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ABSTRACT

The properties of small-z QCD are studied in this dissertation. One of the most
interesting features of small-x physics is gluon saturation effect and to obtain direct evi-
dence of this effect has been of great theoretical and experimental interest. We focus on
deep inelastic scattering off heavy nucleus which may provide the first evidence of gluon
saturation. Our results might be put into test in future by Electron-Ion Collider(EIC).
We studied k7 spectrum in gluon production and analyzed the result in different regimes
of nuclear matter, dilute nucleus and saturated nucleus included. We first studied diffrac-
tive gluon production in small-x DIS, which itself is an excellent probe to detect gluon
distribution inside nucleus. We then made an investigation on inclusive gluon production
in DIS and, specifically, tried to understand the contribution from momentum conserva-

tion.
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PART 1

Theoretical foundations for small-z physics



CHAPTER 1. QCD as a theory for strong interactions

1.1 QCD Lagrangian

Quantum chromodynamics is the theory of strong interactions. Specifically, QCD is

SU(3) local gauge theory [1, 13]. The QCD Lagrangian density reads [4, 5, 6, 7, 8],

— . 1 a aur
Locp =Y (@)[iv" D, — mylijql (z) — L (1.1.1)
f

Where ¢/ and ¢/ are spinors of antiquark and quark of spin—%. Covariant derivative

D, =0, —igA, =0, —iglt"Aj (1.1.2)
while field strength tensor
F,, = ~[D,, D,] = t°F", (1.1.3)
g
It can be checked that
Fp, = 0,A5 — 0,A% + g fane A AS, (1.1.4)

where t* are the fundamental representation matrices of generators of SU(3) group and

£ stand for the structure constants of the SU(3) group.

1.2 Perturbative QCD

No exact solution to QCD has been found so far and it is thus often approached

perturbatively. Like QED, people often calculate the process order by order with respect



(a)Quark-gluon vertex (b) 3-gluon vertex
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(c)4-gluon vertex (d)Gluon-ghost vertex(in Lorentz gauge)

Figure 1.1 Vertices in QCD.
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(a)Quark propagator  (b)Gluon propagator  (c)Ghost propagator

Figure 1.2 Propagators in QCD

to the coupling constant. The coupling constant of QCD reads [2, 3]

1

2y
Oés(Q ) - 62 IH(QZ/AéCD)’

(1.2.1)

11N.—2N;

where 8, = —5—F and Agcp is a non-perturbative scale of the order of 200MeV. In

fact, as(M?) = 0.118 + 0.011, where M, = 91.2GeV is the mass of Z-boson [50].
One can see that a, decreases with growing energy scale, i.e., it becomes stronger at
larger distances. The crucial observation is that for sufficiently high Q?, a,(Q?) serves

as the expansion parameter. Feynman rules are listed as follows [4]
1. Quark-gluon vertex: igy*(t%);;

2. 3-gluon vertex: —gf®¢[g"(ky — k3)” + g" (kg — k1) + g"* (ks — ko)*]



3. 4-gluon vertex:

—Zg [fabefcde (g,upguo _guo l/p) facefbde (g,uugpo _g,uo zxp) fadefbce (g,u,l/gpcr _g,upgucrﬂ

4. Ghost-gluon vertex: gf®(p + k)*

5. Quark propagator: wézj
P mf—i-ze
(k)
6. Gluon propagator: kéi“; gob,

where dlt) = e)(k)e) (k) In Feynman gauge d®) = g, while in the light-cone
1 p n

o v
A=+
k ke 4+ k
gauge d,(“,) = G — %
b
7. Ghost propagator: i Heé“

8. Include a factor of —1 for each fermion loop

1.3 Light-cone perturbation theory

Equal-time quantization quantize the wave function into field operators at ¢ = 0. The
Light-cone quantization differs from equal-time quantization in that the quantization

condition is imposed at the z+ = 0, where *

pt=p"+p, p =p-p, p=p (1.3.3)

T =t+4ux, T =t-—u, T=x (1.3.4)

Thus,

1 L
"¢ +rq") —p'd - P’ (1.3.5)

ﬂq:ﬁf—#f—ﬁf—ﬁfZQ

*Note that throughout this dissertation we adopted the “bold” notation for the transverse components
of 4-vectors, i.e., for 4-vector
v= (000!, 0%,0?), (1.3.1)

v = (vhv?) (1.3.2)
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(a) Quark-gluon vertex

(b)3-gluon vertex (c)4-gluon vertex (d)Gluon-ghost vertex (in Lorentz gauge)

kY kY

(e)instantaneous propagators in light-cone perturbation theory
and
1
pex =02’ — plat — p*a? — pPad = §(p+:v_ Fpat) — plat — pa?. (1.3.6)

a2t plays the role as time and p~ is the equivalence of energy in Light-Cone field theory
in comparison with covariant field theory.

The rules for light-cone perturbation theory is listed as follows [17],[18],[19],

1. Assign a momentum to each line such that k* = (k7 k2,j +m2 ,k). All the particles

are on-shell



2. include a factor of §(k™) for each line.

()
3. For each vector boson line, include a factor of iﬁ” . where d,(ff,) = Z er(k)ey (k) In

o v
A=+
Feynman gauge dl(fy) = —g,,, while in the light-cone gauge d,u, = —Guv

N kVJFWV ku

4. Gluon-fermion vertices are
u k l a l a u l a v l a
gyl (1), g Tyt (ge);;, —g S yn L (ge);;, —g D yn U (1),
5. The trigluon vertex is —gf®¢[gh(ky — k3)” + g" (ko — k1)P + g"° (ks — ko)*]
The fOU.l"—gthIl vertex is 92 [fabefcde(gupgya _ g;w' I/p) facefbde(guugpa _ guagup) +

fadefbce (guugpa o gupgycr)]

6. For each intermediate state, include an energy denominator

1
Z k™ — Z k™ 4 e
inc interm

where Z k™ is the sum of light-cone incoming energies, while Z k™ the sum of

inc interm
light-cone intermediate energies.

7. In Feynman gauge, for each ghost line, include a factor _0%::)’ the gluon-ghost

vertex is g f%¢(p + k)*. There is no ghosts in light-cone gauge.

+
8. Fermion propagator has an instantaneous part -t 5T

Gluon propagator has an instantaneous part 2 F in the light-cone gauge
9. Two consecutive instantaneous propagators gives zero.

10. Integrate m / dk™ / d*k for each independent k’s and sum over all internal
0

spins are polarizations, as well as flavors.

11. Include a factor of —1 for any loop

Note that LCPT vertices do not conserve energy, as the Fock states considered are
only part of the scattering process, but it preserve the on-shellness of the particles, by

construction.



CHAPTER 2. DGLAP evolution and parton model

2.1 Parton wave function and the parton distribution function

One can, in principle, study nucleus in arbitrary frame. However, physical interpreta-
tions vary in different frames and a good choice of frame will not only simplify calculation,

but also reveals more intuitive picture. Two frames are often used to describe nucleus.

o Rest frame of nucleus.

e Infinite momentum frame(IMF) or Bjorken frame: P — oco. The “+” component

of the nucleus is set to be much larger than any momentum scale in the system.

In studying nucleus, we will be working in the infinite momentum frame. Due to time
dilation, the lifetime of the partons is much larger than the typical fluctuation time
scale inside the nucleus and thus validating an unambiguous partonic description of the
nucleus contents. This is a clear advantage of IMF'.

Starting from the light-cone wave function of the nucleus in Fock space [8]

which is multi-particle wave function for n-spectator partons in the Fock state of trans-
verse momentum k; and longitudinal momentum fraction x;, along with one measured
quark with transverse momentum k, longitudinal momentum fraction x and parton po-

larization o.



The parton distribution function is related to W/ by [8]

da; d2k;
@', Q") Z / 552Hx227r
(L ({2, ki s, ks 0)2(2 <k+§:k) <1—x—§i%>. (2.1.2)

The Gluon distribution can be defined in the same way as the quark distribution|§].
d’k dr; d? k;
2 i
60 @)= 33 [ s 2 15
W, ({zi, ki }: 2, ks o) 2(2 <k+§:k> (1—x—§:m>. (2.1.3)
i=1

Note that S,, = ngnyng is the symmetry factor, where ng,n, and ng stand for, respec-
tively, the number of gluon, quark and anti-quark in the wave function.

The advantage of light cone approach over covariant approach lies in its clear space-
time picture at high energies. To be specific, processes with well-defined time sequence

disentangles, making great simplification to the physical picture and to calculations.

2.2 DGLAP evolution equation

One might have already noticed that the PDFs are Q*-dependent. However, the
definitions (2.1.2)(2.1.3) do not exhibit a manifesting Q* dependence. In fact Q? enters
as the upper bound for the transverse momenta of the partons and plays the role as
the quantification of the sharpness of the microscopic probes. The larger the ()2, the
better resolution the ‘microscope’ has, and the smaller the size of partons are detected.
Since no probe whatsoever can resolve infinitely small objects, Q2 has to be finite. The
perception of the parton numbers is actually varying with the sharpness of the probe,
and so do the PDF's which count the number of partons the probe can resolve. The probe
can respond only to the partons with transverse size larger than ~ 1/@Q), while completely

oblivious of the smaller ones. In short, a PDF is the record of number of partons with



—~_ | O | >

f f

(a) (b)

Figure 2.1 Diagrammatical illustrations of (a) quark distribution function, (b) gluon
distribution function.

transverse momentum smaller or equal to 1/@Q, with longitudinal momentum fraction x
of the nucleon/nucleus.

It would be very interesting to find exactly how PDFs evolve with Q2. If the high-
@ limit is taken, the problem simplifies to resumming over o, In(Q?/A%¢p), in which
as In(Q? /AQCD) ~ 1. Noticing that even though the high Q? leads to small coupling, i.e.,
g < 1,the accompanying factor In(Q?/Acp) > 1 compensates for the smallness of the
coupling, rendering the terms with expansion parameter o In(Q?/ AQC p) nonnegligible.
The logarithmic enhancement due to Q? make it necessary to resum to all orders of the
parameter o, In(Q*/Agop)-

Starting from a known parton distribution ¢/, if the resolution scale Q? is increased,
the phase space available for producing new partons expanded. For simplicity, we con-
sider first the lowest order corrections to the quark distribution function.

Both real and virtual corrections contribute a power of a,. Actually for large (2,
each a is always accompanied by the In(Q?/ AQC p)- A detailed calculation reveals

QQ
(a:Q _ozC’F/ dk:Q/ dz1+ 22 f k2) (22.1)

z 1—2

Where the subscript A for quark distribution function denotes the contribution from real
gluon emission, shown in A of Fig. 2.2.

The contribution B and C can be calculated in the similar way. We refer the reader to
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A B C

— | o [ T

(0 000000) n
T C.C.

]CJ_,LT

k 1,
Figure 2.2 Lowest order corrections to quark distribution function. A is the real cor-

rection while B and C are virtual corrections. The solid line in the middle
represents the final state

[5] and [8] for details. Note that other diagrams are omitted because they are subleading
compared with a,In(Q*/Adp). Further calculations must be included to not only ¢ —

qg splittings, but also, ¢ — ¢g. Define flavor nonsinglet distribution function by
A (2,Q%) = ¢/ (2,Q%) — ¢ (z, Q). (2.2.2)

we get

AST 2 2y [td ;

This evolution equation is self-contained as it treats only quark evolution. To study the

gluon evolution, we further define flavor singlet distribution function by

S (2,Q%) = o' (2.Q%) + 7 (z, Q). (2.2.4)
f

We then reach an evolution equation
Q? (2.2.5)

e e e et |
2

N\ Gy ) P \Pae) Pea(s)) \ GE@QY)
(2.2.3) together with (2.2.5) constitutes Dokshitzer-Gribov-Lipatov-Altarelli-Parisi

(DGLAP) evolution equations [20],[21],[22],[23],[24].
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Splitting functions are listed as follows,

Poy(2) = Cr [(ff—;‘ﬁ + 281~ z)}
Pey(z) = CF#_Z)Q

Pyc(z) = Ny[2* + (1 — 2)?]

Peo(z) = 2N, [ S Sl z)] G UNeZ2Nr sy (2.2)
(1—2)+ Z 6
Where we have introduced “+” notation [5],
[ttt = [ e - s+ s - (227)

The “+”7 treatment effectively remove the collinear singularities—singularities from the

events in which the emitted parton carries the emitter’s entire momentum.

2.3 General solution to DGLAP

Solutions to DGLAP equations are found in the moment space. Define

fo(@Q*) = /0 dza® f(x, Q%) (2.3.1)

to be the parton distribution in the moment space, where f(x,Q?) could be either for
gluon distribution function G, singlet quark distribution ¥ (2.2.4) or nonsinglet quark

distribution function A7/ (2.2.2). The inverse of Mellin transformation reads

f(2.Q%) = / o s (?) (23.2)

271

The contour ~ runs to the right of all singularities in w-space of f,,(Q?) The advantage of
Mellin transformation is that it turns the original equations with integrals to algebraic

equations.

ONIT(QY)  a,(Q?)

Q 002 or %q(w)Ao{f(QQ) (2.3.3)
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and

s 0 [ Bel@) ) _ @) [ml@) wele) | [ 2@ (234

9\ Q) 7\ @) vee@) |\ Gu(@)

These are DGLAP equations in the moment space. where in (2.3.3) and (2.3.4), anoma-

lous dimension had been defined [8],

1
%-j:/ dzz” Pij(2) (2.3.5)
0

where 7,7 = ¢, G. From (2.2.6), we get [25][26]

Yag(w) = Cr g + i w)1(2 o) —2Y(w+2)+ Zw(l)}

[ 1 2
Y6e(w) = Cr 24w + w(l —i—w)}

[ 1 2
tac(W) =Ny | 7775~ (2+w)(3+w)}
ree(w) = 2N, [w(llﬂu) + (2+w)1(3+w) W+ 2) +¢(1)] + Lgmf (2.3.6)

where ¥ (w) = I"(w)/T'(w). Experiments can give at some specific value of Q* = Q3 the
initial condition of AS7(Q?), £.,(Q?), and G,,(Q?). Then the general solutions can be
derived formally from (2.3.3) and (2.3.4) [§]

_ Q* /2 2 -
A (@) =exp{ | G %ﬁ”mm}w(@%x 237

2u(Q?) — exp /Q2 o (Q?) Yag(w)  Yec (W) Ew(Q3>

o (2.3.8)
Gu(Q?) % T \eew) rea(w) G.(Q3)

(2.3.8) tells us one can, in principle, obtain PDFs for all Q* > A% if experiments

measures PDFs at some value.

2.4 Solution to DGLAP equations in small-z limit

Finding the most general solutions to the DGLAP equations draws much attention[11,

12].  We will, however, throughout this dissertation, content ourselves only with the



13

behavior of the evolution equation at small-z. We will see that the small-z tail reveals
some unique features.

At small-z, the z-integral is enhanced at z — 0 by FPg, and Pgg which behave as
1/z, while quark splitting functions are nonsingular. We therefore will neglect quark
evolution. Also, Pg, affects the gluon evolution through X(z, @?), it will be neglected as
well due to the lack of evolution of ¥(z,@?) in (2.2.5). In consequence, at small-z limit,
the nucleus becomes a gluon-dominated phase. This remarkable feature will be revisited
in the discussions on small-z evolution in the following chapters.

Let us make a quantitative study on the DGLAP equations in this small-x limit.
In fact, a double logarithmic approzimation (DLA) is applicable since both In(Q?*/A)
and In(1/x) set in to enhance the small parameter s, i.e., the resummation parameter

becomes o, In(1/z) In(Q*/A).

Q28G(l‘, Q2) — QS(QQ) /1 %QQVCG (

T 9
50 = o ) (2.4.1)

z

It can be reduced to

?xG(z, Q%) B as(Q2)chG

on(1/1)0I(Q2/Q2) = (z,Q%) (24.2)

It has the solution [§]

Nc 1n<Q2/A2QCD) 1
1G(x, Q%) ~ exp {2\/71'/32 In hl(Q%/AZQCD) In ;} (2.4.3)

DGLAP studies the effects of Q? evolution to parton distributions. The increase
of resolution power unveils finer internal structure of the nucleon/nucleus target. The
better the resolution, the smaller the partons the probe can tell, and smaller partons
which previously serve as dressings on larger partons at lower resolution gradually man-
ifest themselves along the path of evolution. In other words, large-Q? evolution stepwise
uncovers partons previously hidden within a nucleon. Naively, the density inside the

nucleon should turn higher, however, the system become more dilute, as predicted by
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Figure 2.3 A schematic show about DGLAP evolution. The probed parton size turns
smaller with growing resolution power Q2.

DGLAP equation. This seems counter-intuitive, but let us recall that the () is the mea-
sure of probe’s resolution power and therefore the smallest detectable parton size is 1/Q).
On the other hand, an ultrarelativistic proton/nucleus has negligible longitudinal di-
mension. This makes 1/ the smallest resolvable transverse parton size. The interaction
cross section of the partons ~ (a,,/Q*) while the total number of partons is G(z, Q?),
thus the total interaction cross section of the partons is (qem/Q?)G(z, Q%). G(z,Q?)’s
weak dependence on Q% makes the total interaction cross section of partons inside the
nucleus fall rapidly as ~ 1/Q?. In other words, the nucleus becomes dilute, see Fig. 2.3
for an illustrative picture.

We will get back to this problem when we discuss the small-z evolution. DGLAP
predicts that Q? evolution at small-z counts more gluons, but under no circumstances

should saturation effects occur inside the nucleus due to DGLAP evolution.



15

CHAPTER 3. High energy evolution and the BFKL equation

The DGLAP equation deals with the evolution of resolution scale, i.e., it can be
viewed as a variant of RG equation along the line of Q*. How about the evolution
with respect to the 27 Contrary to the Bjorken limit [34],[35], Regge-Gribov limit
27],[28],]29],[30] study the behavior of parton evolution with growing center of mass
energy in fixed resolution power. It is often more convenient to use the variable y, called

rapidity, related to by y = In().

3.1 Two gluon exchange

High energy scattering event, each ¢-channeled particle with spin j contribute to the
cross section a factor

st (3.1.1)

Each quark exchange in the t-channel contributes a factor 1/s to the cross section, count-
ing in the quark contribution both in amplitude and its complex conjugate. In contrast,
one gluon exchange furnishes s°, i.e., no energy dependence. Therefore, quark contri-
butions in the t-channel are suppressed at high energies. Let us consider the simplest
case where a gluon is exchanged between two relativistic quarks moving in the opposite
direction.

Note that throughout the calculation any other momentum scales are assumed much
smaller than P;" and P, , where P, and P, are the momenta of two incoming quarks

moving relativistically in ”+” and ”—" directions, respectively.
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Figure 3.1 Interaction between two quarks through the change of one gluon.

Figure 3.2 t-channel propagator

Born level quark-quark interaction has the following form [§]

0 . 20(30}7‘ d2l

Tqq-qq9 = N, (12)?

(3.1.2)

3.2 BFKL evolution equation

At high energies, the resummation parameter is agIn(1/z). The Born level result
obtained in (3.1.2) will be corrected to include high order longitudinal logarithms. t¢-
channel evolution become important. Let us incorporate the t-channel evolution into the
a Green’s function f(I,1',Y)[10],

202Cr d*l d*U
Oqq—aq = N, (12)2 (1?)2 fLTY) (3.2.1)

f(L,U,Y) encapsulates corrections to all orders with respect to the resummation param-

eter a,Y. f(I,I',Y) must satisfy the result from Born level approximation as its initial
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Figure 3.3 Real and virtual corrections to lowest nontrivial order to Born approxima-
tion.

condition for Y evolution.
fLUYy =0)=681-1) (3.2.2)

Let us consider gq¢ — gqG, which is the simplest next order correction to gqg — qq. Let
us consider the following corrections.
Real corrections can be cast into one single effective vertex. Detailed calculation

shows that the real correction takes the form

Real Oéch 1
LY = = Y(l — ) (3.2.3)
Also, virtual corrections get the form
Virtual l / aSNC 2 lZ
LUY)= fo(l,LU,)Y)Y (- _ 2.4
1 ( [ ) fO( [A) ) ( 272 )/d qu(q_l)Q (3 )

As a result we get

S C Y d2

FLUY) =foY) + 255 [y [
0
l2

™ (g—1)
<[ ala.rv) - parn)] + o (325)
The energy evolution comes in two parts, one coming from real gluon emission, one from

virtual correction. We will not going to the details, but the general outlines of that will

be given.



18

l l’ f(q7 1/7 Y) f(l7 1/7

R UKD

Figure 3.4 Diagrammatical interpretation of BFKL equation.

Taking Derivative with respect to Y, we arrive at

l2

of (Ll Y _ asN /

5 { 1Y) — fo(l Uy )} + O(a?). (3.2.6)

In fact, this equation actually applied to all orders of resummation parameter oY . Read-
ers interested in the treatment of high orders in this evolution equations are referred to
[10], which presented a systematical treatment. Even though the details of this deriva-
tions are skipped, we will rederive this equation in a much simpler way from a different
perspective in Chap. 4.

afA,lY) asN dq , 12 ,
T / [ UY) =55 fAU )| (3.2.7)

This equation is known as Balitskii-Fadin-Kuraev-Lipatov(BFKL) equation. The dia-
grammatical interpretations is as follows The first term corresponds to the corrections

due to real gluon emissions while the second and third term virtual corrections.

3.3 Solutions to BFKL equation

The solution to BFKL equation is(taking into account initial condition)For details to

solving the equation, refer to [10].

a,N, o ,
fry Z / 5 2exp{ ———°x(n, 1/)] [ T2 gine—df) (3.3.1)
m T

n=—oo
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Figure 3.5 (0,3 — iv)as a function of —iv

where
x(nv) = 20(1) - o i) o Ry (33.2)
and
(x) = FF((;) (3.3.3)

No closed form of 3.3.1 can be found so far, yet it still sheds light to physics in its
asymptotic regions. Often saddle point expansion is applied in v on the exact integral-

form solution. 3.3.1 can be rewritten as

dv 1 N, /
faUYy Z / o VQ 7 © {a—x(n V) + 2iv In?(12)1%) | e™@=9) (3.3.4)

BFKL solution is often studied in Diffusion limit | ~ I';the two transverse momenta
are not too far off each other. The saddle points sits at ¥ = 0. Due to large Y and x(n =
0,v=0) > x(n=0,v > 0), we keep only the n = 0 term. x(n = 0,v) ~ 4In2—14(3)v?

we arrive at

1 T In?(12/1"%)
LUY Yy - S 3.
JGEY)~ s T @ay P {(O‘P Y - @ay (3:35)
where &, = aiVC and
da, N,
ap—1= -2 (3.3.6)
T

The subscript P stands for pomeron, a historical name denoting a collective gluon state in

the t-channel at high energy hadron collisions. ap —1 is called BFKL pomeron intercept
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[31],[32]. The lowest order two-gluon exchange model make this intercept zero, i.e., no
energy dependence of the cross section with center of mass energy, experimentally it was
found that [49, 50]

P ~ 5008, (3.3.7)

Our result shows

oBFKL  gor—l, (3.3.8)

It would be very illuminating to study BFKL equation in the Double Logarithmic
Approzimation(DLA), as what has been done when we treat the DGLAP equation. One
might want to cross check whether the two equations converge in the limit of small-z and
large Q%. The large Q? limit corresponds to the case if [ > I’. Without lose of generality,
only n = 0 term in the series is retained. For n # 0 terms, they are suppressed by powers

of (12/")In|. The saddle point sits at v = % and the x(0,v) & ——_-. thus the saddle

2 2
point v = % —1 % We get
1 (aY) 202 2
FUY) = 5 i & 2/ I’ (12/1)Y (3.3.9)

It is easily seen that the exponents matches DGLAP in the DLA limit, the coefficients
are different, though. This difference is due to the fact that gluon distribution function
and t-channel Greens functions are two different quantities. To further illustrate how the

BFKL affects the gluon distribution function, we define unintegrated gluon distribution

function(UGDF)
02G(x, Q%)
o(r,Q%) = 20° (3.3.10)
It can be equivalently redefined in the LLA as
s d?l
o, k) = 2CF /1_2 (k,1,Y = In(1/2)) (3.3.11)
T

This definition can be justified diagrammatically from 3.6. This redefinition essentially

absorbs the t-channel propagator into the wave function of the incoming quark. What
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Figure 3.6 Diagrammatical illustration of unintegrated gluon distribution function
(UGDF).

we would like to emphasize here this definition is, in fact, UV divergent. A single quark
cannot exist in nature, so a more realistic model of proton would remedy the problem.
From next section we would like to replace the quark by a more realistic model of
proton,i.e., onium wave function. The word onium refers to a color dipole. The size of
the dipole plays the role as UV cutoff for the incoming quark; moreover, the dipole wave
function serves as a good base to write down proton wave function. We will get back to
this problem in Chap. 4.

It can be seen that the ¢(z, Q?) satisfies BFKL equations,too.

0p(z, k) asN, d?q 5 12 5
n(L/7) = / CEDE o(z,q°) — —2q2¢(:c,k )| - (3.3.12)
It has a similar solution
©d ch _ o
P(z, k?) :/ iCyexp [QTX(O, u)}k T2 g —1=2iv (3.3.13)

Where (), is to be determined by initial condition. We do have an initial condition for
t-channel Green’s function as a delta function. However, the initial condition for UGDF
has to be an input from outside. Gluon distribution at a given = has to be measured

before the application of evolution equation. Similar to the discussion of the diffusion
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Figure 3.7 A schematic show of the effects of BFKL evolution in a proton. The BFKL
evolution does not affect the size of the partons; the small-z evolution in-
crease the number of the partons.

approximation for BFKL solution, we concludes that

¢(, k?) ~ (1) " (3.3.14)

x
This is result of significant consequence.

The DGLAP equation shows that the nucleons become diluter with growing Q2. As
has been state above, BFKL and DGLAP has the same DLA behavior. However, we
bear in mind that they are studying different evolutions. In BFKL, Q? is fixed, while
x is free to approach zero. If x nears zero, i.e., the gluons become softer, the number
follows a power law increase. However, the gluon size r ~ 1/k, eventually the gluons
inside nucleus will occupy the entire space and begin overlapping each other, see Fig. 3.7
This phenomenon is known as gluon saturation at small-z.

BFKL predicts the growth of cross section with the energy, however, it is worthwhile
pointing out that solution to BFKL equation violates a fundamental property known
as unitarity-the probability for all possible final states must not be larger than unity.
However, the partial amplitudes at given impact parameter b as predicted by the BFKL
equation grows with energy faster than what is allowed by the unitary. Specifically, the
partial amplitude for any scattering process at impact parameter b must not exceed 1.

Let N(b) be the forward scattering amplitude for an arbitrary scattering process at

impact parameter b, then optical theorem dictates that

o' = / d*bN (b). (3.3.15)
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It can be shown that [54] that for the scattering for a point-like particle on a sphere of
radius R, 0 < 27 R? holds. Then N < 1 must be satisfied.

Note that for N = 1, o' reaches its upper bound 27 R2, i.e., the target becomes
completely absorptive(black) and black disk limit is achieved. *

BFKL predicts that the total cross section is unbounded by the black disk limit.
Therefore, the BFKL formalism is incomplete and some mechanism must come into play
to bring down the growth rate. We will see in the next chapter that the problem no

longer occur in the dipole approach.

* In this limit, elastic scattering and inelastic scattering each constitutes half of the total cross section.
It should be understood that since the target is complete black except at the edge, its geometric size
mR? contributes to the inelastic cross section, as expected. The other half of the total cross section 7R?
only comes from the scattering at edge of the target. The elastic contribution to the total cross section
is purely a quantum effect and may not be drawn from classical analogies.
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CHAPTER 4. Color dipole picture and small-x evolution

We studied the BFKL equation in the preceding chapter to characterize small-z
evolution. It predicts a power law growth of the gluon density inside proton which violates
unitary. It is natural to expect that higher-orders of BFKL small-z evolution would bring
down the growth. However, due to extreme complexity of higher order calculations,
no systematical way of resummation to all orders is known so far. As an alternative
approach, the present chapter treats the problem in the color dipole framework and one
would observe that the preservation of unitarity is inherent in this formalism.

A color dipole consists of quark and its anti-quark, and in the eikonal approximation
it has a simple form in the mixed representation (k*,x),where k% stands for the “+4”
momentum of the color dipole while « is the transverse separation between the quark and
anti-quark. In the eikonal approximation, the transverse coordinates of the quark(anti-
quark) remain unaffected either after the emission of secondary partons. This leads to the
factorization of one step of evolution from the existing onium wave functions, justifying
an iterative treatment on the small-z evolution that will be used below to derive the

evolution equation.

4.1 Classical dipole picture without energy evolution

4.1.1 Dipole-nucleon interaction

We discussed quark-quark interaction at high energies in Chap. 3. We have not

explicitly pointed out that the calculated cross section is not finite. Now, instead of



25

Y1

NOI0(010/01010/010]01010101010101010/01010010.077

Figure 4.1 Dipole-dipole interaction.

considering quark-quark cross section, one would resort to a more realistic model for
high energy scatterings. Quarks are confined in the colorless hadrons and nuclei, and the
size of hadrons and nuclei offers natural IR cutoff to prevent the unlawful rapid growth
of the cross section. For the time being, let us concentrate on dipole-dipole interaction.

The dipole-dipole cross section in the Born level reads [62]

202CE [ d?
Nc (l2)2

glitdip _ O e P (4.1.1)

It is a nontrivial result. It tells that dipole-dipole interactions are transverse.

Averaging over all the angular dependence, one gets

< O_dip+dip> _ 4704§CF 22

N, <(In(z>/z<) +1) (4.1.2)

Our first approximation for dipole-nucleus interactions was modeled by lowest-order
dipole-dipole interaction

: 2ra2C 1
dip+N sYF 9
g4ip N, x ln($2 5) (4.1.3)

In arriving at this formula, we made the assumption that the dipole size if perturbative,

while the nucleon makes z~ ~ 1/A.
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Quoting the result from last chapter, we have

; OésOF 2
gium (z, k%) = = 4.1.4
LO (iIZ’, ) T kQ? ( )
thus
; QSCF QQ
Gyaum(z, Q%) = 2In -=. 4.1.5
PG (. Q) = 2ol (115)
As a result, one can cast the dipole-nucleus cross sections as
dip+N a,m 1
ot ~ 2 ?aGy(x, =) (4.1.6)

2
c T

4.1.2 Multiple rescatterings in dipole-nucleus interaction

The study on dipole-dipole interactions may serve as a qualitative description and
quantitative approximation on the cross section of the dipole-nucleon interaction. How-
ever, dipole-nucleus scattering deserves more considerations as multiple scatterings has
to be properly taken care of.

Let us consider the case where a, < 1 while a?AY/? ~ 1. Tt is therefore, strictly
speaking, only applicable to heavy nuclei. The lifetime of the dipole fluctuation 7 is
assumed much larger than the nucleus size.

We choose to work in the IMF where the dipole is fast moving in the “4” direction
while the nucleus is at rest. Denoting the dipole momentum by ¢, one may express the
coherent length of the dipole as I, ~ 2/q~. Since x = ¢~ /P~, where P stands for the
momentum of the nucleus and P~ = m in nucleus rest frame, then ¢ = xm. Hence [, ~
2/(zm). One crucial observation is that for sufficiently small z, l.,, > R ~with R the
nucleus size— the dipole is interacting with the entire nucleus simultaneously. Further, we
will show that the transverse size of the dipole remains fixed throughout the interaction
with the nucleus if this condition is satisfied. Let dr be the change of transverse due to
interaction with the nucleus, then dr ~ Rkr/q®. Here, kr denotes the typical relative
transverse momentum between the quark and antiquark acquired through interactions

with the nucleus and ¢* is the longitudinal momentum of the dipole. then o0r/r =
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Figure 4.2 Diagrams that are suppressed

Figure 4.3 Multiple scatterings.

(2R/q")(kr/r). For kr ~ 1/r and note that k% ~ ¢q*q~, then dr/r ~ 2Rq™ = 2Rxm =
4R /lon. Therefore, small enough x would naturally leads to the diagonalization of the
scattering matrix, since the dipole does not change its size throughout the interaction.
Since Y = In(1/x) = In(P~/q~),this condition translates into ¥ > In(1/mR). On the
other hand, in the spirit of classical approximation, no leading order Bremsstrahlung

should be evoked. It requires oY < 1. As a result, classical approximation applies to
mL <Y < 1 (4.1.7)

mR Qg

It can be shown [76, 77] that in the covariant gauge 0,A* = 0, for high energy
scattering of a dipole off a heavy nucleus, the process in which two nucleons communicate
and cross are suppressed(see Fig. 4.2). As a result, the dipole scatters off the nucleons
in sequence of 1. Glauber’s assumption is realized in the covariant gauge of the gluons
and in the frame we are working in. Keeping in mind that the cross section is frame-

independent, we can paraphrase the above statement that covariant gauge is sufficient in
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achieving the independence assumption of the individual nucleons. The dipole-nucleus
scattering process now becomes easily tractable due to clear separation between any of
the two consecutive dipole-nucleon interactions. In the spirit of eikonal approximation
of the traversing dipole through the nucleus, the space-time picture of dipole-nucleus
interaction is reducible into uncorrelated dipole-nucleon interactions; summing over the
number of participating nucleons and taking into account symmetry factor, the S-matrix

actually exponentiates. Nucleus thickness function is defined as

T(b) - / db* p(b), (4.1.8)
where
/d3bp(b) = A, (4.1.9)

with A being the Atomic weight and p(b) nuclear profile function. The meaning of T'(b)
is now clear, it records the number density of nucleons for given transverse coordinate b.
Let us consider the case where the dipole interacts with n nucleons of the entire nucleus.

The dipole-nucleon forward scattering amplitude is obtained from optical theorem

A 1d0.dip+N 11 )
Ndzp-‘rn(b) — _ — __o_dzp-i—N (4110)
2 & 28,

where the S, is the proton radius. The nucleus is modeled as being evenly distributed

inside nucleus and a dilute system as well,

A
1
= —gqr 4.1.11
50) =3 510 (11.11)
As a result
0.dip+N
S(x,b,Y =0) =exp [— 5 T(b)] (4.1.12)

The relation between S-matrix and the forward scattering amplitude N is,

S=1—-N (4.1.13)
We eventually arrive at
g 9 1
N(z,b,Y =0)=1—exp |— o, T(b)x xGN(x,ﬁ) (4.1.14)
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Figure 4.4 GGM formula (4.1.14) in two limits. For small dipole size r, N behaves as
r?; At large r, N saturates to unity. The characteristic scale distinguishing
small and large r is 1/Q,, where @y is the saturation momentum. Agep
denotes the border for perturbative calculations.

This is known as Glauber-Gribov-Mueller(GGM) model.

Defining saturation scale as the solution to the following equation

Qg

2N,

T(b) 2Gy (7, Q%(b)) =1 (4.1.15)

1
Q3(b)
We know that if z ~ 1/Q, multiple scattering become important for dipole-nucleus
scattering. One can see from this formula that the amplitude vanishes if the dipole
size tends to zero. This phenomenon is known as color transparency. Also it solves
unitarity problem and also naturally leads the black disk limit. GGM formula succeeded
in accommodating the two limits, see Fig. 4.4.

Saturation momentum scales as A'/3, thus the resummation parameter for GGM

formalism is azA'Y/3.

4.2 Mueller’s dipole model

The GGM model is energy-independent and would lose its predictive power at very

high energies. At very high energies, the coherence length of the emitted gluons from the
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Figure 4.5 Onium wave function in its initial state.

quark (antiquark) making up the dipole becomes so large that it does not distinguish the
a2t difference between the individual nucleons. This contradicts the foundation of the
GGM formulism—the independence assumption of the nucleons—and the gluons interacts
with the nucleons simultaneously.

The computation of the multiple scattering taking into account energy evolution was
not solved until large N, limit[33] had been applied to QCD. In the large N, limit, the
emission of one single gluon can be viewed as the splitting of color dipole into two dipoles.
The conservation of color is most easily illustrated in this limit. The greatest advantage
of the large N, limit is that all the non-planar diagram are suppressed by N%Q only planar
diagrams contribute.

Let us transform the light-cone wave function into dipole picture

&’k
Vo) = [ e 99 (42,1

where x1o is the dipole size, see Fig. 4.5 for the detailed notation. The dipole wave

function is normalized to unity.

Ldz d?x1 0) bdz d?*k
\I/ / 2: \IJ(O)/ k 2:].
[/ 2m) 2 Vo (210:2) | w5/ sy 2 Vo k. 2)
(4.2.2)

Now let us consider the emission of on gluon from the dipole, and we choose light-cone
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Figure 4.6 Lowest order gluon emission from the initial onium state.

gauge AT = 0. One reaches [§]

t20(ky)

U (ky Ky, 21, 29) = gt A%

w( 1, k2, 21, 22) k;2_+k’f(p—k1—p2)_—p_

Z [ﬂa(k’l)"}/ . 6;(162)’&(7//(]{71 + k’g)
kt + k+

\Iff,oo?,(ku + ko, 2 + 22)
o'=%41
Vg (p—k1)y - ex(k2)vep — ki — ko

P \I’((,(?,(k?u, 21)] (4.2.3)

See Fig. 4.6 for Mueller’s notations, there the dashed vertical lines stand for energy
denominators in LCPT.

We assume the emitted gluon carries only very small momentum fraction of the
dipole, which translates to zo < 21,1 — z;. The very soft gluon momentum renders a

great simplifications to the energy denominator.

_ 1 ko
ko + ki (p— k1 —p2) = == sz (4.2.4)
2 21

It can be shown that real emission of gluon Fig. 4.6 gives

2
(1) o 4a,Cp a7y (0) 2
E Voo (T10, T20, 21, 22)|” = T E W, (T10, 2)| (4.2.5)

o,0' A\ a o0’
Here, a5 is the transverse coordinate of the emitted gluon and 25 its longitudinal mo-

mentum fraction of the original dipole. The phase space for gluon emission is

— [ —= 4.2.6
29 47 ( )

/minzl A=z dZQ d2l'2
2

0
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Figure 4.7 Virtual corrections to the lowest order gluon emission.

where zj is lower cutoff determined by the particular process and is not highly relevant
in the present discussion.

The probability of finding one gluon in the dipole wave function is therefore [61, 62, 63]

minzi,l—z
b ! d22 d CIZ'Q 2
,(.’1310,-’1320,2172’2” =
20

o0’ )\a
minzi,l—z1 d C
/ o [y, 200 Tho S50 2 (4.2.7)
20 22 T 23003 g

An important observation of this equation is that the probability of gluon emission
completely factors out the wave function of the parent dipole. Specifically, the emission
probability for one gluon at x5 is equal to the probability if finding a dipole of size
x1p times the probability of the dipole to emit a gluon at s (see [8] for more detailed
explanations). This also justifies the reason why transverse coordinate representation is
preferred, as the emission of a gluon does not alter the trajectory of the original dipole.
In fact, gluon emission can be real, as explained above, or, it can be virtual, as shown in

Fig. 4.7. We will not elaborate in detail and we refer to interested readers to the original
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work of Mueller [61, 62, 63]. Presented below are the general ideas of dipole model. A
single quark(or anti-quark) emits a parton, and this parton emits a softer parton, which
then emits another parton. The birth of each parton in the large N, limit contributes to
the total number of dipoles by one, see Fig. 4.8. The iterative emission forms a cascade
of dipoles. Note that each step of emission is eikonal,i.e., The trajectory of the emitter
is unchanged. The dipole cloud grows until the desired rapidity is reached.

Since only planar diagrams are allowed, dipoles belonging to the same ancestry do
not interact; we can build our interaction of the original dipole with the target sheerly
by the superposition of the interactions of all its living descendants with the target. The
disentanglement inside the projectile is a major breakthrough in the path of simplification
to high energy QCD scattering. N, corrections beyond the leading order is an unsolved
problem. However, numerical studies[131, 132, 133] suggest that high energy process

might not be far off the N, limit.

4.3 Balitsky-Kovchegov evolution equation

GGM model serves as the initial condition as the dipole starts to evolve along the ra-
pidity. As the energy increases, evolution effects has to be taken into account. Following
Mueller’s dipole approach, the problem is cast in the transverse momentum space with
eikonalization of all the dipoles assumed and in the large N, limit. We now explain the
general idea that leads to this evolution equation. Let us start with a single dipole. The
dipole can emit a gluon within a finite rapidity range. As is explained in Sec. 4.2 gluon
emission from a dipole is equivalent to the splitting of the parent color dipole to two
daughter color dipoles. The typical interaction time is much shorter than the dipole life-
time. The split dipole, upon interaction, becomes two real daughter dipoles. Otherwise,
the dipole will merge back to the parent dipole. This split and merge corresponds to a

virtual gluon. Both real and virtual gluons must be included within the dipole evolution.
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The S-matrix of dipole-nucleus interaction evolves with respect to Y upon dipole split-
ting and is iterative. Real gluon emission may occur either before or after the interaction
with the nucleus. For virtual gluons, the parent dipole interacts with the nucleus before
or after the lifecycle of virtual gluon emission and the subsequent absorpsion.

Each dipole interacts with the heavy nucleus target via two-gluon exchange in multi-
ple scattering in the classical limit, i.e., GGM formula describes the interaction between

each dipole with the heavy nucleus.

dip+A
7 } (4.3.1)

Solr ) = oxp | ~70)7
is the two-gluon exchange forward scattering S-matrix element(GGM), where T'(b) is the

nucleus thickness function satisfying

/deT(b) =A (4.3.2)

We thus arrive at [§]

n

rkﬂbk}k 1,
S(r1,b _1+§ /||d2bd2 " || (T, by) 4.3.3

Note that in arriving at this, we follow the Kovchegov’s notations, in which

M ({ry, by }7_,,Y) represents the wave function of n-dipoles; while ®© (z,9, byg) is the

initial dipole wave function. Readers interested in detailed derivations are referred to [8].
Noticing that 1 is included in the summation series since we are using the S-matrix

instead of N, as the non-interacting amplitudes also contribute its share.

Since

as N, Ty
siVe d2 ) [n] b 4.3.4
272 $]+1$]+1$J+1 (tri bk 1) ( )

(I)[m_l]({rkv bk}Zzl ) Y) =

As a result, the evolution for wave functions gets the form

a,N, n n
3O ({r, bt L Y)  (43.5)

O ({ry b}ty Y) =
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Taking derivatives on both sides of 4.3.3 furnishes an evolution equation for S

0 as N, x?
. b.Y) = s-'c 2 10
gy @00 Y) =55 “adord,
[S(.’Blg, b + %, Y)S(ZUQQ, b + %, Y) — S(.’Blo, b, Y)] (436)

Dipole-nucleus forward scattering amplitude relates to its S-matrix by N =1 — 95,

we conclude that

0 asN, x3
——N(xy,b,Y) = =2 | d*xy—22%-
oY 10 272 2x%0x%1
[N(Cvlg, b+ %, Y) + N(IEQQ, b+ %, Y) — N(wlo, b, Y)
~ N(212,b+ % YN (220, b + % Y)] (4.3.7)

This is Balitsky-Kovchegov(BK) equation [78, 76]. This evolution equation constitutes
the basis of our discussions in this dissertation. A few words about its resummation pa-
rameter: (1)1t treats the small-z evolution in the leading logarithmic approximation(LLA)
which resums over g In(1/x); (ii) This formalism is applicable only in the large N, limit;
(iii)Heavy nucleus is essential in arriving at BK equation, only terms enhanced by A3 are
included. Therefore, the resummation parameter for BK equation is asAY3N2In(1/z).
The general idea of BK equation can be explained as follows. The splitting of the
parent dipole into two daughter dipoles affects the way how the nucleus interacts with
the original dipole-the nucleus may interact with any of the two daughter dipoles, or, al-
ternatively, with the parent dipole if the dipole recombines into the parent dipole(virtual
corrections). These three possible processes together contribute. One can see that aside
from the linear evolution term similar to our discussion in BFKL equation, a quadratic
term emerges. It is the simultaneous interaction of the two daughter dipoles with the
nucleus. This quadratic term tells that the evolution of the two daughter dipoles are

W

actually not independent and, further, sign implies that linear contributions must be

brought down by nonlinear term.



37

4.3.1 Solution to the BK equation

No closed form of analytical solution has been found so far fitting all dipole sizes.
Still, the equation can be solved in asymptotics.

If one assumes the b-dependence of the forward scattering amplitude is weak in the
for scales of the order of dipole size @y, we may suppress its dependence as a first
approximation to help obtain analytical resolutions. This is true in the large-A limit.
b-dependence may be incorporated into models, as we will see later. Further, the fact

that nucleus is isotropic enables us to suppress the angular dependence of N [8],

0 a.N. x2
—N y)=2>2}¢6 2 101N Y)+ N Y)— N Y
oY (710,Y) 92 2$§0$§1 [N(212,Y) + N(z20,Y) (710,Y)

- N($12, Y)N(CBQ(), Y)] (438)

4.3.1.1 Linear evolution

In the dilute region where the N < 1,the quadratic term vanishes and the equations

turns linear.

90 N(z10,Y) asle [ g [N(212,Y) + N(220,Y) — N(210,Y)]  (4.3.9)
Z10, = X2 12, Z20, - 210, 0.
oY 272 3,73,

It is the equivalence of BFKL equation in the coordinate space. Expanding the forward
scattering amplitude in the Mellin space, we get

N(r,Y) = /00 dvC, explasx(0,v)Y + (1 + 2iv) In(rQs)) (4.3.10)

oo
We can apply the same approximations like what we have for BFKL equation in the
momentum space—diffusion approximation and double logarithmic approximation. Ob-
serving the fact that dipole transverse size and momentum are conjugate to each other.

Fig. 3.5 tells that the function x(0, v) is rather flat throughout the region _71 < - <

1

5 unless close to the boundaries. Therefore x(0,7) can be modeled near —% by a simple

function while retaining its original form elsewhere.
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DLA corresponds to the region where rQy < 1. In(rQy) contributes a large loga-

2
1207

—i | 2a.Y

Saddle point approximation yields

rithm. Since y behaves away from the vicinity of v = 0 as x(0,v) ~ one gets the

saddle point

N(r,Y) = (rQu)*Cupy 4- (4.3.12)

The solution in DLA parallels the discussion on BFKL in this region. However, diffusion
approximation needs more elaboration. r < 1/Qyo is the region of interest. Different
from the case in BFKL, we may not push it arbitrarily close to the boundary r = 1/Q as
nonlinear term would come into play for large dipole sizes. r is assumed large compared

with DLA region, but still smaller than 1/Qgo. Define
o(v) = asx(0, )Y + (1 + 2iv) In(rQs) (4.3.13)
Saddle point is the steepest descend of ¢ and is found with the equation
¢ (Vsp) = asx'(0, Vsp) + 20 In(rQs0) = 0 (4.3.14)
Therefore in this approximation, we get
N(r,y) ~ (rQu) " exp a,x (0, vep)Y (4.3.15)

We can see that the increase of dipole size and rapidity both contribute to the growth
of the forward amplitude. It is often of great interest to study when the nonlinear
effects become important, i.e.,N(r,Y") ~ 1. Define saturation scale by the solution of the
following equation [8],

1

N(r= 0.0 Y') = constant (4.3.16)

Qs(Y) is the characteristic line in the (r,Y") plane in which the dipole size r propagates

along rapidity Y to keep amplitude constant. Set N = 1 helps us qualitatively keep
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track of the demarcation in which the nonlinear term in BK equation has significant

contribution.
s0
asx (0, v5)Y + (1 4 2ivy,) ln(Q Y) =0 (4.3.17)
We get
_ X(Oa VSP)
Y)= L Y 4.3.1
QS< ) QsO eXp[asl + 2ngp ] ( 3 8)

This saddle point can actually be explicitly solved if we combine (4.3.14) and (4.3.17).

One gets
XOvy) _ 20 (4.3.19)
x(0,v) 1+ 2ivy,
Therefore [56]
Vo = —0.12754. (4.3.20)
We now arrive at
Qs(Y) = Qs0 exp(2.440,Y). (4.3.21)

It is worthwhile studying the behavior of N(r,Y') near the saturation region. Expressing

Y in terms of )5 and plugging back to 4.3.10, one arrives

(Y (1+2ir0)x(0,vsp) /x(0,v0)
@s( )> (4.3.22)

N, Y) ~ (rQu) 2 (—@so

Since only the region close to saturation is considered, we can approximate v, by vy.
We get
N(r,Y) ~ [rQ,(Y)] 2w (4.3.23)

N is a function of a dimensionless variable r()s. This result is called extended geometric
scaling [151, 135].
4.3.1.2 Nonlinear region and geometric scaling

We now consider a case in which r > 1/Qs(Y"). Dipole size become sufficiently large

that N(r,Y) nears unity.
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Set

S=1-N, (4.3.24)

Neglecting quadratic terms of S as it is assumed small, one gets [146]

8S(ZL'10,Y) @SNC 2 1‘2
T o /d w2

10
2 .2
1504 5073,

As what have done in solving BK equation, we have assumed an isotropic nucleus to
suppress angular dependence of dipoles. The UV divergence is remedied by imposing

1/Q; as the lower cutoff. We get

0S Y
% = —2a, In[z10Q,(Y)]S (210, Y) (4.3.26)
By introducing a new variable
€ = m[rQA(Y)), (4.3.27)
one gets
0S 1+ 2iy,
— =———E&S. 4.3.28
ag 26(07 VO)g ( )
Solving this equation, one arrives at [146]
1+ 2le/0 2
S(€) =S, —&°. 4.3.29
(€) = Soexplggry 3¢ (43.29)
Getting back to the convention for N leads to
1+ 2’il/0 2
N()=1-25 —&7]. 4.3.30
(€)= 1= Soexplgg 3¢ (43.30)

This is Levin-Tuchin formula [146]. The sole dependence of N on the dimensionless
variable £ is called geometric scaling. All the dependence of N on r and Y are encoded
in the variable £&. Two important observations should be noted on the solution to BK

equation.

e In dilute regimes, the cross section grows as a power law with center of mass energy,
which is hinted by the famous pomeron intercept, even though the analytic result

is far larger than the experimental results.
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Figure 4.9 Phase diagram for different evolutions.

e The naturally occurring quadratic term preserves unitarity.

Let us close this chapter by a phase diagram that describes the applicability regimes

of different evolution equations.
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PART 1I

Phenomenological applications
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CHAPTER 5. Deep inelastic scattering

5.1 Basic concepts in DIS

Deep inelastic process is the high energy process in which a lepton scatters off a
nucleus/proton target via the emission of virtual photon by the incoming lepton. The
larger the momentum transfer of the lepton, the deeper the virtual photon probes inside
the target. The advantage of DIS over heavy ion collisions is that one will be able to
study the nucleus directly, provided that the energies scales are large enough to match
the required precision. Two distinctive energy scales come into play, the longitudinal
energies scales and the transverse scales. To get a closer look at the DIS, we first need
to introduce kinematic variables commonly used in DIS.

DIS is typically characterized with the following kinematic variables [9],[37]. Note

that they are all Lorentz invariants and has clear interpretations in particular frames.
e Collision energy squared s = (p + k)? = 4E,E,

e Squared energy transfer Q* = —¢*> = —(k — k’)2. t-channel DIS is often ap-
proximated as the tree level one-photon exchange and thus Q? is equal to photon

virtuality.

e Bjorken variable xg = %Qq. In the IMF, it equals the momentum fraction of the

proton carried by the quark struck by the virtual photon. 0 < =z < 1 for ep

collisions. From now on, we will use x throughout the dissertation.

e Inelasticity y = ﬁ. It is interpreted as the momentum fraction of the incoming
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Proton

Figure 5.1 Deep Inelastic Scattering.

lepton carried by the virtual photon measured in the rest frame of the proton.

0<y<l.

e Energy squared in the v*p system W2 = (p + ¢)? = M? + Q*(1 — 1), where M is

the proton mass.

e Energy lost by the incoming lepton v = & in proton rest frame.

Note that Q? = zys, neglecting the lepton mass and proton mass at very high energies.

The DIS cross section for the process [ + N — I’ + X (N stands for either a nucleon

or a nucleus) in the one photon exchange approximation can be cast into [37]

d*o Aoy

- (1o + L) @) - LR @)
drdQ? Q4 YTy ) 9 I

In fact, reduced cross section is more often used, which is defined as

_ d*o Q4 B ) y? ,
oo~ (et ) T =g~ P @)~ i e @)

The polarization vectors of the virtual photon may be written as [46]

e% = (O,O,GA),

EL:(— — 0),

(5.1.1)

(5.1.2)

(5.1.3)
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which decompose the photon propagator into [8]
qu4v A s A
Guw — “—2 = — Z €T, T €1 L€T - (5.1.4)
q A=c+£1
Throughout this dissertation, we will be concentrating on the subprocess of DIS:
v* + N — X. Structure functions are related to longitudinal photon cross section and

transverse photon cross section by

2 Q? *A Q? “A “A
F2<:C7 Q ) = 47T2Oéem O-i’fyot = 47T2Oéem (U% + UZ )
Q> A
20 F (z,Q%) = y— o (5.1.5)
The F7, is related to F} and F, by
2 2 2 Q2 v*A
Fr(z,Q%) = Fy(z,Q°) — 2zFy(2,Q°) = 2 0L (5.1.6)

This is supposed to be zero for real photon, however, virtual photon contains longitudinal
polarization.

Bjoken first proposed that for fixed x, the structure functions is flat with respect to
Q? [14]. In the 1960s, the prevailing picture about a proton is a continuum of charge
distribution. If the inside of proton is a continuum of distribution, the harder the scat-
tering is, the less charge would be probed. Then the structure function should fall with
increasing resolution scale. However, the SLAC-MIT experiment showed that the struc-
ture function within its energy scanning range does not vary with the momentum transfer
Q? Instead, this phenomenon is best explained by naive parton model, proposed first by
Feynman. Feynman parton model states that proton builds on top of point-like parti-
cles, called partons. It is therefore insensitive to the resolution power of the external
electro-magnetic probe.

It turns out Bjorken scaling is not exact. The Feynman’s naive parton model is
the result of the active degrees of freedom at low energies. However, at high center

of mass energies \/s(small-x), deviations from the Q*-scaling due to evolution become
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Figure 5.2 Bjorken scaling and its violation at small-z, from [14].

manifesting, as can be seen from Fig. 5.2. The theory explaining the deviations has
already been well established in Chap. 2, which calculates the quantum corrections to
the naive parton model. In this regard, naive parton model at high /s ceased to be
valid, and genuine QCD partons came into play.
Let’s take a look at the experimental results for these parton distribution functions.
We can see from Fig. 5.3 that gluon distribution dominates over quark contents at

very small-z. In other words, matter is made up glues other than blocks at small-x.

Both DGLAP and BFKL confirmed this trend.

5.2 Deep inelastic scattering at small-z in dipole approach

The process of v* A scattering has a very clear space-time separation in the light-cone
perturbation theory.
Assuming that the proton/nucleus of interest is studied at its rest frame, then the

center of mass energy /s = mq™'. It is argued that in the IMF of the virtual photon, one
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Figure 5.3 Parton distribution function, from [37].

could make further simplification on DIS by safely factoring out the photonic contribution
from the rest of the strong interaction.
In this frame, the lowest order contribution comes from the splitting of the virtual

photon into qq pair, which interacts with the target. The interaction time

1 1
x;t ~— = — (5.2.1)
P+ m

where m is the mass of the target; while the the lifetime for ¢q

Axf, ~ — kl - [ (lk% | +Q2] L+ (5.2.2)
Wt~ VTS 1

Here kr is the transverse momentum of the quark, and z denotes + momentum fraction
of the photon carried by the quark.
Recalling that ¢* is assumed much larger than any other momentum scales, we con-

clude

Az, > Tiy (5.2.3)
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Figure 5.4 Virtual photon wave function, the dashed like denote the energy denomina-
tor.

The interaction lifetime is instantaneous compared with the lifetime of the color dipole
qq. Therefore, the fluctuation can be viewed as being frozen. Further, the existence of
the virtual photon has its manifestation in the dipole-nucleus nucleus interactions only

in the energy denominator. More precisely

D=k, —q ~k.

interm interm

(5.2.4)

Noticing that we have dropped ¢~ = ;—6'32 due to the large ¢ assumption.

The intermediate states of the DIS bear no memory of the initial virtual photon state
and the QCD interactions completely disentangles from the QED processes at small-x
limit [47],

o7 = V(2 Q) @ o114 (5.2.5)

LCPT gives Fig. 5.4 [§]

2(1—2)
=e
‘ ka—l—m?—kQ?z(l—z)

Wy (K, 2) o (k)y - €, L0 (g = k), (5.2.6)

and it is transformed into dipole picture via

* = ko . * =
N, 2) = /(27)262’”@%;”(’6&) (5.2.7)

As a consequence

o7 =072, Q) ® 0?4 (5.2.8)
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where
|\I/%*_>q‘7(r, 2)? :2NCZ aeT;Zfz(l —2)
f
X {afc[Kl(mf)ﬂz +(1—2)3+ mfe[Kg(mf)]Q} (5.2.9)

is the transverse wave function squared [§8], with

aff =Q%(1—2)+ m?c; (5.2.10)
and
*yod Qem L3
(07 7, 2) 2 = 2N, Y Q2 (1 — 2)P[Ko(ray))? (5.2.11)
T
!

is the transverse wave function squared [8].
Note that the dipole-nucleus cross section is independent of the momentum fraction
z. This can be justified in the eikonal approximation and LLA, as has been explained in

Chap. 4.
v —qq 2 d*r (! v —qq 2 _qqA
orL (va ) = E dz’\IIT,L (T7z)‘ Otot (Tv Y) (5'2'12>
0
This, in part, justifies the necessity of discussing in great length the dipole picture in

Chap. 4. The DIS off heavy the proton/nucleus now becomes ggp and ggA interaction.

5.3 Diffraction in DIS at small-z

So far, we have constrained the discussion to the total cross section of scattering pro-
cesses, which is related to the imaginary part of the forward elastic scattering amplitude
through optical theorem. The final states are summed over and no exclusive informa-
tion about the final states is available. We will see that diffractive particle production
serves as a powerful tool in extracting more exclusive information about the scattering
processes.

Diffraction in optics is due to the wave nature of the light. The electromagnetic wave

superimpose in space and if an aperture or object is located in its way, the partial waves
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Figure 5.5 Diffractive events of:(a) elastic event, (b) single diffractive dissociation, (c)
double diffractive dissociation, (d)central exclusive diffraction.

no long propagate uniformly in space, resulting in a redistribution of energy in space,

forming patterns of minima and maxima [8]:

10) _ QHORR)? _ | Lo(k0)

I(6 =0) x? 4

(5.3.1)

Where x = kRsinf and R is the radius of the blocker.

This phenomenon in optics can actually find its close analogy in QCD.

Diffraction in hadronic interactions is the process in which there exists at least one
rapdity gap between two final states. No particles are detected between two rapidities.
The rapidity gap corresponds to zero quantum number collective gluon state [38, 40, 41,
42]-for historical reasons it is called pomeron[55].

Let us consider a hadron in the IMF while the target is at rest. If the interaction
eigenstates are the same with the eigenstates of the projectile hadron, then the projectile

would not change after the scattering, i.e., elastic scattering is ensured by construction.
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However, if interaction eigenstates are not the eigenstates of the hadrons, diffractive pat-
tens occur. Diffraction in QCD is analogous to diffraction in optics in a sense that there
is coherent superposition of waves of different phases, giving birth to a redistribution
of intensity measurable for detectors. To make our point clear, let us expand projectile

hadron state |h) on interacton eigenstates ¢; [45].
|h) = Z hi |1s) (5.3.2)
|1;) is the eigenstates for T-matrix,
ImT |;) =t [¢i) - (5.3.3)
The normalization requires

(h1h)y=> el =1 (5.3.4)

)

If we expand in The 2 — 2 cross section in the impact parameter space takes the

form([8, 45]),
Otor = Q/deImA(s,b)
el :/d2b|A(s,b)|2 (5.3.5)

Where A(s,b) is the scattering amplitudes for 2 — 2 processes. We note that the

amplitude only have a negligible real part, we arrive at

doior .

- =2(t) (5.3.6)
dael o 2

= = () (5.3.7)

Where

(t) = Z it (5.3.8)

(t*) = Z |12 (5.3.9)



52

Therefore, one reaches [45],
Wind _ 12y _ gy 5.3.10
- = () =) (5.3.10)
Inelastic diffraction per unit area for the projectile and target separated by impact pa-
rameter b is equal to the variance of the forward amplitudes weighed by its occurring
probability of the state |¢x) in the projectile state |h). If we include elastic scattering

into the diffractive scattering

d%? = (1) (5.3.11)
Denoting
N =ImA (5.3.12)
and
ol — / d*bN?(b,Y) (5.3.13)
ohih2 — 9 / d*bN(b,Y) (5.3.14)

At very high energies, black disk limit is approached, the target becomes totally absorp-
tive, i.e., N — 1. In the language of non-relativistic quantum mechanics, the projectile
are bound in the infinite potential well with area 7R?, where R is the radius of the target.
The projectile hits the target and was completely absorbed except at the boundary. This
counts the total inelastic cross section mR?. Recalling that the inelastic diffractive scat-
tering is the variance of the amplitudes, for a nearly completely absorptive black disk,
it is zero for small-bs and nonzero only at the edge of the target. For strict black disk
limit, the inelastic diffraction vanishes. Therefore, one reaches the profound conclusion
that at sufficiently high energies, the inelastic cross section and elastic cross section in

hadron-hadron interactions each counts half of the total cross section.
1 2
Oinel = Oel = §Ut0t =7R (5315>

For the purpose of this dissertation, it suffices to discuss in the framework of the DIS.

In fact, as explained in our aforementioned properties of DIS, fast moving virtual photon
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Figure 5.6 Diffractive deep inelastic scattering.

in the rest frame of the target is of hardronic nature, as can be seen from its fluctuation
into color dipole, the simplest colorless state. Therefore dipole picture treatment in
diffractive process in DIS is still applicable, similar to our discussion for total cross

section of DIS, though they have clear difference, to be explained.

1
ol / .7 / dz| " 74 2) 2N (r,b,Y) (5.3.16)
0

Like before, we isolate the dipole-nucleus interaction from the initial virtual state,

which deldays into ¢¢ long before the interaction, we get

Otor = 2 / d*bN(r,b,Y) (5.3.17)
The elastic cross section is [39]
Ol :/deNQ(r,b, Y) (5.3.18)
Correspondingly
oA = / 4T ey, / 42|07 = ) 2N (r, b, Y) (5.3.19)

It is diffractive, but not elastic, for v*A, as the virutual photon does not appear in

the final state. The dipole, will hadronize in the form of jets. Let us discuss still on the
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level of dipole instead of virtual photon which has been factored out of the interaction.
At very high energies, if the black disk limit is achieved, elastic scattering of dipole
off nucleus constitutes half of the total cross section, as stated in the general hadron
projectile case. At very high energies, N — 1 as predicted by BK equation. Therefore,
we conclude that )
99 27 N2
i jraren

O¢ot

It is purely quantum mechanical effect and does not have classical explanation. The
dipole interacts with the nucleus via gluon cascades, i.e., dipole clouds in the large N,
limit, and after the interactions, they have half chance of going back into a dipole. The
dipole clouds bears memory of the initial dipole even after the interactions with the

nucleus.

5.4 Semi-inclusive process in DIS

To get more information from the scattering process, we often go further from inclu-
sive total DIS to semi-inclusive DIS, where, along with the measurement for the outgoing
leptons, one of the hadrons is measured. This unveils more information from scattering

process.

l+h—=1+h+X, (5.4.1)

where [’ and h' are the outgoing lepton and hadrons, respectively. b’ is the final product
of the hadronization process starting from outgoing partons.

As stated above, the photon can be treated as hadronic. The fluctuation of photons
into hadronic contents have lifetime greatly larger than the typical interaction time of

its hadronic contents with the rest target.
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Figure 5.7 Semi-inclusive DIS.
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Figure 5.8 A schematic illustration for diffractive DIS event in HERA, picture excerpted
from [44].
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Figure 5.9 Diffractive DIS event diagram.

5.5 Semi-inclusive diffractive process in DIS

l+N —1U'+ N+ X + [LRG] (5.5.1)

Where [LRG]| stands for Large rapidity gap,see Fig. 5.9 and [43].

Here is the typical kinematic variables typically used in semi-inclusive DIS

t=(k—K) Mi=(k—FK—q? M=k,
(k—F)-q M +Q" —t Q’ x

e = T :W2—|—Q2—M2’ ﬁ:ME—FQ?—t:E

(5.5.2)

xp is the nucleus/proton momentum fraction carried by the Pomeron while 8 being the
momentum fraction of the pomeron carried by the parton struck by the virtual photon.
M is the mass of nucleus/proton.

Let us define a diffractive structure function [44]

2

do Ao Y2\ by Y° D)
= Hempq o Yypp@ _ Y 5.
TedOPPapdi ~ 202 LY > ] (5:53)

where F;, =T, L,2 are diffractive structure functions, and

|t|maz

FPO(op, 8,Q%) = / atF O (ap, 8,Q%), i=T,L,2 (55.4)

|t‘min
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Figure 5.10 1z, dependence, excerpted from [44].

are the t-integrated structure functions. Noting that
Ey=Fr+ Fr. (5.5.5)

The definition of F;s run parallel with (5.1.5), except that we are now studying its
differential form.

The HERA ep collision records a 15% of the events are diffractive. First, the hadronic
final state X has the same quantum number of the photon. Second, the outgoing hadronic
state X and the emerging proton are separated by a large rapidity gap, see Fig. 5.9.

Fig. 5.10 show the dependence of F2D(3) with 8 vs the dependence on xg of F5. One
can see that the diffractive structure function is flat while £} decay very fast for xg > 0.2.

There are two distinctive features that could be extracted from Fig. 5.11 (see [44] for
details), where in this figure z, is defined as the momentum fraction of the incoming

proton carried by the outgoing proton. First, the highest cross section d‘c’liff exists at

rr ~ 1. Also, the t-dependence peaks at ¢ = 0 and exponentially suppressed away from
t = 0. These are typical behaviors of diffraction commonly seen in optics. It is a highly
nontrivial phenomenon. Thinking of the momentum transfer of the electron, Q? can be

hundreds of GeV?2, while the momentum transfer of the proton ¢ is close to zero. The
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Figure 5.13 Diffraction in § vs inclusive in z, plots excerpted from [51] and [52].

sheer coexistence in a single event the very hard scale and soft scale does not come from

any classical analogy, but rather, it has its origin in the wave nature of the hadrons.

®) and inclusive DIS 5 with respect to

)

Fig. 5.12 shows the the comparison between F2D
their Q? dependences; Fig. 5.13 compares the 3 dependence of F2D ® and z p dependence
of F.

Note that for 3 of all range, the diffractive structure function is logarithmically de-
pendent on Q2. This approximate Bjorken scaling behavior justifies a parton model
treatment of diffractive inclusive DIS. It grows with Q? except for 8 ~ 1. In compari-
son, Fy grows with Q? for small zp, where zp range from xp < 0.2; otherwise, it goes
down logarithmically. Violation of Bjorken scaling is well explained by DGLAP evolu-
tion equation. The growth of F; at small xg indicates more gluons are detected. For

very small-zg, the proton become a gluon-dominated matter. Similarly for small Sz g,

it should become gluon dominated: since xg ~ 0.02, no matter what value g takes, fxp
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is very small [44].

Define Rapidity by
E+F
Er—

y=1In (5.5.6)

At very high energies, it is related to pseudo-rapidity,

n=—In (tan g) (55.7)

Where 6 is the angle of the struck parton from the proton/nucleus remnant direction.
We can see that diffractive events are measured at very small angle from the beam
directions, therefore observing the diffractive patterns pose a great challenge to the
experimentalist as it calls for detectors at very forward directions.
Another important effect coming from saturation is the ratio for diffractive to total
cross section, at very high energy limit, diffractive events constitute half of the cross

section, fig 5.14 attested to this prediction well.

5.6 Deep Inelastic scattering off heavy nucleus

The kinematics of the DIS off heavy nucleus follows our discussion in DIS off proton.
However, p should be understood as the momentum for individual nucleons inside nu-
cleus, i.e.,p = P/A. Here P is the momentum of the nucleus and A is the atomic mass.
As a result, for Bjorken-z, instead of 0 < x < 1, we have 0 < = < A.

EMC effect [15, 16] is observed at x 2 0.3 at the Bjorken-z. It compared the structure
function F3 for a nucleus to that for a deuteron, both normalized to a single nucleons.
EMC effect shows that A-dependence of structure function is nontrivial and a proper
explanation of EMC effect remains an unsolved question.

While EMC effect is important in its own right—our study is largely focused on pinning
down the saturation effect that occurs in the region of small-z—we would not go any
further in this dissertation on EMC effect.

A much broader range data for = shows where EMC effect attested to a great number
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of experiments at moderately small x region. Also another effect shows up at small-x.
The suppression of the ratio of cross section in DIS small-x is known as shadowing
region. As the name suggests, it is due to overlapping of the wave functions of the
nucleons in the longitudinal direction inside the nucleus that likely causes the reduction
of the ratio compared against that for a free nucleon. For Bjorken-x tuned smaller, in
the IMF of the nucleus, overlapping of the nucleons is no longer negligible. An intuitive
picture would be a nucleon, shaded by nucleons located before itself in the longitudinal
direction, interacts only partially with the projectile. In fact, at small enough = the
gluon density in each of the constituent nucleons inside nucleus becomes so large that
they start to interacts with gluons coming from other nucleons. The gluon distribution
cannot be the incoherent sum of the all the gluon distributions of each of the nucleons,
as the gluons from different nucleons become highly correlated. The large number of
nucleons inside nucleus makes possible a significant level of merging between the gluons

from different nucleons, resulting in gluon saturation.

5.7 DIS off heavy nucleus in small-z

We will explain in this section that the DIS experiment on heavy nuclei is the best
way to study gluon dynamics. At very high energy, the large number of nucleon overlaps
and they form a very strong gluonic field in the wave function nucleus, which is known as
Color Glass Condensate. A typical scale that describes the transition to this nonlinear
regime is saturation momentum (),. In fact, this momentum scale goes way beyond
Agcep and makes possible perturbative calculations.

We can extract most useful information about the proton by DIS off a proton. Then
what are the necessities of DIS off heavy ions? As we have discussed in Chap. 4, the
saturation effect was hinted in HERA, RHIC and LHC data and it is expected that by

conducting measurements in Electron Ion Collider(EIC)[36], one can gain unprecedented
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precision. Naively, one might wish to measure gluon saturation effect in proton. This is
correct in principle, but the cost to collide electrons and protons to high enough energy
goes beyond reasonable budget. In fact, an ep collider capable of detecting the saturation
point must be of TeV scale. However, due to the A'/3 factor in the saturation scale, ~ 100
GeV is sufficient in obtaining data with sufficient confidence level for the existence of
gluon saturation/CGC.

F! is proportional to the quark distribution inside the nucleus,while F! proportional
to the gluon distribution. To quantify the effect of binding nucleons inside the nucleus
and nuclear environment on the parton distributions, it is instructive to define nuclear
modification factor [37]

F3' Fi}

BT T

(5.7.1)

They compared the parton distribution in a heavy nucleus with that in a proton, ef-
fective measuring the nuclear effect on the parton distributions. Naively, if the parton
distributions are the simple summation of the distribution of A nucleus, they would be
equal to unity. However, as we see in Fig. 5.16, they behave nontrivially for a wide range

of x.

5.8 Measurement of diffractive events

Diffractive interactions occur if the electron probe in DIS interacts with the target
via the exchange of partons of zero net color, as we have seen in DIS events in HERA.
In HERA, diffractive events means the proton is intact and is separated by the large
rapidity gap with the hadronic state X. In eA collisions, another possibility comes
into play. First, like the ep case, the nucleus stays intact. Second, the nucleus breaks
up. Let us remind ourselves that diffraction in hadronic interactions is defined by the
large rapidity gap. It turns out that coherent diffractive cross section has the pattern

of maxima and minima, in analogy with what happens in optics. However, incoherent
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diffractions is characterized by a slowly decaying trend in ¢ instead of wave-like pattern.
It is still pinned down by a rapidity gap, though, by definition.

Diffractive vector meson production e + A — ¢ + A’ + V is the simplest exclusive
process of DIS diffraction [37]. The vector mesons have the same quantum number as the
photon and therefore the photon exchange zero quantum number with the nucleus, mak-
ing the process diffractive. In fact, the size of the vector mesons serves as a measurement
for saturation. The larger the size, the deeper into saturation region it probes. For small
vector mesons, like J/1, is not sensitive to saturation due to color transparency. This
feature is related to our discussion on the properties of dipole interactions with nucleus
in Chap. 4. The virtual photon fluctuates into a dipole, and dipole evolves into a dipole
cascade, with each daughter dipole interacting with the nucleus via two-gluon exchange.
After interactions with the nucleus, it is precisely the dipole cloud that recombines into
a dipole of the same size as the one after the photon dissociation, which subsequently
associates into a vector meson after the interaction. The typical size for the dipole size

squared 7?2 ~ see [37]). For smaller (heavier)vector mesons, the typical dipole

size is smaller, and stays relatively away from saturation region compared with larger
vector mesons.

This trend is illustrated in Fig. 5.17. One can see that J/1 is relatively insentive
to saturation—the cross section under saturation and non-saturation model are closer—in
comparison with that for a p meson. For large Q%, one can see for each panel, both
modelled results drift away from the saturation regions and tend to unity.

Coherent diffraction is most useful in the obtaining the spatial distribution of quarks
and gluons. It is done by analyzing the t-dependence. In fact, the virtual photon
interacts with the nucleus via the exchange of partons with zero net color. The lowest
order of that is a two gluon exchange. By Fourier transforming the squared root of

the ¢-distribution, one can access the gluon distribution inside the nucleus (see [37]).

Incoherent diffractions, on the other hand, is the measure of the variance of fluctuation of



66

1.2 e+p(Au) — e +p’(Au’) + Jp oo F e p(Au) = €'+ p'(AU’) + ¢
i Lee “r b KK
’“WWMWW i3
1 F %
L *
i 1.8 e e no saturation
—_ I —_ ' '. .
% L l'l % 1.6[F o..' m saturation (bSat)
k<) 08 _ ..a..v.'J_J.-J.J.J.IlJJ-'lIIJ- T+ =) F ®oo,
= L R = 14F ’00.’.
> L > R 000000000404
% I e no saturation % 10F
% 06 4 saturation (bSat) ° - Coherent events only
= - ~ ¢[ JLdt=10fb"A
0 L 0 N
< ?2: [ x<0.01
f\f 0.4 Coherent events only = 08 -
~ L [Ldt =10 fb-1/A - n
- x <0.01 0.6F J——
0.2 - Experimental Cuts: 042" Experimental Cuts:
L M (edecay)l < 4 E M (Kdecay)! < 4
F p(edecay) > 1 GeV/c 0.2 P(Kdecay) > 1 GeV/c
-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 0:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
i 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Q2 (GeV?) Q? (GeV?)

Figure 5.17 Ratio of vector meson production cross section of eA to ep in exclusive
diffraction, excerpted from [37].
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Figure 5.19 Ratio of inclusive diffraction to total in EIC, excerpted from [37].

the source. Experimentally, by detecting the neutron production [37], one can distinguish
the process of coherent and incoherent diffraction. Fig. 5.18 are two plots of cross section
for exclusive vector meson production in diffraction. Left panel is for J/1 while right
one for ¢ mesons. As expected, larger vector mesons(¢ meson) are better probes for
saturation. Further, we can explore from the figure, that diffractive pattern are different
for coherent and incoherent diffractions. Coherent diffractions is most concentrated at
very small angles, while incoherent ones survives much wider range in momentum tranfer,
i.e., angular distributions are wider than the coherent cases.

It is useful to measure the ratio of coherent diffractive to total cross section. In
Fig. 5.19, ratios of inclusive coherent diffractive cross section to total cross section
(dogiss/dM%) /o in eAu and ep are plotted against the diffractive mass variable M%,
respectively. Left panel and right panel each predicts the EIC-stage I and EIC-state II.
Note that they differ in the value for Q% and z. In each panel, saturation model and non-
saturation models are both presented in comparison for each ratio. The lower plot for
each panel is the double ratio [(dogirs/dM%)/0tot]ea/[(doaiss/dM%)/tot]ep One can read
off the plots that two models are clearly distinguishable and future experiments would
likely make unambiguous selections, thus testing the correctness of gluon saturation.

Fig. 5.19 shows that nuclear effects are stronger at large Q%. The lower the Q?,
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the deeper the nucleus is in the saturation region, as predicted by DGLAP equations.
Therefore, saturation effects tend to bring down A-dependence in (dogirr/dM%)/0 o1
Another effect is that the diffractive to total cross section ratio indeed goes up with
decreasing (Q%,i.e. deeper in saturation region, offering hints to the onset of black disk

limit.

5.9 Proton-nucleus(pA) scattering at small-z

It is interesting to discuss particle production in pA scattering. pA scattering cross
sections, similar to that for DIS, can be cast in the dipole model. It can be shown that pA
scattering bears close resemblance with v*A scattering, so that the formalism developed
for DIS at small-z—in the absence of direct experimental evidence from an Electron Ion
Collider expected to be built in future—may be tested by existing data for pA scattering.

The small-z limit can be studied in low-k region, extended geometric scaling region
and saturation region (see [8] and the references therein for detailed discussions). All
these regions show a suppression of nuclear modification factor under 1. Note that the
nuclear effect at very small-x caused suppression of cross section in the entire region
of k. At very small-z, gluon merge become predominant and gluon density saturates.
Since the nuclear modification factor measures the ratio of gluon density for a nucleus
in comparison with that of a nucleon, this suppression at small-z is in agreement of
saturation effect of enhanced by the nuclear weight A, see Chap. 4.

Fig. 5.20 show the experimental result for single inclusive hadron production in pPb
process at mid rapidity. We can see that it agrees qualitatively with our expectations.
At low-k, nuclear modifications factor is suppressed, and a Cronin peak is manifesting at
moderately high-k. Very high-k spectrum needs careful analysis since quantum evolution
must be accounted for and the numbers of produced partons are no longer conserved. On

the other hand, since experimental data is for mid-rapidity, we do not expect an overall
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suppression for all k range.
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PART III

Hadron production in DIS at small-z
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This part of the dissertation is primarily concentrated on my research work [160],[161].
It is structured as follows. First, I will discuss the properties of coherent and incoherent
diffractive gluon production in v*A at small-z. Then, I will study inclusive gluon pro-
duction in DIS at small-x, especially on the effect of NLO corrections to BK evolution

equation on the particle production spectrum.
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CHAPTER 6. Diffractive gluon production in DIS at small-x

6.1 Introduction

Diffraction is one of the most effective tools for investigating the structure of the
nuclear matter at low values of Bjorken variable z. Its hallmark is large rapidity gaps
(LRG) in rapidity distribution of the produced hadrons. At high energies, these gaps
correspond to scattering processes mediated by exchange of a collective gluon state with
vacuum quantum numbers, known as Pomeron. On the other hand, according to the
Pomerantchuk theorem, high energy asymptotic of QCD is driven by the Pomeron ex-
change (see e.g. [55]). Hence, measurements of diffractive structure functions at HERA
attracted a lot of interest. Indeed, diffractive physics at HERA yielded many exciting
results that heralded the dawn of the new QCD regime of gluon saturation/color glass
condensate (CGC) [56, 57, 58, 59, 78, 68, 70, 72, 74, 75].

A possible launch of Electron Ion Collider (EIC) will open new avenues in studying
the physics of diffraction in high energy nuclear physics. It will not only allow probing
lower x and measure dependence of diffractive processes on nuclear weight, but also
make possible studying less inclusive processes. One such process, diffractive hadron
production in DIS is the subject of this chapter. Our goal is to make predictions for
DIS on a nucleus at the EIC kinematic region based on the CGC theory. We argue
that diffractive hadron production is very sensitive to parameters of CGC and thus can
be very effective instrument in extracting properties of the nuclear matter at low x.

Gluon saturation effects on diffractive gluon production in DIS on proton at HERA have
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been discussed in [83, 82, 84, 85, 86, 95, 93, 87, 94]. A concise discussion of the gluon
saturation effects in semi-inclusive DIS on nuclei is given in [97, 98, 96].

This chapter is structured as follows. In Sec. 6.2 we review the formalism devel-
oped in our previous publications [99, 100, 101], which allows for the calculation of
coherent and incoherent diffractive gluon production in the regime of coherent scattering
lc > Ra, where I, = 1/(Mpx) is the coherence length in the nucleus rest frame. Co-
herent diffractive gluon production is the process v* + A — X + h + [LRG| + A. The
corresponding cross section is given by Egs. (6.2.1)—(6.2.3) and (6.2.6) below. For heavy
nuclei A3 ~ 1/a? > 1 and at high energies this type of diffractive process dominates
over the incoherent diffraction, which is the process v* + A — X + h + [LRG]| + A
with A* being excited nucleus. Nevertheless, at EIC energies, cross sections for coherent
and incoherent diffraction processes are often comparable [101]. In pA collisions their
dependences on gluon rapidity y and transverse momentum k and on atomic weight A
are quite different. Therefore, as was pointed out in [101], it is important to separately
measure the contributions of these diffractive processes. In Sec. 8 we calculate these
contributions using the b-CGC model [143] for the color dipole scattering amplitude. As
in [100] we characterize the nuclear effect using the nuclear modification factor (NMF')
for diffractive processes defined in (7.7.1). The results of our numerical calculations are
presented in Fig. 6.2. The most interesting features of the NMF’s are (i) strong depen-
dence of coherent diffractive NMF on gluon rapidity y (or zp); (ii) near independence
of incoherent diffractive NMF on y and (iii) independence of both NMF’s on the photon
virtuality. This results are discussed in detail in Sec. 8.

Separation of coherent and incoherent diffractive contributions pose a great experi-
mental challenge because it requires measurements of very small scattering angles 6 =
2y/—t/W?2 where t is the moment transfer and W is the center-of-mass energy per nu-
cleon of v*A process. We address this problem in Sec. 6.4. Dependence of the coherent

cross section on momentum transfer ¢ is given by (6.4.9). It is seen that it decreases as
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1/]t|* at |t] > 1/R%, where R4 is the nuclear radius. On the other hand, incoherent
diffraction cross section decreases exponentially as e MR /4 but at much larger momen-
tum transfers ¢ > 1/R> as seen in (6.4.20). The results of the calculation are plotted
in Fig. 6.3. As expected coherent diffraction dominates at small momentum transfers
—t while the incoherent one at large —t. However, due to different functional form of
t-dependences, the two contributions become of the same order at about —t ~ R}EQ and
remain comparable even at larger momentum transferes. The corresponding scattering
angle for W = 100 GeV is 6 ~ 0.13° and is very weakly dependent on the hadron trans-
verse momentum, zp and photon virtuality Q2. It seems that such scattering angles are

within the experimental reach and hopefully the two contribution can be separated.

6.2 Diffractive gluon production

6.2.1 Dipole cross section

Consider diffractive production of a gluon of transverse momentum k at rapidity y.
Let the total rapidity interval be Y = In(1/x), where x = Q?/W?, % is photon virtuality
and W the center-of-mass energy of v*N scattering. Cross section for diffractive gluon

production reads [8§]

Aoy (@ akyy) [ dr . dofy (r.2, k. y)
;i R Y) dz & diff \" > 2.1
2k dy /27r2 20T (@) d?k dy 7 (021
where
qqA
dadiff (T, z, k? y) (622)

d?k dy
is the differential cross section for the diffractive gluon production by a ¢g dipole (a.k.a.
onium) of transverse size r scattering off a nucleus. Eq. (6.2.1) generalizes the quasi-
classical result derived in [89, 90, 91]. Other kinematic variables that are often used
are 0 and zp. They are defined as In(1/8) =Y —y and In(1/zp) = y, where Y — y

is the rapidity interval between the photon and the produced gluon. We work in the
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approximation o In(1/x) ~ 1, asln(1/8) ~ 1. Diffractive production in the region
f < 1 was addressed in [82, 92]. We assume that the produced gluon is at the edge of

the rapidity gap, so that the total rapidity gap in the process is y, see Fig. 6.1.

TTTTTTT
x\"‘ﬂ“n—rr\ky

Figure 6.1 Diffractive production of a gluon with transverse momentum k and rapidity
y, which is also the rapidity gap of the process.

Virtual photon light-cone wave-function reads(c.f.(5.2.9),(5.2.9))

O(Q,r )P = U (Qr, o)+ Y] (Q, 7, 2) (6.2.3)

. ol
V7 (Q,r,2)* = 2NCZ${a2K3(m)[z2+(1—z)2] +miK3(ra)}  (6.2.4)
f

X f
W] Q)P = 2N Y SEmaQiA(1 - ) K (ra) (6.2.5)
f

em

where a* = Q%2(1 — z) +m7, a2, = e°z7/(4n), with z; being the quark electric charge.

6.2.2 Coherent and incoherent diffraction

We will consider two types of diffractive processes on nuclei — coherent and incoherent
diffraction. Recall that in Sec. 5.7 that coherent diffraction is a process in which the
nucleus stays intact. For the DIS subprocess dipole—nucleus scattering, it is elastic
process. At very high energies, such processes constitute half of the total dipole—nucleus
cross section, another half being the inelastic processes. Therefore, fractions of coherent
diffractive processes is expected to rise with energy. Experimental observation of this

diffractive processes is very challenging because it requires measurements at very small
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scattering angles, i.e. at very small momentum transfers ¢ ~ 1/R%. We discuss this in
detail in Sec. 6.4.

Incoherent diffraction means the nucleus decays into colorless remnants. This process
occurs at the nuclear edge where the partial scattering amplitude at a given impact
parameter is less than unity. Fraction of this contribution in the total inelastic cross
section decreases with energy and with nuclear weight. Importance of inelastic diffraction
stems from the fact that it measures fluctuation of the color glass condensate near its
quasi-classical mean-field value. Typical momentum transfer in this case is ¢t ~ 1/ Rf,
which allows much easier experimental study. We will discuss coherent and incoherent
diffraction separately, assuming no experimental cuts on the minimal scattering angle.
These will be discussed in the next section Sec. 6.4.

The cross section for the coherent diffractive gluon production including the small-x

evolution was derived in [88, 99] and can be written as

doca(r,z, k,y)  asCp

1 o [ 2
Lkdy w2 (27)2/65 b/dT/np(T,TI,Y—y)]ch(r’,a:,k:,y,b)| , (6.2.6)

where

ICd(w_ywxakayab) = /d22< T 7Y ) e—ik~z

z—2 |z -yl

X { _NA<z_w7b7y)_NA<z_y>b7y)+NA(w_y7bay)

+Na(z —x,b,y) Na(z — y, b, y)} . (6.2.7)

Differential cross sections for coherent diffraction reads

daid(rakavy)_asCF 7TR]2;
Pkdy — w 2(27)2

/de/dQTIn(ra Tla Y — y) PTA(b) ’IID(r/7 xz, ka Y, b)|2 ;
(6.2.8)
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where

Iid(m_y;%k,yyb):/dgz( AT — 7Y ) 6—ik~z

|z —z[* |z -yl

X { [1 - NA(Z - m7ba y)] [1 - NA(Z - yaba y)] [Np<z - w’()?y) + Np<z - yaovy)]
—[1 = Na(x —y,b,y)] Np(x — y, O,y)} : (6.2.9)

Here the dipole density n(r,r’,Y — y)d?r’ is the number of daughter dipoles of size r’
in the interval d?r’ produced by a parent dipole of size 7 at the relative rapidity ¥ —y
(61, 62, 63]. It satisfies the BFKL equation [113, 114](see Chap. 3) with the initial
condition

n(r,r’,0) =d(r —7'). (6.2.10)

At the leading logarithmic order, the corresponding solution is [113, 114]

1 o0 i 142iv
n(r,r', y) = —/ dy =Xy <£> (6.2.11)

T o2pr2 r!
with the eigevalue function y given by
1 /1 1 /1
x(v) =9(1) — §w (5 — w) — §w (5 + w) , (6.2.12)
where ¢ (v) = T'(v)/T'(v). In the diffusion approximation to the leading order BFKL

equation [113; 114] it is given by:

In? L,

11 m eloP=D(Y =) o~ Tac@a; vy (6.2.13)

n(r,r'Y —y) = @W\/Mg(:a)as Y —y)

Nuclear modification factor Rsp for coherent diffractive gluon production in the
quasi-classical approximation evolution is suppressed for large nuclei and large dipoles
as Rygya ~ A3 exp{—r2Q?/4} (modulo logs) for dipole-nucleus scattering. We refer the
reader to [100] for detailed discussion on that. Effect of quantum evolution is twofold.
The smaller x of nucleus, i.e. the larger is rapidity of the produced gluon y, the stronger is
the coherence effect that makes growth of the diffractive cross section in dipole-nucleus

scattering slower than in dipole—proton one and, as a result, the nuclear modification
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factor gets an additional suppression in the v* fragmentation region (forward rapidity).
On the other hand, at large Y — y, the dipole density (6.2.13) in the virtual photon ~*
spreads to a wider range of sizes 1. Apparently, dipoles with sizes ' < 2/Q)s are not
suppressed at all. This effect leads to enhancement of the nuclear modification factor
in the backward rapidity. This leads to a strong energy dependence of the cross section

that we discuss in the next section.

6.3 Numerical calculations

A convenient way to express the nuclear effect on diffractive scattering is to introduce
the nuclear modification factor as a ratio of the diffractive cross sections in DIS on a

nucleus per nucleon and on a proton [100], also see Sec. 5.7:

da:d/?d(Q27mzkyy)
d2k dy
Reapa = . : (6.3.1)
A dacd/id(Q ,Z,k,Y)
d?k dy

The cross section appearing in (6.3.1) are partonic cross sections (6.2.6) and (6.2.8)
convoluted with the LO pion fragmentation function given in [152].

We performed numerical calculations with the b-CGC model of the scattering am-
plitude N [143] with a modification: we treat the nuclei and proton profiles as step-
functions; the saturation scales are assumed to scale with A as Q% oc A3, The advan-
tage of this model is that (i) its form complies with the known analytical approximations
to the BK equation and (ii) its parameters are fitted to the small-z DIS data.

Our results are presented in Fig. 6.2 which exhibits dependence of the nuclear modifi-
cation factor for coherent (left column) and incoherent (right column) hadron production
on transverse momentum k. We assumed that the center-of-mass energy of the v*A col-
lision is W = 100 GeV per proton, which corresponds to the total rapidity interval
Y =9.2.

In Fig. 6.2 (a,b) we show variation of the nuclear modification factor with the nuclear
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weight. We observe that R.q increases with A. This is a signature behavior of higher
twist effects and, in particular, coherent diffraction. In view of the discussion at the
end of the previous section, we infer that the effective dipole size ' produced in the
dipole evolution is 1" < 2/Qs, for otherwise the cross section would decrease for heavier
nuclei. As one can see in Fig. 6.2 (e,f), NMF has no significant Q? dependence, and
hence no r dependence as well. Therefore, even at higher y, where evolution effects in
the nucleus as well as lack of evolution in v* could have produced suppression of R.q with
A, no such suppression is observed. We checked this statement up to the most forward
direction allowed by our model g = 0.1. Rjq decreases with A already at midrapidity
y = 5 because the general property of incoherent diffraction is that it vanishes in the
limit A — oo when all partial amplitudes turn black.

Rapidity dependence is displayed in Fig. 6.2 (c,d). Rcq rapidly decreases in the
forward direction, which is a cumulative effect of evolution in the nucleus and in the
virtual photon, whereas R;q is essentially rapidity independent. This effect has already
been noticed in pA case [101]. It arises because of different physical origins of the two
diffractive processes. Coherent diffraction corresponds to elastic scattering of a color
dipole on a nucleus, whereas incoherent diffraction is a part of inelastic scattering that
originates from the nuclear periphery due to variation of the nuclear density with impact
parameter. At low x central impact parameters of a heavy nucleus are black for a typical
dipole. Therefore, scattering amplitude of dipole on a heavy nucleus is very different
from an incoherent superposition of dipole-nucleon scattering amplitudes, hence strong
variation of the nuclear modification factor with energy/rapidity. On the other hand,
incoherent diffraction is non-zero only in the range of impact parameters comparable
with the proton radius. Therefore, energy/rapidity dependence of dipole-nucleus and
dipole-proton cross section is similar, though the geometry is quite different.

Finally, Fig. 6.2 (e,f) exhibits dependence on photon virtuality Q?, or perhaps better

to say no dependence at all. This can be interpreted as insensitivity of the diffractive cross
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sections to the size of the parent dipole r. Indeed, as explained in [99], at k; > Qs, Q
diffractive spectra depend only on k. For example, cross section for coherent diffractive
gluon production in the asymptotic kinematic region Qs < 1/r < k reads (in the

double-logarithmic approximation)

do?  o,CpSa 1 -
_ s N2 1/k.b 2+/2as(Y —y) In(rk) ) 39
Frdy ~ ke Y W) e e (6.3.2)

Clearly, r-dependence cancels out of the nuclear modification factor. Notice, however,
that the EIC kinematic region can hardly be classified as asymptotic, and one would
expect large corrections to (6.3.2). In fact, it is known that corrections to the double-
logarithmic approximation are phenomenologically significant (see e.g. [154, 86]). How-
ever, our numerical calculations imply that they cancel in this particular case. Unfortu-
nately, we are not able to extend this analysis to higher ?’s without transgressing the
region of applicability of our model. It would be interesting to analytically investigate

the origin of this cancelation.

6.4 t-dependence

In this section we consider dependence of different diffraction channels on momentum
transfer «/—t. t-dependence translates into dependence on the scattering angle §. While
the dominant contribution to the diffractive cross sections stems from scattering at small
angles, only angles larger than some cutoff angle 6, are experimentally accessible. Our
goal in this section is to study the effect of cutoff angle on cross sections and nuclear

modification factor introduced in the previous section.

6.4.1 Coherent diffraction

Consider dipole-nucleus elastic scattering amplitude I'%+4(s, b, {b,}), where b is the
dipole impact parameter and b,’s are positions of nucleons in the nucleus. Average over

the nucleon positions will be denoted as <FdA(s, b)> Cross section for elastic dipole
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scattering is

ol = /d2b (1774 (5, 5))| . (6.4.1)

In this representation this is also the coherent diffraction cross section. Fourier image of
the dipole-nucleus elastic scattering amplitude carries information about the transferred

momentum A such that t = —A2 = A?:
(D94 (s, A)) =2 / d?b (T9H4(s, b)) €4 . (6.4.2)

If only two-body forces are taken into account in a scattering process (which amounts to
neglecting correlations between nucleons), then we can express the scattering amplitude

on a nucleus as through the scattering amplitudes on individual nucleons as

T 4(s,b,{bo}) = 1 — [ [ (1 =T""N(s,b - b,)) . (6.4.3)

a=1

In this approximation averaging can be performed as

H / d?b / dz pa(by, z) . H / dPbypTs(b (6.4.4)

where pa(b, z) is the nuclear density at a given point in the nucleus and p is its average
over the nucleus volume.

Impact parameter profile of the dipole-nucleon amplitude is traditionally parameter-
ized as

[tV (s, b) = %agng(s) %R%e_bQ/Rg : (6.4.5)
where we neglected a small imaginary part of T% N (s, b). In a heavy nucleus of radius
R4 > R,, nucleon can be approximated by a delta function in impact parameter space.
Thus,

/deanquN(s, b —b,) pTa(b,) = pI'T™ (s5,0) pT4(b). (6.4.6)

Using (6.4.4),(6.4.5),(6.4.6) in (6.4.3) we derive for heavy nuclei

(T9H4(5,b)) = 1 — ¢ 20t (IPTal®) (6.4.7)
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Finally, substituting (6.4.7) into (6.4.2) and (6.4.1) we derive

qq+A
doq 1

dt 167

2
2 / d?b (1 — e 2% N<S>pTA<b>) eib'A‘ . (6.4.8)

To estimate the t-dependence of the coherent cross section we use we can use a simple
model for the b distribution. Denote %agciJrN(s)pTA(b) = 5(b) and let the profile func-
tion S(b) be given be the step function S(b) = 0(R4 —b). Neglecting contribution of the
nucleus diffusion reason is a reasonable approximation in the case of coherent diffraction
because the main contribution stems from b < R4 impact parameters. Substituting into

(6.4.8) and (6.4.1) we get

do®™ 1 (Rav/—1)

dt g92tA |t]

(6.4.9)

Because (6.4.9) does not depend on € this formula also gives t-dependence of the diffrac-

tive coherent gluon production.

6.4.2 Incoherent diffraction

Coherent diffraction includes only events in which nucleus stays intact. However,
generally the nucleus can get excited and subsequently decay into colorless remnants.

Total diffractive cross section is given by

aﬁ?f“‘ _ /de <|qu+A(S,b)‘2> . (6.4.10)

The difference between (6.4.10) and (6.4.1) measures dispersion of the scattering ampli-
tude in the impact parameter space. The corresponding physical process is a part of

inelastic cross section is called incoherent diffraction:

ol = /de <|qu+’4(8, b)\2> —(reA (s, ) (6.4.11)

Clearly, the incoherent diffraction stems from the region near the nucleus edge (‘diffusion
region’) since at b < Ry4 the dipole-nucleon amplitudes are all close to the black limit,

while at b > R, they all vanish.
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To derive t—dependence of the incoherent diffraction cross section we define similarly

0(6.4.2)
Pa+A(s A b)) = 2 / BT (s, b, {by})ePA (6.4.12)
Then (6.4.10) reads:

do g
dt

_ 16% <|]th7+A<S’A7 {ba})|2> (6.4.13)

_ i de/de/eiA(b—b/) %
4m

A A T
< [1 - H (1 —T9N(s,b— ba))] [1 ] (1 =T (s, 0 — ba))] >
a=1
_ d2 /de/ 1A-(b=b) _ e_za<Fq‘7+A(s,b—ba)> _ 6_2a<rqq+A(5’b/_ba)>

e qu+A s.b—ba )> . <1’*qq+A(s b —b, )> <Fqci+A(S’bfba)[‘qni-&-A(s,b’,ba»] (6 4 14)

Subtracting the coherent diffraction part

doca _ i/de/dzb/em.(b—b’) (1 e Za<Fq‘7+A(s,b—ba)>> (1 e Za<Fq‘7+A(s,b’—ba)>>
dt AT

(6.4.15)

we end up with

dU;d _ /dz /d2b’ iA-(b—b') 1_ e—Za<rf1é+A(s,b—ba)rqé+A(s,b'—ba)>]

[(P9T4(8,0=ba) )+ (D974 (5,6~ ba) ) = (D94 (5,b-ba) 94 (5,6 ~ba) )| (6.4.16)

Since elastic cross section is small we expand as

doig _ 1 &b /de’ iA-(b-b) 3, [(T9354 (5,b—bq) )+ (T9TH4 (s,6'—ba) )|
dt 4
x Y (T4 (5, b — b, )T (5,1 — b)) (6.4.17)
1 : aa ; ?
= o [ dba| [ et Ta0" FAHOTITHA(p — b,)| pTa(b,) (6.4.18)

Since |b — b,| ~ R, < b, ~ Ra, we can get

2

doia _ 1 [ oy o=2mabara(s0) pTu(by). (6.4.19)

dt s

/deeiA-quq-O—A(b)
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Using (6.4.5)

doiq 1 ol N (s) _,
o —3tR2 2 —2pT4 (be )21 A R}
y e /d b, e % 4 (ba)T (s,0) -5
T pTa(by) = 2”6 R oy (6.4.20)
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Figure 6.2 Nuclear modification factors for coherent (left column) and incoherent (right
column) diffractive hadron production at W = 100 GeV as a function at of
the hadron transverse momentum k. Shown are dependences on: (a),(b)
atomic number A, (c),(d) hadron rapidity y and (e),(f) photon virtuality
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W=100 GeV, Q?=1 GeV?, xp=0.0067, kt =2 GeV
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Figure 6.3 t-dependence of coherent vs incoherent diffractive gluon production
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CHAPTER 7. Inclusive gluon production in DIS at small-x

7.1 Introduction

In the last decade we have learned a great deal about gluon saturation/color glass
condensate [56, 60, 57, 61, 62, 63, 64, 58, 65, 59, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77,
78, 79, 80, 81] thanks to the relativistic dAu and AuAu program at RHIC. The future
DIS programs at EIC and LHeC promise to provide even more detailed information
about structure of the nuclear matter at low x. How successful that program will be
depends a lot on our ability to pinpoint the processes that are most sensitive to the
low-z regime. In this chapter we study one such process — inclusive hadron production
in eA scattering. It has been a subject of intense theoretical investigation over the past
decade [102, 103, 104, 105, 106, 107, 108, 109, 110, 111] and has proved to be a powerful
tool in dA collisions at RHIC. On the one hand, we expect that p(d)A and eA processes
have very much in common due to the Pomerantchuk theorem, that states that all high
energy scattering processes are mediated by exchange of a collective gluon state — known
as pomeron — that has vacuum quantum numbers. On the other hand, proton wave
function is characterized by a soft, non-perturbative scale, whereas the virtual photon
wave function can be calculated using the perturbation theory and is characterized by
virtuality Q2. A possibility to dial Q? is a great advantage of DIS. Our main goal in
this chapter is to provide a thorough analysis of the inclusive hadron production in
various kinematic regions characterized by three dimensional scales: photon virtuality

@Q?, hadron momentum k7 and the saturation momentum , and to produce numerical
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predictions for both novel and well-known quantities that can be tested at EIC and/or
LHeC.

This chapter is organized as follows. In Sec. 7.2 we use the dipole model [112] to
relate the DIS v*A cross section to that of the color dipole qqg + A. The v* A differential
cross section can be expressed in a factorized form as a product of the light-cone wave
function of the virtual photon v* and ¢g+ A differential cross section. In Sec. 7.3 we review
the properties of the BFKL pomeron [113, 114] and the unintegrated gluon distribution
function at LO, particularly we emphasize the leading logarithmic asymptotics. These are
used in Sec. 7.4 to derive the asymptotic properties of gluon production in dipole-nucleus
scattering in various kinematic regions. In Sec. 7.5 the result is further generalized to
the case of LO gluon production in DIS.

The NLO corrections to the inclusive hadron production are rather complex. These
include NLO correction to the BFKL kernel [115, 116], [119, 121, 120, 122, 123, 124, 125,
126, 127, 128], running coupling corrections [129, 135, 136, 130, 131, 134, 132, 133] and
momentum conservation [137, 138, 139] corrections to BK [76, 77, 78, 79]. It has been
argued in [140] that momentum conservation is the most important phenomenological
effect beyond the LO. Therefore, in Sec. 7.6 we investigate the role of this effect on in-
clusive hadron production. In our calculations we rely on a phenomenological approach
suggested in [140, 141] where a modified BK (mBK) equation that satisfies energy con-
servation was derived. It was utilized in [142, 137] to calculate the NLO corrections to
the total DIS cross section. mBK equation serves as the basis for our NLO calculations.
First, we derive the dipole scattering amplitude in dilute and saturation regimes; the
corresponding expressions are given by (7.6.15) and (7.6.28) respectively. We argue that
the energy conservation effects decrease the energy dependence of the saturation mo-
mentum. These results are used for computation of dipole density in various asymptotic
regimes. Similarly to our analysis of LO case, we explore the NLO gluon production first

for dipole—nucleus process and then for DIS scattering.
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It is very instructive to know how the DIS on a heavy nucleus is different from
DIS on a proton at low x. Had the coherence length been short, of the order of the
proton radius, the hadron production in v*A would have been equal the incoherent sum
of A v*N processes. However, since the coherence length is larger than the nuclear
radius, the entire process is coherent. Because it is interesting to compare the coherent
and incoherent regimes, one introduces the nuclear modification factor (NMF) R that
calibrates the cross section in 7* A with that of v*N rescaled by atomic weight A. Sec. 7.7
is devoted to the study of the properties of this quantity as a function of the hadron
transverse momentum, photon virtuality and atomic weight.

We expect that at EIC/LHeC kinematic region the low-z evolution effects start to play
an important role rendering the anomalous dimensions dependent on atomic weight. This
manifests itself in inclusive hadron production in dA collisions at RHIC as the transition
from the Cronin enhancement at mid-rapidity to suppression of the NMF at forward
rapidities even at kr > Qs. In order to evaluate how steep is the dependence of the
NMF on rapidity, we introduce a new observable J, defined as the logarithmic derivative
of R, viz. dln R/dy. We demonstrate in Sec. 7.7 that at kr > Q, J is proportional to
the difference of the anomalous dimensions of the gluon distribution in nucleus and in
proton. Without the low-z evolution one expect J to vanish. However, due to the low-x
evolution J acquires a finite negative value. Therefore, J can serve as a direct probe of
the effect of the slow-x evolution on the nuclear gluon distribution function.

The numerical computations are presented in Sec. 7.8. We use the bCGC model
[143] for the dipole-nucleus forward scattering amplitude, albeit with the simplified b-
dependence. In Fig. 7.5 we plot d*Fy/dIn k% dy as a function of photon virtuality Q?
and hadron transverse momentum k7 and rapidity y = In(1/xp).* In order to emphasize

the role played by the NLO effects we exhibit both LO and NLO results in each plot

*We use the xp notation borrowed from the diffractive DIS where it denotes the momentum fraction
carried by the pomeron. It does not have this simple interpretation in our case because the interaction
is inelastic.
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for the structure function. In Fig. 7.5 we see that the NLO calculation yields much
smaller cross section for inclusive hadron production than the LO one. Additionally,
its functional dependence on ky, @? and y is substantially weaker in NLO than in LO.
This is in accordance with our observation in Sec. 7.6 that NLO correction reduces the
anomalous dimension of the gluon distribution. Interestingly, most of the NLO effect
cancels in the NMF which appears to be a robust quantity in this respect. This indicates
that the momentum conservation effect factors out to a large extent from the inclusive
cross section.

The NMF shown in Fig. 7.7 displays a number of interesting features. First, the
NMF is strongly suppressed at small kr’s but exhibits an enhancement toward higher
kp’s where the Cronin effect (R > 1) is observed. This seems to be in contrast with pA
collisions [108] where the Cronin effect gives way to suppression of NMF at all kr’s as
the hadron rapidity increases. This is the result of the linear evolution in the rapidity
interval between the virtual photon and the hadron. This evolution produces dipoles of
different sizes that scatter in the nucleus with different amplitudes. At small kr large
dipoles, on which the gluon saturation effects are stronger, dominate the cross section,
whereas at higher kp smaller dipoles contribute to the NMF enhancement. Second,
we observe a relatively weak A-dependence. This is also a result of the averaging over
different dipoles. Third, we note a peculiar Q? dependence that is explained in Sec. 7.8.

To investigate the rapidity dependence in more detail we plot the logarithmic slope of
the nuclear modification factor J on Fig. 7.8 (for dipole-nucleus scattering). We see that
it is negative for the entire kinematic region indicating the graduate suppression of the
NMF towards large rapidities. This is in agreement with our arguments in Sec. 7.7. We
argue that J is directly proportional to the difference between the anomalous dimensions
of the gluon distribution function in the nucleus and in proton. Hence we believe that

measuring J is a great tool for exploring the low-x regime of QCD.
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7.2 From +*A to q¢ + A scattering

The dominant contribution to the inclusive hadron production in DIS at small-z, at
rapidities away from the virtual photon and nucleus fragmentation regions, comes from
the fragmentation of fast s-channel gluons [60]. The cross section for inclusive production
of a gluon of transverse momentum k at rapidity y in deep inelastic scattering can be

represented as an integral in the configuration space [144]:

do7 A (k, do®tA (K, y; )
Tdy %Q/dz / dz ®(r, 2, Q) d%dy , (7.2.1)

where the virtual photon wave function ® describes splitting of a photon of virtuality
Q? into qq color dipole. It is given by (5.2.9)and(5.2.11) The cross section for inclusive

gluon production in dipole-nucleus scattering reads [103]

dot A (k, y; r) 20,Cp 1
d?kdy w2

i [ [ e NG b)) [V Pl Y ),

(7.2.2)
Here the dipole density n(r,r’,Y — y)d?r’ is the number of daughter dipoles of size r’ in
the interval d*r’ produced by a parent dipole of size r at the relative rapidity Y — y(see
(6.2.11)).

Let f(r,r',y) be the particular solution of the two-dimensional Poisson equation
V2 f(r, 7 y) =n(r,ry). (7.2.3)
Employing (6.2.11) we derive the Mellin representation of f

142w
! ) (7.2.4)

» 1 ~ 1 a v
f(rar/7y) = VT/2TZ(T',’I“',y) = 2—71_2 /OO dl/m 62 sx(V)y (F

It is convenient to write (7.2.2) as a convolution in the momentum space. To this end

we introduce the Fourier-image of f with respect to the second argument:

1

. . > ] 2iv I'(3—iv)
r,q, = d2T/ e T T, 7'/7 = —r / dv ezasX(V)y (ﬂ> 2
f(r.a.y) / forry) =2 2) T +iwv)@ivt 1y

(7.2.5)
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and the unintegrated gluon distribution function of the nucleus [60, 103]

Cr
a(2m)3

valk,y) = /de/dQTe_ik'r V2ZNg(r,b,y) . (7.2.6)

Ng(r,b,y) is the forward scattering amplitude of a gluon dipole 7 on the nucleus at
impact parameter b at the relative rapidity y. In the large-N,. approximation, it obeys
the BK equation [78, 76] and its properties are discussed in the next section. Using
(7.2.5) and (7.2.6) in (7.2.2) we get

do" A (k,y;r) 4ol
d2kdy k2

/dzp ealp,y) fr.k—p,Y —y). (7.2.7)

7.3 Logarithmic approximations

7.3.1 Asymptotic expressions for f

It is worthwhile to list here the asymptotic formulae for f in various kinematic regions

(we follow notations of [88, 99, 100] where more details can be found).

1. a,y > In® 5l In this case the eigenfunction (6.2.12) can be expanded near its
minimum y & 2In2 — 7¢(3)r?. Expression under the v-integral in (7.2.4) has a

saddle point at

In(2/rq)
= 2T 7.3.1
M T T4C(B)any (7:31)
In this approximation integration over v in (7.2.4) produces
f r ! e Dy o~y | (7.3.2)

Ny

with o — 1 = 4a,1In2.

2. rq < 2 and In f—q > a,y. In this region, the leading contribution to the v-integral
stems from the pole at iv = 1/2. Approximating the eigenfunction as x ~ 1/(1 —

2iv) and employing the saddle point method in (7.2.4) again yields

2
~ 1 Gy ln 2
F(r,a,y) 22yt (7.3.3)

r
- 1/4
VT <2dsyln f—q)
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The saddle point is

Qivg, =1 —

2. (7.3.4)

3. rq¢ > 2 and In 3 > a,y. Now, another pole in x dominates, x ~ 1/(1 + 2iv) with

the result for f

- 1 1 fo= Tq
f(r7 q, y) = 62 2asyln 5 (735)
2¢°V7 (2a,y1n 7g) "

and for the saddle point
2005y
Ins -

Divg, = —1 + (7.3.6)

7.3.2 Properties of o4

Unintegrated gluon distribution ¢4 is defined by (7.2.6). Ng(7,y, b) stands for the
forward elastic gluon dipole scattering amplitude. At large N., the gluon dipole is equiv-

alent to two ¢q dipoles each of which scatters with amplitude N(r,y,b). Therefore,

Neg(r,b,y) = 2N(r,b,y) — N*(r, b, y) (7.3.7)

The ¢g scattering amplitude satisfies the BK equation [78, 76] and its properties are
well-known. Initial condition for the BK equation is the GGM formula [112] for the
forward scattering amplitude N of a ¢ color dipole on the nucleus discussed in Chap. 4)

as the quasi-classical approximation of the scattering amplitude(c.f.(4.1.14)):

22

N(r,b,0) =1— ¢ 570 (7.3.8)

The gluon saturation momentum [56] at initial rapidity y = 0, which corresponds to the
Bjorken variable zy such that y = In 22, is related to gluon distribution function xG at

T = xo as
2
9 4mag N,

s0 — m pT(b) ZL’()G(ZL'(), 1/’)"2) s (739)
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where p is the nuclear density, T'(b) is the nuclear thickness function as a function of the
impact parameter b. The gluon distribution function at the leading order in «y, i.e. in

the two-gluon exchange approximation, reads

Gz, 1/r?) = aCr In !

T r2A2’

(7.3.10)

with A being some non-perturbative momentum scale characterizing the nucleon’s wave
function. Using (7.3.8) in (7.3.7) we derive the initial condition for the gluon dipole

scattering amplitude

1,.2n2

Ng(r,b,0) =1 —e 1" %50, (7.3.11)
Let us now list some properties of the amplitude Ng, see [88, 108] for details.
1. At r < 1/Q4 the BK equation reduces to the BFKL equation, which must be

solved with the initial condition N(7,b,0) ~ r?Q% /4. Small dipoles scatter inde-

pendently, perforce Ng = 2N. Thus, in this region

o0 ) 1 14 (1 — 2iv)In %o
N, b — d 2asx(V)y s 1+2iv _— A . 7.3.12
G(Ta 7y) / ve (TQ 0> S (1 _ 2iu)2 ( )

—00

2. In particular, if r < 1/Q4 and In TQLO > oy the solution is

_1 \1/4 -
ﬁ(ln Qs ) 212 200,y Q0 2,/2a.yIn —2—
Nalr 1) = 3 g 1\ R
rls0

(7.3.13)
3. For r < 1/Qy and o,y > In? TQLO we have
rQso In %o 1y - 2rQa0)
Ng(r,b,y) = A P~y o i@y (7.3.14)

4 \/14¢(3) sy

4. The saturation region is characterized by the saturation momentum Q(y). With

the double logarithmic accuracy it reads [145, 146, 147]

Qs(y) = Qe (7.3.15)
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In the saturation region r > 1/Qs, solution to the BK equation is [145, 146, 147]
N(r,b,y) =1 — Spe () (7.3.16)

where Sy is a constant that can be determined by matching N from (7.3.16) with

that of (7.3.12) at r = 2/Q(y). Consequently,
Ng(r,b,y) =1 — §2e~ W 0Qs) (7.3.17)
where we utilized (7.3.7).

Egs. (7.3.12)-(7.3.17) are derived with the logarithmic accuracy. We can calculate

w4 given by (7.2.6) in the same approximation as

oalk,y) ~ CF /d2/ dr—(r—NG(r b,y)) %/%%Na(f//@,b,m.
(7.3.18)

We stress that this formula holds only in the asymptotic regions specified in 1-4 above;
still this is a very useful approximation as it captures the most essential features of the
unintegrated gluon distribution.

It is evident from (7.3.18), that in place of function Ng(r, b, y) it is convenient to use
function Ng(k,b,y) = Ng(#/k,b,y), where # = r/r. In particular, Ng(t/k, b, y)/0r =
—kzaNg(k b, y)/@k Plugging (7.3.18) into (7.2.7) we obtain

do—qq+A(k7 _ asCF /d2 /d2 aNG p7b y)
d?kdy m3k? “9ln(1/p)

fr,p—k,Y —v). (7.3.19)

7.4 Properties of the dipolenucleus cross section

To calculate the cross section for gluon production in dipolenucleus scattering we
need to evaluate the integral over the transverse momentum p in the right-hand-side of

(7.3.19). It convenient to consider the inclusive cross section at a fixed impact parameter

b:

do" Ak, y;r) [a,Cp\ ONg(p,b,y) -
K.y, bir) = YiT) (9 = [ a@p LY kY ).
by bir) = BB (ST [ SRR k)
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When taking the p-integral with the logarithmic accuracy in various kinematic regions,
it is useful to keep in mind that (7.3.17), (7.3.12) imply that N /d1In(1/p) ~ In(Q,/p)
exp{—In?(Q,/p)} if p < Q, and dNg/d1n(1/p) ~ Q%/p* if p > Q,, while (7.3.3),(7.3.5)
indicate that f ~ 1/k2if k> 1/r and f ~ 2, if k < 1/r.

1. k> Qs> 2/r. Due to the strong ordering of the relevant scales we have

F 3NG(p b ?/) 3
gz27r/ dpp——"—""% f(r,k,Y —y). 7.4.2
Qs dIn(1/p) ( ) (74.2)

Using (7.3.12) we derive

/k d M — k2 /OO dy 28X}y Qs T 1 1+ (1—2iv)ln % 1 4+ 2iv
. pp dIn(1/p) - k 8T (1 — 2iv)? 1 —92ip

k \3/4 —
N \/7?(111 %) / 9 (1 . 205y In QsO) 621/2&sy1nQL50'

[e.9]

87 (2a,y)7/" ngy A

(7.4.3)

Thus, it follows upon substitution of (7.3.5) and (7.4.3) into (7.4.2) and then into
(7.3.19) that

Aot A (K, y; ) _ aCr /dszz (In &)3/4
Phdy skt ¥ (20,9)°/1(2a,(Y — y)In )1/
X (1 + 2dsky In %) (228 ) I 228w g (7.4.4)
ln QSO
2. k> 2/r > Q. Repeating the by now familiar procedure yields
. .
ONG(p,b,y) =

~ 2 _— kY — 7.4.5
g W/Sdpp FIn(1/p) fr kY —y) (7.4.5)

We observe that the cross section in this case is exactly the same as (7.4.4).
3. Qs> k> 2/r:
@ ONa(p.by) ;
~ 2T dpp—F——"+"= f(r,p,Y —y 7.4.6
g /k PP /) ) (7.4.6)
With the help of (7.3.17) and (7.3.5) we get

o0 1 as(v—y) [ . . 2iv
g=2rS? dv ot dp e 5 In Qs (rp 7.4.7
° k

1+ 2iv

—00
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Now, using 7 = ln == in place of p

Qs In(Qs/k)
/ dp e—ln2 QQ QS 21/1, Q27,p,+1 / dr T 6—72—7(1—‘,-21'#)
k p 0

A o0 1 5
~ Qi / drre™ = §Q§W+1 . (7.4.8)
0

Putting everything together yields

do" A (k, y;r) _ a;CrS§ /d2 1 e2V/285(Y ) In 35
Pray o | I e,y — )

(7.4.9)

Qs> 2/r >k

@ ONa(p,b,y) -
~ 9 b SaV e ek V) Y — 4.
g W/ﬁ dpp Fn(1/p) f(r,p, Y) (7.4.10)

This case is similar to the previous one except the the lower limit of the integral in
(7.4.7), k, is now replaced by 1/r. However, for very large Qs, the integral over p is
independent of the lower limit of integration as is clear from (7.4.8). We conclude

thereby that the cross section in this case coincides with (7.4.9).

C2/r > k> Qs

k 5 2/r Y
ONc(p,b,y) = ONa(p,b,y) -
g~ 2%/ dpp—G(p y)f('f, kY —y)+ 2%/ dpp—G(p y) flr,p,Y —y)
k

Qs dIn(1/p) d1n(1/p)
(7.4.11)
The first of these integrals reads using (7.4.3) and (7.3.3)
. -
ONc(p,b,y) 7
27r/ dpp—————=f(r,k, Y —y
0. 0In(1/p) ( )
1 + 20‘@2/ ln Qso
1 (1 S0)3/4 Tw 2,2, 2\/2asy1n 2\/20(3(}/ y)In - 0
~ %9 /4 1/4 %s0
32 (2055y) <2dS(Y — y) In rQ250>
(7.4.12)

The second one is done by substituting (7.3.13) and the integral form (7.2.5) (it

is useful to note that ONg/01n(1/p) ~ 2Ng) and then integrating over p in the
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leading log approximation (i.e. treating logp as a constant) followed by the saddle

point integral over v. We have

2r  ONg(p,b,y)
2 dpp—=2 277 .p,Y —
W/k pp FIn(1/p) f(r,p Y)

(ln&)l/‘l(ln )1/4 (1—|— 120‘53/

In 0 )
Qs0 21 /2asy In Q m 6 2a5(Y —y) 1n =

2<2O_5sy)3/4(20_55 (Y - y))3/4

=Q2r”
(7.4.13)
Substitution of (7.4.12) and (7.4.13) into (7.3.19) gives for the cross section
i (lni)1/4(1n%)1/4 1+ 2asy In QSO
dot A (k,y;7)  a,Cr /deQZ , Qs0 k g
= r
dkdy m3k? * 2(2av, y)3/4(2a (Y —y))3/
z/zasylnﬂe V20 2 |4 [ (ln )1/2(2as(Y y))1/2]

<2asy)1/2(1 n I g=)vA

(7.4.14)
6. 2/r> Qs> k:
#r ONg(p,by) ;
~ 2 dpp——"—"" Y — 4.1
g 7T/S P o n(1/p) fr,pY —y) (7.4.15)
Repeating the steps leading to (7.4.13) and noting (7.3.15), we finally get

do® 4 (k,y;r)  a,Cp (In QSQ)IM In %o

= d*b Q>
d*kdy m3k? / Qa0 25/2(2a,y)3/4 (20 (Y — y))3/4

_ as(Y— n—2
« WV 22 (7.4.16)

Egs. (7.4.4)—(7.4.16) represent the dipole—nucleus inclusive cross section in all kine-

matic regions.

7.5 Gluon production at the leading order in asymptotic

regions

The DIS inclusive cross section is obtained from the dipole-nucleus one using (7.2.1).

Integration over the dipole size r and momentum fraction z can be carried out for ¢ >
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A, m. In this case the largest contribution stems from the transversely polarized virtual

photon. Setting m; = 0 in (6.2.3) we write (7.2.1) as
do”" A (k, em 2 2 2
Tdy = Z /d / dzQ*z(1 — 2) Kj (rQ\/z(l —z))

do®A (K, y; 7)
2 2 I
x [+ (1—2) Fhdy

(7.5.1)

At large @) the dominant contribution to the z-integral arises from z — 0,1. This
corresponds to either quark or antiquark carrying most of the photon’s energy. These
limits are symmetric, therefore we can calculate the z-integral for z — 0 and multiply

the result by 2. Thus,
do" Mk, y;Q)  N.Q*2a * L dotT Ak, y;r) o [
yJ ~ c em d r 2 d K2
2kdy 2 3 A/Qz T /0 22 Ky (rQvz)
_ 8N. 20em /OO d_eraq‘HA(k,y;r)
C3m2Q? 3 Jyge 1! d2kdy ’

(7.5.2)

where we took into account only three light quarks. To set the low limit of integration
in (7.5.2) we noted that integrand in (7.5.1) peaks at 7@ ~ 1/4/z(1 —z) > 2. Upon
substitution of (7.3.19) into (7.5.2) we get

do" Ak, y; Q) _ 16ozsozemNCCp/d2 /°° dr? / 8NG (p, b, y)
d*kdy 9> Q%K “0ln(1/p)

f( 7p_k7Y_y>‘
(7.5.3)

4/Q? 7”4

To determine the cross section for gluon production in DIS it is convenient to do
integral over r before we integrate over v in f. We thus define an auxiliary function
® dr? -
d(@7p7 y) = 4 Ff(ll"’p? y) . (754)
Q2

Employing (7.2.5) in (7.5.4) we obtain the Mellin representation of d

_ Q[T g erax <£>2w LG )
AQpy) =5, /oo dve Q) (- z’u)P(;+ i) (2iv + 1) (7.5.5)

Inasmuch as we are interested only in asymptotic behavior of d, which we will derive

using the saddle-point approximation, we can write in view of (7.2.5)

L_
2 sp
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where vy, is a saddle point given by one of the formulas (7.3.1),(7.3.4),(7.3.6). In partic-
ular, using (7.3.2), (7.3.3) and (7.3.5) in (7.5.6) yields

Q 1 ©_py, _E p
d , P, [ e(ap )ye ENOLET Qs >>11’12— 75.7
(@.p,y) N Yr TR y 0 (7.5.7)
1 (lni)m Aouin @

d(Q.p,y) = NG Lot e Wi Qs (7.5.8)

A 3/4 &

<2asy) /4(In p>

2
1 S In E

1Q.q.y) = —2 2WEIRE  Q<p (7.5.9)

= e
2 1/4
8Vp (2075y1n %)

Inspecting (7.5.3),(7.5.4),(7.5.6),(7.3.19) and (7.4.1) we get

Ao Ak, y;Q) ANt do ™A (K, 7 2/Q) (7.5.10)
Pkdy  9n? dkdy -

where we denoted by & the logarithmic (or constant) factor (1/2 — ivg,)~!. Explicitly,
1/2

k=2 % if £,Q>Q,; r=1,ifkQ<Q (7.5.11)
2@S(Y—y) ) ) S ) ) S .

Eq. (7.5.10) together with the expressions of the inclusive dipole—nucleus cross section
derived in Sec. 7.5 provide the cross section for the inclusive gluon production in DIS at

the leading logarithmic approximation.

7.6 NLO BFKL effects: energy conservation

7.6.1 NLO BK effects

The NLO BFKL kernel [115, 116] does not seems be offer stable results, and it
is expected that higher order calculation might cure the problem. But given the ex-
treme complexity of NLO BFKL calculations, it seems to be a formidable task to obtain
higher-order results within the forseeablle future. However, it is found that momentum
conservation is the dominant contribution in higher orders [117, 118], or better to say, to
all orders. Recall that LO BFKL/BK equations are derived in the eikonel approxima-

tion. And each step of emission does alter the original trajectory of emitter. This is only
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good for very soft emissions in every step, in other words, LO BFKL/BK are valid for
infinitely large rapidity intervals between the dipole and the target nucleus. For finite
rapidity intervals, higher order effects are no longer negligible. Specifically, [117, 118]
proposed a resummation of collinear singlaritites to all orders to correct the problem of
NLO BFKL. Let us also recall that DGLAP equations is derived in the limit of large-Q?
and resums the collinar singularities. The combined effect is to pick up higher order
terms of BFKL/BK that satisfy momentum conservation. We will briefly explain why
the collinear singlarities correspond to momentum conservation.

Momentum conservations at small-x requires(quark contribution can be safely omit-

ted, see Chap. 2)
1
/ dez Gz, Q%) = 1 (7.6.1)
0
Also recall that the anomalous dimension is defined in (2.3.6). Combined it with

DGLAP equation (2.2.5), one gets

/dm/ % Poc(z (f,QQ) (7.6.2)

A change of variable y = x/z would decouple the 2-dimensional integral,

/0 dny(y,Q2)/0 dzzPgg(z) =0 (7.6.3)

Therefore

(1) =0 (7.6.4)

This constraint is central in constructing a model for NLO BK equation.

7.6.2 Dipole scattering amplitude

As explained above, one of the most important NLO effects is the momentum con-

servation. BK equation modified to account for the energy conservation reads [140, 141]

ON(r,b,y)  a, 0 5 r? , ,
a—y_%<1 a—y)/drm{N(r,b,y)-i-N(T T‘,b,y>+

+N(r,b,y) — N(r',b,y)N(r —7',b,y)} . (7.6.5)
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In this section we discuss solution to this equation in dilute and saturation regimes.

7.6.2.1 Dilute regime

Consider first the dilute regime. It is advantageous to represent N as the double

Mellin transform

0 dw [t dry ewy+rE—E
N(r,b,y) = / 27”/ N (7, b,w)w A (7.6.6)

where we introduced a new dimensionless variable £ = In(1/r?Q?%). The anomalous
dimension  is related to the Mellin variable v that we have used so far as v = 1/2 —iv,
so that the LO BFKL eigenvalue function is x(v) = x(i(y — 1/2)), see (6.2.12). x1(7y,w)
denotes the NLO BFKL eigenvalue function. In the dilute regime the N? term in the
r.h.s. of (7.6.5) can be neglected. Substituting (7.6.6) into (7.6.5) one arrives at the

following relation between the Mellin variables

w = 2a,x1(7,w) = 2a,(1 —w)x (i(y —1/2)) , (7.6.7)

with the explicit solution for w

Figure 7.1 w(v) for (a) as = 0.3 and (b) a5 = 0.2. LO and NLO are represented by
dashed (red) and solid (blue) lines respectively. Notice the different v ranges
of the two plots.

2a,x(v)

e (7.6.8)
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This solution is plotted in Fig. 7.1. w diverges at v = v* satisfying 2a,x(v*) = —1. As
as — 0, w approaches the LO expression while v* — 4+o0o0. At v — 0, i.e. iv — 1/2,

X~ 1/(1 —2iv) =1/2vy and (7.6.8) yields

1
Y(w) = as (— - 1) : (7.6.9)
w
This can be used as a model of anomalous dimension that takes into account the energy
conservation as suggested in [148, 149].

Integrating (7.6.6) over w we obtain

+o0o
N(r,b,y) = / dy C4 e WyH1E=¢ (7.6.10)

—00

with w(v) given by (7.6.8). Remembering that in the dilute regime (and N. > 1)

Ng = 2N, see (7.3.7), and using the same initial condition as in (7.3.12) we get

o0 2a,x(V)y gy 1 14 (1 —2iv) In %o
Ng(r,b,y) = d S s0) T — A (7.6.11
G(rv Jy) / v exp { 1+ 2@5)((7/) (TQ 0) 81 (1 _ 2,L'V)2 (7 6 )

—0o0

This integral can be taken in the double-logarithmic approximation (DLA), which cor-

responds to keeping only one of the poles of x, namely x(rv) = 1/(1 — 2iv). Denote

2a; .
P& y) = % —(1/24v)€. (7.6.12)
Then, in the DLA
s — _ 1 2£3/2
P& y) = S i Gyt -E= 2viasye —E(l+a) +5 (v - %)? (@éyw , (7.6.13)
where
Yo = @gy — a (7.6.14)

is the saddle point. Substituting (7.6.13) into (7.6.11) and integrating over the saddle

point gives

L+ 2% (ag)/* 5, 5oia 2, fawyn 2y
Ng(r,b,y) = > r2Q%) e VI e 7.6.15
G( y) 3271_1/2,}/3 1n3/4 Tzlcgg ( Q ) ( )

The most important correction due to momentum conservation requirement is steeper

dependence of the scattering amplitude on 7.



104

7.6.2.2 Saturation momentum

To determine the saturation momentum, we need to find a set of lines in the y, £ plane
along which the amplitude is constant. In the DLA approximation this is equivalent to
the requirement that the phase (7.6.13) be constant, i.e. 2v/a,yé—§(1+a5) = 0. Denoting

solution to this equation as £,(y) we obtain

QF = Q%5 = Q% eTiias? (7.6.16)

S

Energy dependence of the saturation momentum becomes more gradual compared to the
LO.
A more accurate evaluation of the saturation momentum requires solving the following

two equations [135]:

- 20Xy
1+ 2a,x(v)

99 2a,X'(My  (2a)*x(MX' (VY +E=0. (7.6.17D)

oy 1+2ax(y)  (1+2a.x(7))?

+v6—-€ =0 (7.6.17a)

The first one determines the line on y, £ plane where the amplitude is stationary, while
the second one fixes the trajectory of the steepest descend [135]. Eliminating y and ¢

from these equations we end up with an equation for the saddle-point ~qp:

/ 1 o 205X (Vsp) X' (Vsp)
X () + 7 %px(%p) = Tt 2000 (7.6.18)
Employing (6.2.12) we write
x() = (1) — 597 — 361 -7, (7619
X(0) = 59/ () + 8 (1= 7). (7.6.20)

Saddle point in the LO is obtained as the solution to (7.6.18) in the as — 0 limit.
Hence, dropping the r.h.s. of (7.6.18) we obtain v, = 0.37. In the NLO approximation

Ysp depends on @, as shown in Fig. 7.2(a). As &, increases 7, decreases and becomes
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closer to the experimental data. For a given &, (7.6.17) implies that

1 2075)(( Vs )y } A A
2 _ N2 p — N2 2asyh(as) 7.6.21
Q7 = Q5 ex = Q¢ , 6.

s s0 EXP { 1 - 1 275X(’Ysp) s0 ( )

Particularly, at the LO h(ay) = ’f(_vap) = 2.44 independently of a;. In Fig. 7.2(b) we show
the NLO behavior of h as given by (7.6.21) and its DLA given by (7.6.16). Again we
observe that the NLO correction makes the energy dependence of the saturation scale

more gradual. This is understandable because the momentum conservation reduces the

phase space available for gluon emission.

N
&
T

04+

0al < 200
% |§5] 15
8 g
0.2} 2
I 10
01r 0.5f
0.0

o.oL s s s s s
0.0 0.2 0.4 0.6 0.8 10

02 04 06 08 10

O
o

Figure 7.2 (a) Solution for the saddle point equation (7.6.18) 7sp(s): solid blue line is
NLO (momentum conservation), dashed red line is LO. (b) Function h(as)
defined in (7.6.21): solid blue line is NLO, dotted (purple) is its DLA (7.6.16)
and dashed (red) is LO.

7.6.2.3 Saturation regime

In the saturation region, (7.6.5) reads

2

ON(r,by) _ 0 " dr? , ,
VI 1 - — N - N N .6.22

We expect that the scattering amplitude will approach its unitarity limit as y — oo.

Therefore, we are looking for a solution to (7.6.22) in the form

N=1-8 (7.6.23)
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where S < 1 is an element of the scattering-matrix of dipole r. Now

_%Zy) = a, (1 — gy) {ln(rQQg)S(T, y)} . (7.6.24)

We are interested in the scaling solution viz. we are looking for a solution in the form
S(r,y) = S5(7(r,y)) where

4oy

T= Q) = Q) + [y ey

(7.6.25)

and we used (7.6.16). Introducing a new parameter that determines rapidity dependence

of the saturation scale (in the DLA)

4o
N=— 35 7.6.26
(14 as)? ( )
we write (7.6.24) as
as _
—(asAT = A\) = as(t — N)S. (7.6.27)
or
It is easily integrated with the solution
S(7) = Spex (1 — ayr)as !, (7.6.28)

where Sy is an integration constant that is determined by matching with the solution in
the dilute regime. This is similar to the solution derived in [140]. Note, that (7.6.28) is

applicable only at 1 < 7 < 1/a,. Solution (7.6.28) is exhibited in Fig. 7.3.

7.6.3 Dipole density

We proceed with the analysis of the NLO effects related to the energy conservation

in the dipole density. Using the result of the Sec. 7.6.2 we obtain in place of (7.2.5):

flr,q,y) = - /_V* dv exp {M} (E)%V o L) . (7.6.29)

wq J_ 1+ 2a5x(v) 2 T +iv) (2iv + 1)?

where v* satisfy 14 2a,x(v*) = 0. Similarly to our discussion in Sec. 7.3.1, we would like
to find asymptotic expressions for f in various kinematic regions. Since the integrand
in (7.6.29) is a steeply falling function of v we can replace the limits of integration by

V¥ = to00.



Figure 7.3 Solution to the LO (dashed red line) and the modified (solid blue) BK equa-
tions deeply in the saturation region 1 < 7 < 1/a,. The initial condition is
S=09at7=1.

1. ay > In? 5. Expression in the exponent of (7.6.29) can be approximated as

20, x(v)y (o) —y _ 14(B)awy ,

1+ 2a,x(v) aﬁg) [ag)}z

(7.6.30)

We see that the pomeron intercept became 04331) =2-1/ 0452), while the “diffusion
constant” has increased by 1/ [a§§)>]2, i.e. growth of f with rapidity has slowed down,
while diffusion has speeded up. The later observation has profound implications on
diffractive gluon production (see [88, 99, 100] for in-depth discussion). For a;, = 0.4
the intercept is aEDl) = 1.5 (compare with ag)) = 2.1), which is in better agreement

with the data. Eq. (7.3.2) is modified as follows

[a(Ig)]2 In? %q

(0)
; r ap e(or =y o~ T 72y (7.6.31)

Ny

2. r¢ <2 and In % > agy. Expanding x ~ 1/(1 — 2iv) we find the saddle point at

20
2ivy =1+ 26, — | —=J

(7.6.32)

Integration over the saddle-point and assuming In % < y/ay yields

. r2 rq/2)%% Gsyln 2
fraw =g EM/) SV (7.6.33)
<2o_zsyln %}) [1 — sti In 3}

rq
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3. rg > 2and o,y < In 5! < y/a,. Now, another pole in x dominates y ~ 1/(14-2iv)

with the result

~ 1 2 205 o Tq
Fora,y) = (2/rq) AVEIT (7630)

2¢%\/1 (Q@Sy In 7'2—(1)1/4 [1 — /2@35 In %

Note, that in both cases (7.6.33) and (7.6.34) the momentum dependence of the leading

twist is modified by an additional power 2a,. This can have important consequences at

high @Q? and/or k. We are discussing this in more detail in Sec. 7.8.

7.7 Nuclear modification factor

The nuclear modification factor is defined as

fd2 dO'*A

Bk dy d?b dy a2b
A f d?b -2

s = (7.7.1)

d2kd e

In the logarithmic approximation (7.5.10) implies that the cross section for inclusive
gluon production in DIS on a heavy nucleus is simply proportional to the cross section
for inclusive gluon production by dipole of size r = 2/@Q). Consequently, the nuclear

modification factor (7.7.1) can be approximated by
Ryea® Rygral,_y)q- (7.7.2)

In the same approximation, pA scattering can also be approximated as the g7 + A one
provided that we are interested in inclusive processes not too close in rapidity to the
proton or nucleus fragmentation region [100]. Atomic weight A and rapidity y dependence
of incluisve cross section in pA collisions at the leading logarithmic order was discussed
in great detail in [108] and we refer the interested reader to that paper. Here we will

focus on the logarithmic derivative of the nuclear modification factor defined as

1 ORy 4
J= T4, 7.7.3
Fox Oy (7.7.3)
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Outside the saturation region this observable is proportional to the difference between
the anomalous dimension of the gluon distribution in the nucleus v* and the one in the
proton 7P. If the coherence effects were negligible, the two anomalous dimensions would
have been identical. This is not the case according to the theory of gluon saturation. As
the result, the NMF is suppressed even at k > ();. Thus J is especially sensitive probe
of the mechanism that leads to the suppression of the NMF for hadron production at
small x.

Let us relate J to the difference of anomalous dimensions ¥4 — 7. It follows from

(7.7.1) that
0 o do"t 9 . dovP
J=—mhRy=—h————In——7+. 7.7.4
By AT 5y N Rhkdy 0y Pkdy (1.74)
Using (7.7.2) and (7.3.19),(7.4.1) and assuming that the b-dependence factors out we
derive
0 0 A 0
By In Ry = 8—ylng |b:0 - a—ylngp|b:0, (7.7.5)

where ¢ is the inclusive ¢ + A cross section modulo a constant factor, see Sec. 7.4.
We assigned superscripts A and p to ¢g to indicate the two cases: A > 1 and A = 1
respectively. In the following we will omit the specification that g is taken at zero impact
parameter. Outside the saturation region we can employ the Mellin representation for
N (7.3.12) and f (7.2.5), substitute them into (7.4.1), take the LLA limit and obtain

up to a pre-exponential factor

. r _ . s
g% o Qor exp |20 x(10)(Y — y) + 2y In Ep + 205 x (15 )y + i In on

(7.7.6)

and analogously for gP. Here vy, i are the saddle points in the Mellin transform of
f and Ng respectively. The omitted pre-factor in (7.7.6) depends on momenta only
logarithmically. Momentum p stands for either ) or k£ depending on the kinematic

region of interest. It is straightforward to verify that ¢ and ¢? obey the equations

09" _ A 09

oy = 20, [x (1) — x(10)]g™ gy = 20 lx(k6) = x(o)lg”- (7.7.7)
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This is just the Mellin transform of the BFKL equation. Plugging (7.7.7) into (7.7.5) we

derive
J = 2a, [x(1) — x(u)] = 205X’ (%) (%' —8) - (7.7.8)

X' () is given by (7.6.20) and the saddle point 7} satisfies (7.6.18).

Consider a few examples. Denote p = max{k,@}. In the region In & > ay we

have (see e.g. (7.3.4) and (7.3.13))

1
M e T 5 (7.7.9)

with the saddle point

1 , 1 205y /2045y ln =50
A QSO A

4P is obtained by setting Q. = A. We see that in this kinematic region v» < v4. By

dint of (7.7.9) x'(7) < 0 implying that J < 0. More precisely,

ln QSO
J= Gy (7.7.11)

In the saturation region In & < ay, 72 effectively tends to zero as the dipole scattering
amplitude saturates at unity. Therefore, in that region v* < ~?, while y ~ ﬁ Hence
X' (7) > 0 implying that again J < 0. Finally, in the diffusion region y ~ 21n2 — 7¢(3)v?
and we similarly obtain

In £ In Qa0

_ A
= e (7.7.12)

Negativity of J in all kinematic regions signifies the decrease of the inclusive cross section
as a function of rapidity. The rate of the decrease depends on the absolute value of J.
7.8 Numerical analysis

The numerical calculation of the inclusive hadron production is performed using

Egs. (7.2.1), (6.2.3),(7.2.7),(7.2.6). We employed the bGCG model [143] for the forward
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kr (GeV) kr (GeV)

(a) (b)
Figure 7.4 Comparison between the LO and NLO calculations of k2%’§:w as a func-
tion of k at two values of coupling (a) a5 = 0.3 and (b) &, = 0.15.
dipole—nucleus scattering amplitude. The bCGC model is reviewed in Appendix. Func-
tion f is calculated using formula (7.6.29). The gluon spectrum is then convoluted with

the LO pion fragmentation function Fg as follows

do Y dz dog
_— = — k k). 8.1
dzkdy /Zmin 2 ko’d’y( /Z) ‘FG(Zv ) (7 8 )

The fragmentation function is given in [152]. The total rapidity interval is taken to be
Y = 10, which is equivalent to x = e™¥ = 4.5-107°. The range of photon virtualities that
we consider is Q% = 2 — 37 GeV2. This kinematic region can be probed at the proposed
Large Hadron electron Collider and its low Q2 part at the Electron Ton Collider [153]. The
rapidity interval y from the nucleus to the produced gluon is related to xp, a variable
used in differctive DIS, as xp = e” Y. We consider y in a narrow interval 5 < y < 7
allowed by our formalism. At larger x and/or zp the validity of the leading logarithmic
approximation that we employ becomes uncertain.

The results of our calculations are shown in Figs.(7.4)—(7.8). The NLO calculation
shown in the figures refers to the part of the NLO terms that are responsible for mo-
mentum conservation. In Fig. 7.4,7.5 we plot the inclusive cross section normalized in

the same way as the structure function

dFQ(a?? Q2) y) — ]- Q2 dO-’Y*A(a:.7 Q27 y) (7 8 2)
d2kdy Oy, 472 d2kdy . o
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y=7 Y=10 Q?=36 GeV? A=197 y=7 Y=10 Q?=36GeV? A=197

150+

1 2 3 4 5 6 7 8
kr (GeV) kr (GeV)

(a) (b)

Figure 7.5 Inclusive spectrum kQ%’g;y) of (a) pions, (b) gluons as a function of k.

We observe that inclusive gluon production at NLO is suppressed compared with the
LO case. This is because the anomalous dimension of dipole density at NLO is smaller
compared with that of LO, as can be seen in Fig. 7.2. This is expected since energy
conservation constrains the phase space available for hadron production. In Fig. 7.4
we demonstrate that the difference between the LO and NLO calculation is smaller at
smaller values of coupling.

We see in Fig. 7.5(b) that at small k, the gluon production cross section follows 1/k?
behavior. Indeed, 1/k* comes from the Lipatov vertex, whereas the gluon distribution
in the nucleus is saturated and hence depends on momentum k only logarithmically.
This is seen in (7.2.7) where at small k the integral tends to a constant leaving the 1/k?
pre-factor in front. Modification of the gluon spectrum due to fragmentation can be
inferred by comparing Fig. 7.5(a) and (b).

The cross section grows with Q? and xp logarithmically; both dependences are much
steeper at the LO than in the NLO. We also note that momentum conservation correction
substantially reduces the cross section. However, the functional form of the k-spectrum
does not change in the kinematic region that we studied, as we checked explicitly. We
attribute this to that fact that the dominant contribution to the Mellin transform stems
from anomalous dimension 7 ~ 1/2 in both cases. We expect that at much larger Q

and k the NLO Ek-spectrum becomes steeper than those in LO due to additional factors
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kr=5 GeV Q?=36 GeV? Y=10 A=197 kr=5GeV y=7 Y=10A=197

y Q@ (Gev?)

(a) (b)

Figure 7.6 Inclusive hadron spectrum k2% as a function of (a) y, (b) Q2.

1/Q%*< or 1/k**. However, assumptions of our model restrict our calculation only to
the semi-hard values of transverse momenta.

The largest uncertainty in our numerical calculation of hadron spectrum comes from
the oversimplified treatment of nuclei geometry. Instead of integrating with a realistic
nuclear thickness T'(b) we approximated the nuclear density by the step-function. Based
on our previous experience with this type of numerical calculations we expect that a
more accurate treatment of the nuclear density will only affect the overall normalization
of the cross section. From this perspective the ratios of the inclusive spectra should not
be much affected by this uncertainty.

Our calculation of the Nuclear Modification Factor (NMF) as a function of k for Au
(A = 197) and Ca (A = 40) is displayed in Fig. 7.7. The general feature of NMF is
suppression at low k and enhancement at larger k (the later is often referred to as the
Cronin effect [48]). This is in contrast with the hadron production in pA scattering where
the Cronin effect gives way to the suppression at all k’s provided that the hadron rapidity
y is large enough. The reason for this difference is that whereas pA scattering can be
approximated by dipole-nucleus scattering [100], v*A interaction is a superposition of
many dipole-nucleus scatterings with different dipole sizes r, see (7.2.2). At small k
NMF for dipoles of all sizes is suppressed [108] and therefore we observe suppression

of the resulting R for DIS. On the other hand, the fact that R > 1 at large k implies
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Figure 7.7  Nuclear Modification Factor as a function of k for (a)-(c) hadrons at various
A,y and Q?; (d) gluons. All calculations include the NLO effects.

that the inclusive cross section in that region is dominated by dipoles whose individual
scattering on the nucleus exhibits Cronin enhancement, i.e. they are not much effected
by the small-z evolution. Presence of such dipoles is ensured by evolution of the dipole
density n, which happens if Y —y > 1. Comparing Figs.7.7 (a)-(c) with (d) we note
that due to fragmentation, NMF of hadrons is much slower function of @2, y and k than
NMF of gluons. Additonally, fragmentation shifts the value of the transverse momentum
at which NMF' crosses unity towards lower k.

Another feature seen in Fig. 7.7 (especially (d)) is that suppression of NMF at low k
and its enhancement at high k increases with the photon virtuality Q%. To understand

the Q? dependence of the NMF we note that a typical term in its twist expansion looks

1 n(ya—p)
R~ <@> : (7.8.3)

like



Y=10 r=0.33 GeV~! A=197

115

Y=10 r=0.33 GeV~! A=40

0.0 0.0;
01 S
-02 S T TTmm———e -02 “~
-03 \\\ -03 \\\\
\\\ \~\\
—04 el —04 el
-05 s -05 TS mmeye
-06 -06
07 4 6 8 10 o7 4 6 8 10
kr (GeV) kr (GeV)
(a) (b)
Y=10 r=0.33 GeV~* A=197 Y=10 r=0.33 GeV~* A=40
0.0 : ‘ : 0.0 ‘ ‘ :
-01 o1
—02F === mmmmmmmmmmmmmmmm e -02
-03 -03
-04 o
] S -05
-06 -06
o7 4 6 8 10 o7 4 6 8 10
kr (GeV) kr (GeV)
(¢) (d)
Figure 7.8  Logarithmic derivative of NMF for dipole-nucleus scattering as a function

for k for (a),(b) gluons, (c),(d) hadrons. dipole size r, total rapidity ¥ and
nuclear wight A are indicated on each plot. All calculations include the NLO
effects.

where n > 1 is an integer number. It implies that

OR

OR

At large k ¥4 > 4 thus Tin 2

< 0, whereas at small k 74 < 1? thus afi—}& > (. This is
indeed what we observe in Fig. 7.7. Dependence of NMF on y can be explained similarly.

Fig. 7.8 displays the logarithmic derivative of the NMF J defined in (7.7.3). As we
argued in Sec. 7.7 this quantity is proportional to the difference between the anomalous
dimensions of the gluon distribution function in nucleus and proton, see(7.7.8). Our
analysis in (7.7.11),(7.7.12) indicates that .J is negative and decreases as the hadron
rapidity y increases, which is indeed seen in Fig. 7.8. Similar trend has been noticed in
pA collisions in [150]. We can also see the effect of fragmentation on J by comparing

Fig. 7.8(a),(b) with (c),(d). It is interesting that fragmentation completely erases the
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k dependence, while leaving the y dependence qualitatively similar. We think that
experimental investigation of J is of great interest as it emphasizes the difference between

the (linear) gluon evolution in a heavy nucleus and in proton.
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CHAPTER 8. Discussions

Chap. 6 studied coherent and incoherent diffractive gluon production in DIS off heavy
nuclei in the proposed kinematic region of Electron Ion Collider. Our approach is based
on the dipole model introduced in [112]. It allows representing cross sections for high
energy hadronic scattering as a convolution of hadronic light-cone wave-functions with
the multipole scattering amplitudes. In our case, virtual photon wave function is deter-
mined by the perturbative QED and is given by (6.2.3). dipole—nucleus interaction can
in turn be represented as a product of dipole density (6.2.13) in transverse coordinate
space, satisfying the BFKL equation [113, 114], and the imaginary part of dipole-nucleus
forward elastic scattering amplitude as displayed in (6.2.6),(6.2.8), satisfying QCD evo-
lution equations in the small-x region [78, 76]. These formulae are derived in the leading
logarithmic approximation agIn(1/z) ~ 1, asln(1/8) ~ 1, which defines the kinematic
region where the results of our calculations are applicable. Note, that hard pertur-
bative factorization is generally broken at small-z, because scattering in this region is
characterized by small longitudinal momentum transfer (see e.g. [155]). At moderate x
and large 2, our formulas reduce to the leading order hard perturbative QCD expres-
sions that can be cast in the factorized form using the diffractive parton distributions
[156, 157, 158, 159].

The main results of our calculations are displayed in Fig. 6.2 and Fig. 6.3. We found
that nuclear modification factor strongly varies with nuclear weight, and the functional
dependence on A is qualitatively different for coherent and incoherent processes. Sim-

ilarly to diffractive hadron production in pA collisions [101], nuclear effects in coherent
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diffractive DIS is strongly dependent on rapidity of produced hadron, whereas they are
almost absent in the case of incoherent diffraction. We also made a peculiar observation
that the nuclear modification factor for both diffractive channels is essentially indepen-
dent of the photon virtuality in the region 1 < Q? < 25 GeV2. Finally, our study of
non-forward diffractive hadron production indicates feasibility of experimentally separa-
tion of coherent and incoherent diffractive contributions at EIC.

Chap. 7 is dedicated to the dicussion of the inclusive hadron production in DIS scat-
tering at small z. Still, our approach employed the dipole model [112]. We presented the
analytical formulae for the cross section in various kinematic regions and discussed the
role of the momentum conservation, which is perhaps the most important NLO correc-
tion. Modified BK equation proposed in [140, 141] enables us to derive the corresponding
correction to the pomeron intercept and found that it is numerically closer to the phe-
nomenological value than the LO result. We also computed the high energy asymptotics
of the forward elastic dipole-nucleus scattering amplitude.

Motivated by possible small-z DIS experiments with heavy nuclei [153] we performed
numerical calculations of the DIS inclusive cross section using the bCGC model [143].
The results are shown in Figs. 7.4-7.8. We noticed that the NLO effects generally tend
to reduce the cross section and make it weaker function of its arguments as compared
to the LO result. The nuclear modification factor exhibits suppression at low k and
enhancement at higher k even at the largest hadron rapidities that we can address in
our approach. To understand dependence of the NMF on rapidity better we introduced
the logarithmic derivative of NMF J and showed that it is proportional to the difference
between the anomalous dimension of the gluon distribution function in nucleus and
proton. Since this difference is non-vanishing only due to coherence effects, J provides
a direct measure of the effect of coherence on inclusive cross section. Figs. 7.7,7.8 show
dependence of NMF and J on the photon virtuality @*, x and hadron rapidity y. We

believe that our results may be helpful for experimental investigation of DIS at small-z.
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Appendix: bCGC model

We performed the numerical calculations using the bCGC model of the forward dipole
scattering amplitude [143]. We treat the nuclei and proton profiles as step-functions; the
saturation scales are assumed to scale with A as Q2 oc AY/3. The advantage of this model
— besides its compliance with the known analytical approximations to the BK equation
[151] — is that its parameters are fitted to the low x DIS data. The explicit form of the

scattering amplitude N is given by

Q3. \”
NO (TTQ> ) TQqs < 2;

1 —exp[—aln®(brQu)], 7Qu >2,

N(r,0,y) = (8.0.1)

where Qgs is the the quark saturation scale related to the gluon saturation scale Q? —
which we have called simply the ‘saturation scale’ throughout the chapters — by Qgs =

(4/9)@?. Tts functional form is
Q?IS = A5 M M2 GeV?, (8.0.2)

where s is the square of the center-of-mass energy and y is rapidity with respect to the

central rapidity. The anomalous dimension is

_ 1 1 2 8.0.3
7_%+c)\(1n\/s+y)n(rQqs>' (8.0.3)

The gluon dipole scattering amplitude can be calculated using (7.3.7). Parameters v, =

0.628 and ¢ = 9.9 follow from the BFKL dynamics [151], while Ny = 0.7 and A\ = 0.28
are fitted to the DIS data. Constants a and b are uniquely fixed from by the requirement

of continuity of the amplitude and its first derivative.
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