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Diffraction in optics and in HEP

Necessary condition for diffraction (deviation from geometrical optics):

kR? >> 1, where k = 27/), X is the wave length and R is the size of the
obstacle (or hole) is

Fraunhofer diffr.: kR*/D << 1,

Frenel diffr.: kR?/D =~ 1, where D is the distance between the source and
the detector. The case kR?/D >> 1 corresponds to linear optics.

In high-energy, say, > 1GeV, experiments, Fraunhofer diffraction dominates:
the obstacle, hole =detector is of 1F'm, while the distance between the source
and the detector is practically infinite. (N.B.: At tha LHC, however, Fresnel
diffraction may occur in the Coulomb region.) At the LHC, /14TeV, R ~
1Fm, D lem, hence kR?/D =~ 1076, (compared with /50GeV,— kR?/D ~
10~? at the ISR (CERN).

Diffraction extends in a huge span of wavelengths !
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1. Historical introduction;

2. Definition: Diffraction= a) Pomeron exchange; b) Rapgap;
How many Pomerons? One (but complicated!); The Odderon;
amplitudes and measurables;

Regge poles (t-channel) and geometrical (s-channal) models;
. Unitarity, impact parameter, eikonal, U-matrix, gap survival;

. Elastic scattering, the dip-bump phenomenon, black disc limit;
. Resonance-Regge duality, the background, two-component duality;
. SDD, DDD, CED, factorization relations:

. The pPX vertex and DIS (HERA), triple Regge limit;

. Duality and FMSR;

0. Diffraction at the LHC: Pomeron (>95%) dominance!
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Diffractional Scattering of Tast Deuterons by Nuclei

AT, AKimieEser

(Reccived July 5, 1956; revised manuscript received January 7, 1957)

The elastic scattering cross scction o, and the diffractional
disintegration cross scction o, for fast deuterons incident on
absolutely black nuclei are determined, and the cenergy spectrum
of the disintegration products is found. For K> R, 55X [where R and
Ry arce the radii of the nucleus and of the deuteron, respectively,
and X is (27) ' times the wavelength of the deuteron’], the cross
scctions are o, =7 R24- 27 (1 —In2)RR., and o;— IT(2 In2—HRR,.

The total cross section for all processes (including the stripping
and the absorption of the deuteron) is o, =27 R2 47 RR,.

The disintegration cross section for fast deuterons, taking into
account the diffraction and the Coulomb interaction, is found. If
the nucleus is absolutely black and if R>R,, there is no interfer-

I

HE absorption of particles incident on a nucleus
causes an additional perturbation of the incident
wave and leads to additional elastic scattering not con-
nected with formation of a compound nucleus. In the
case of point particles (such as neutrons) with a wave-
length small compared to the dimensions of the nucleus,
this elastic scattering is similar to the diffraction of light
by an absolutely black sphere, and is referred to as a
diffractional scattering.

The diffractional scattering of deuterons must Possess
certain specific features. In addition to elastic scat tering
similar to the diffractional scattering of point particles,
in the case of deuterons there must take place also a
diffractional disintegration. Indeed, owing to the small
binding energy of a deuteron, a comparatively small
change in its momentum during the scattering may
cause the disintegration of the deuteron to occur far
from the nucleus. This diffractional disintegration of a
deuteron, together with stripping, leads to the liberation
of the neutron and the proton, l.e., increases the yield of
neutrons arising during the interaction of fast deuterons
with nuclei.!

The diffractional scattering of point particles by an
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ence between the diffractional disintegration and the disint
duc to the Coulomb interaction. If in this casc 7= Zet
(where v is the velocity of the deuteron), the disintegration
section due to the Coulomb interaction is a small correction
diffractional disintegration cross sectiof. if #>>1 and E>>B (
/7is the energy of the deuteron and B is the height of the Co
barrier), the disintegration cross sectic . can also be found; =
casc it is determined mainly by the Coulomb interaction
or= (47 /3)n?R 2 In (Ra/X).

[ixpressions are found for the clastic scatiering cross sectiems s
a deuteron, taking into account the semitransparence of the n

Y= (1/L) exp(ik-9), where 7. is the normaliz
length and k and o are the projections of the
vector and the radius vector of the particle on the
perpendicular to the z axis. (The functions ¥a
normalized by /yYw *do=26xk..) The wave fun
Yo=1/1 corresponds to th: incident particles.

The presence of an abs'orbing nucleus leads to
disappearance of a part of this function at p< R (wk
R 1s the radius of the nucleus). 'Thn diffractional pi
due to this absorption can be obi ined by develop
the remaining part of the wave funition, which can
written as ¥ =Q(p)y¥,, where

0, p<F™

Q(p)={1

, pP>R

into a series of functions Yy :

WV =Q(p)Yo= Zk ayy.

The probability of diffractional scattering of l‘
particle into the interval dk of the wave vector ks
connected with ay by relation dw= | ay|2L2dk/ (27)?, andl
the corresponding differential cross section of scatterisg
1s cqual to -



Accelerators, energy ranges, years (scatch)

Proton-proton collision

1

Serpukhov ISR (CERN) SPS (CERN) RHIC (BNL) Tevatron LHC (CERN)
(1967) (1972) (1980) (1990)  (1985) (2010) Years

E (GeV)
10-20  22-63 500-600  200-1000 1800  7-14 000

ro U

Proto-antiproton collisions

P-Pomeron; O-odderon
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47 d T
oi(s) = —ImA(s t =0); — 8—2|A(s,t)|2; n(s);

doy
dt>'

Lthr.~0 do d
Uel:/ —dt Oin = 0t—0,; B(s,t) :dtln(

bmina— s/2~oo

APb(s,t) = P(s,8)20(s,t)+f(s,t)2w(s,t) = e~ P(s,1)20(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)!
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Elastic Scattering

Vs =14 TeV prediction of BSW model

momentum transfer -1 ~ (p6)3
8 = beam scattering angle
p = beam momentum
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Projectile B Target A

a) Side View b) Beam-line View



Geometrical scaling (GS), saturation and unitarity
1. On-shell (hadronic) reactions (s,t, Q*2=m*2);

t €& -2 b transformation: h(s, b) — fOOO d\/—t\/—tA(S,t)

and dictionary:

do/dt

Imh ,

absorptions

Gaussian

. pion clouding
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Black disc limit

Z.Phys. C; Yad. Fizika, 1995.
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TABLE I: Two-component duality

ImAla+b—c+d)= R Pomeron
g—channel Y ARes Non-resonant background
t—channel Y ARegge |Pomeron (I =S=B=0; C =+1)
Duality quark diagram | Fig. 1b Fig. 2
High energy dependence|s®~!, a <1 a1




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

D(s,t):c/o dw(m) —a(s")— 1(19_23;) —a(t)-1

where s and t are the Mandelstam variables,
and g1, go are parameters, g1,9o > 1. For sim-
plicity, we set g1 = g> = gp.

Y

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

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

Vso — s[const + In(1 — sg/s)];



3. Direct-channel poles:

sa’ (s ZC t
Dis.y=Y gty [n_(o?gsmll( 3

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

a1(v/s0 — /50 — ).

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

D(yp—Vp) =)>_ %D(Vp — Vp).



R. Fiore, L.L. Jenkovszky, E.A. Kuraeyv, A.l. Lengyel, and Z.Z. Tarics, Predictions
for high-energy pp and \bar pp scattering from a finite sum of gluon ladders,
Phys. Rev. D81, #5 (2010) 056005; arXiv0911.2094/hep-ph

2

)(8)—21"@9(8—80)9(8@“ ), (1)

where

?: .
=Y a7, (2)
7=0



Linear particle trajectories

Plot of spins of families of particles against their squared masses:

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



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

Sat) ~ (t — to) ") +1/2 4 4

where tg is the lightest threshold. For the
Pomeron trajectory it is tg = 4m727, and near
the threshold:

a(t) ~ \/4m72r—t. (1)




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?Z,

OépE()zp(t):1+5p—|—Oélpt7 (TRl)
ap(t)=14+0dp + aipt — asp (\/404§P—t—2&3p> : (TR.2)

ap=ap(t)=1+0p —arpln(l — aspt). (TR.3)

ap



App(s t) = P(s,t)£0(s,t)+f(s,t)xw(s,t) —rgc P(s,t)£0(s,t),

where P is the Pomeron contribution and O is
that of the Odderon.

P(s, )—Zb—(rl(S)erl(S)[aP(t) 1]_€7~2(3)6T2(8)[&P(t) 1y,

where r (8) =b+L-4Y, (s) = L — 5 with
L= In%; ap(t) is the Pomeron traJectory and
a,b,sg and e are free parameters.



Does GS imply saturation? Not necessarily!

ImH(s,b) = |h(s,b)|?+G;,(s,b), (his associaed
with the "opacity), Here from: 0 < |h(s,b)|2 <
Sh(s,b)) < 1. The Black Disc Limit (BDL) cor-
responds to Sh(s,b) = 1/2, provided h(s,b) =
i(1 — expliw(s,b)]/2, with an imaginary eikonal
w(s,b) = i2(s,b).

There is an alternative solution, that with the
"minus” sign in h(s,b) = [1£/1 — 4G4, (s,b)1/2,
giving (S.Troshin and N.Tyurin (Protvino)): h(s,b) =
Su(s,b)/[1 —iu(s,b))],
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Elastic pp Scattering at the LHC at /s =7 TeV.

The TOTEM Collaboration
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Phillips and Barger in 1973 | ], right after its first observation at the ISR.
Their formula reads

7 = VAexp(Bt/2) + VT exp(Dt/2 + ig). (1)

where A, B, C, D and ¢ are determined independently at each energy.

L.Jenkovszky, A. Lengyel, D. Lontkovskyi:
The Pomeron and Odderon in elastic, inelastic and total cross-sections,
hep-ph/056014, International Journal of Modern Physics.






L. Jenkovszky and D. Lontkovskiy: In the Proc. of the Crimean (2011) Conference;
also presented at the Russian-Spanish Dual Meeting in Barcelona, November, 2011:

Parameter name

Value

Uncertainty

Y2/NDF

4.60434

+2.214549e+-001
+1.391529e-+000
+3.032435e-001

+6.952456e-+003
+9.766352¢e-+000
+4.648188e-001

+1.358585e-+000
+1.057306e+000
+3.511842e+000

+2.344779e-001
+7.408365e-003
+1.525472e-003
+1.596950e-+001
+1.234181e-002
+9.965043e-003
+1.243930e-003
+1.830864e-003
+3.713867e-003

T a ble 2: Parameters obtained from the fit to the pp data



P and f (second column) have positive C-parity, thus entering in the scat-
tering amplitude with the same sign in pp and pp scattering, while the Odderon
and w (third column) have negative C-parity, thus entering pp and pp scattering
with opposite signs, as shown below:

A(s, ) = Ap (s,8) + As (s,1) £ [A,, (5,1) + Ao (s,1)] (1)

where the symbols P, f, O, w stand for the relevant Regge-pole amplitudes
and the super(sub)script, evidently, indicate pp(pp) scattering with the relevant
choice of the signs in the sum.

d

Ap(s,t) = dap {e_imP/zG(ap)(s/so)aP} —

—imap(t)/? <s/so)ap(t) [G’(ap) + (L - m/z)a(ap>] .



The Pomeron is a dipole in the j—plane

Ar(syt) = 2 [e ™2 Glar) (s/s0) | = )

e~ imar(t)/2 <s/50>ap(t) {G’(ozp) + (L — 7j7r/2> G(Oép)} .

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

G'(ap) = —apetrlor=1l (2)

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

ap S

Ap(S,t) =1

bp sg

where 7%(s) = bp + L —im/2, r3(s)=L —ir/2, L=1In(s/sq).
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CERN LHC, TOTEM Collab., June 26, 2011:
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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) =

(Als, 1) — AP(SJ)F.

R(s,t) = 5
& A1)

(2)
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Low-mass diffraction dissociation at the LHC

L. Jenkovszky, O. Kuprash, J. Lamsa, V. Magas, and R,. Orava:
Dual-Regge approach to high-energy, low-mass DD at the LHC,
Phys. Rev. D83(2011)0566014; hep-ph/1-11.0664.

L. Jenkovszky, O. Kuprash, J. Lamsa and R. Orava: hep-ph/11063299,
Mod. Phys. Letters A. 26(2011) 1-9, August 2011;

L. Jenkovszky, O. Kuprash, Risto Orava, A. Salii, arXiv:1211.584,
Low missing mass, single- and double diffraction dissociation at the LHC

Experimentally, diffraction dissociation in proton-proton scattering was in-
tensively studied in the '70-ies at the Fermilab and the CERN ISR. In par-

ticular, double differential cross section dtj]f/ﬂ was measured in the region
X

0.024 < —t < 0.234 (GeV/c)?, 0 < M? < 0.12s, and (105 < s < 752) GeV?Z,
and a single peak in M% was identified.

Low-mass single diffraction dissociation (SDD) of protons, pp — pX as well
as their double diffraction dissociation (DDD) are among the priorities at the
LHC. For the CMS Collaboration, the SDD mass coverage is presently limited to
some 10 GeV. With the Zero Degree Calorimeter (ZDS), this could be reduced
to smaller masses, in case the SDD system produces very forward neutrals, i.e.
like a N* decaying into a fast leading neutron. Together with the T2 detectors
of TOTEM, SDD masses down to 4 GeV could be covered.




While high-mass diffraction dissociation receives much attention, mainly due
to its relatively easy theoretical treatment within the triple Reggeon formalism
and successful reproduction of the data, this is not the case for low-masses,
which are beyond the range of perturbative quantum chromodynamics (QCD).
The forthcoming measurements at the LHC urge a relevant theoretical under-
standing and treatment of low mass DD, which essentially has both spectro-
scopic and dynamic aspects. The low-mass, Mx spectrum is rich of nucleon
resonances. Their discrimination is a difficult experimental task, and theoreti-
cal predictions of the appearance of the resonances depending on s, t and M is
also very difficult since, as mentioned, perturbative QCD, or asymptotic Regge
pole formula are of no use here. Below we concentrate on single diffraction
dissociation; generalization to DDD is straightforward.
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Factorization (nearly perfect at the LHC!)

2 (91f1)2(f192)2
)" ="

Hence
d3o d?cy  d*0cy dog

dtdM?dM?2  dtdM? dtdM2 dt

Assuming exponential cone, t** and integrating in ¢, one gets

d’cpp 1 doy doo

dM2dM2 oo dM? dM2’

where k =r?/(2r — 1), r = bgp/ber.

2
Further integration in M? velds opp = k252
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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  9BY[FP(1)]? 2 \20p ()2
dtdM%  Arxsin®[rap(t)/2] (s/Mx)* "0 (1)
{32(1 —MX/S) — mW, (t +2m?)/s*

where W,;, 1 = 1,2 are related to the structure functions of the nucleon and
Wy > Wy. For high M%, the W1 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.



In the LHC energy region it simplifies to:

Po  9FFI()P

N n-2 V2
dth)Q( 4

A42 2ap ( .
(s/Mx) om

(1)

These expressions for SDD do not contain the elastic scattering limit because
the inelastic form factor Wo(Mx,t) has no elastic form factor limit F(¢) as
Mx — m. This problem is similar to the x — 1 limit of the deep inelastic

structure function Fy(x, Q?). The elastic contribution to SDD should be added
separately:.



The pp scattering amplitude

A(S,t)p —
S ap(t)—1 e—iwap(t) 1
~BL ) + £ (—) Lt , Y

S0 sin Tap (t)

where f“(t) and f%(t) are the amplitudes for the emission of v and d valence
quarks by the nucleon, 3 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

o __[3ppin)’
dt  4rsin’[rap(t)/2]

(s/50) 2772, (2)



The final expression for the double differential cross section reads:

s 200p (t)—2 (1 — :13)2 [Fp(t)]z y
Ao < ) (M:?; mQ) (1 4 %)3/2

3 (O Im (M)
, (2n+0.5— Re a(M%))?2 4+ (Ima(M%))?

n=1,



SD and DD cross sections
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“Reggeized (dual) Breit-Wigner” formula:
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SDD cross sections vs. energy.
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Double 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

b, (GeV~2) 0.2 osp (mb) 14.13
b% (GeV~2) 3 osp(M < 35GeV) (mb) || 4.68
o (GeV_2) 0.25 (TSD(M > 3. SGGV) (mb) 9.45
«(0) 1.04 (’Res (mb) 2.48

p 1.03 aBg (mb) 9.45

A, 18.7 oop (mb) 10.68

B, 8.8 (TDD(M < IOGGV) (mb) 1.05

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




Prospects (future plans):

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

D F13(11)
1 A 3
P(t1
(L) Meson (MA2)
S Frem(t1,t2,M) _
P(t2)
z o 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)



Road map

Duality between small-

Large-x SF & PDF
Fo(z,Q%) ~ (1 —a)"

Small-x SF & PDF
P(z,Q2) ~ z—(0)-1

& large-x SFs (PDFs)?

|

Parton - hadron, or

Bloom - Gilman duality
QCD evolution

Regge @ HERA

“QCD evolution
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Breit - Wigner res.

A(S,t} ~ f(t)

=L 5

"Veneziano” duality

Regge behaviour
A(s, ) ~ B(t)s>(®)

Low Q2 or on - mass - shell,

Q? = M?




The basic object of the theory
A(s, t, Q2 =m’ ) (on mass shell)
As1,0°) <: SmA(s,t =0,0*)~F, DIS

Reconstruction of the DVCS amplitude from DIS

— SmA(y p— )

F,~S3mA(y" p—y p)

t=0 t=0

= A(y'p—=>mw) _ — Ay’ p— )

%mA(y*p - }’*p) - Fz(xBaQZ) = qu(xBan)
(x5, 0") = q(E, 15 1,%,,0")

?
= 54(E,1,t,x,,0") = GPD(E,n, 1, x,,07)



Open problems:

1. Interpolation in energy: from the Fermilab and ISR to the LHC;
(Inclusion of non-leading contributions);

3. Deviation from a simple Pomeron pole model and breakdown of

Regge-factorization;

4. Experimental studies of the exclusive channels (p+1r,...)
produced from the decay of resonances (N*, Roper?,,,) in the

nearly forward direction.

5. Turn down of the cross section towards t=07?!

6. Need for a bank of models. Open an international PROJECT



Elastic and total scattering, diffraction in
hadron- and lepton-induced reactions:

A.H. Bamnn, JI.JI. EnxoBckuid, b.B. CtpymMuHCcKui:
Bzaumooeiicmaue adporos npu evicoxux sHepeusix, Pru3uka
AJIEMEHTAPHBIX YacTUIl M aToMHOT0 sapa (QUAS — Particles
and Nucle1) .19 (1988) ctp. 181-223.

JI.JI. EnxoBckuii: Iudpakius 6 a0poH-a0OpoHHbIX U

JIeNMOH-AOPOHHBIX NPOYECCAX NPU BbICOKUX IHEPIUSX,

(QYUAS — Particles and Nucle1) 1.34 (2003) cTp. 1196-1255.
R. Fiore, L. Jenkovszky, R. Orava, E. Predazzi,

A. Prokudin, O. Selyugin, Forward Physics at the LHC;

Elastic Scattering, Int. J.Mod.Phys., A24: 2551-2559

(2009).



Thank you!

Laszlo L. Jenkovszky
jenk@bitp.kiev.ua



