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 ITEMS:

* What is duality (Veneziano and Gloom-Gilman);

* Kinematical variables, a road map (in's, t and Q? ); NN and ep;

 Basic ingredients, tools, measurables; amplitudes vs. collective properties (EOS);
* General recipe: input + unitarity; analyticity and crossing symmetry, factorization; QCD;
* Reggeons (Regge), pomeron (Pomeranchuk), odderon (no name);

* Non-linear Regge trajectories vs. strings, finite number of resonances;

e Balancing between “soft” (NN) and “hard” (DIS, VMP...) reactions;

e Conclusions:

» “Soft” (forward) physics — difficult, non-rewarding but indispensable;
* NN is a building block of AA.



Road map

Large-x SF & PDF \Duality between small-

Fo(z,02) ~ (1 — )" oo
& large-x SFs (PDFs)?

Small-x SF & PDF
Fo(z, Q%) ~ o—(0)-1

IRENST= 545 I«
cl 1 ® O = e
o1 3 * 4+ |
01 1° HH > W
S8 S5 O L
ci 1 E S > |
5 <O v  ©
::I D )
- D 1
o ! o))
£ 15 SV ) ey
O, :9 O,’/ O :G)
O.;.m //,’ 'm

Breit - Wigner res. \ "Veneziano” duality

Regge behaviour
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The basic object of the theory
A(s, 1, Q2 = mz) (on mass shell)
- : ImA(s,t=0,0)~F, DIS

Reconstruction of the DVCS amplitude from DIS

— 3mA(y p > p)

F,~3mA(y' p—>y p)

=0 =0

= Ay’ p—>mwp)|_, > A P> )

or
SmA(y ' p—>y p) _ NFz(xBaQ2)=qu(x39Q2)
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q(xB,QZ)—>q(§,n,t,xB,Q2)7—’
= E4(E, 17,8, X5, 07 ) = GPD(E,1,t, %, 0°)




oi(s) = 4—7TImA(s t=20); dt 812|A(3,t)|2; n(s);

da)

tthr.~0 do d
Uel_/ _dt Ojin — Ot—0¢l, B(S,t) =% <dt

bninas— s/2~oo

APb(s,t) = P(s,£)20(s,)+f(s,t)2w(s,t) = pem P(s,1)£0(s, 1),

where P, O, f. w are the Pomeron, odderon
and non-leading Reggeon contributions.
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NB: The S-matrix theory (including Regge pole) is applicable to asymptotically
free states only (not to quarks and gluons)!



Elastic Scattering

Js =14 TeV prediction of BSW model
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1. On-shell (hadronic) reactions (s,t, Q*2=m"2);
t €= b transformation dictionary:

h(s,b) = [o° dv/—tv/—tA(s,1)

do/dt |
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DUALITY:






TABLE I: Two-component duality

ImAla+b—ec4d) = R Pomeron
s—channel E Apes Non-resonant background
t—channel %" ARegge |Pomeron (I =5S=B=0; C =+1)
Dality quark diagram Fig. 1b Fig. 2
High energy dependence|s*~1, a < 1 a1




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

1 —a(sN—1,1 —x\—a(t)-1
D(s,t) = c/ daz(i) a(s’) ( m) a(t')

0 g1 g2
where s and t are the Mandelstam variables,
and g1, go are parameters, g1,9o> > 1. For sim-

plicity, we set g1 = g> = gp.

?

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

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

Vso — slconst + In(1 — sg/s)];



3. Direct-channel poles:

sa/(N]'C,, (¢
o= 5 o0 0

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(yp—Vp) =) %D(Vp — Vp).



Collective properties of the nuclear matter
vs. the S matrics, or how can the EOS
(equation of state) be inferred from the
scattering amplitude (data)?

The answer was given in the paper R. Dashen,
S.Ma, H.J. Bernstein, Phys. Rev. 187 (1969)
345.

B(R—-Qp) = _ i 2" /OO dEe PE(Tr AS_liS)
0/ = 41 =0 nm " 1

where 2 is the thermodynamical potential, z =

ePr. B=1/T.

The S matrix can be saturated either by ex-
perimental data points or by a model for the
scattering amplitude.

For the latter a direct-channel resonance model
was used by P. Fre and L. Sertorio (Nuovo Cim.
05.12.2017 28A (1975) 538; 31A (1076) 365).
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At high energies, the S matrix (scattering am-
plitude) is Regge behaved:

As, 1) = D &(1B;(1) (—is/s) V), i =P f, ..

p(T) = po(T) + p1(T) + po(T),

@ = =L [* B Ry B Rea(s,0) (1~ 200 1/2)

2(2 )4

d
pa(T) = (2 )5 f dEK>(BE) f [ReA(s, )= ImA(s, D],

where K-(z) is the Bessel funcion of imaginary
argument.

L.L. Jenkovszky and A.A. Trushevsky (Nuovo
Cim. 34A (1976) 369) saturated the scatter-
ing amplitude with a Pomeron exchange in the
t channel, resulting in:
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Linear particle trajectories

Plot of spins of families of particles against their squared masses:
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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) el T1/21 4y

where tg is the lightest threshold. For the
Pomeron trajectory it is tg = 4m7%, and near
the threshold:

a(t) ~ \/4m2 — t. (1)




The slope of the cone for a single pole is:
B(s,t) ~ o/ (t)Ins. The Regge residue eba(t)
with a logarithmic trajectory a(t) = «(0) —
~In(1 — B3t), is identical to a form factor (geo-
metrical model).



Rea(s)h

Ima(s) A
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FIG. 6: Real part of f; trajectory on the left, width function I_'(Mz}l on the right.



Let us start with a toy model of a non-linear trajectory, Following [18, 31], we write a simple trajectory in which
the (additive) thresholds are those made of stable particles allowed by quantum numbers. For the p trajectory these
are: 7w, KK, NN, AY, X3, ZE. The relevant trajectory is:

a,(m) = 7.64 — 0.127/m — 0.28 — 0.093y/m — 0.988 — 0.761/m — 1.88 — "AX, ¥¥, E=7, (10)

with the parameters of higher threshold quoterd in Ref. [18].
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Nth.eor - f ptheor{m )dm 3
0
where

Ptheor(m) = f(m) exp(m/T)

and f(m) =~ A/(m? + (500M eV')2)/4 (alternative choices for this slowly varying function are possible).



According to Hagedorn's conjecture, confirmed by subsequent studies, the density of hadronic resonances increases
exponentially, modulus a slowly varying function of mass, f(m),

p(m) = f(m) exp(m/T) (1)
up to about m = 2+ 2.5 MeV, whereupon the exponential rise slows down

We extend the Hagedorn formula by introducing in the slope of relevant non-linear Regge trajectories. Anticipating
a detailed quantitative analyses, one may observe immediately that flattening of Ra(s = m?) results in a drastic
decrease of the relevant slope o(m) and a corresponding change of the Hagedorn spectrum, which we parametrize as

p(m) ~ (Ra(m)) exp(m/T). (3)

Usually, one compares the cumulants of the spectrum, defined as the number of states with mass lower than m;.
The experimental curve is

Nes(m) = Y 6:8(m ), "

where g; = (2J; +1)(2]; +1) is the spin-isospin degeneracy of the i-th state and m; is its mass. The theoretical curve
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F2(x,Q?) ~ Im D(s,t=0,Q?)
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FIG. 3. The function vW,(v,q? plotted versus w’ =1
+W?/q? from an interpolation of data to fixed ¢? values
of 0.75, 1.00, 1.25, 1.50, and 1.75 GeV?. The solid
line is the scaling-limit curve, vW,(w’), a smooth fit
(Ref. 12) to the data in the scaling region. The arrow
indicates the position of the elastic peak.
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FIG. 4. Same as Fig. 3, but for ¢2=2.0, 2.25, 2.50,
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Parton-hadron(B-G) duality;
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Duality in missing mass: finite mass sum rule (FMSR),
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Unigue Pomeron with two (“soft” and “hard”) components
R. Fiore et al. Phys. Rev. PR D90(2014)016007, arXiv 1312.5683

A Qg as bs
A(s, t,Q% M,?) = 4 e_i%as(t)(i) (t)ez(Q2+ p)
(1_|_ Qz) S0s
Q2
(&)
Q2

np+1
(1+5)

_|_

t 9p 4 bn_
6—i%ah(t)(i)ah( )62(Q2+2m%)t

S0h

Applicable, universally both in NN and eN scattering!
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Fermilab SSC

Where we are: | IGEHT li Lle |
« Total cross section at LHC L Gy £710_ otz
o(pp — anything) ~ 0.1 barn L s
. Soa 1 pb Higgs cross section 1 mo - N

corresponds to one being produced B
every 101! interactions! -

(further reduced by BR x efficiency) ~ g'wef om
- Experiments have to be designedso  § |
= ~ ow—iv) CDF (p B)
that they can separate such a rare Sl —_ 0%
signal process from the background e
— (‘Fag {ma = 500 GeW)
« Rate=L.co | %
) ) ) ; m, =175 GeV
where luminosity L (unitscm?st)isa | L Tou |
measure of how intense the beams are | o=z |
LHC design luminosity = 10%* cm-2s'! | O |

m = 500 GaV

| |
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Roger Forty Physics challenges of the LHC (I)

Events /s for & 103 cm=2 s~



Thank you!



