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Annotation

A new consistent derivation of the formula for the modulus of the proton-
proton scattering amplitude is given, which is designed to retrieve informa-
tion on the strong interaction phase due to the Coulomb-nuclear interference.
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Chapter 1

Introduction

The thesis concerns one special aspect of the problem of phase of the strong
("nuclear") interaction scattering amplitude, T (s,t), with /s the c.m.s col-
lision energy and t the square of the transferred momentum. Physical sig-
nificance of the scattering phase for understanding the space-time picture of
the high-energy scattering was discussed in Ref.[1].

The problem is that if only strong interaction would occur then the phase
could not be detected because we would deal with the modulus | Ty | only
as the measured cross sections are proportional to | Ty |2

However, charged particles experience not only nuclear (strong) but also
electromagnetic, weak and gravitational interactions. The last two are too
weak and can be neglected in all realistic conditions while the electromagnetic
one may become even stronger than the strong interaction if to consider low
enough transferred momenta (Coulomb scattering)f]

Thus, an essential interference takes place only between strong (N) and
Coulomb (C) contributions. As we know well the Coulomb part, we can try
to extract from the data an information on phase.

Normal way: first, one considers the region of transferred momenta where
Coulomb contribution is negligible (due to fast decrease of form factors)
and fixes | T | by a suitable fitting procedure. Then this is used in
the region of low transferred momenta where both strong and electromag-
netic contributions are essential and where the strong interaction phase,

'In general electromagnetic interaction reveals itself (beyond Coulomb exchanges) in
non controllable radiation of soft photons which makes impossible pure elastic scattering
of charged particles. With account of virtual exchanges this effect gives an inclusive
process where energies of undetected quanta are confined to the energy resolution of the
colliding charged particles and is quantified in a well-known damping factor depending
on the transferred momenta [2].In our case of very low transferred momenta this factor is
practically equal to unity and we don’t take it into account.



Arg Tn(s,t), reveals due to the interference. As this Coulomb-nuclear inter-
ference(CNI)occurs in quite a narrow region of very low transferred momenta
normally the information on the phase concerns ArgTy(s,0) only. When pro-
cessing the data the quantity

p = cot ArgTn(s,0)

is usually presented. The quantity p is related to the retrieval of the total
cross-section (see the next Section for more detail.)

It is important to clearly realize that these “experimental” data on p are
only half those, since the need to preliminary know the amplitude modulus
implicitly introduces dependence on the model that was used to process the
data with t outside the CNI region.

The retrieval of p would be a routine operation if one would possess a
consistently derived and universally recognized formula which combines both
strong (N) and Coulomb(C) interactions in a single amplitude Ty n(s, t).

However, that is not the case. Till the recent times several formulas for
Toin(s,t) were in use "on the market". Most popular at the moment are for-
mulas due to an early paper by H.Bethe [3](with several later modifications)
and by R.Cahn [4](with later modifications due to Ref.[5]). Both formulas
were contested in Ref.[6] where inconsistencies of papers [3],[4] and [5] were
identified and a corresponding modification of formulas from Refs.|4],|5] was
given. As was shown in Ref.[7], the use of the modified formula leads to values
of p different than those obtained with help of formulas from [3],[4],[5].

The motivation for the present work is that all mentioned above papers
dealt with impact parameter representation which, in some respects, is not
quite rigorous and thus a need in more rigorous derivation of the results of
Ref.[6], if to take into account the conceptual importance of the topic, seems
quite relevant and mandatory.

The approach used in this work is based on application of expansions in
Legendre polynomials which have a rigorous mathematical ground.

Before proceeding to a straightforward presentation of our theoretical
derivations and results, we found it useful to give a concise overview of the
experimental results related to the topic of the present dissertation.



Chapter 2

Experimental results

As was said above, the p parameter value can be obtained from the differential
cross-sections by the virtue of the effects of Coulomb-nuclear interference
(CNI). This parameter is important for more precise determination of the
total cross-section. Here we limit ourselves by commenting only experiments
made by the collaboration TOTEM at the LHC at the energy 13 TeV |[g].
In Ref.[8] the following formula was taken for the cross-section due to the
Coulomb scattering only

A’
If2

dO’C N 1

2__
“dt  16ms? [ Te ['=

FA(t) (2.1)

where « is the fine structure constant, F'() is the experimentally determined
electromagnetic form-factor. In the paper [8], several choices for the form-
factors have been examined and no difference has been noticed in the result.
The modulus of nuclear amplitude Ty (t) at low |¢| which was chosen in [§]
is given by the following expression

Tt = /2 L aern(3 it 22)

where
a = dO'N/dt ‘t:O .

The parameter by is responsible for the leading exponential decrease, the
other b, parameters were added to describe small deviations from the pure
exponential. Extending the nuclear amplitude to higher values of |¢| is worth
because the CNI formula (Eq.(2.4) below) involves integrations. The nuclear
amplitude at larger |¢| was modelled by a function that gives the dip-bump
structure observed in the data in the region | ¢ |~ 0.5GeV? (Fig.2.1).

The intermediate |t| part was provided with continuous and smooth inter-

3
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Figure 2.1: Differential cross-section of elastic pp scattering beyond the CNI

region(for details see Ref.[§]).

polations between low and high |¢| regions.
It has been noticed in [8], however, that "changing high |¢| part within
reasonable limits has almost no impact on the results".
The differential cross-section zoomed in the region of low ¢, where CNI is

essential,is depicted at Fig.2.2

It was mentioned in [8] that several parametrisations have been considered
for the phase of the amplitude of nuclear interactions, both ¢ dependent and
constant. However, "no dependence on this choice was observed and therefore
only the constant phase

was retained".

ArgTn(t) = g — arctanp = const

(2.3)
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Figure 2.2: TOTEM fit to the differential cross-section in the region of CNI.

In paper|8] there was used the interference formula given in [5]:

docyn  m(hc)
dt sp?

2
|%F2 + Ty[l — iaG(1)]%

0 /
G(t) = / dtlogl L p2(y)

a2 t dv
0 I I E) (2.4)
/_4pzdt<TN(t) D=5
27 F2 7
ey = [t

" =t 4+t + 2Vt coso.

which is quite similar to that given in Ref.[4].
For retrieving the total cross-section there was used the formula following
from the optical theorem:

167 (hic)?
o= T2 (2.5)

The use of Eqgs.(2.4) and (2.5) for analysis of the TOTEM experimental data
on docyn/dt resulted in the following values of parameters p and oy in
proton-proton collisions at 13 TeV:

p=0.10%£0.01 o = 110.5 £ 2.4mb. (2.6)

7
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Such values, mostly that of p, were interpreted in the TOTEM publication

18] as

1.the evidence of "a C-odd three-gluon compound state”

and

2. the indication of a slow down of the growth rate of o0 .

General view of the total, elastic and inelastic cross-section is presented

at Fig.2.3
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Figure 2.3: Energy evolution of the total, elastic and inelastic cross-

section at /s = 10 + 13000 GeV. The solid line is due to the COMPETE

parametrization|9).

Energy evolution of the p is presented at Fig.2.4



0.25 —
P E i 1 pDG:
0.2 5_ —E A Pp
0.15 ;— —; v pp
o1 B ] TOTEM:
» E : g < indirect
0.05 3 =0 sz oo s E ®Ay via CNI
E. = ] o 2 o o ]
0F o B = A =R ] — COMPETE
s 2 2 = oo @ e
0.05 E s ° Toa 4 (pre-LHC model RRP,¢L.2y):
E 3 pp
-0 E pp
-0.15 =
_oa b | R T S| L d
10! 102 103 104 105
Vs (GeV)

Figure 2.4: Energy evolution of the p parameter at /s = 10 + 13000 GeV.
The solid line is the prediction of the COMPETE parametrization [9].

These results and conclusions from them made in [8] initiated a vivid
(often quite critical) discussion resulted in several tens of publications.



Chapter 3

Proton-proton scattering
amplitude with account of
Coulomb exchanges. (General
Formula.

Hereinafter, as the scattering variable, we use the cosine of the scattering
angle in the center of mass system.

t
z=vcos =1+ —
2p?
The strong interaction elastic scattering amplitude T (s, z) can be expanded
into the series in Legendre polynomials

Tw(s,z) = (21 + 1)Pi(2)Th(s)

=0

which converges homogeneously and uniformly inside the elliptical region [10]
[1—z |41+ 2 |< 2x0(s)

where the value of the major semi axis z( depends on the masses of colliding
particles and generically behaves at high energies as xy ~ 1 + const/s.

In our normalization, the Holtzmark expansion in Legendre polynomials
taking into account the symmetry of the scattering for 6 — 7 — 6 have the
form (Our normalization here differs from that used in Chapter 2 by factor
2.):

S g Lo 1y g

(4
=0

DN | —

Tx(s,z) =

10



where X = (C'+ N),C, N and dx is the partial wave phase shift due to
exchange X. In this normalization the differential cross-section takes the form

docin 4 Teqn|?
= 47
dt sp?

Since the differential cross-section is defined only by modulus of amplitude
Teoyn, we will continue to deal with it. The relative phases of the Coulomb
and strong amplitude of course affect its value.

Taking into account that all the results for experimental research on
forward/backward scattering" i.e. for # = 0 or 7, are in fact the results of
extrapolation z = cosf — 41, and using the identity

"

i@l + 1)P(2)FRi(2") = 20(z — 2")

=0

we obtain from formula (3.1) the following fundamental relation,

EC(Z) 1 1 n o / 7
Ton|iz121 = | 5 11 dz'd2"K(z,2', 2" Ec (2 )T (2")], (3.2)
-1
where,
1 & 1+ (=1 o,
Ec(z) = 3 E (21 + 1)3(2)#62 %

=0

2
= ;(1 + 2zyz + a2 — gy — %)Y

Ki(z,y,2) = Y (2l + 1)P(z)P(y)Pi(=)
=0

Ty(z) =D (214 1)Pi(z)

=0

1+ (—1)! (20N — 1)
2 2

here,

1
510:/ dzTE™ (s, 2)P(2), (3.3)

1

where,
a F?(=2p*(1 — |2]))
21— |z| + A2/2p?

F(t(u)) is the electromagnetic form factor of proton, and A is a fictitious
mass of photon as a regulator of infrared divergence.

As we can see from (3.2) by condition |z| #1, singular dependence on A gets
factorized.

TE™(s,]2] = 1) ~ (3.4)

11



If we represent % in the form

1

1
o= [ @i A -1+ [ i) =54,

1 -1
where,

1
5A:/ dzTEo (s, 2)

1
then,

oA Eo(z) 1 [! A
Toin a1 = (€2 T n| = | all )+—/ dz'dz"K (2,2, 2" YEc(2)Tnx(2")],
-1

21 2
(3.5)

here,
o

2 1 L+ (1) o

Eo(2) = 5 ;(21 + 1) Pi(2)—— €™
In equation (3.5) we may take the physical photon mass value A = 0, so that
the term |Tc w221 does not contain non-physical parameters.

Thus, formula (3.5) is an exact (all orders in «) expression for the mod-
ulus of the physical scattering amplitude of identical charged particles with
account of Coulomb - nuclear interference. After having chosen a particular
model for Ty and F'(t) equation (3.5) can be used for estimating the value
of the differential cross-section. This mainly concerns the region of trans-
ferred momenta of the order 1073 - 107* GeV?, where Coulomb - nuclear
interference becomes noticeable.

However, in practice one normally uses one or another approximation in
a. This will be the subject of our consideration in Chapters 4 and 5.

12



Chapter 4

Coulomb - nuclear interference in
the lowest order 1n o.

Quite often first-order approximations in a are used (|4],[5]). It was shown
in Ref.|6] that expansion of Eq.(3.5) leads to the expression which does not
contain an extra term which was obtained in corresponding approximation
considered in Ref.[5]. This result was obtained with use of the impact param-
eter representation which holds only approximately (for very high energies).
In this Chapter we will check the result obtained in Ref.|6] with help of rig-
orously proved expansions in series in Legendre polynomials.

Function E¢(z) has the following form when expanded in the series in o

Ec(z) :5(22—1)+2i/ dZ'TE™(2)(17|6(2%—2%)—6(2*—1))+0(a?) (4.1)

1

for |z| # 1 this expression takes the form:
Ec(z) = 2TE™(2)

general result:
1
Toanlizper = | TE7™(2) + T (s, 2) — Z/ dz'Jo(z,2)[Tn(s, 2) — Tn(s, 2],
~1
(4.2)
where,
1
Jole.?) = [ dCK(z,2, OTE™ (O (43)
-1
This approximation is more convenient for phenomenological purposes.
For point-like charges (ie. F = 1)

o' 1 1
JC('szl) = _§(|Z—Z,‘ + |Z+Z/|

)

13



In (4.2) the singularity of general function — is eliminated by the actual
regularization with the help of amplitude Ty (s, z), performing the role of test
function of z, so far Ty (s, z) € C=([—1 —¢€,1 + ¢€]) for |2z| < 1.

In applications, the use of the scattering angle has long since given way to
invariant variables t(u). Therefore, we present our result (4.2) in terms of
invariant variables.

The most relevant invariant variable accounting for the forward-backward
symmetry of the amplitude is the square of the 2D vector q = (q1, ¢2) trans-
verse to the beam direction

¢ =q +q =ut/d

In these variables Eq.(4.2) acquires the form ( we omit the explicit indication
of the energy argument, s):

TN . * F2 q/2 T
ol = T2 )+ Tt @)+ [ a0l ~Tate?, )
0
(4.4)
where,
Born/ 2\ __ OéSF((]Q)
15" (q7) = T
and

2T

Thus, our formula (4.4) verifies the result of the first order from [5] in the
positive.

27

_ d

Tn(g*, ¢%) = / —¢TN(q2 +¢% — 2qq'cos)
0

14



Chapter 5

Coulomb - nuclear interference:
the importance of second order
terms.

As already mentioned above, the 1st order approximations for T,y were
used for extraction of the parameter p(s) = ReTy(s,t = 0)/ImTy(s,t = 0)
from the data on do/dt ~ [Toin|* (8]

The 1st order approximation obtained in Ref.[6] essentially differs from that
from Ref.[5] (note that in Ref.[8] the results of Ref.[5] was used).

It is, however, clear from the point of view of simple mathematical consistency
that if one considers the 1st order approximation for T,y then the same 1st
order approximation should be used for its modulus, [Ty x| as well.

It is evident also that if we take two amplitudes T¢,, y and T¢, y which differ
from each other by a phase factor only, i.e.

Ty =Tty (5.1)

where L is an arbitrary real function of s and cosf (in physical regions of
both variables), then

|Tg+N| = |Té‘+N|'
Thus, both amplitudes are physically equivalent and anyone of the two can
be used. Let us now take the 1st order approximations:

T4, n = Ty + aA”

It follows from (5.1) that
A" = A +iLTy (5.2)

15



Thus, if two amplitudes T/, y and T¢, y have their 1st order approximations
which are different but are related by relationship (5.2) then these amplitudes
are equivalent, i.e. their moduli coincide. We have, nonetheless, to keep in
mind that this is guaranteed in the 1st order approximation only.

Let us notice that the difference in the 1st-order approximations to Te,
presented in Ref. [6] and [5] is exactly of the type (5.2).

However, the values of the parameter p(s) extracted from the data with help
of these amplitudes using the same nuclear amplitude Ty appeared essentially
different [7]. What is the reason for such a discrepancy?

The reason is that these amplitudes were used beyond the limits of validity
of their approximations. In fact, as was mentioned above, the observed cross-
sections are proportional not to [Ty y| but to [Ty x>, When extracting the
parameter p the terms authors of Ref.[6] and [8] obtained |T¢yn|? squaring
only the 1st order approximation for [T | without accounting for terms ~
a?. Such an action is certainly mathematically inconsistent. To be consistent,
one must retain terms ~ a? in the expansion of the amplitude itself (or of
its modulus).

Let us illustrate the said. Let us use the 1st-order expansion

Tosny =Tn + aA
for obtaining Ty n|*. We get
Toin? = |Tn|* + a2Re(T3 A) + o?| A2
Let us now take a more exact expansion of Ty, y:

Teon =Tn + A+ a*B

We get now retaining — as it should be — the terms not higher than ~ o2

Tounl? = [Tw]? + a2Re(T}A) + a*(|A]? + 2Re(T3 B))

We see that uncritical use of the 1st order expressions leads to missing terms
a?2Re(T} B) which can be, dependent on the considered region of the kine-
matical variables, quite compatible with old terms o?(|A?|). Note that this
term contains the contribution from the pure Coulomb scattering which dom-
inates only at extremely low values of transferred momenta of order < 1074
GeV?2.

In which case two amplitudes T¢,, 5 and T¢, y will be equivalent at the level
of the 2nd order accuracy?

The following two conditions should now hold:

A" = A' +iLTy (5.3)

16



1
B" =B +iLA — §L2TN (5.4)

One can show [11] that while a expansion coefficients of the amplitudes used
in Refs.[6] and [5] obey to Eq.(5.3) they do not obey to Eq.(5.4).

Now we demonstrate the explicit expression of the second-order coeffi-
cients in the expansion

Teon =Ty +aA +o’B

The first order coefficient was already presented and discussed in Chapter 4.
So we concentrate on the coefficient B.
It is much more complicated that the coefficient A which is of a relatively
simple form:

1

QA = TB(2) — i / 4= Jo (2, )T (s, 2) — T (s, ')
-1
After quite cumbersome transformations, the second order term can be cast
in the form

: 1
OéQB :% / dZ”dZ/K(Z,, Z”, Z)Tgom(z/)TCBom(Z//) . TCBorn(Z)[Tgorn(Z/) + TCBOM(Z”)]
0

B /_1 d2'[M(z,2")Tn(s,2") = N(2")Tn (s, 2')]

(5.5)

Here

1
M(z,z’):/ dz21dzTE ™ () TE ™ (2)[K (2,7, 1)+ K (2,2, 20)—1(2, 2, 21, 22))]
-1

1
N(Z,) — / dZ/dZ”TCBOTn(Zl)TgOTn(ZQ)K<Z/, 21,22);
-1

(2,2, 21,2) = Y (2L + 1)Pi(2) Pu(2) Pi(21) Pi(22)
1=0
From definition of the function K we readily obtain the following relation

! 1 +1 /
](272721,22)25/ dCK(z,z,C)K(C,zl,zQ)
—1

If we go to the commonly used variables t = —2p?(1 — z), then we get
expressions that match (up to corrections ~ t/p? negligible in the CNT region)
the expressions obtained in the framework of the representation of impact
parameters in Ref.[11]. We do not write them here explicitly because of their
bulkiness.

17



Chapter 6

Conclusions

This work is devoted to problems related to the account of the Coulomb-
nuclear interference in hadron scattering.

We have formulated conditions at which different amplitudes are physically
equivalent in correspondence with the degree of approximation.

We have calculated for the first time the terms of the second order which
are important as discussed above in selecting correct amplitudes. This result
holds at any energy.

Expressions (4.2) and (5.5) are the main result of this work. Their advan-
tage in comparison with similar formulas obtained in Refs [6], [11] with use
of approximate impact parameter representation is that they are obtained
on basis of exact and rigorously proved expansions in Legendre polynomials.
We thus have verified the validity of formulas obtained in Refs [6], [11] at
ultra relativistic energies when | ¢ | /s < 1.

So, they can be used for extraction of the parameter p from the high-

energy data (e.g. LHC) which plays an important role in discriminating
various models of strong interactions.

18



Chapter 7

Appendix

Expansion of scattering amplitude
in Legendre polynomials and its
properties [12]

7. 1 Introduction and properties

In this section we give some basic introduction to Legendre polynomials, as
the expansion of the amplitude in above paper is given in terms of these poly-
nomials. These polynomials can occur as a solution of the Legendre ODE,
as a consequence of the Rodrigues formula or originate as the complete set
of orthogonal functions in the [—1,1] (Gram Schmidt orthogonalization).

These polynomials are obtained by their corresponding generating functions.

7.2 Physical Basis — Electrostatics

We here use a physical example to define a generating functions and then get
then provide a method to obtain the Legendre function from it. Consider a
unit electric charge placed on the z-axis at z=a. As shown in Fig.(7.1), the
electrostatic potential of unit charge is

¢ =1/r1 (In Gaussian units) (7.1)

Writing the potential in terms of spherical coordinates r and 6.
Using the cosine law in Fig.(7.1), we get

¢ = (r? + a® — 2arcosf)~V/? (7.2)

19



Figure 7.1: Electrostatic potential. Unit charge displaced from origin.

7 . 3 Legendre Polynomials

For the case of r > a or, more precisely, r* >| a® — 2ar cos @ |. The eq.(7.2)
can be expanded in the powers of (%):

P”(,\‘)

Figure 7.2: Legendre polynomials Py(x), Ps(x), Py(x), andPs(z).

- a
6= D Raleos)(D) (73)
Replacing = and t with cos@ and a/r , respectively, we have
g(t,x) = (1= 2wt +*)71> =" P (a)t" (7.4)
n=0

Eq.(7.4) is our generating function formula. Using binomial expansion it
can be shown that | P,(cosf) |< 1, which means that the series expansion

20



Eq.(7.4) is convergent for | ¢ |< 1. Indeed, the series is convergent for | ¢ |= 1
except for | z |= 1.

7 4 Orthogonality

Legendre’s differential equation can be written in the form:

d%[(l — )P (@)] + n(n + 1)Py(x) = 0 (7.5)

showing clearly that it is self-adjoint. If it satisfies certain boundary condi-
tions, then we know that the solutions of the above equation P,(z) will be
orthogonal. For m # n

/_ P,(x)P,(x)dex =0,m #n (7.6)

1

/ P, (cos0) P, (cosf)sinfdf = 0,m # n (7.7)
0
which shows that P,(z) and P, (z) are orthogonal in the interval [—1,1]. We

shall need to evaluate the integral (Eq. (7.6)) when n = m. Certainly it is
no longer zero. From our generating function,

(1—2ﬂ+¢%*:4§334@#? (7.8)

Integrating from x =-1 to x =+1, we have

/1 SN o /1 1P, ()2 (7.9)
a2t t? &~ " '

the cross terms in the series vanish by means of Eq.(7.7). Using y = 1 —
2xt + t2, dy = —2tdx, we obtain

1 (1+t)2
d 1 d 1. 14+t

Expanding this in a power series gives us

1. 1+t >
St 9 711
¢ Ty ;;2n+1 (7.11)



Comparing power-series coefficients of (Fq.(7.9) and Eq.(7.11)) , we must
have

/ [Pu(2)]de = — (7.12)

. T+l
Combining (Eq. (7.7) with Eq.(7.12)) we have the orthonormality condition

/ Pal@lIPy(a)de = o, (7.13)

7.5 Expansion of Functions, Legendre Series

Legendre polynomials are orthogonal and forms a complete set Let the series,
> a,Pu(x) = f(z) (7.14)
n=0

converges in the mean in the interval [—1, 1]. The coefficients a,, can be found
by multiplying the series by P,,(x) and integrating term by term. Using the
orthogonality property expressed in (Eq.(7.7) and Eq.(7.13)), we obtain

2
a
2m +1

= /1f(x)Pm(x)dx (7.15)

We replace the variable of integration x by t and the index m by n. Then,
substituting into (Eq.(7.14)), we have

il ROLIOTLAE (7.16)

fz) =

n=0

This expansion in a series of Legendre polynomials is usually referred to as
a Legendre series.
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