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Abstract

We predictpp elastic differential cross section atLHC at thec.m. energy
√

s = 14TeV andmomentumtransferrange|t | =
0–10GeV2, which is plannedto bemeasuredby theTOTEM group.Thefield theorymodelunderlying our phenomenologica
investigationdescribesthenucleon asa compositeobjectwith an outer cloud of quark–antiquark condensate, aninnercoreof
topological baryonic charge, anda still smaller quark-bag ofvalencequarks.Themodelsatisfactorily describestheasymptotic
behavior ofσtot(s) andρ(s) as well asthe measuredp̄p elasticdσ/dt at

√
s = 546GeV, 630 GeV, and1.8 TeV. The large

|t | elastic amplitude ofthe model incorporates theBFKL pomeronin next to leadingorderapproximation,the perturbative
dimensionalcountingbehavior,andtheconfinement ofvalencequarksin a smallregionwithin thenucleon.
 2004ElsevierB.V.

PACS: 12.39.-x; 13.85.Dz; 14.20.Dh

Keywords: pp scattering; LHC/TOTEM;Nucleonstructure;Hard pomeron

Open access under CC BY license.
ed
pp elastic differential crosssectionat LHC in near
forward direction at c.m. energy

√
s = 14TeV and

momentumtransfer|t| = 0–10GeV2 is plannedto be
measured by theTOTEM(TOTal and Elastic Measure-
ment)group[1]. Variousmodels have been propos
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to describepp elastic scattering in thediffraction re-
gion |t| � 0–0.5 GeV2, suchas: (i) single pomeron
exchangewith a trajectoryαP (t) = 1.08+ 0.25t [2],
(ii) multiple pomeron exchangeswith single- and
double-diffractivedissociation[3], (iii) the incident
proton viewed as made-upof two color dipolesin the
targetproton rest frame[4]. pp elasticdσ/dt at LHC
all thewayfrom |t| = 0 to 10 GeV2 hasbeenpredicted
on the basis of three different models: (a) impact-
picturemodel[5] basedon theCheng–Wucalculation
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Fig. 1. Hard collision of valence quarks from two different protons.
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of QED tower diagrams[6], (b) eikonalized pomeron
reggeon model using conventional Regge appro
but with multiple pomeron–reggeon exchanges
cluded [7,8], (c) effective field theory model tha
describes the nucleon as a chiral-bag with a qua
antiquark cloud[9,10]. A QCD-inspired eikonalized
model has also been proposed to predictpp dσ/dt at√

s = 14 TeV for |t| = 0–2.0 GeV2 [11]. This wide
array of models attempting to describepp elastic scat-
tering at LHC reflects the view that quantitative u
derstanding of this process will provide fundamen
insight into the nonperturbative and the perturba
QCD dynamics.

The impact-picture model and the eikonaliz
pomeron–reggeon model predict besides the first
bump structure more diffraction-like secondary str
tures at large|t| [5,7,8]. The chiral-bag model with
qq̄ condensate cloud, which we studied[9], predicts
after the first dip-bump structure a smooth appro
mately exponential fall-off (known as Orear fall-of
and then a slower fall-off due to the transition fro
the nonperturbative regime to the perturbative regi
This change in the behavior ofdσ/dt was shown only
schematically in our previous work[9]. We have now
been able to quantitatively address this question
study the predicted change ofdσ/dt . Results of our
investigation and the implications for the combin
role of perturbative and nonperturbative QCD dyna
ics are briefly reported here.

We view pp elastic scattering in the perturbativ
regime as a hard collision of a valence quark fr
one proton with a valence quark from the other p
ton (Fig. 1). The collision carries off the whole mo
mentum transfer. This dynamical picture brings n
features in our calculations: (1) probability amplitu
of a quark to have, say, momentum�p when the proton
has momentum�P in the c.m. frame. (2) Quark–qua
elastic amplitude at high energy and large momen
transfer, which is in the domain of perturbative QCD
The latter has been the focus of extensive studies
lowing the original work of Balitsky, Fadin, Kurae
and Lipatov (BFKL)[12]. The present status is th
the qq elastic scattering occurs via reggeized glu
ladders with rungs of gluons which represent glu
emissions in inelastic processes (BFKL pomeron
is a crossing-even amplitude which is a cut in the
gular momentum plane with a fixed branch point
αBFKL = 1+ ω. The value ofω in the next-to-leading
order (NLO) lies in the range 0.13–0.18 as argued
Brodsky et al.[13]. We refer to the BFKL pomero
with next to leading order corrections included as
QCD “hard pomeron”. In our investigation, we a
proximate this hard pomeron by a fixed pole and t
theqq scattering inFig. 1as

(1)T̂ (ŝ, t) = iγqq ŝ
(
ŝe−i π

2
)ω 1

|t| + r−2
0

,

where ŝ = (p + k)2, t = −�q 2. The phase in Eq.(1)
follows from the requirement that̂T (ŝ, t) is a crossing
even amplitude. Eq.(1) represents the hard pomer
amplitude in our calculations. If we want to descri
just asymptoticqq scattering, we have to take into a
count unitarity corrections due to infinite exchang
of this pomeron. This can be done by takingT̂ (ŝ, t)

as the Born amplitude in an eikonal formulation[14],
which leads to a black-disk description and require
γqq > 0. The radius of the black disk turns out to
R(ŝ) = r0ω ln ŝ. Hence, the parameterr0 in Eq.(1) has
the physical significance of a length scale that defi
the black-disk radius of asymptotic quark–quark sc
tering.

We next examine how to obtain thepp elastic scat-
tering amplitude from the process shown inFig. 1. Let
s be the square of the c.m. energy of the two col
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ing protons:s = (P + K)2. ŝ, of course, is the squar
of the c.m. energy of the two colliding quarks. Fro
Fig. 1, we see that initially we have a quark of m
mentum �p: | �p〉 with a probability amplitudeϕ( �p) in
the c.m. frame in which the proton is moving with m
mentum �P . Similarly, we have a second quark wi
momentum�k: |�k〉 with a probability amplitudeϕ(�k)

in the c.m. frame in which the other proton is movi
with momentum�K = − �P . Thus, the initial state of th
two colliding quarks is

(2)|i〉 = ϕ( �p)| �p〉ϕ(�k)|�k〉.
After the collision, we have a quark with momentu
�p − �q: | �p − �q〉 with a probability amplitudeϕ( �p − �q),
and a quark with momentum�k + �q: |�k + �q〉 with a
probability amplitudeϕ(�k + �q). So, the final state is

(3)|f 〉 = ϕ( �p − �q)| �p − �q〉ϕ(�k + �q)|�k + �q〉.
The pp elastic scattering amplitude due to quar
quark scatteringTqq(s,−�q 2) from Fig. 1 is then

Tqq

(
s,−�q 2) =

∑
�p

∑
�k

ϕ∗( �p − �q)ϕ∗(�k + �q)

(4)
× 〈�k + �q|〈 �p − �q|T̂op| �p〉|�k〉ϕ( �p)ϕ(�k),

where〈�k + �q|〈 �p − �q|T̂op| �p〉|�k〉 is theqq elastic scat-
tering amplitude. Since this amplitude only depen
on the invariantŝs = (p + q)2 and t̂ = −�q 2, we can
write

(5)〈�k + �q|〈 �p − �q|T̂op| �p〉|�k〉 = T̂
(
ŝ,−�q 2).

Eq.(4) then takes the form

Tqq

(
s,−�q 2) =

∑
�p

∑
�k

ϕ∗( �p − �q)ϕ( �p)T̂
(
ŝ,−�q 2)

(6)× ϕ∗(�k + �q)ϕ(�k).
This equation makes it evident thatϕ∗( �p − �q)ϕ( �p)

and ϕ∗(�k + �q)ϕ(�k) are the nonperturbative “impa
factors” which modify the perturbativeqq amplitude
T̂ (ŝ,−�q 2). The right-hand side (RHS) of Eq.(6)
needs to be multiplied by a factor of nine to take in
account that there are three quarks in each proton.1 We
absorb this factor in the constantγqq .

1 The quarks in our field theory model (Ref.[10]) are massless
effective color-singlet quarks and not the QCD current quarks.
To see the physical meaning of Eq.(6), let us as-
sume that we can approximateqq scattering inFig. 1
by taking some average value ofŝ: ŝav. Of course,̂sav
is going to be proportional tos. Eq. (6)then takes the
form

Tqq

(
s,−�q 2) �

∑
�p

ϕ∗( �p − �q)ϕ( �p)T̂
(
ŝav,−�q 2)

(7)×
∑

�k
ϕ∗(�k + �q)ϕ(�k),

which shows that the impact factors separate out. E
momentum sum in Eq.(7) can now be carried ou
and yields the form factor associated with the qu
probability density in the c.m. frame. This probabil
density is Lorentz contracted, which means ifρ0(�r ′)
is the quark probability density at�r ′ in the proton res
frame andρ(�r) is the probability density at�r in the
c.m. frame, then

(8)ρ(�b + �e3z) = γρ0(�b + �e3γ z),

whereγ is the Lorentz contraction factor:γ = E/M =√
s/(2M), �r = �b + �e3z, and�e3 is the unit vector in the

direction of �P , i.e., thez-axis. If F(�q) is the form fac-
tor associated withρ0(�r):

(9)F(�q) =
∫

d3r ei �q·�rρ0(�r),

andρ0(�r) is spherically symmetric, then

∑
�p

ϕ∗( �p − �q)ϕ( �p) =
∫

d3r e−i �q·�rρ(�r)

(10)= F

(
�q⊥ + �e3

q3

γ

)
.

In deriving Eq.(10), we have usedρ(�r) = ψ∗(�r)ψ(�r),
where the quark wave functionψ(�r) is related to its
momentum wave functionϕ( �p) via the plane wave ex
pansion:

(11)ψ(�r) =
∑

�p

ei �p·�r
√

V
ϕ( �p).

Eq.(7) now takes the form

Tqq

(
s,−�q 2) � F(�q⊥)T̂

(
ŝav,−�q 2)F(�q⊥)

(12)

(
q3

γ
= 2Mq3√

s
→ 0

)
.
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The structure of Eq.(12) is easy to understand. It
the usual quantum-mechanical scattering amplitud
two composite objects described by the form fact
and interacting via a basic process whose amplitud
T̂ (ŝav,−�q 2). We take the form factorF(�q) describing
the quark probability density or number density in t
nucleon rest frame to be a dipole:

(13)F(�q) =
(

1+ �q 2

m2
0

)−2

,

so that it satisfies the dimensional counting beha
t−2 for the form factor of a proton made up of thr
quarks[15–17].

Now we go back to Eq.(6) and no longer make
the approximation of replacinĝs by an average value
Tqq(s,−�q 2) in Eq. (6) represents thepp elastic am-
plitude that originates from theqq elastic amplitude
T̂ (ŝ,−�q 2) occurring on the RHS of Eq.(6). The
process is depicted inFig. 1. We take theqq ampli-
tude T̂ (ŝ,−�q 2) as due to the hard pomeron given
Eq.(1). Eq.(6), then leads to

Tqq

(
s,−�q 2) =

∑
�p

∑
�k

ϕ∗( �p − �q)ϕ( �p)iγqq ŝ
(
ŝe−i π

2
)ω

(14)× 1

�q2 + r−2
0

ϕ∗(�k + �q)ϕ(�k).

Introducing light-cone variablesP+ = P0 + P3, P− =
P0 − P3, p+ = p0 + p3, p− = p0 − p3, etc. and writ-
ing p+ = xP+, k− = x ′K−, we find ŝ � xx ′s, when
P+, K− → ∞. Eq. (14)then takes the separable for

Tqq

(
s,−�q 2)

=
(∑

�p
ϕ∗( �p − �q)ϕ( �p)x1+ω

)
iγqqs

(
se−i π

2
)ω

(15)× 1

�q 2 + r−2
0

(∑
�k

ϕ∗(�k + �q)ϕ(�k)x ′1+ω

)
.

In a frame whereP+ → ∞,
∑

�p
ϕ∗( �p − �q)ϕ( �p)x1+ω

(16)= Mm5
0

8π

1∫
0

dx
x1+ω

(
m2

0
4 + M2x2)

I
(
q⊥, α(x)

)
,

where

(17)I
(
q⊥, α(x)

) ≡
∞∫

0

b db J0(bq⊥)
{
bK1[bα]}2

.

Here M is the nucleon mass,m0 is the mass para
meter that occurs in the form factor Eq.(13), α =
(
m2

0
4 + M2x2)1/2, and �q � �q⊥. In deriving Eq.(16),

we use momentum wave functionϕ( �p) obtained from
the Lorentz contracted probability density. It can
related to the rest frame wave functionϕ0( �p′) in the
following way:

(18)ϕ( �p⊥ + �e3p3) = ϕ0

(
�p⊥ + �e3

p3

γ

)
,

and yields the result

(19)

ϕ( �p⊥ + �e3p3) =
(

2πm5
0

V0

)1/2(m2
0

4
+ p2⊥ + p2

3

γ 2

)−2

.

(V0 is the quantization volume in the rest frame.) T
integralI (q⊥, α(x)) can be evaluated analytically, an
we obtain

I
(
q⊥, α(x)

)

= 1

8α4

{
2

a3a′ ln(a′ + a) + 1

aa′3 ln(a′ + a)

(20)− 1

a2a′2 − 3a′

a5 ln(a′ + a) + 3

a4

}
,

where a′2 = q2⊥
4α2 , a2 = a′2 + 1. Let us denote by

F(q⊥) the RHS of Eq.(16). Thepp amplitude given
by Eq.(15) then takes the form

Tqq

(
s,−�q 2)

(21)=F(q⊥)iγqqs
(
se−i π

2
)ω 1

|t| + r−2
0

F(q⊥).

Eq. (21) resembles Eq.(12). However,F(q⊥) is not
a form factor. It would have been the form fact
F(�q⊥) = F(q⊥) = ∑

�p ϕ∗( �p − �q)ϕ( �p), if x on the
LHS of Eq. (16) were equal to 1 identically, i.e., if̂s
were equal tos. From now on, we refer toF(q⊥) as
a structure factor to distinguish it from the usual fo
factorF(q⊥).

It is instructive to study the large momentum tran
fer behavior ofF(q⊥) and Tqq(s,−�q 2). For a′2 =
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4α2 � 1 anda2 � a′2, Eq.(20)yields

(22)I
(
q⊥, α(x)

) � 4

q4⊥
� 4

|t|2
(|t| = �q 2 � q2⊥

)
.

Substituting this on the RHS of Eq.(16), we find

(23)F(q⊥) ∼ 1

|t|2 .

Eq.(21) then leads to an amplitude

(24)Tqq

(
s,−�q 2) ∼ iγqqs(se

−i π
2 )ω

|t|5 .

This results in differential cross section behavior
fixed s and large|t|:

(25)
dσ

dt
∼ 1

|t|10

(
s � |t| � m2

0 + 4M2).
Eq. (25) shows that we obtain the behavior predic
by the perturbative QCD dimensional counting ru
[15–17]for large|t|.

In our pp elastic scattering model, we now ha
two hard-collision amplitudes: one due toω exchange
the other due to the hard pomeron exchange. B
collisions are accompanied by cloud–cloud diffract
scattering that reduces these amplitudes by an abs
tion factor exp(iχ̂(s,0)) [18]. So the sum of the two
hard amplitudes becomes

T1(s, t) = eiχ̂(s,0)

[
±γ̃ s

F 2(t)

m2 − t

+ iγqqs
(
se−i π

2
)ω F2(q⊥)

|t| + r−2
0

]

(26)(+ for p̄p,− for pp).

The first term inside the square bracket represents
ω exchange contribution;F(t) is theωNN form fac-
tor andm is theω mass. The second term represe
the hard pomeron contribution which, as stated p
viously, has been approximated by a fixed pole w
an intercept 1+ ω. Using the earlier parameteriz
tion [9],

(27)γ̃ eiχ̂ (s,0) = γ̂0 + γ̂1

(se−i π
2 )σ̂

,

-

Fig. 2. Solid curve represents our calculated total cross sectio
a function of

√
s. Dotted curves represent the error band given

Cudell et al.[23].

we find

T1(s, t)

=
[
γ̂0 + γ̂1

(se−i π
2 )σ̂

]

(28)

×
[
±s

F 2(t)

m2 − t
+ iγ̃qqs

(
se−i π

2
)ω F2(q⊥)

|t| + r−2
0

]
,

where γ̃qq = γqq/γ̃ . The qq hard scattering term
brings four new parameters: (i)̃γqq which measures
the relative strength of this term compared to theω

exchange term; (ii)αBFKL = 1 + ω which controls
the high energy behavior; (iii)r0 which provides the
length scale for the black-disk radius ofqq asymptotic
scattering; (iv)m0 which determines the quark wav
function ψ0(�r) = √

ρ0(�r) and the size of the quar
bag. Because of the different physical aspects ass
ated with them, these four parameters form a minim
set.

We determine the parameters of the model, wh
now include the hard pomeron contribution, by requ
ing that the model should describe satisfactorily
asymptotic behavior ofσtot(s) andρ(s) as well as the
measuredp̄p elasticdσ/dt at

√
s = 546 GeV[19],

630 GeV[20], and 1.8 TeV[21,22]. The results of
this investigation are shown inFigs. 2–4together with
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Fig. 3. Solid and dashed curves represent our calculatedρp̄p and
ρpp as functions of

√
s. Dotted curves represent the error band giv

by Cudell et al.[23].

Fig. 4. Solid curves show our calculateddσ/dt at
√

s = 546,
630 and 1800 GeV. Experimental data are from Refs.[19,20] and
[21,22].

the experimental data. We obtain quite satisfactory
scriptions. The dotted curves inFigs. 2 and 3represent
the error bands given by Cudell et al. (COMPETE C
laboration) to their best fit[23]. We notice that our
σtot(s) curve lies within their error band closer to th
Fig. 5. Solid curve shows our predicteddσ/dt for pp elastic scatter-
ing at

√
s = 14 TeV at LHC. Dotted curve representsdσ/dt due to

diffraction only. Similarly, dot-dashed curve and dashed curve
resentdσ/dt due to hardω-exchange and hardqq scattering only.

lower curve, but ourρpp(s) curve (dashed curve i
Fig. 3) deviates from the band. As noted by Cud
et al., such a deviation is not surprising—since a h
pomeron occurs in our calculations and not in theirs
fact, this hard pomeron in conjunction with a crossin
odd absorptive correction[18] in our model leads to
a crossing-odd amplitude (an odderon) and produ
a visible difference betweenρp̄p(s) and ρpp(s) at
large

√
s. The parameters describing the soft (sm

|t|) diffraction amplitude and the hard (large|t|) ω-
exchange amplitude have been discussed before[9].
Their values are:R0 = 2.77,R1 = 0.0491,a0 = 0.245,
a1 = 0.126,η0 = 0.0844,c0 = 0.00, σ = 2.70, λ0 =
0.727, d0 = 13.0, α = 0.246, γ̂0 = 1.53, γ̂1 = 0.00,
σ̂ = 1.46 (the unit of energy is 1 GeV). The param
tersβ andm are kept fixed as previously:β = 3.075,
m = 0.801. There are now seventeen adjustable p
meters. The four new parameters describing the h
(large |t|) qq amplitude have the values̃γqq = 0.03,
ω = 0.15, r0 = 2.00, m2

0 = 12.0. (This value ofm2
0

leads to a valence quark-bag of r.m.s. radius 0.2
while that of the baryonic charge core is 0.44 F.) Th
four parameters, however, cannot be determined
ably, because no large|t| elastic data are available
the TeV energy region.
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Our prediction forpp elastic differential cross sec
tion at LHC at

√
s = 14 TeV for the whole momen

tum transfer range|t| = 0–10 GeV2 is now given in
Fig. 5 (solid curve). We obtain forσtot and ρpp the
values 110 mb and 0.120, respectively. Also given
Fig. 5 are separatedσ/dt due to diffraction (dotted
curve), due to hardω-exchange (dot-dashed curve
and due to hardqq scattering (dashed curve). As e
pected in our model, we find that in the small|t|
region (|t| � 0–0.5 GeV2) diffraction dominates, in
the intermediate|t| region (|t| � 1.0–4.0 GeV2) ω-ex-
change dominates, and in the large|t| region (|t| �
6.0 GeV2) qq scattering dominates. The three|t| re-
gions correspond to cloud–cloud interaction, co
core scattering due toω-exchange, and valenceqq

scattering via QCD hard pomeron. Therefore, th
reflect the composite structure of the nucleon w
an outer cloud, an inner core of topological ba
onic charge, and a still smaller quark-bag of valen
quarks.

We note thatpp elastic differential cross sec
tion in the energy range

√
s = 27–62 GeV and|t| �

3.5 GeV2 was observed to be approximately ene
independent and falling off ast−8. This was inter-
preted as due to the independent exchanges of t
perturbative gluons[24,25]. Later it was pointed ou
that the three gluons would reggeize, so that co
octet exchanges would be suppressed. Instead,
color-singlet exchanges would take their place[26].
Eventually, as|t| increases, a single color-singlet e
change would dominate and lead to at−10 fall-off
as predicted by the perturbative QCD dimensio
counting rules[15–17]. In our model, the dimensiona
counting behaviort−10 of dσ/dt originates from the
hardqq amplitude in Eq.(28). This amplitude leads
to a distinct change in the slope of the different
cross section from the intermediate|t| region to the
large |t| region as seen inFig. 5. For example, for
1.0 � |t| � 3.0 GeV2, dσ/dt drops by more than two
orders of magnitude, while for 7.0 � |t| � 9.0 GeV2,
dσ/dt drops by a factor of 4.2, i.e., less than an or
of magnitude. Similar decrease indσ/dt slope was
observed at ISR by De Kerret et al. for|t| � 6.5 GeV2

at a much lower energy:
√

s = 53 GeV[27]. Lepage
and Brodsky[17], however, pointed out that at suc
low energies it would be hard to distinguish betwe
amplitudes that lead tot−8 and t−10 asymptotic be-
havior.
e

It is interesting to note that in our model thepp

elastic amplitude due toqq scattering (Eq.(21)) has
q⊥ dependence given by the product of two struct
factorsF2(q⊥) ands-dependence given by the har
pomeron exchange (approximated by a fixed po
with an intercept 1+ ω (ω � 0.15). In the QCD-
inspired model of Block et al.[11], the correspond
ing amplitude (a Born amplitude) hasq⊥ dependence
given by the product of two dipole form factors and
s-dependenceis that corresponds to a fixed pole of i
tercept 1. In the BSW model[5], the Born amplitude is
again the product of two form factors, but multiplie
by an additional factor, and hass-dependence give

by a fixed cut:(se− iπ
2 )1+c/(ln s − iπ

2 )c
′
. Remarkably,

the BSW value 1+ c = 1.167 lies within the range
given by Brodsky et al.[13]. In the last two models
multiple exchanges are considered and unitariza
is done by eikonalization[14]. On the other hand, w
consider a single hard-pomeron exchange modifie
absorptive corrections as adequate in the TeV reg
we are exploring now. Typically, eikonalization lea
to diffractive oscillations indσ/dt at LHC energy for
large |t| [5,7,8], whereas we obtain a smooth chan
from the nonperturbative regime to the perturbat
regime (Fig. 5). Measurement ofpp elasticdσ/dt up
to |t| � 10 GeV2 by the TOTEM group would there
fore be able to distinguish between the eikonal mod
vis-à-vis our model.

We conclude: if precise measurement by
TOTEM group corroborates our predicted slow fa
off of pp elasticdσ/dt in the large|t| region, then
that will provide evidence for the hardqq ampli-
tude occurring in Eq.(28). This, in turn, will imply:
(i) presence of the QCD hard pomeron, (ii) pert
bative QCD dimensional counting behavior at
ymptotic |t| (�10 GeV2), and (iii) the confinemen
of valence quarks in a small region within the pr
ton.
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