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We discuss baryon stopping in the color glass condensate description of high energy scattering. We
consider the scattering of a distribution of valence quarks on an ultrarelativistic sheet of colored charge. We
compute the distribution of scattered quarks from a composite projectile, and calculate the baryon currents
before and after the collisions and on an event by event basis. We obtain simple analytic estimates of the
baryon number compression and rapidity shifts, which in the idealized case of plane wave scattering,
produce results that agree with considerations of Anishetty-Koehler-McLerran [Phys. Rev. D 22, 2793

(1980)].
DOI: 10.1103/PhysRevD.99.074009

I. INTRODUCTION

The immediate goal of this paper is to formulate the
problem of baryon number evolution in the context of our
modern understanding of ultrarelativistic nuclear collisions.
Baryon number evolution was considered for such colli-
sions in very early work concerning such collisions by
Anishetty-Koehler-McLerrran [1]. There it was shown that
if the typical longitudinal rapidity boost given to the
baryons of the fragmentation region is y, then the baryons
become compressed by a factor of ¢”. In that paper, various
estimates were given for this factor, and it was argued that
there was sufficient lifetime of the produced matter and
energy density to produce interesting new states of matter.

In this paper, we wish to generalize these considerations
to the extreme high energy limit of ultrarelativistic colli-
sions. In this limit, we expect that typical momentum scales
will be large compared to the QCD scale Agcp, and that
one should be able to describe these collisions using the
theory of the color glass condensate [2-5].

Within the CGC formalism, several authors have studied
the problem of quark production [6-8] in dilute-dense
collisions, where a hard parton from the projectile is
scattered of the dense color field of a large nucleus.
Based on the usual momentum space description, the
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fragmentation region of these collisions, where the baryon
number sits, has been analyzed in [9-11], demonstrating
interesting features such as geometric scaling. However,
such calculations performed entirely in momentum space,
implicitly assume that the matter produced in such collision
does not undergo significant interactions in the final state
and hence do not provide information on the space-time
dynamics.

There are two major issues associated with the space-
time description of the fragmentations region in the high
energy limit. The first, which we shall address in this paper,
is the space-time description of the baryon density and the
color charge carried by quarks (minus antiquarks) in such
collisions. The next problem, that we shall address later, is
the production of gluons and their space-time evolution in
the collisions.

There is also a broader issue to which the considerations
of this paper might ultimately be generalized [12]. At
ultrarelativistic energies, there is a region of nonasymptotic
energy where the center of mass energy is not high enough
so that the baryon number separates between projectile and
fragment. For large enough nuclei, the intrinsic momentum
scales associated with the color glass condensate, Qg
should be large enough so that we can apply CGC
methodology. Nevertheless, the entanglement of final state
interactions, combined with our as yet poor understanding
of baryon number evolution and gluon production in the
fragmentation region complicates this problem.

In this paper we will consider scattering of a distribution
of quarks on an ultrarelativistic nucleus, which is Lorentz
contracted to an infinitesimal sheet of color charge along
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FIG. 1. Scattering of a sheet infinite in the transverse direction
on quarks initially at rest.

the x™ direction x™ = 0 as illustrated in Fig. 1. Of course,
the quarks will be required to have some Fermi momenta,
which we shall ignore throughout this paper. This is
justified because the saturation momentum will be taken
to be very large compared to the typical Fermi momenta.
We first consider the simplest case of a plane wave
scattering, and estimate the baryon number compression
and rapidity shift.

We then move on to a more involved modeling of the
distribution of valence quarks in a composite projectile, to
compute the space-time evolution of the baryon density in a
realistic collision. We present our results for the current
density as a function of the generalized parton distribution
function and the beam function describing the distribution
of the nucleons inside a nucleus. Finally we consider a
realistic ansatz for these distribution functions and plot the
resulting baryon current density. Our analysis shows that a
classical particle picture adequately describes the baryon
charge evolution after the scattering event.

This paper is organized as follows: We begin by for-
mulating the baryon stopping problem in the color-glass
condensate picture in Sec. II. This is then followed by an
analysis of a single quark plane-wave scattering off of a color
charged sheet in Sec. III. We then analyze the scattering of a
composite particle in Sec. IV, finally specializing the analysis
to describe the scattering of a large nucleus off of a sheet of
color charge. We conclude with Sec. V.

II. SETTING UP THE CALCULATION
OF BARYON STOPPING

In this section we describe the various technical steps in
calculating the resulting current density as a baryonic

projectile crosses a sheet of colored glass corresponding
to a nucleus.

A. Background gauge fields
We begin with the classical Yang-Mills equations

D" =]+ [, (1)

in the presence of the strong source J* of the target nucleus
and the weak source j* of the projectile nucleus where D, is
the gauge covariant derivative. Specifying the gauge choice

AT=A_=0, (2)
the covariant current conservation law reads
D, J* =0, (3)

such that the color currents of target nucleus can then be
described as

JY = 6"gp(xt.x), (4)

and will be treated nonperturbatively. Conversely the color
currents j¥ associated with the projectile nucleus will be
treated perturbatively, and do not contribute to the evolu-
tion of the baryon current at leading order.

Based on our gauge choice, the leading order solution to
the gauge fields can be constructed as

-V3A~ = gp(xt,x), (5)

such that the gauge field can be chosen of the form

1
AT AT X) = oy gp(aT X), (6)
1
and the field strength
Fr(e o x) == opltox), ()
1

is independent of x~ and has support only in a small region
of space-time concentrated around x* = 0.

B. Dirac equation at leading order

With the eventual goal of describing realistic collisions
we now move on to analyze the propagation of fermions in
the presence of the color field of the target nucleus. The
fermion fields W satisfy the Dirac equation

(iB —m)¥ =0, (8)
in the presence of the gauge fields A* sourced by the target

nucleus. By performing the usual decomposition of the
Dirac equation into the light-cone components
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Pt = lyﬂ/_‘l’,

1
5 Y- =y, 9)

2

the Dirac equation for the ¥+ component can be expressed
as

1 .
W= (D my Y, (10)

and becomes independent of the evolution time variable x™.
Based on this simplification, the relevant evolution equa-
tion in x* takes the form

. 1
(i'D; + m)

2iD . ¥ — -
o i0_

(=iy'D; + m)¥~.  (11)

C. Solution before the collision

Outside the narrow region of support for the A~ field, the
equations of motion give rise to the on-shell condition

(=20,0_ — 0;0' — m*)W~ = —(9,0" + m*)¥~ =0,
(12)

and the general solution in the region x™ <0 can be
expressed as a super-position of plane wave modes

_ 3 o dkt
‘P(x"' <0,x ,X) = (271’) E byas
S 0

x / 0K 1ty (k)b i (k)
oK) (R, (13)

where k? = 2k* k= — k? = m? is to be understood as an on-
shell four momentum. We choose the Dirac spinors u, (k)
and v, (k) to satisfy the following orthonormality

ﬁs(k)7+us’(k) = 2k+55$’7 ES (k)y+vs’(k) = 2k+6ss’ﬂ

(14)

and completeness relations

> us (k)i (k)

N

=f+m, sz 5,(k) =§-m, (15)

which we will use in the following to derive projection
formulas and expressions for current matrix elements.

D. Crossing the light cone

Crossing the light cone, the solution can be formally
expressed as

Y- (xT,x7,x) = Pexp <i/x dx* [gA‘(Sc*,x‘x)
o

=D+ m) g (i D m) )
P (xt =0",x7,x), (16)

which to leading order in the eikonal approximation yields
the following crossing formula

P (xt = 0*, x7,x) = V(X)¥~(x* = 0", x".x), (17)

where V(x) denotes the lightlike Wilson line in the
fundamental representation, i.e.,

V(x) = Pexp <ig /00+ dx*A‘(x*,x‘X)). (18)

E. Solution after the collision

Beyond x* > 0" the leading order solution is again of
the plane wave form, i.e.,

_ -3 o dkt
Pt > 0.x7.x) = (271)7) res
s 0

x / K (1, () by ()
T 0y (0] (k) ). (19)

However, the operators b, (k) and d! (k) in the
expansion of the fermion field now have to be obtained
by matching to the solution on the x* > 0 side, i.e., right
after the interacting with the color fields in the target
nucleus to that for x™ < 0, i.e., immediately before the
interaction with the target nucleus. By applying the
following reduction formula

by ou(k) = /dzy/dy‘ﬁs(l’c)}/*l}'()ﬂr = 0",y y)et,
(20)

vout /d2 /dy Uy JﬂP Jr—()Jr’y y) lk}
1)

on the x* = 07 lightlike hypersurface, it is straightforward
to obtain the following momentum space expressions for

by oui(k) and df o (k)

bs,out(k) / d2p V(k p)bx,in(kJr’ p)? (22)

(2ey
G = [ S2 V=K p). (2

074009-3



MCLERRAN, SCHLICHTING, and SEN PHYS. REV. D 99, 074009 (2019)

which are frequently used in calculations of partonic cross  directly with the formal expressions in Egs. (20), (21). By
sections in the color glass condensate framework. However, inserting Eqgs. (20), (21) into Eq. (19) and making use of the
for our purpose of calculating the space-time evolution of  relation in Eq. (15), we then obtain the general solution in
baryon currents, it is in fact more convenient to work the forward light cone as

o dkt
Y(xt > 0,x7,x) = (27)” / 2k+/d2k/dy /d2 (K+m)e ~ik(x=y) + (k- m)eﬂkx ‘] yr=0
x V)t =0",y".y). (24)

We note that the right-hand side expression only involves the fermion field ¥(y*™ = 07, y~,y) immediately before the
interaction with the target nucleus. Conversely, the subsequent propagation in the color field of the target and after the
collision are expressed via the convolution in coordinate space with the forward scattering amplitude V(y)y ™ and the free-
fermion propagator

- dk’

_ _ N -3
G()CJr >0, x 7X|y+ - 0+7y ,Y) - (2”) A 2kt

/ PR[(f + m)e= M) 4 (= m)etHe] o (25)

F. Calculation of baryon current

Equipped with the explicit leading order solution of the fermion field in the forward light cone in Eq. (24), we can now
proceed to calculate the vector current

J) = (PO (y). (26)
Based on the above expressions the vector current in the forward light cone can be compactly expressed as
o dkt [ dkt
d’k dzk/d /d /dz/a’2
U 270 / 2% / 2% / / e

x (P(xt =07, %, X)VIE)H(k K V(X)P(xt = 07, x~, X)) e ikE)+iklx=y)

where we denote the current matrix element as

TH(k, k) = (K + m)y* (K + m)4h. (27)

Note that in the above expression, the integrals over k™, k* now extend from —co to 4-co with the negative region associated
with the antiparticle contribution; k> = k> = m? are to be understood as on-shell four momenta and n* denotes the lightlike
four vector n# = (n*,n~,n) = (0,1,0,0) such that ff = y*, n> = n,n* = 0 and n,k* = k*. Decomposing the expectation
value into color singlet structures in the projectile and target nucleus by using

(VI(®)V(x));) = 6;D(x.%).  D(x.X) = Nitf[VT(i)V(X)] (28)

c

the expression for the vector current assumes the following factorized form
o dkt [odk*t
. . -6 0
i) = 22 /_ﬁ/_mw/dzk/dk/dx [ [x [ s
x D(x, %) (P(x+ = 07, X7, )[¥(k, k)P (x™ = 0, x™, x))e k) gik(x=y), (29)
Evaluating the current matrix element explicitly according to

¥ (k, k) = f[2k" (k - n) + 2k (k - n) = 20 (k - k — m*)] + 2iy*y° [P ((k - n)kong — (k - n)kgng) — n*e* Pk kyn,]
+ 2ime*ng((k - n) — (k- n)) + 2imo®ng(k, — k,)
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one recognizes three distinct contributions related to the
different operator structures of the hadronic matrix element.
Clearly, the presence of the hadronic correlation function in
conjunction with the oscillating phase factors associated
with the propagation of quarks after the collision can give
rise to a complicated space-time structure of the currents.

III. BARYON STOPPING FOR A
SINGLE QUARK

In order to obtain an intuitive insight into the dynamics,
we will therefore first discuss the case of a single quark
scattering of the color fields of a dense nucleus. One finds
that for the scattering of a single quark in a momentum
eigenstate only the unpolarized contribution of the current
matrix element survives. Evaluating the corresponding
correlation function of the quark fields for x™ <0~
according to

Wy - [ 40 [ L 32 Jﬁ"{ﬁ%
< (BL(P)bu(p)) e, (30

for a momentum eigenstate with on-shell four momentum
P = (P", P~,P) and averaging over spin and color accord-
ing to

(bE(p)by(p)) = (27)363) (p — P)(27)36) (p P)%N

(31)

where A is a constant for the normalization of the plane
wave states, we get

P(xt =0, %, R)fP(xt =07, x",x))
v ®en) e e
=N E e~ iPXpHiPX, (32)

By integrating the expression for the current over x~ and X~
one readily obtains

PPk —
2EP

K+ k- _—m‘i n*
P+ kt=kt=

/dZ /dZXD X, X —zk( —y)e+lk( -y)

eJrzP —zk —k)yt . (33)

By evaluating the contributions to the different components
of the current explicitly according to

I-€_+k__k-l_c—m2:kl_(—|—m2_(k+k) + m?
Pt 2Pt 2Pt
(k —k)?
- , 34
- (34)

and simplifying the phase factor in the exponential using

2 2 k+k
;;—_k—:Q:( )
2Pt Pt

(k — k), (35)

most of the integrals can be performed by using a change of
variables to sum and difference coordinates, and it is then
straightforward to obtain the final result

P+
’K 1 ;
H(y :N/ K’
o (27) Ep | k22 v
P T4
K
xDW(K Py—— +), (36)

where Dy (Q,b) denotes the Wigner transform of the
dipole scattering amplitude

Dy (Q.b) = / LrD(b + /2, b —r/2)e=.  (37)

Note that the above expression for the baryon current has a
straightforward interpretation in terms of classical particle

picture: Incoming quarks with four momentum P =
P2 . . .
(P, ;T < P) interact with the nucleus at a space-time
position x* = (0,x7, x) and receive a momentum transfer
_py2_p2
given by (O,%,K — P). Subsequently for y© > 0
they propagate freely from the space time point x* =

(0,x7,x) of the interaction to the space-time point y* =

(y".y".y =x+4-y") where the current is measured.
Since we considered the scattering of momentum eigen-
states, the interaction point is delocalized in x~ and the
resulting baryon current in Eq. (36) becomes independent
of y~.

Notably the formula in Eq. (36) is extremely useful to
estimate the effects of baryon number compression and
baryon stopping. Neglecting the impact parameter (b)
dependence in the target, and considering the simplest
possible ansatz for the dipole scattering amplitude

() e

where Q; is the saturation momentum of the nucleus, one
readily obtains the result

D(K.b)

("m0 = () <00 (39)
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~ 07, -
{7)y>0 :m_%@ )y <00 (40)

where (j*),+ o and (j*),+., describe the currents before
and after the interaction with the nucleus, and m? =
P2 + mg denotes the transverse mass of the projectile.
Decomposing the current j* in terms of the rest-frame
density n and flow velocity u* = \/% (e™,e™,0) according
to [13]

J* = nut (41)
one finds that the rapidity is shifted by

1 2
Ohio=-3lEs. @

<y>y+>0 -

while the density gets compressed by a factor ’% ie.,
T

ey (43)

<n>y+>0 = my

This is the result of Anishetty-Koehler-Mclerran (AKM),
except that in our analysis compression factor is determined
by the dynamics of the color glass condensate. We have an
expression for the current density valid configuration by
configuration. There are several important distinctions from
the AKM treatment: The CGC allows one to handle spatial
fluctuations. Most importantly, the typical transverse
momentum scale is not the QCD scale, as was assumed
in AKM, but is the saturation momentum of the projectile
nucleus which can be much larger than the QCD scale and
grows with increasing beam energy.

IV. BARYON STOPPING FOR
COMPOSITE PROJECTILES

We will now consider the more realistic scenario of a
composite projectile scattering of the color field of a the
|

target nucleus. We focus for simplicity on the unpolarized
contribution given by [14]

TR ey P Y

« / PXD(x, %) 20 ( - n) + 28k - n)

—2n/‘kk m? /dx /d)'c‘

x (P(xF XX AP (xt = 07,07, x))
—ik(%— y)eJrlkx ¥). (44)

We denote in the

projectile as

the relevant quark distribution

q(k*.k*.q.b)

/d2 /dx /dx_ —iktx e+ik+x’e—iqr

¥Y(xt=0,x",b—r/2)f¥(x" =0,x",b+1r/2))

(45)
and define
_ d*q _
kT, kt,b) = k*, k*t,q.b),
g k) = [ ESqckab)
:/dx—/d)—c—e—ik+)‘c‘e+ik+x‘
X <‘i‘()'c+ = b)Y (xT =0,x7,b)).

Now in order to localize the interaction point in both x~
and x, we consider a wave-package of hadrons with
momentum distribution Q(p, p) such that the operator
expectation value is given by

gy [AP AP oo e . - ik k)X
ki b) = [ B [ R mpalrt —m3)op? - iR)0p. p) [ et

_ okttt
x/dﬁx e 2

where Q(p, p) is normalized such that

M (p|W(0, X~ — 6x~/2,b)f¥(0, X~ + 6x~/2.b)|p),

4 “h
/(czlnl))ét/(d 27)! (27)*8(p* — M3)3(p* — M3)Q(p. p)(PlIp) = 1. (46)

By performing a shift of the arguments of the hadronic matrix elements according to

(p|P(0, X~ —6x /2, )P (0, X~ +6x~/2,b)|p) = !PT =P )X ¢ilP= P>b< 'w(o —57_ o>¢w<o,+6"7—,o>‘p> (47)
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one recognizes that the hadronic matrix element can be expressed in terms of a generalized parton distribution (GPD) (see
e.g., [15] for a comprehensive review)

I [dox™ ot - - ox~ ox~
v = — o p|¥ _ Y —_—

which depends on the variables

B+ kT pt—pt ) )
Y= =it t=(p-p) (48)

By performing also the integration over X~, which sets the longitudinal momentum difference of the hadron p™ — p* equal
to that of the parton k* — k™, the relevant distribution is then given by

ke m) = ax [ S0 [ O ol = M3)o( = MR)Ap. PIePPRg (s &) (2m)3((K* ~ )

(2n)* ) (2x)
- (bt =p")). 49)
Note that physically, the distribution ¢" (x, &, ) can be viewed as the probability to emit a quark with momentum fractions
X+E=2k"/(pT +p7), x-=&=2k/(p*+p7) (50)

in the amplitude and in the complex conjugate amplitude, respectively, such that in contrast to the single quark scattering
example, the longitudinal momenta k* and k* are in general different. We will see shortly how this will lead to
modifications of the baryon currents in the forward light cone.

Equipped with the relevant hadronic matrix element, we can now turn back to the evaluation of the baryon current.
Defining center of mass and difference coordinates for the transverse variables according to

X k +k _
b=2Fr*  r—x-x K=-1%  sk=k-k (51)
2 2
the phase factors become
o—ik(E=y) pik(x=y) — p=ik® (¥7=y") p+ik* (x"=y") ,—iKr—k(b=y) ei(K2+#+m2)(2,%—2k%)y* o KOk (Frtrhyt (52)

and the different components of the current matrix element can be evaluated according to
2kt (k- n) + 2k (k-n) = 4ktkt,

- . - 1 1 1 1
i . i . — + I+ l _ — -
2ki(k - n) 4 2ki(k - n) = 4k*k <K <2k++2k+> 5k/2<2k+ 2k+>>,

- - - k?
2k=(k-n)+2k=(k-n)—=2n"(k-k—m?) = 2<K2 —6T+m2>.

By switching to the center of mass and difference coordinates as defined in Eq. (51) and performing some of the
integrations, we then obtain

<<];<<yy>)>> — (2x)8 / ® dk* / ” dk* / PK / L5k / &b / gDy (K — q, b)g(k*, K+, q. b)
() -
i

i(_1 1 1 1 L . (K2 Ok 1 1y, : 1 Ly,
% K (21-(—+ + W) - 5k/2(2k?+ - 2k—+) e+l(k+—k+)y e—zék(b—y)e+’(K7+T+m2)(2,;_+_2k_+))+e_lK‘sk(z,;T+2,<_+))'+ ,
Kz—#er2
2k &t

(53)
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where Dy, is the Wigner transform of the dipole distribution of the target defined in Eq. (37) and ¢(k™, k*, q, b) denotes the
hadronic correlation function of the projectile defined in Eq. (46). Since the intrinsic transverse momentum of the quarks in
the projectile q ~ Agcp, Whereas the typical momentum transfer K ~ Q; > Aqcp, we can further neglect the intrinsic

transverse momentum of the quark to obtain

xP*
L+ %)
d*bDy (K, b) —— x/ 2
< [ @bDyKb) 5

2_ok2, 2
K*—%—+m* 2

2XP+ x2_§2

where P* = (p*™ +p7)/2, & = (p*
simplify dramatically in the limit y*© =
and Pauli form factors (see A)

4 4 =
G 0Dlyeoo = [ 50 [ Geen

we find that the most general result in Eq. (54) no longer
admits a simple probabilistic interpretation in terms of
classical particles. Because the longitudinal momenta of
the quark/antiquark are in general different in the amplitude
and conjugate amplitude, interference effects can play an
important role in determining the space-time structure of
currents in the forward light cone. Notably, these effects can
be understood as a consequence of the uncertainty principle
which prohibits a precise simultaneous determination of the
interaction point x~ and the momentum k. However, as we
will see shortly, such effects are suppressed in the collision of
large nuclei, where a semiclassical picture can be recovered
by exploiting the separation of scales between the size of the
nucleus and the size of the nucleon.

A. Baryon stopping in collision of large nuclei

We now focus specifically on the case of baryon
stopping in the collision of large nuclei, for which some
important simplifications of the general result occur. We
consider the projectile nucleus as composed of individual
nucleons and adopt the semiclassical treatment of
Kovchegov and Sievert [16] for the position and momen-
tum distribution Q(p, p) of nucleons inside the projectile

4p*p oy (1)(2m)250) (P)(2m)5(P* — ).
(56)

Q(p.p) =

We note that in Eq. (56), we neglected the long. and
transverse momentum uncertainty of the nucleons,

GO | = [ G5s [ Gme nrel et - dyep. papt [
)

X2—§2

=p)/(p* +p*) and t = (p - p)?
0 i.e., immediately after the collision, where e.g., j© is simply related to the Dirac

)?8(p* = M3)8(p* — MR)Q(p. p)u(p) | Fi(t)r* + F3(1)

d’K [ d*sk

dxq ("‘“)/< 202 ] @

—o0

2, 0k2, 2
o =5 (o Py T 2y s (K2
el<p_P)b +21(}~)(XP Y 2xPt xz—z_,‘zy )e+l§k(y b xP+,x2—§2y )

9’

(54)

. Even though the expressions for the currents

i6+a(l_7 - p)a ispy
e u(p)e

(55)

|

anticipating that the motion of nucleons inside the nucleus
is nonrelativistic such that |[P| < P} and similarly |PT—
P}| < Py. By py(f) we denote the Fourier transform of
the density of nucleons inside the projectile, which is
constrained by rotational invariance in the Breit frame
(B.F.) where

(1) = / Bbpy(b)ei 12— 2. (57)

By using the explicit expression for ¢ in our usual frame

CAMRE (L+Ep-(1-pe=o_4M}E  5p°
1-& 1-& 1= 1-&
(58)

one can then express the averages over the projectile
nucleon states as

b “p
/ (inn) / é i (27)°8(p* = M3)8(p* = M3)Q(p. )

d*sp 1
, 59
/ é/ (27)* /1 - 52 e P*=P} P=0 >

such that upon using the standard decomposition of the
GPD between unpolarized hadron states [15]
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q%@r):ﬂ[ (r.6.1)— (5)2 x

the current density can be written as

o )<L o o) 2
=)

xPT
o | K+ G 2%

K22 o
Pt =g

Now the crucial observation is that the  dependence of the
integrand is in fact dominated by distribution of nucleus
inside the nucleus, which severely restricts |7| < 1/R3.
However, on this scale variations of the ¢ dependence of the
distributions of quarks inside the nucleon is suppressed by
powers of R, /R, and one may therefore approximate ¢ ~ 0
in the GPDs. Similar remarks can be made with regards to
the & dependence, which is kinematically related to the ¢
dependence via

AM2E2 (p)?

/ Py (1) [H(x, £ 1) — @2%19

2, 8k, 2
) L& 4+ ,7_K +T+m 2
el5pbe+2t(x)(xP YT 2=

2

52

E(x,£, r>], (60)

(x,&.1) | Dw(K,b)

X + i _h_ K +2 +
Xz_iz)’ )€+‘5k(y b x—Pﬂ-Z-:Z} )

lp+—p.po0 (61)

Since both terms in Eq. (62) contribute with the same sign,
one concludes that

1 1
<
1 +4M2/|t| ~ AM2RS’

&< (63)

such that [£] < 1/M,R, < 1. Since on the other hand the
GPDs typically vary on scales |£| ~x, with the baryon
charge dominated by the valence sector x ~ 1, one may

tlpo = — o - a (62) ?5£roximate & ~ 0 up to corrections of order R » /R4, such
|
+
(o)) xP
. 1 [o d*5 d’K d*5k i Ski
G () z/ dxH(x,0,0)/d ¢ / psz(z)/ 2/ /deDW(K b)| K'+& 5) &
7T J-oo X (27) (2r)? ) (2x)? >
=) L Shw el
R
k2
giopb 2Py ) sk (y-b Koy
P : weroC e #7 pi_pt p=o (64)

where by approximating & ~ 0 and 7 ~ 0 one recovers the collinear quark distribution H(x, 0,0), with negative values of x
denoting the corresponding antiquark distribution. Evaluating the integrals over 5k and b, by expressing 6k — —iVy then

yields

()
(')
=)

2
ZVY 2

. =& T BN
% el5p(y—x,%y+)e+21( ‘>(xp Y Y )

N%/_oodxH(x 0, 0)/d(§>/%pl\,

xPt
&K K K —i(%)%
t —— Dy | K,y———y" N3)=2
()/(271_)2 W( y XP+y > -
K2+7y+m2
2xP*

(65)

Neglecting further the gradients in impact parameter space (V) which are suppressed by inverse powers of QR > 1
relative to the leading result, the expression can be recast into the form

O = [ [ SRR 0 = Fy0 e (66

074009-9



MCLERRAN, SCHLICHTING, and SEN

PHYS. REV. D 99, 074009 (2019)

with a phase-space distribution

— 0
Farat .y v k5 k) = £3),

given by

YOy ke k) = Dw(‘f‘k’Y)Q(x)/

FO0m . k" k) = Dy (—k. y)a(x) /

where we denote x = f,—i and used that H(x,0,0) = g(x)
for x >0 and H(x,0,0) = —g(x) for x <0. Since the
distribution in Eq. (67), clearly satisfies the collisionless
Boltzmann equation

kOuf(v. k) =0, (69)

one concludes that the final result can be interpreted in
terms of classical particle picture, with the initial phase-
space distribution determined by Eq. (68).

B. Space-time picture of baryon stopping
in collisions of large nuclei

We will now investigate the baryon compression and
acceleration in more detail, and first consider the limit
y* — 0, i.e., immediately after the collision. Considering
for simplicity

~ (2n)? K>
Dw(K.b) = 2 52y P (‘@)’ 0)

one finds that

GO = 0%,y 9)) = v ¥) / ' dxlg(x) - g(x)].

(71)

G0t =070 ¥) = pam) [ deg(a) - g
2 m2
% QZE% ’ (72)

where
vy~ )_p+/dé/d25p (1) —igPTy” ,=idpy
PN YY) = (27) (zﬂ)sz e e

(73)

is the density of nuclear matter inside the projectile.
Note that due to Lorentz contract the distribution in the

k- Kk
(y‘—,ﬁy*,y—]ﬁyﬁk*,k) (67)

d§ d25p —iEPTYyT _—idp-
o [ A (e e,

d d25 b

high-energy limit P* — co becomes strongly peaked in
X~ as

dé pt -
1 + —iéPTy
Jim [ pe. o

= pn(t(&=0,5p))s(y"). (74)
Hence to estimate the baryon compression factor, it is

important to extract the baryon density in the local rest-
frame as discussed in Sec. III. Denoting

<i> ~ [ ala)-awlz. 09)

we find that

(ng(y" =0",y"y)) =~

2 1
S (),
x (ng(y" =0",y".y)) (76)

such that the typical compression factor is approximately
given by

<”B>y+:0+ N Q2 1/2 <x%>B 1/2
(ng)y+—o- 20 <25 GCV) <0.06> - ()

We note that for sufficiently singular valence distributions
g(x) — g(x) x x* with a < —1, the j~ component of the
current becomes singular. The singular behavior is a
consequence of taking the limit y™ = 0" right away.
Conversely, a finite y™ will regulate the x integral as the
phase of the integrand will oscillate rapidly for small x,
thereby canceling singular contributions from the small x
region [cf. Eq. (79)].

Beyond the limit y* — 0" it becomes somewhat more
involved to study the full (3 + 1)-dimensional space-time
dynamics. We will therefore concentrate our attention to
transverse averages of the baryon currents
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20

t [fm/c]

>
Net-Baryon density: Ng/Ng

z [fm/c]

FIG. 2. Space time evolution of the baryon number density Np

(in units of nuclear matter density Ny = W) before and after
A

the collision of large nuclei. Numerical results are obtained for
R, =61fm and Q;, =5 GeV. In order to better illustrate the
space-time dependence we have chosen a frame where the
projectile nucleus has an initial momentum-space rapidity of
yp = 3, such that the compressed and stopped baryonic matter is
approximately at rest.

JH(yTyT) = /dzyj"(y*,y‘,Y)- (78)

and for simplicity also neglect the impact parameter
dependence in the target nucleus by setting Q?(b) = Q2.
Starting from Eq. (64), the corresponding expectation
values of J# are then given by

1 -K?/0? / xP*
zlth@@g—m@x/fo;@r<qu>

2xP*

2 2
xl/d € PN —4MN§2 e+2i(—7:)(xp+y7_1<22x;$2y+)'
b4 X 1-¢&

(79)

Our results for the space-time dependence of the baryon
currents in the forward light cone are compactly summa-
rized in Fig. 2, where we have evaluated this expression
numerically, based on the following ansatz for the PDF and
distribution of nuclear matter inside the projectile

o—K/02
lim (zJ*(z, 1)) z/de

LS 702

. \/KM1 (4(0) = 2()]0(1 = X)p(r = 0)

I'a+b+2)
a+1)(b+1)
pn(t) = e 2Rl (80)

alx) =) = x(1-x),

such that in coordinate space in the rest-frame of the

72
b'/R (M:W denotes the
A

nuclear matter density for a nucleus with radius R, and
atomic number A, and if not stated otherwise, we use a =
b = 3/2 for the valence PDF parametrization.

Before the collision the nuclear matter inside the
projectile is moving fast in the positive z direction and

the rest frame density Nz = v2J1J~ is given by the typical
nuclear matter density Ny = Due to the interaction

7 1

nucleus py (b) = pye™2" /Ki. Here p, =

with the shock-wave the nuclear matter is decelerated and
compressed, such that immediately after the interaction,
ie., y© =0", the typical rest frame densities can reach
several times nuclear matter density depending on the
saturation scale Q, [cf. Eq. (77)]. Specifically, for the
values chosen in Fig. 2, baryon densities of up to five times
nuclear matter density persist for about 2 fm/c, within
approximately one unit of rapidity concentrated around
n| < 0.5 in the chosen frame.

We also note that we have chosen the origin of the
coordinate system as the point where the center of mass of
both nuclei coincide with each other. Since, unlike in the
high-energy limit, the interaction region is extended in x~,
this also implies that at early times a significant fraction of
the baryon charge is concentrated outside the forward light
cone. Hence to investigate the dynamics at early times, it is
much more convenient to look at the dynamics in terms of
xT, x~ orequivalently ¢, z variables rather than the usual 7, 5
which are only defined in the forward light cone.
Nevertheless, one also observes from Fig. 2 that at later
times ¢ 2 2 fm/c, most of baryon charge is concentrated in
the forward light cone, where one can then investigate
profiles of the net-baryon density as a function of the
coordinate space rapidity #. Our results are shown in Fig. 3,
where we present the evolution of the rest-frame density Np
in comparison with the density J* in a comoving frame.
Note that the two quantities behave quite differently at early
times, due to the presence of additional currents J” in the
longitudinal direction. Eventually, at late times Ny and J*
start to coincide with each other and approach the asymp-
totic form

(81)

K2+m?2
xX= —zqu*yBeum
M
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FIG. 3. Net-baryon density profiles as a function of coordinate
space rapidity # at different times 7 after the collision. Open
symbol correspond to J*, filled symbols show the results for the
rest-frame density Np.

where the coordinate space profile of the projectile
becomes irrelevant, and the net-baryon density exhibits
the usual 1/7 dependence characteristic of Bjorken
expansion.

V. SUMMARY AND CONCLUSIONS

In this paper we showed how to compute the distribution
of valence particles after a collision with a high energy
nucleus when the nucleus is described by the theory of the
color glass condensate. This demonstrates explicitly the
compression of the valence particles after the collision,
along with simple estimates for the compression factors.
Quantum coherence plays a significant role in the early
time evolution of the scattered valence particles. However,
in the limit of large colliding nuclei a semiclassical picture
can be recovered, where so far the produced quarks are
noninteracting after the collision. It remains to determine
the gluon radiation induced by such a collision. As such,
this work provides some initial steps and hints about how to

treat the fragmentation region from first principles in QCD
at least for very high energy collisions. Needless to say,
there remains much work to be done before this goal is
achieved.
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APPENDIX A: BARYON CURRENTS BEFORE
THE COLLISION

Before the collision (y* < 0) the baryon currents are
given by

o= [ ks [ Ghaemrsn-a)

x 8(p* = M3)Q(p.p){(p[¥(y)r*¥(y)|p).

(A1)

which can be compactly expressed in terms of the form
factors as

) = / (‘z’ﬂ’)’ / (‘jjmzr)zé(ﬁ—m)
x 8(p* —M3)Q(p.p)a(p)
io-Jra(]_) - p)a

—i(p=p)y
s up)e

x [F‘f(r)ﬁﬁ%(r)

(A2)

Evaluating this expression in the limit of a large nucleus,
i.e., for Q(p, p) as in Eq. (56) and approximating ¢ ~ 0 and
& ~ 0 one finds

h

GO =5

d*op i
/df/WZPJFpN(I)F?(t:O)e (P I?)}’

(A3)

such that upon integration over the transverse coordinates y
the averaged current density is obtained as

1 —4M3 £
(T 7)) = P+;/d§ﬂ1v <1_—Zf>

M2
—2i -—— N _+
X e z’f(m (-2 ) (A4)
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APPENDIX B: EARLY TIME LIMIT (y* =0*) AND RELATION TO FORM FACTORS

Below we investigate more closely the limit y* = 0" of the baryon currents immediately after the collision, where
several simplifications occur in Eq. (54) due to the absence of phase factors associated with the propagation in the forward

light cone

4 4 o
G ODheoo = [ G5 [ e o - 3)ae? - Miaip. pa [

dxqV (x, & 1)e 2Py

—0o0

d’K d*5k
d2bD K.b (p—p)b —z&k(b—y)
< | G |y | 00w

Specifically, for the light cone + component of the current the relevant operator is trivial

=

such that the interaction with the target initially has no effect

w(K.b) =

1
N — [V, V] =1, (B1)

. I N
G ONemo = [ G55 [ G @nPaw? = M3)0(5* - M2)0p. )

X /oo dx/—dza /d2b2P+qV(x, &, 1)e!(PP)b p=2iP"y" pidk(b-y)
—oo (27)?

which is identical to the expression obtained at y© = 07,

i.e., immediately before the collision. Evaluating the expression

explicitly by performing the integrations over ok and b one finds

i+ _ [ d'p d'p 2 2 2 -
GO0 = [ G [ s @nPaw? = M3)0(5* - ME)Qp. )P

4ol
% |:F‘1](t)},+ + Fi(r) w} u(p)e=ip-p» (B2)
My,
where we used the identity [15]
0 ist(pH —
2P [ g .0) = () [ F0* + PO =2 ) (B3)
o N

relating the moment of the GPD to the Dirac and Pauli form factors F(r) and F3(t).

[1] R. Anishetty, P. Koehler, and L. D. McLerran, Phys. Rev. D
22, 2793 (1980).

[2] L. D. McLerran and R. Venugopalan, Phys. Rev. D 49, 2233
(1994).

[3] L. D. McLerran and R. Venugopalan, Phys. Rev. D 49, 3352
(1994).

[4] E. Iancu, A. Leonidov, and L. D. McLerran, Nucl. Phys.
A692, 583 (2001).

[5] E. lancu, A. Leonidov, and L. D. McLerran, Phys. Lett. B
510, 133 (2001).

[6] M. Martinez, M. D. Sievert, and D. E. Wertepny, J. High
Energy Phys. 02 (2019) 024.

[71 A. Dumitru and J. Jalilian-Marian, Phys. Rev. Lett. 89,
022301 (2002).
[8] A. Dumitru, A. Hayashigaki, and J. Jalilian-Marian, Nucl.
Phys. A765, 464 (2006).
[9] Y. Mehtar-Tani and G. Wolschin, Phys. Rev. Lett. 102,
182301 (2009).
[10] Y. Mehtar-Tani and G. Wolschin, Phys. Rev. C 80, 054905
(2009).
[11] FE. O. Duraes, A.V. Giannini, V.P. Goncalves, and F.S.
Navarra, Phys. Rev. C 89, 035205 (2014).
[12] C. Shen, G. Denicol, C. Gale, S. Jeon, A. Monnai, and B.
Schenke, Nucl. Phys. A967, 796 (2017).

074009-13


https://doi.org/10.1103/PhysRevD.22.2793
https://doi.org/10.1103/PhysRevD.22.2793
https://doi.org/10.1103/PhysRevD.49.2233
https://doi.org/10.1103/PhysRevD.49.2233
https://doi.org/10.1103/PhysRevD.49.3352
https://doi.org/10.1103/PhysRevD.49.3352
https://doi.org/10.1016/S0375-9474(01)00642-X
https://doi.org/10.1016/S0375-9474(01)00642-X
https://doi.org/10.1016/S0370-2693(01)00524-X
https://doi.org/10.1016/S0370-2693(01)00524-X
https://doi.org/10.1007/JHEP02(2019)024
https://doi.org/10.1007/JHEP02(2019)024
https://doi.org/10.1103/PhysRevLett.89.022301
https://doi.org/10.1103/PhysRevLett.89.022301
https://doi.org/10.1016/j.nuclphysa.2005.11.014
https://doi.org/10.1016/j.nuclphysa.2005.11.014
https://doi.org/10.1103/PhysRevLett.102.182301
https://doi.org/10.1103/PhysRevLett.102.182301
https://doi.org/10.1103/PhysRevC.80.054905
https://doi.org/10.1103/PhysRevC.80.054905
https://doi.org/10.1103/PhysRevC.89.035205
https://doi.org/10.1016/j.nuclphysa.2017.06.008

MCLERRAN, SCHLICHTING, and SEN

PHYS. REV. D 99, 074009 (2019)

[13] Note that strictly speaking, for a single quark with definite
momentum P the transverse components of the current j’
are also non-vanishing. However, generalizing the above
expressions to include an average over P ~ Agcp, one finds
that the transverse components j' vanish due to rotational
symmetry and we will therefore neglect them in our
analysis.

[14] Note that in Eq. (44) and all subsequent expressions, we
denote x = (0,x7,x) and x = (0, X, X), such that the phase
factor in the exponentials are to be evaluated at
xt=xt=0.

[15] M. Diehl, Phys. Rep. 388, 41 (2003).

[16] Y. V. Kovchegov and M. D. Sievert, Nucl. Phys. B903, 164
(2016).

074009-14


https://doi.org/10.1016/j.physrep.2003.08.002
https://doi.org/10.1016/j.nuclphysb.2015.12.008
https://doi.org/10.1016/j.nuclphysb.2015.12.008

