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Medium-induced coherent gluon radiation for 2 — 2 pro-
cesses with general kinematics
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Abstract. High-energy proton-nucleus (pA) collisions have provided various
clues for the role of cold nuclear matter effects in hadron production. In par-
ticular, multiple rescatterings of an incoming parton by the nuclear target are
known to induce the radiation of many soft gluons, with those having a long
formation time leading to the modification of hadron production rates due to
fully coherent energy loss (FCEL). Here we present a recently derived formula
for the induced single soft gluon radiation spectrum beyond leading logarithmic
accuracy, whose main features are demonstrated with the example of gg — g g
scattering.

1 Introduction

Heavy flavor production in high-energy nuclear collisions has been an intriguing probe of
QCD medium interactions at different stages of the collision [1]. Experimental data accumu-
lated at collider facilities like the LHC and RHIC heralds a precision era for studying physics
in high-energy nuclear collisions, addressing QCD dynamics at high temperature and ‘cold’
nuclear matter effects, which were the main topics discussed in the conference.
Proton-nucleus (pA) collisions, commonly referred to as small systems, have provided
essential opportunities to study various effects of cold nuclear matter on particle production.
Compared to proton-proton (pp) collisions, partons participating in hard partonic scatterings
in pA collisions will likely undergo multiple interactions in nuclear targets. Such multiple
rescatterings induce the emission of many soft gluons that could have a formation time larger
than the nuclear target, resulting in the modification of hadron production rates due to fully
coherent energy loss (FCEL). The parametric dependence of the corresponding average en-
ergy loss is AEpcgL ~ a,FE \/E]_L/ Ohara With E being the energy of the incoming parton from
the projectile, L the length traversed through the medium, ¢ the transport (diffusion) coef-
ficient in a cold nuclear medium, and Qp,q a hard scale characterizing hard scatterings [2].
For heavy flavor production, Qnarq = m is the transverse mass of the heavy quark formed.
Of particular importance is that medium-induced coherent energy loss overwhelms the QCD
Landau-Pomeranchuk-Migdal effect when E — oo because AEpy/E — 0 [3-6]. Therefore,
medium-induced FCEL has proven to be crucial in explaining heavy meson (J/i, D) and
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light hadron nuclear suppression in pA collisions in a wide range of collision energies from
FNAL, RHIC, to LHC [7-11].

Pursuing the qualitative and quantitative role of FCEL for the quenching of hadron pro-
duction rates in a wide kinematic range is a crucial task, requiring rigorous calculations of the
medium-induced soft gluon radiation spectrum. We have recently derived new results for this
spectrum (for all 2 — 2 scatterings in QCD) beyond leading logarithmic accuracy, enhancing
the predictive power of FCEL estimations in the phenomenology of hadron production in pA
collisions [12]. The general formula is valid in the full kinematic range of the underlying
scattering processes. It should provide an important baseline to evaluate more accurately
FCEL effects on hadron production. Here we recall the features of the medium-induced soft
gluon spectrum, explaining how the new formula for 2 — 2 scatterings can be ‘matched’ to
the original ones obtained for 2 — 1 forward processes.

2 Recap of FCEL at LLA

Let us begin with the induced soft gluon spectrum for 2 — 1 scattering, such as gg — ¢
and gg — g . We shall consider forward scattering of an asymptotic fast parton (labelled 1)
with large E, traversing the target medium in the target rest frame. The fast parton from the
projectile acquires (due to multiple soft scatterings in the medium) an averaged momentum
kick 22 = gL, in addition to a single hard scattering (by parton labelled 2) which delivers a
transverse momentum ¢, to the final parton (labelled 3, and ‘tagged’ with a transverse mass

m, = y/m?*+q>). It then induces soft gluon emission far before and after the scatterings.

The induced soft-gluon spectrum d//dw with w the energy of the radiated gluon is obtained
from an interference between initial state gluon radiation and final state gluon radiation. In
the leading-log approximation (LLA) [13], it reads
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Here, F is a color factor given by combinations of Casimirs of partons in hard scatterings.
A generic rule for 2 — 1is F, = C; + C3 — C,, for example: F. = N, > 0 (energy loss) for
gg — gand F, = —1/N, < 0 (energy gain) for gg — q.

. B E? . . .
The large logarithm ~ In ( e ) stems from the integration over the induced gluon’s trans-

verse momentum k, , which has the limits xq, < k; <« \/Q_L . Here, x = w/E is the energy
fraction carried by the radiated gluon. The lower bound of the integral comes from requiring
that the gluon gets emitted at larger angles, than the scattering angle ¢, /E of the hard parton.
In contrast, the upper bound is attributed to in-medium scatterings shaking off radiation softer
than/, .

Next, we consider the induced soft gluon spectrum for 2 — 2 partonic process in the
LLA, which is relevant for dijet and open heavy flavor production. Supposing the radiated
soft gluon cannot probe the dijet constituents, but sees only their global color state (the final
state is viewed as a “point-like dijet” by the radiation), we have:

2 2

B E
. Z pa a 1+ (L)2K§ - (ZAL - lpi) B (2)

where « labels an irrep of the final parton pair, with associated probability p, and Casimir
C, . Here F, = C, + C, — C, with C, the global color charge of the final parton pair and C; »
the Casimir of the initial partons. Allowing both final partons to have mass m, we introduce
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the usual Mandelstam variables; s = (p1 + p2)?, t = (p1— p3)? etc., we introduce & = (m*>—1)/ s
and & = (m?> —u)/s = 1 — & Then ¢ € [0, 1] and the dijet invariant mass in the final state
is M7 = m} /(£(1 - £)). We mention that ¢ = p}/p}, & = 1 =& = pj/pj are the light-cone
longitudinal momentum fractions of the final partons in any frame related to the nucleus rest
frame by a boost along the z-axis.

3 Medium-induced gluon spectrum beyond LLA

The induced spectrum beyond LLA can be cast into the following compact form [12]:

dI
5 = oS = Tr[@- 5], 3)

where @ represents a color density matrix, quantifying the entanglement between color com-
ponents of the 2 — 2 partonic scattering amplitude,

o _ TrDirac(Va V;) (4)
o+ = TrcolorTrDirac |1‘4|2 .

Here, M534 = Y, Va{a| is a generic 2 — 2 amplitude with Dirac structure v,, and with a
color structure (| conveniently defined with the help of ‘birdtracks’ [14, 15]:
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where the blob @ denotes a projection (or transition) operator corresponding to an s-channel
irrep @ of the 12 — 34 partonic scattering process. The factor 1/ VK, [with K, = dim(«)]
ensures {(a|B8) = 605.1

Meanwhile, S is a matrix associated to the soft radiation, namely

_a, — o (Le+ L Le— L
S = - (LeBup + LeBop) = — ( 5 (Bop + =5 (Bap | (6)
where the large soft factor £ =~ In (1 + if‘l;) = (lar — I,1), and B,p represents soft color

connections between the initial state gluon radiation and the final state gluon radiation:

N

On the right side of eq. (6), B, (B-) is the diagonal (off-diagonal) color matrix part. For
& ~ 1/2, we obtain L ~ L so that only the term proportional to B, = B+ B survives. Using
color conservation, Ty + T, =T, = T3 + T4,

(B)ap = (@l2T1 Tol BY = (lT] + T2 = T3IB) = (C + Co — C2) 8- ®)

Note that |a) is obtained from (e| by complex conjugation, which corresponds pictorially to taking the mirror

image and reversing quark arrows, as needed for M[,_ ,, in (4).



In that particular case, there is no change in the color state of the final parton pair. On the
contrary, beyond LLA with & # 1/2, the induced soft gluon can change the color state of the
parton pair. Explicit formulae for both @ and S can be found in Ref. [12].

As atrace, dI/dx is independent of the color basis but can be diagonalized in some basis.
Specifically, the induced spectrum beyond LLA can be matched to the results in LLA as
follows:
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where the superscript s, ¢, or u indicates the channel in which the sum over available irreps a
is to be considered, and in which the matrix ® is expressed.

4 lllustration: quark-gluon scattering

Here, we will consider the case of gg — gg scattering as an illustration, where in accordance
with the definitions below eq. (2), & corresponds to the energy fraction of the final gluon in
the nucleus rest frame. The amplitude for this process reads

ngﬁqu?‘[z_f}*‘{}, (12)

where the coefficient F contains most of the Lorentz structure, and the diagrams represent
the color.

In the preferred basis for each of the limiting cases & = %, ¢ =0, and &€ = 1, the spectrum
takes the form specified by eq. (9), eq. (10) and eq. (11), where the corresponding available
irreps are a* = {3, 6,15}, o/ = {1,8}, and o* = {3, 6,15} in the s, 7 or u-channel, respectively.
To be specific,” we have
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It is obvious from eq. (12), that for ¢ — 0 the r-channel exchange is forced into an octet,
ie. p] = 0and pg = 1. Using color conservation, E*H=}§’ one observes that for
& — 1, the u-channel exchange must occur in the triplet, i.e. o5 = 1 and pg = pjs = 0. For

(NZ+1)? 25 _ _ _2NMNe=2) _ 9
W-OGNSD) = 880 P8 = Gv-nee-n — a4 and

& =1, the s-channel probabilities are p3 =
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P15 = WerDGN-T) = 8 ° satlsfylng p3+pgt+ P15 = 1.

2Let us recall the needed Casimirs: C3=Cr,Ceg=Cpr+N;—-1,C8=N;,C15=Cp+Nc+1.



On the other hand, we may directly evaluate eq. (3) (using the matrices provided in
Ref. [12]), to find, for all £,

dl ay 1
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From the above expression one can readily obtain the spectra for ¢ = %, é=0,and ¢ = 1:
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We note that eq. (18) is negative, which may be attributed to fully coherent (medium-induced)
energy gain. Indeed, it turns out that significant regions of the phase space exhibit a negative
spectrum. This is demonstrated in Figure 1, which displays a chart of the sign of d//dx in the
(x, €)-plane, with a boundary indicating where the induced radiation spectrum vanishes.
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Figure 1. Regions in the (x, £)-plane, corresponding to energy-loss (solid gray) or energy-gain (hatched
purple). In this figure, N, =3, [, 4 = mL and /,, = ml

We stress that such a negative medium-induced spectrum is not unphysical, owing to the
prescription which defines d//dw , namely by a difference between the pA and pp situations.
Be that as it may, for a projectile to incur less radiation within a nuclear target seems counter-
intuitive. Let us appeal to the 2 — 1 spectrum for insight. Indeed, the prefactor in eq. (1)
contains a (strictly positive) part ~ C| + Cs of the total spectrum which originates from the
abelian-like radiation. The latter is focussed within a cone circumscribed by the scattering
angle 6; = g, /E . Large-angle radiation 8 > 6, is mainly associated to the non-abelian charge
carried by parton 2 (which delivers ¢, ) and the corresponding part of the total spectrum is
thus proportional to C, . The total spectrum is an increasing function of g, , but it would be
incorrect to equate this with the additional soft rescatterings provided by the nucleus.

The medium-induced spectrum arises from an integration over the k, of the radiated
gluon, or equivalently the angle 6 =~ k, /w. However, the abelian and non-abelian radiation
cones are not affected in the same way by the presence of the medium. Soft rescatterings do
effectively grow 6, (which increases the abelian radiation) but the non-abelian cone is ulti-
mately capped at 6 < g, /w, being fixed by the hard process and unchanged by the presence



of the medium. Thus, the non-abelian component of the allocated radiation must actually
shrink. In this way, we heuristically understand that F. o« C; + C3 — C; in eq. (1) contains a
positive part C; + C; but also the negative part —C, . Care is evidently needed when defining
medium-induced observables.

5 Summary

In order to disentangle parton energy-loss from other nuclear effects, such as nuclear parton
distribution functions, it is important to control energy-loss calculations in a wide kinematic
range. For FCEL, this is especially true for channels in forward open heavy flavor produc-
tion in pA collisions, capable of extracting precise information about shadowing of the gluon
distribution in target nuclei. Such studies, useful in a high-precision era with rich experimen-
tal programs, should be completed by exploring comprehensively various observables; those
also include single hadron and dihadron/dijet production, which could probe different energy-
loss patterns. Building a quenching weight from the new medium-induced spectrum would
be required in forthcoming phenomenological applications. We leave it for future work.
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