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We discuss the transverse momentum broadening of hard probes traversing an evolving glasma, which is
the earliest phase of the matter produced in relativistic heavy-ion collisions. The coefficient § is calculated
using the Fokker-Planck equation, and an expansion in the proper time 7 which is applied to describe
the temporal evolution of the glasma. The correlators of the chromodynamic fields that determine the
Fokker-Planck collision terms, which in turn provide ¢, are computed to fifth order in 7. The momentum
broadening is shown to rapidly grow in time and reach a magnitude of several GeV?/fm. We show that

the transient pre-equilibrium phase provides a contribution to the energy loss of hard probes which is
comparable to that of the long lasting, hydrodynamically evolving, equilibrium phase.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Hard probes - high p, partons and heavy quarks - are pro-
duced through interactions with large momentum transfer at the
earliest phase of a heavy-ion collision at the Relativistic Heavy
Ion Collider (RHIC) and the Large Hadron Collider (LHC). The hard
probes propagate across the strongly interacting matter produced
in the collision, and lose a substantial fraction of their initial en-
ergy. This is known as jet quenching. The phenomenon is treated
as a signal of the formation of quark-gluon plasma because only
the deconfined state of matter could be so opaque to color charges,
see the review [1].

The matter produced in relativistic heavy-ion collisions evolves
rapidly towards a locally equilibrated quark-gluon plasma which
expands hydrodynamically and ultimately hadronizes. One expects
that the final momentum spectra of hard probes are shaped in
the long-lasting equilibrium phase which is relatively well under-
stood. Effects of the pre-equilibrium phase, which lasts less than 1
fm/c, are usually entirely ignored [2]. However, recent kinetic the-
ory calculations suggest that these effects are sizable [3-8]. We
are interested in the even earlier pre-equilibrium phase when the
medium is not described in terms of quasi-particles, as in a kinetic
theory, but rather as a system of chromodynamic fields.

Within the framework of the Color Glass Condensate (CGC) ap-
proach, see e.g. the review [9], color charges of partons confined
in the colliding nuclei act as sources of long wavelength chromo-
dynamic fields which can be treated classically, because of their
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large occupation numbers. This non-equilibrium system that ex-
ists at very early times is called a glasma [9]. It has been argued
[10,11] that this transient phase significantly contributes to the en-
ergy loss of hard probes because of its very high energy density.
Recently, there has been a lot of interest in the study of the trans-
port properties of this system [12-19].

Our objective is to systematically study the role of the glasma
in jet quenching and compare the effect of the pre-equilibrium
phase with that of equilibrium quark-gluon plasma evolving hy-
drodynamically. We use a Fokker-Planck equation derived in [10]
whose collision terms encode information about glasma dynam-
ics through correlators of chromodynamic fields. We calculate the
relevant correlators using a CGC approach and expand the glasma
fields in the proper time 7. Because of the glasma’s short lifetime,
the proper time can be treated as an expansion parameter. This
approach to analytically solve the classical Yang-Mills equations
was proposed in [20], and developed in [21]. Using a proper-time
expansion, the solutions for the glasma potentials can be found re-
cursively to any order in 7, in terms of the initial gauge potentials.

In our previous work [11] we developed a method to calculate
the correlators that enter the Fokker-Planck collision terms using
a CGC approach, working at lowest order in the proper-time ex-
pansion. In this Letter we present the results from a fifth order
calculation, find the radius of convergence of the expansion, and
obtain an estimate of the importance of the effect of the glasma on
the process of jet quenching. A full account of our study is given
in our extensive publication [22], where we present calculations of
the transverse momentum broadening and collisional energy loss
in glasma. Their dependencies on time, probe velocity and the val-
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ues of the parameters that enter CGC calculations are discussed in
detail. The regularization schemes that are used and the limitations
of our approach are also analyzed.

We note that our study of hard probes is a part of our bigger
project which aims at exploring properties of the glasma. Using a
proper-time expansion we have calculated the energy-momentum
tensor and obtained from it several observables that describe the
evolution of the glasma state [23,24].

We use natural units with ¢ =h = kg = 1. The indices «, 8 =
1,2, 3 label the Cartesian spatial coordinates while the indices i, j
are reserved for transverse coordinates x, y. The generators t? of
the SU(N.) group are defined through [t9, t?] = if%t¢ where fabc
are the structure constants. The indices a,b,c = 1,2,...N§ -1
numerate color components in the adjoint representation. The
generators in the fundamental representation are normalized by
Tr(t?) = %8‘11’. The generators in the adjoint representation are
TS, =if abc Since we study chromodynamics only, the prefix ‘chro-
mo’ is neglected henceforth when referring to chromoelectric or
chromomagnetic fields.

The Fokker-Planck equation of hard probes in a plasma popu-
lated with strong chromodynamic fields is [10]

(D—vg‘x“ﬂ(v)v{;’ —vgY“(v))n(r,x, p) =0, 1)

where v =p/E, is the velocity of the hard parton, p is its momen-
tum and E, is its energy. The parton’s four-momentum is assumed
to be on mass-shell. D = % +v-V is the substantial derivative. The
tensor X*# (v) is

t

zlv /dt’Tr[(f“(t,x)fﬂ(t—r’,x—vr’)>], (2)
‘ 0

X% (v) = 5

where F(t,x) is the Lorentz color force F(t,X) = g(E(t,x) + v x
B(t,x)), and g is the coupling constant. The electric E(t,x) and
magnetic B(t, X) fields are given in the fundamental representation
of the SU(N.) group.

For a non-equilibrium system it is unclear how to derive
the vector Y*(v) in Eq. (1). Therefore, we adopt the plausible
assumption that the equilibrium distribution function n®l(p) ~
exp(—Ep/T) is a solution of the Fokker-Planck equation (1), where
T is the temperature of an equilibrated quark-gluon plasma that
has the same energy density as the glasma. This means that the
vector Y*(v) has to satisfy the relation

p
Y¥ (V) = ‘%x“ﬂ(v). (3)

We use Eq. (3) to get Y¥(v) from X*#(v). However, it should be
stressed that the vector Y%(v) is not needed to obtain ¢ which
is the subject of this Letter. This vector is required to have the
complete Fokker-Planck equation and to compute the collisional
energy dE/dx studied in [22].

The Fokker-Planck equation (1) is derived in [10] under the
assumption that the microscopic chromodynamic field and dis-
tribution function of hard probes can be decomposed into regu-
lar slowly evolving components and rapidly fluctuating ones. The
macroscopic field and distribution function are identified with the
regular components. The interaction of hard probes with short
scale field fluctuations results in Brownian motion. The validity of
the Fokker-Planck equation requires that the time scale of field
fluctuations, which in the glasma is of the order of the inverse
saturation scale Q;!, is much shorter than the characteristic re-
laxation time of a hard probe. Since multiple soft interactions are
needed to significantly change the momentum of a hard probe in
the glasma, the condition is satisfied.
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The field correlators in Eq. (2) are non-local and consequently,
they are not gauge invariant. The problem can be remedied by
inserting a link operator between the two fields, as discussed in
Ref. [10]. When the force JF is in the adjoint representation, one
inserts between the forces in Eq. (2) the link Q(t, x|t —t/,Xx — vt’)
defined as

(t1,X1)
dsuAff(s)Tc], (4)

(t2,X2)

Q(t1,Xq]t2, X2) = P exp [ig

where P denotes “left later” path ordering. Since the analytic cal-
culations become prohibitively difficult with the link operator in-
cluded, we use the expression in equation (2). At the end of the
Letter we give a quantitative estimate of the effect of neglecting
the link operator.

The tensor X*#(v) is given by correlators of the fields E and
B in the glasma. When the system under consideration is transla-
tionally invariant X*#(v) is independent of the variable x which
is present on the right side of Eq. (2). Since we deal with a sys-
tem which, in general, is not translationally invariant, we expect
a weak dependence of X*#(v) on position which is not explicitly
shown on the left side of Eq. (2). The tensor X*#(v) is expected to
saturate at large enough time t. This independence occurs due to
finite correlation lengths. If the correlator (.F"‘ t, x)FE(, x’)> van-
ishes for |X' — X| > Ay or |t —t| > A, the integral (2) saturates for
t> At Or t > Ayx/v with v=|v|.

We are interested in the momentum broadening coefficient ¢
which determines the radiative energy loss of a high-energy parton
traversing the medium [25]. It can be expressed in terms of the
tensor X*# (v) as [10]

o
a=2(50 - 0 xen . (5)
% %

We consider a collision of two heavy ions moving with the
speed of light towards each other along the z-axis and colliding
at t = z=0. The nuclei are assumed to be of infinite extent and
homogeneous in the transverse plane. The surface color charge
densities of the nuclei are both equal to the constant u which we
relate to the saturation momentum scale Qs as U = g“‘Qsz. The
pre- and post-collision gauge potentials are given by the ansatz
[26,27]

ATx) =0xNHOE )xTa(r,x1),
A" (xX)=—-0ExNHOKE )X a(t,X1), (6)

Al(x) =0xNHOx ) (t,x1)
+O(—xNHOE )AL (X, x1)
+OxNHO(—x)A (T, x1),

where x* = (t:I:Z)/«/i. T=+2xtx"and n= %ln(x*/x‘). The step
functions separate the pre-collision and post-collision regions of
spacetime. The potential ,Bi (x~,x_) is the pre-collision potential
of the right moving nucleus and ﬂ; (xT,x,) is the pre-collision po-
tential of the left moving nucleus. The glasma potentials produced
after the collision are represented by «(7,x,) and a’i(r,xl) and
they are smooth functions in the forward light-cone region. Be-
cause of boost invariance, the glasma potentials do not depend on
n.

To calculate the field correlators, the glasma potentials are ex-
panded in powers of the proper time 7. The Yang-Mills equations
are solved recursively so that higher order expansion coefficients
are given in terms of the zeroth order glasma potentials, which
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are written in terms of the pre-collision potentials ﬂ{ (x,X1),
ﬂ;(xﬂx 1) and their derivatives, using boundary conditions ob-
tained by integrating the Yang-Mills equations across the boundary
between the pre-collision and post-collision regions. These rela-
tions were originally obtained for infinitely Lorentz contracted nu-
clei [26,27]. The boundary conditions we use are [23]

o' (0,x1) = lim (81 (", X1) + B(x", x1)), (7)
@(0,x0) =~ lim [0, x0), B0t x0)], (8)

where w denotes the longitudinal extent of each nucleus across
the light cone, which is introduced for technical reasons and taken
to zero at the end of the calculation.

The electric and magnetic fields produced between the receding
nuclei are also expanded in t

E(r,x1,n) =EQx) +tEV &, m+..., 9)
B(z,x1,n)=BPx)+BVx.,n)+.... (10)

The initial or zeroth order fields are parallel to the beam direction
and are given by

EOx,)=-20x)), (11)
BOx,) ="\ x1) — 0%} P x1)

—igla? @ x1), @ xy)]. (12)

We need to calculate correlators of pre-collision potentials of
the form

<ﬂzi11ﬂ£{1 o BSBY ) (13)

We use the Glasma Graph approximation [28] which means that
Wick’s theorem, which properly speaking should only be applied
to a product of color sources, is used on a product of pre-collision
potentials. Correlators of an odd number of the potentials vanish
and correlators of an even number of potentials can be expressed
as products of pairs of pre-collision correlators. One also assumes
that potentials from different nuclei are uncorrelated, so that we
only need to calculate the correlator

apBY (XL ¥1) = lim (8,67 x1)B) (yF.y1), (14)

where the upper/lower sign on the light-cone variables corre-
sponds to the first/second ion. A detailed derivation of the cor-
relator (14), following the presentation in [21], can be found in
[23].

The correlator (14) takes the form

BU(r) =8Ucy(r) — FiFi Co(r), (15)

where r = [x; —y.| and # =ri/r. The functions C;(r) and C(r)
are

1= —— Koy (16)
= 82N (mrKy(mr) — 1) ’
_ m3r Kq (mr)
@0O= aN i mn =1y ()
where

g4NCM(mrK1(mr)—1)} . (18)

M(r) = exp [ P~
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Fig. 1. Cartoon of the zeroth order glasma fields and a probe moving mostly trans-
verse to the collision axis.

Ko(x) and K1(x) are the Macdonald functions and m is an infrared
regulator which is identified with Aqcp, so that m ~ Aqcp =~ 200
MeV. This choice naturally encodes the behavior of confinement,
since it ensures that the color charges in a nucleon are neutralized
at the length scale which coincides with A(3C1D‘ The function Cq(r)
diverges logarithmically as r — 0 and hence the correlator (15) has
to be regularized. Any function of r for r < Qs_1 is replaced by its
constant value taken at Q, 1. In Ref. [22] we show that our results
depend only weakly on this regularization.

The correlators of electric and magnetic fields can be expressed
in terms of the functions (16) and (17). At zeroth order the corre-
lators are

(Y x1) EY (y1)) = g2Nes®
x (2C3(r) — 2C1(r) Ca(r) + C3()), (19)

(B (x1) B (y1)) = g?Ncs®
X (2C%(r) —2C1(r) C2(n), (20)

(EQ (x1) By (y1)) = 0. (21)

Higher order correlators are given by similar expressions involving
the functions C1(r) and C,(r) and their derivatives. The integrand
on the right side of Eq. (2) also involves correlators of pairs of
fields at the same point, and we treat these as two-point correla-
tors in the limit r — 0. Combining the results for all correlators,
we obtain an analytic expression for the tensor X%#(v) up to or-
der 7°.

The proper-time expansion at the lowest orders in 7 is qualita-
tively similar to the semi-analytic weak-field approximation which
was discussed in [18] and used to check the correctness of the
fully non-perturbative lattice code. The weak-field approximation
is based on the assumption that the charge densities of colliding
nuclei are small. Consequently, the chromodynamic fields gener-
ated in the collision are weak, effectively Abelian, and the glasma
temporal evolution can be treated as a perturbation of the initial
configuration with electric and magnetic fields along the beam di-
rection. Using a proper-time expansion, which does not assume
that the fields are weak, our study shows that the initial field con-
figuration lasts for a very short time and evolves rapidly.

An idealized picture of a probe going through the glasma at
very early times is shown in Fig. 1, where the glasma fields at
zeroth order in the 7 expansion are represented by colored flux
tubes of electric and magnetic fields which are longitudinal and
static. Because experiments at RHIC and the LHC focus on hard
probes from the mid-rapidity region, —1 < y < 1, we are interested
in probes moving mostly perpendicularly to the beam axis. There
are two qualitatively different correlation lengths, which we denote
Ay and X;. The longitudinal correlation length X is roughly the
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Fig. 2. Time evolution of § at different orders of the proper-time expansion.

distance between the nuclei and can be identified with the proper
time 7. The transverse correlation length A; can be inferred from
the correlators (19) and (20). Qualitatively it obeys Q;l <i <
Aach. Beyond zeroth order, transverse electric and magnetic fields
develop and rapidly change in time. The simple picture in Fig. 1
does not accurately describe the glasma except at very early times.

The momentum broadening ¢ is built up during the time that
the probe spends within the domain of correlated fields. At ze-
roth order, this time is determined by the transverse correlation
length and the orientation and magnitude of the probe’s velocity.
The coefficient § saturates when the probe leaves the region of
correlated fields. We show below that saturation is reached before
the T expansion breaks down, which proves that the proper-time
expansion, at the order we work at, is consistent with the approx-
imations that are used in the Fokker-Planck approach.

In addition to determining how long a probe spends in the re-
gion of correlated fields, the probe’s velocity influences momentum
broadening through the Lorentz force which enters Eq. (2). Since
the electric and magnetic fields are mostly along the beam direc-
tion (see Eq. (12)), the momentum broadening is maximal when
the probe moves transversely to the collision axis. In this Letter
we focus on this case. The dependence of ¢ on the orientation of
the probe velocity is discussed in [22].

The momentum broadening for a quark moving with the speed
of light perpendicularly to the beam axis is presented in Fig. 2
as a function of t. The dependence of ¢ on the order in the T
expansion is shown. We observe that taking into account higher
and higher order contributions clearly extends the range of validity
of the T expansion, which can be estimated from the largest value
of T for which the result at a given order agrees reasonably well
with the result at the previous order. At very early times, all orders
of the T expansion agree well. When all terms up to order t° are
included, the time evolution of § shows initial growth, and then
flattening, followed by more rapid growth. The region 0.03 fm <
7 <0.07 fm where ¢ flattens indicates the saturation of the result.
The rapid increase of ¢ at later times reflects the break down of the
proper-time expansion. At order 7>, the highest value of § that is
obtained before the proper-time expansion breaks down is around
6 GeVZ/fm. The results in Fig. 2 are obtained using Nc =3, g =1,
Qs =2 GeV and m = 0.2 GeV. The dependence of ¢ on the values
of Qs and m is discussed in [22]. We note that the momentum
broadening of a hard gluon can be obtained by multiplying the
quark value of ¢ by the color factor 9/4.

We have found that ¢ in the glasma reaches the maximal value
of § ~ 6 GeV?/fm at T =0.06 fm. The coefficient § has also been
calculated using real time CGC simulations [18], and shows sim-
ilar growth and a comparable magnitude over the same range of
proper times. Even though the result we have obtained for the mo-
mentum broadening coefficient is very large, one wonders whether
the glasma significantly contributes to the total momentum broad-
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q(1)

Grax

T
hydrodynamic stage y =L
Fig. 3. Schematic temporal evolution of q(t).

ening that the probe experiences when it moves through the sys-
tem. The point is that the pre-equilibrium phase exists for less
than 1 fm.

The value of ¢ in equilibrium quark-gluon plasma, which is
inferred from experimental data by the JETSCAPE Collaboration
[2], is 2 < §/T3 < 4 where T is the plasma temperature. The
expression is valid for a hard quark of pr > 40 GeV. We take
G =3T3 for our further discussion. Since the temperature of the
plasma produced at the LHC evolves from roughly 450 to 150 MeV
[29], the momentum broadening varies from § ~ 1.0 GeV?/fm to
4~ 0.05 GeV2/fm, which are significantly smaller than the glasma
value G ~ 6 GeV?/fm.

The radiative energy loss per unit length of a high-energy par-
ton traversing a medium of length L is proportional to the to-
tal accumulated transverse momentum broadening Ap% [25]. In
case of a static medium we have Ap% = (L. When the plasma is
not static and q is time dependent, the momentum broadening is
Ap% = fol dt q(t) where the probe is assumed to move with the
speed of light.

The time dependence of the momentum broadening throughout
the whole history of the deconfined matter produced in a relativis-
tic heavy-ion collision is shown schematically in Fig. 3. There is
rapid growth of g(t) in the glasma phase until a maximal value
Gmax ~ 6 GeVZ2/fm is reached at tmax &~ 0.06 fm. At later times
q(t) decreases to a value of gg at tg (we explain below how to
estimate these values). From this point on, we have equilibrated
quark-gluon plasma which expands hydrodynamically [2]. The sat-
uration region seen in Fig. 3 is not visible in Fig. 2 because of
the difference in the time scales in the two figures. The drop of
G between tmax and tg is not captured by our calculation but it is
covered by the simulations of Ref. [18].

Assuming that the expansion occurs according to ideal one-
dimensional boost-invariant hydrodynamics, the temperature de-
creases as T = To(to/t)!/3. Consequently, § depends on time as
40 =313 =02, (22)
Taking the value to = 0.6 fm [2] and To = 0.45 GeV [29] gives (g =
1.4 GeV?/fm. The equilibrium contribution to Ap? is

L
A L
Ap%yqu/dtq(t)zng toIn . (23)
to 0
Using linear interpolation between the points ¢(0) = 0,

((tmax) = Gmax,» and q(tg) = o, one finds the following non-
equilibrium contribution to Ap2
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to
A 1. 1.
Apﬂneq E/dUJ(t) = §Qmaxt0 + §q0(t0 — tmax)- (24)
0

The values Gmax = 6 GeV2/fm, tmax = 0.06 fm, to = 0.6 fm and
Go = 1.4 GeV2/fm give

2 |neq
% —0.93 (25)
Api|
for a path of length L =10 fm. If the value of Gmax is increased, or
the initial temperature Ty is reduced, or the path L is shortened,
the non-equilibrium phase gives a contribution to the radiative en-
ergy loss which is even bigger than the equilibrium one.

We note that if we simply extrapolate the equilibrium §(t)
to tmax = 0.06 fm using Eq. (22) we get G(tmax) ~ 14 GeVZ/fm
which is significantly bigger than the glasma value of (tmax) ~
6 GeVZ2/fm we found. This shows that an equilibrium quark-gluon
plasma with an energy density as high as that of the glasma would
be similarly opaque to hard probes.

Finally, we return to the issue of the gauge dependence of our
results due to the absence of the link operator (4) in the field
correlators. We compute the statistical ensemble average of the
operator (4). The crucial observation is that the magnitude of the
tensor (2) is saturated after a time of approximately 0.06 fm. Con-
sequently, the time interval covered by the link operator is very
short and thus the operator can be approximated by the first three
terms of the expansion of the exponential function in (4). Since
the ensemble average of a single potential vanishes, we obtain

—Qt,xt_t/,x—vt/ 26
Z(Ng_ 1) ¢ a ’ v

We compute the expression (26) in the zeroth order of the
proper time expansion of glasma which allows one to express the
gauge potential A#* through the pre-collision potentials. Using the
correlator (14) and assuming that the velocity v of hard probe is
perpendicular to the collision axis, one obtains

—(Q(t, x|t -t , x— vt 27
N§—1<( | ) (27)

NcQ? Q2 Q? 2,72
=1- In{=4+1)—- ———— .
8 n<m2 + ) Q2 +m?

With N =3, Qs =2 GeV, m =200 MeV, v2 =1 and t' = 0.06 fm,
we find

1 / /
1 N1 (@, x|t —t',x —vt'))=0.16. (28)
This estimate most likely provides an upper limit, for two rea-
sons. First, we have computed the potential correlator at the ze-
roth order of the proper-time expansion which corresponds to the
strongest fields. Second, the correlator (26) has been taken at the
minimal distance where its size is maximal.

Equation (28) shows that the ensemble average of the link op-
erator per color degree of freedom differs from unity by 0.16,
which is not a big number. This result supports the idea that ne-
glecting the link operator in the collision term of the Fokker-Planck
equation does not invalidate our results.
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In conclusion, our approach, which is presented in detail in
[22], provides a reliable estimate of momentum broadening in

glasma. Our calculation gives a value of § that is several GeV?/fm,
which is much larger than equilibrium values, and produces ac-

cumulated transverse momentum broadening of the same order
as the contribution from the equilibrium phase. Our results there-
fore indicate that the transient glasma phase plays an important
role in the jet quenching. This conclusion is significant because
it contradicts previous beliefs that the contribution to momentum
broadening from the glasma phase can be safely neglected.
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