentum frac-
tion integrals [12] but can be verified by carrying out twist-
4 calculations in the light cone and covariant gauges and
comparing the final result. Depending on the type of initial-
state parton, the operator

Ok = l/f(O)—l/f(y ),

@gluon — 1

OPB

(B5)
“LO)FL ().

To factorize the twist-2 + 2n nonperturbative matrix
element we need to decouple the color and Lorentz in-
dexes, which are not shown explicitly in the equation
above. We use Fiertz transformations and identify the
numerical factors associated with the diagonal terms that

M 'YJjI 'YJ-]

ALGDALG) -

n
eiXUpByJ[l—[fdiidxij
i=1

F A FL )

dy; dy;

v v

-Al<yr>Al<yr)lPB>

el‘(ffi_)Ci—l)l’):;f;r

ei(xi_ii)p};y:r :|

2 21 l(il - Xj—1 — lE) l'(x,- - it’ - lG)

F LG NFLGDIPR). (B4)

[

do not change the quantum number, for example, color, of
the parton after a pairwise gluon exchange. We obtain
—1/2 for the Lorentz part and 1/2N, = 1/6 or N./(N? —
1) = 3/8 for a final-state interacting quark or gluon, re-
spectively. After this factorization of indexes, we obtain
pairwise contractions F~ L’(y;“)F 1:(y;") in the nonpertur-
bative matrix element, where average over color is im-
plicit, and —1 (g );y*" -+t in the hard scattering
matrix element, which we can evaluate perturbatively in
QCD.

Let us now focus on the propagator structure along the
outgoing parton ““‘d”’. For definiteness we consider a heavy
quark. With net momentum transfer x; p; from the nucleus,
the quark propagator can be represented as follows

o X +
D(X,’, Xp, — 1L, md) = ( )pB Y + l<xb>7(’y P md)
t X, T 1€

(B6)

EERNE

Aﬁ AL

FIG. 20 (color online).

Aﬁ AL

AJ_ n AJ_”

Multiple coherent scattering of the outgoing partons in proton-nucleus reactions in the 7-channel. We have

denoted by %— and +— the long distance and contact propagators, respectively. We have indicated the light cone positions, e.g. y;".
Arcs show the momentum routing. Gluons are dominated by their transverse components and the fields, e.g. A*#(y;"), are shown before
the conversion to the field strength tensor and before the factorization of the color and Lorentz indexes.
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In Eq. (B6) the x;-independent vector p is on shell

~

)
n*, p-=m3.

HnHM = — X n* +
p (xp — %p)pgn T

(B7)

We emphasize that the propagators along the final-state
parton line have two distinct parts [12,13]. The first one
does not have a pole in terms of the yet undetermined
momentum x;p. In the Fourier space of the conjugate
variable y*, the interactions that such a propagator sepa-
rates can be collapsed to a single point, o« §(Ay™).
Therefore, the short-distance two-gluon exchange can be
evaluated within the same nucleon state. On the other hand,
the second part of the propagator has a pole at x; = x,,
which puts the propagating parton on shell and ensures a
long lifetime. In Fourier space, the subsequent interactions
separated by this propagator « #(Ay*) can be long dis-
tance and are only limited by the nuclear size ~ryA'/3,
where A is the nuclear target mass number. In our notation
the ¢+ = oo on-shell cut line through parton “d’’ reads

C(x, 2 rmd>—2w( )(p ¥+ mg)d(x; — xp).
(BS)

Naively, the sequence of propagators separated by the
y1 matrices may yield an exponentially large number of
terms per single diagram, similar to the one in Fig. 20.
However, using the equations of motion for a massive
particle, the commutation relations for the Dirac algebra
and (y")?> = (y7)*> =0, we can simplify a typical se-
quence of propagators along scattered parton “d’ line as
follows:

(pry+ md)[zg—]\‘i <— % (&)ﬁ)(f—’})zyli(ﬁ y*

Y Ptmag\ i _ Y P tmy
e 2]
X; —x, t+ i€ Xi—1 — X T 1€

27a; (X Ty~
- (p v+md)[ (_2)%

X - - } e (B9)

Xi—1 — X, T+ 1€
where the boundary condition is set by the cut, Eq. (BS),
and we have taken into account that the subsequent scat-
tering has similar propagator structure. This is the first
significant simplification, which makes it possible to cal-
culate and resum the multiple final-state interactions of the
struck parton.

The second important simplification comes from a
model [12] for the high-twist matrix elements in
Eq. (B4). The natural long and short distance separation
of soft gluon interactions along the trajectory of the struck
parton justifies the decomposition of the multilocal, multi-
parton, nonperturbative matrix element in Eq. (B4) in a
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diagonal basis of individual nucleon states. We focus on
the QCD aspects of the calculation and not the ones related
to the nuclear structure. To illustrate our idea, we adopt a
simplified model of a nucleus of constant lab frame number
density:

3

4y

P == B10)

where rg = 1.2 fm is the nucleon radius. Each nucleon
carries an equal fraction of the momentum of the nucleus,
pp = Pg/A, an approximation which is valid so long as
the energy per nucleon is significantly larger than the
binding energy, € = 8 MeV, and the momentum per nu-
cleon is significantly larger than the Fermi momentum,
krp = 250 MeV. If this condition is violated, the off-
diagonal elements in a density matrix that represent the
correlation between different nucleons might contribute
significantly. With the normalization of the momentum
states (p'|p) = 2E,(2m)*8*(p — p'), the decomposition
of the matrix element reads:

<PB|@init ﬁ F—

~A<p3|@m|p3>1‘[”(” sl L GIFLG)Ip)

3

omN

VOFLGY >|PB>

= A(PB|(91M|PB> l_[ 87

XApgl F~L (" VF L) pg)- (B11)

From Eq. (B11) it follows that, in the absence of final-
state coherent interactions, i.e. neglecting the [, two-
gluon correlations, the minimum bias, inclusive, deep in-
elastic scattering structure functions, and the minimum
bias differential hadron production cross section in
proton-nucleus reactions, both scale with the number of
the nucleons, A, in the nucleus. The expectation value of
the bilocal quark or gluon operator O™ enters the defini-
tion of the leading-twist quark parton distribution function
in the nucleon and is always present as a first term in the
twist expansion series.

Next, we carry out the integrations [/, [d¥;dx;. To
determine the scale of high-twist corrections per nucleon,
we recall that the integration over the single pole ¥ in
Eq. (B4) yields terms proportional to 276(y;” > §;") and
270(y; < §;). If the two gluon exchange is to the left of
the ¢ = oo cut we keep the term o« 6(y;” > §;) and if the
two gluon exchange is to the right of the t+ = oo cut, we
keep the term o« #(y;” < §). This ensures that time grows
toward ¢ = oo and that we keep the dominant nuclear-size-
enhanced contribution. Inserting 1= exp(iOpz5*) we
identify
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~-+ o 1 B B _
@m) [ 5™ palFL6F LGl
T Pp

X O(y; >or<y]) = (2#)}(21(1)%xG(x) (B12)
by direct comparison with the definition of the parton
distribution functions [12]. Note that the light cone posi-
tions y;, ¥ can always be shifted due to translational
invariance. The 6-function yields a factor of 1/2 which can
be thought of alternatively as arising from the symmetry in
the legs of the two-gluon ladder at the interaction point. We
emphasize that the scale of high-twist corrections depends
on the soft x — 0 limit of the gluon momentum fraction in
the nucleon. While finite resolution effects may alter this
result to some small but finite value, this is the value of
neither the Bjorken x nor the momentum fraction fixed by
the hard scattering in hadronic reactions, Eq. (6). As em-
phasized below Eq. (2), we explicitly keep track of the A™/3
enhancement of the multiple soft scattering. We will show
below that taking all possible cuts in a diagram with n 2-
gluon ladders gives contribution = (1/n!)A™3. We first
identify the prefactors associated with such an exponenti-
ating series. A dimensionless equivalent of an average path
length of a struck parton through the nucleus is given by

_ 3
<fdyfp3 0(yf)>v 1 = ZmNrOAw’

where the (- - *)youme 18 carried out for uniform density,
Eq. (B10). In a sequence of interactions where the two-
gluon ladder contribution does not vanish, the y*y~ /2
matrices give a numerical factor of unity;, for example,
Try (y"y /2)"y* -+ =Try y*---. Collecting all
factors from Egs. (B9), (B11), and (B12), we obtain the
parameter that controls the strength of the high-twist cor-
rections on a single nucleon (A = 1) [10,12,13]

= (i o)

37, . 1
- gm0

(B13)

(B14)

As we mentioned above, this does not include the A!/3
nuclear size enhancement, nor the derived factor of 1/n!

FIG. 21.
given in Egs. (B15) and (B16).
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which can be intuitively understood from path ordered
interactions [20].

It is useful to define effective Feynman rules, corre-
sponding to the diagrams shown in Fig. 21, for the final-
state soft scattering of the struck parton:

2 dA;  eiimxicD)A —i
5,(L) [4h , _ Jeft of = oo,
—t)) 2w x;—x;—; —i€ex;_1 —x, T i€

(B15)

_ 52 d; eii—xim)A; —i
Xpl —= e s .
—t) ) 2mx;—x;— —i€ex;—x, — i

right of ¢ = oo.
€
(B16)

In Egs. (B15) and (B16) we introduced the notation A; =
ppyi . The difference from our result for DIS, given in
Ref. [12], is that we have already performed the density
matrix decomposition of the high-twist matrix element.
Here, %, replaces xp and depends on the heavy quark
mass, and Q> — —7. Numerical factors, including the con-
tribution to the nonvanishing traces from the y-matrices,
are collected in the scale of higher twist, £2, Eq. (B14).

The last part remaining is to demonstrate that the di-
mensionless integrals can be performed yielding the
claimed A'/3 amplification of the higher-twist contribution
through the exponentiation of the power series. The
twist-2 + 2n term reads:

c d)y dA dr, . .1
Zfdx()dxl---dxn ddo dAy | dAy i, 1
i=0 27 21 21 P

PUSTRETRPLY —i

i
X

% (pul O p) [ |

=1 Xj-1 7 Xp tiex; —xj_ — i€
no il XAy —i
X 8(x; = xp) l_[ . —.
k:ink — Xp T L€ Xp T Xp—1 — LE

(B17)

In Eq. (B17), the appearance of 1/ pj is associated with the
conversion of J to Ag. There may also be an additional
function, H(xy), which contains smooth x, dependence.
The n = 0 first term corresponds to there being no final-
state interactions.

y*

Reduced Feynman diagram to the left and right of the t = oo cut. The Feynman rules for the effective scalar interaction are
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The integrals to the left and right of the t = oo cut, which
sets x; = x;, are taken independently. The integrals over
the x;, x; poles can be carried out by closing the contour in

the upper or lower half plane. We note that we have
|

i

% e*vho L
2 p

ini - i 1 ‘
=pal0™p Y 5| =5 0= a0 |

(n—0!2
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multiple poles. These produce @-functions which lead
path ordering of the dA, integration and powers of A, —
Ag. Carrying out the [dA, - --dA,, we find

n—i dry . 1 - 1
Sr[7 = [ Gt a0 Ay
PB n:

21

_AT o rdyg
n! de[f%T

R <pB|(9i““|pB>} (B18)

In Eq. (B18), A = A'/3 ), and we have dropped a term O(A3/2) which is suppressed by the large A'/3 nuclear size relative

to AAy. In the presence of an additional function of x,, for example H(x,) =

| M . .al? /%0, the multiple poles to the left

of the t = oo cut lead to a series of derivatives on H(x,). The result for the modified Eq. (B17), where we have also included

the (¥,£%/(—1))" power dependence, reads:

= 27 2T 2T

n il X ) Ay

X 6(x;
k=i+1

Note that all infrared singularities, naively present on the
hard part, give a finite contribution after taking all possible
cuts in the diagram, Fig. 20.

In studying the modification to the differential cross
sections due to nuclear-enhanced power corrections, we
can either take the scale defined in Eq. (B14) amplified by
the nuclear size = A'/3 and a similar effect for the proton
with A = 1, or assume that, for the case of the elementary
nucleon, high-twist effects have been taken into account in
the PDFs and additional interactions in the nucleus are
A3 — 1. The extraction of the scale of power corrections,
&2 = 0.09-0.12 GeV?, for quark scattering, from compari-
son to the shadowing in the nuclear structure function
F35(x, 0?) [12], was performed using the second assump-
tion. Improved analysis may yield somewhat different
values for £2. Finally, we recall that in the case of final-
state gluon scattering, the color singlet coupling,
N./(N% —1) = 3/8, amplifies the scale of higher-twist
effects by a factor of C4/Cr = 9/4 [10].

To complete the summation of all-twist, nuclear-
enhanced power corrections, we identify the additional
function H(x,) = |M,—.41*/x, from Eqgs. (7) and (12).
In Eq. (B17), it multiplies the leading-twist parton distri-

n g2\n Ay dAy dA,
Z(xb %) fdxodx1 e dx, f—o—l" ’xO’\“—(P |(9m“|PB>H(X0)l_[

i(x,-*xj,l)/\‘ —i

Xj—y —Xp ti€x;— xj_| —I€

2A1/'% 4"
~ f—A> |: b)[ yO ezx,,vaO <P |@m1t|p3>i| (B19)

-1
— xp) l_[ ; — =
X T Xp T LE X T Xp—1 T LE n.

—t ) dx}

[

bution ¢,/y(x,). Thus, if we define [10] Fp_cq(x,) =
&p/n(xp) M yp—cql®/x,. Implementing the normalization
to no nuclear effect on a single nucleon as follows, A'/3 —
A'/3 — 1, and having allowed for both massless and mas-
sive partons (quarks or gluons) we find:

00 fz(AIB _ 1)>n 4’

1
Fp_e = —(x - —
ab—cd(Xp) Z a (Xh _ dx)

I ah—»cd(xb)
— t
n=0

2(A3—1) d
—enf 5 EAED e )
t dxh

I Uan)
= Fab—»cd(-xb + xbcd 7/\)

£ -
= Fab—»cd<xb|:l + Cd _i:+ mi i|>
(B20)

In Eq. (B20) C,; = 1(9/4) for quarks (gluons), respec-
tively. When m,; — 0 we recover the result of [10]. The
mass here reduces the effect of power corrections and
compensates for the fact that x, already has the physical
mass of parton “d” factored in.
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