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do/dM [ub/(50 MeV/c?)]
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Invariant mass of nr, p?‘ss < 0.1 GeV/c, not acceptance-corrected, statistical errors only
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47 do

T
o1(s) = —ImA(s,t = 0); — = S|A(s,0)[%; n(s);

!

i

tthr.~0 do d
Uel:/ —dt; o4, = or—o,;, B(s,t) :_In<E

tminz—s/?%oo dt dt

APB(s.t) = P(s,6)£0(s,0)+f (s,8)£w(s,t) = e~ P(s,1)£0(s.1),

where P, O, f. w are the Pomeron, odderon
and non-leading Reggeon contributions.

a(O\C| + -
1 P O
1/2 f 0

NB: The S-matrixtheory (including Regge pole) is applicable to asymptotically
free states only (not to quarks and gluons)!
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Pomerons (diffraction’s) fraction

Energy variation of the relative importance of the Pomeron with respect to
contributions from the secondary trajectories and the Odderon:

Sm(A(s,t) — Ap(s,t))
SA(s 1) ’ (1)

where the total scattering amplitude A includes the Pomeron contribution Ap
plus the contribution from the secondary Reggeons and the Odderon.

Starting from the Tevatron energy region, the relative contribution of the
non-Pomeron terms to the total cross-section becomes smaller than the ex-
perimental uncertainty and hence at higher energies they may be completely
neglected, irrespective of the model used.

R(s,t =0) =

(A(s, 1) — AP(S,t)\z.

R(s,t) = 5
(50 A, 0)

(2)



T he Pomeron trajectory

The Pomeron trajectory has threshold singu-
larities, the lowest one being due to the two-
pion exchange, required by the t—channel uni-
tarity. There is a constrain (Barut, Zwanziger;
Gribov) from the t— channel unitarity, by which

Sa(t) ~ (t —to) Rl TL/20 4 4,

where tg is the lightest threshold. For the
Pomeron trajectory it is tg = 4m72r, and near
the threshold:

a(t) ~ \/4m2 — t. (1)




Linear particle trajectories

Plot of spins of families of particles against their squared masses:
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The real part of the proton trajectory is given by
Re a(s) )+ — Z cn A :

where

T(1— 6T\, + 1) ( ]
A, (s) = Fil1,1—0XM,—0+4+2;,—
(S) F(}\n—5—|—2) 1_g5 241 -

{m“ (S _SS">M cot[m(1 — )]

L(=0)T(\, +1)s2
TOn—s+1) 20 (

S

) oo = 5) +

5An,1;5+1;8—n>}9(33n).
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The imaginary part of the trajectory can be written in the following way:

Imoz(s):s‘sg Cn "
S
n

where A\, = Re a(sy,).

-0(s — sn), (1)



The optical (generalised optical (Muller) theorem
and triple-Regge limit (for high M only!)
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The differentinl cross section for 1 + 2+ X s

dc G(t)  2\%alt)-2, A2\ all)-2all)
B n) ()
where G(t) is the triple Pomeron vertex, G(t) = Ge® for simplicity, and a(t) = a” +o/(t) is the (linear
for the moment) Pomeron traj .

For a critical Pomeron, a” - 1, one can use the formala

; (1)

[ S = 1atta) 2)
to get
o50(5) ~ (2a/)! In(l + %m) ~ In(In 3)), (3)
while the total cross section
o'™(s) - conat. (4)

Itoantndlcunnn.rnymeg for eritienl Pameron, a” = 1, the partial (SD) crass section overshoots
the total crass section o°0 » g™

AmMmckmnudwdnbmduniuﬁtyitometheuiplermwG(t)nniﬁhg
at t = 0. Huge literature (Kaidalov, Brower, Ganguli, Kopehovich,...) exists reflecting the efforts
aloag this direction. The man conclusion is that decoupling (wnishing of the triple Pomeron vertex
at t = 0) 1s incompatible with the data.

To remedy this dificulty, Dino Goulinncs suggested a remormalization procedure, by which the
Poeneran Sux s multiplied by a fsctor N(s) moderating the rise of inclastic diffraction starting from
a certuin threshold. The appearance of a threshold, however may violate analyticity.



Violation of unitarity in DD: ogp(s) > ai(s), s — oo?!)

d*’c  GPPP(t)
dtdM?  1672s?

(8/8 )2a(t) 2(M2/8 )a(O) 2a(t)

Let, for simplicity, a(t) = o + o’t, then

2a —2 dM2 0
o P(s) = T672(s / VS /_oo dtG(t)exp[2a’t In(s/M?)).

Let a(t) = 1+ o/t and G(t) ~ €, then, due to the relation [ -2 = Inlnz, one gets

zlnz

1
0P ~ —1In(lns), s— oo,
20/

while ot = const.



The Pomeron 1s a dipole in the j—plane

d

Ap(s,t) = do le_mp/2G(OéP)<3/So>aP] = (1)

—inap(t)? (S /30) e [G/(ozp) T (L - m/z) G(ap>] .

Since the first term in squared brackets determines the shape of the cone,

one fixes
G'(ap) = —ape’rlor=1 (2)

where G(ap) is recovered by integration, and, as a consequence, the Pomeron
amplitude can be rewritten in the following “geometrical” form

.ap $

Ap(s,t) =i

(gl el - epr(gr Cler

where r#(s) =bp + L —1n/2, r3(s)=L—1ir/2, L=In(s/sq).



A Regge dipole:
BG)  _ d BU)
j—a®)?  daj-aft)

Performing a Sommerfeld-Watson transform,

a(j,t) =

d 1+e™ ()

760 = @ o) 1 — o) /%) O3+ 1
one gets:
T(s,t) = d‘i 20 (a)(s/50)%| = €7/2(s/50)° [ ( _ z7r/2) ] L = In(s/so).
d'(s)=ao(1+ L), A= g,(((()))),
1 byL 1 vb(4L?* + 7% do do 19
tmin = o’'b o b+ L’ Fmas = a'b o 4(b+ L)2 + 7%’ (dt )mam/(a)min ~ L

A.N. Vall, L.L. Jenkovszky, B.V. Struminsky, Sov.J.Particle & Nuclei, 19(1988)77



DP SD compatible with unitarity
(hep-ph/9608386 and in the Proc. of the Crimean Conf., 1996)

From the generalized optical theorem, we have for the single diffractive cross-section

do 1 d d d

2 —
M a0 = Tor dog doy dag P10 @0)P(t1, 01)5(f2, 02)

S ay1tas—2 M2 ap—1
M2 > ( ) |t0=0, t1=to=t; ai=0ﬂ)(ti) ’

S0
where G, p(to, t1,t2; o, o, ) is the generalization of the usual triple pomeron, 3/P-vertex.
Evidently, G,jp can not be constant, since in this case the integrated (over M 2 and t)
cross-section

G3]P(t0, tl) t?) Qp, a7, (Iz)(

5—50 _Itlmi'n
aw:/%I/dt

o —00

do
dtdé&;

x & = lng(s/so),

would violate the unitary inequality 0P < o?°*. We remind that in the dipole Pomeron
model ¢ o< In(s/5s0).

Here & = In(s/M?); & is a large constant restricting the region where Regge behaviour is
valid. The upper limit of integration over ¢, (—|t|,nin), generally speaking depends on M?/s,
but |t|min ~ m?(M?/s)? < 1 in the region under consideration (m is the proton mass), so it
can be set zero.



One easily obtains a general expression for the differential cross-section:

do 1
dtdé, 167

x{G1(€ — &1)& (2apt)* + Ga(€ — £1)E1(20/ppt) + G€7 (2apt) + Gabr + G5 (€ — &)}, (5)

where

,33(0)G31pexp[(B - 2a’IP§1)t]

Gi1=(91+92) (01 +G2), G2=2[91(G1 + G2) + 51(g1 + g2)],
Ga=(1+gR+0+7), Gi=2(g+q) Gs=200.
B=2+2b if  B(t) = p(0)e".

After integration in ¢ and &; we find that the term violating the inequality o < o (it
behaves like £ In € for £ — oo) has a factor 2G; — G5 + Gs. Hence, by setting

2G, — Gy + G5 = 0, (6)

we obtain

0P = Cy1In(s/s0) + CyIn(In(s/sg)) + Cs + - - - (7)

( Purther details bu V. Zacheshuhruva at this School.)
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The function N(s) is the so-called renormalization factor, introduced by K. Goulianos,
£(maz) p—o0
Vo= [ttt ~ o
&(min) Jt=0

where £(min) = 1.4/s and {(maz) = 0.1. This factor secures unitarity.
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Direct-channel poles+Regge asymptotic+crossing symmetry=Veneziano-duality
Create an infinite number of poles
1 | - - 2
Alst) - [ dem st - [ der ! Vet - Y

To make it crossing symmetric, st f(s,8,2) = (1 - 2)™2*~1, Then:

r{-afs)r((-afs)
r(-afs)-at))

1
A0+ Vio) - [ dor™ -1 -2 - B(-ats), -afy) -

Diroct-channel (B-W "resonance” ) poles

~ | TInia)sl) < 1 Tnials)+l)
V - — —————
(%) ?;o n—a(s) nl(al) 1 1) g n—a() n(a) 1)’

Roggr-pale ssymptotie (Stirling formula) behaviour:

Y. anlt) 1
V(%0 agpis a0 = -a{8)]" T (-aft)) @'M—’)F + O(W)]



DA with MA
Vis) - Disg) - [ ) (2,
)

where &'~ s, "'ql")m'Wodew-d”m - a(s), a{t,l) - a(f) anto
Eincar functicns, afs, 1) - ag + o's, a(s,1) ~ap 2’5

Basic properfies

|. Threshold singularities, entering via the complex, non-linear trajectories; finite widths of resonances;

2. Douhle spectral function (Mandelstam analyticity). Singularities required by unitarity;

J. Reggp asymptotic behaviour (polynomal boundedness) imposes bounds on the trajectories (termination of their
real part)—»finite number of resonances;

4. N-particle amplitudes.



The (s,t) term of a dual amplitude is

—a(sH)—1,1 —x\—a(t)-1
D(s. %) :C/O 91) 1( 9237) |

where s and t are the Mandelstam variables,

and g1, go are parameters, g1,9> > 1. For sim-
plicity, we set g1 = g>» = go.

da

Y

1. Regge behavior, s — oo, t = const . D(s,t) ~
ga(t)—1.

2. Thereshold behavior, s — sg : D(s,t) ~

V8o — s[const + In(1 — sg/s)];



3. Direct-channel poles:

sa/(N'C,, (¢
ZCERBWAE S e

n=0 [=o
Exotic direct-channel trajectory: a(s) = a(0)+

a1(v/s0 — /30 — 5).

"GOLDEN?" diffraction reaction: J/Wp— scat-
tering: By VMD, photoproduction is reduced
to elastic hadron scattering:

D(vp—Vp) =) %D(Vp — Vp).






==

Unitarity +_

2R

Veneziano duality



Similar to the case of elastic scattering, the double differential cross section
for the SDD reaction, by Regge factorization, can be written as

d?c B 964[Fp( )] ( /M2 >2ap(t)—2><
dtdM2 ~ 4rsin[rap(t)/2] |~ (1)
B/[Z <1 — MX/S> —mWy(t+ 27712)/32]»

where W;, 1 = 1,2 are related to the structure functions of the nucleon and
Wa > W1. For high M%, the W, 5 are Regge-behaved, while for small M% their
behavior is dominated by nucleon resonances. The knowledge of the inelastic
form factors (or transition amplitudes) is crucial for the calculation of low-mass
diffraction dissociation.



The pp scattering amplitude

A(S, t)p =

S ap(t)—1 1_|_€—i7rozp(t) (1)

-l + P ()

S0 sinap(t)

where f“(t) and f(t) are the amplitudes for the emission of u and d valence
quarks by the nucleon, 8 is the quark-Pomeron coupling, to be determined
below; ap(t) is a vacuum Regge trajectory. It is assumed that the Pomeron
couples to the proton via quarks like a scalar photon.

A single-Pomeron exchange is valid at the LHC energies, however at lower
energies (e.g. those of the ISR or the SPS) the contribution of non-leading
Regge exchanges should be accounted for as well.

Thus, the unpolarized elastic pp differential cross section is

dr  [3pFP(t)]*
dt  4drsin®[rap(t)/2]

(s/50)77 (072, (2)



The final expression for the double differential cross section reads:

d*o
dtdM%

—
=
=
S
_|_
=z
~
3
2
=




SD and DD cross sections

d°osp 5 O'?p(Mg,t) s \ 2= s
gz~ T (OF(@s, == " M2 {3

d*opp > or” (M, t) o (M3, 1)
5 5 = CnF (mB,t)
dtdMi dM; 2my, 2my,

2(a(t)—1)
S S
X 5 In 5
(M7 4+ M>) (M1 + M>)




“Reggeized (dual) Breit-Wigner” formula:

AN+

Pp a2 2 2
Mz, t)=1ImA(M; . t) = Bqg(t, M) =
oRPOL20) = Im A2 E) = s By(0,012)
LfOP*" D Im a(M?)
= A, B,e M — M
. ; (2n 4+ 0.5 — Rea(M2))?2 + (Im a(M2))? + ( pr)
(1l —zp) —t
(M2 = m3) (1+4m3as, /() Mz —mi —t
1 .
Fp (t) 1 ) f(t) — ebznt
o 071

a(t) = a(0) + o't = 1.04 + 0.25¢



SDD cross sections vs. energy.
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Approximation of background to reference
points (t=-0.05)
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Doub]

e differential SD cross sections
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Single differential integrated SD cross
sections
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DDD cross sections vs. energy.
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The parameters and results

bi, (GeV—z) 0.2 osp (mb) 14.13
b (GeV—2) 3 osp(M < 3.5GeV) (mb) || 4.68
o (GeV~?) 0.25 osp(M > 3.5GeV) (mb) || 9.45
(0) 1.04 aRes (mb) 2.48

€ 1.03 nt (mb) 9.45

A, 18.7 TDD (mb) 10.68

B, 8.8 opp(M < 10GeV) (mb) || 1.05

Ch 3.79-2 | | opp(M >10GeV) (mb) || 9.63




Prospects (future plans):

1. Central diffractive meson production (double Pomeron exchange);

D F13(t1)
1 o 3
P(t1
L) Meson (M*2)
S Frpm(i1,t2,M) -
P(t2)
2 L/ 4
P F24(12)

2. Charge exchange reactions at the LHC (single Reggeon
exchnge), e.g. pp~>nA (in collaboration with Oleg Kuprash and
Rainer Schicker)



Representative examples of the Pomeron trajectories: 1) Linear; 2) With a
square-root threshold, required by t—channel unitarity and accounting for the
small-t “break” as well as the possible “Orear”, eV~ behavior in the second
cone; and 3) A logarithmic one, anticipating possible “hard effects” at large |t|
t] < 8 GeV=.

()épE()zp(t):1+5p+Oélpt, (TR].)
ap = Oép(t) =14+dp +aipt — aop <\/4OJ§P e 2043]3) ; (TRQ)
ap=ap(t)=14+0p —aypln (1 — aspt). (TR.3)
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a(s) = ag + a’'s + ag/sg — s:

a(s) = ag + agv/sg — s + agv/s1 — s:
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A recent review:

Laszlo Jenkovszky, Rainer Schicker, and Istvan Szanyi:
Elastic and diffractive scatterings in the LHC era,
International Journal of Modern Physics E, Vol. 27, No. 08,
1830005 (2018), https://doi.org/10.1142/S0218301318300059
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