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Abstract:

Salient feature of elastic and inelastic diffraction in proton-proton

collisions with emphases on the recent LHC experimental data and future
expectations are highlighted. These are:

1.
2.

3.

o2

Rise with energy, unitarity, “flux renormalization”;
Physics behind the non-exponential behavior of the elastic cone at low-
|t|, observed both at the ISR and the LHC; will it be seen in diffraction

dissociation? (Follow elastic!)

The dip-bump structure in elastic scattering and its possible
appearance in diffraction dissociation (following elastic?)
Pomeron dominance at the LHC, Regge factorization and its breakdown;

. Importance and open problems in the description of low missing mass,

resonance structure in single- (SD) and double (DD) diffraction
dissociation; misuse of the triple Regge limit; duality in the missing
mass: finite mass sum rules (FMSR);

From differential to integrated cross sections: incompatibility caused by
different integration limits used at the LHC;

. Central exclusive production of glueballs and other meson resonances
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Factorization (nearly perfect at the LHC!)

2 (91f1)2(f192)2
(9192) (f1f2)2 :
Hence
o d’c;  d*oy dog

dtdM?2dM2  dtdM? dtdM2 dt

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

d’cpp 1 doy doo

dMZ2dM2 oo dM? dM2’

where k =r?/(2r — 1), 7 =bgp/ber.

2
Further integration in M? yelds opp = kZ52.

el




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) ’ (L)

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, 1) — AP(SJ)\Q'

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

(2)



Pomeron dominance at the LHC
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Elastic Scattering

Js =14 TeV prediction of BSW model

< G“ifz‘“h s momentum transfer -t ~ (pf)?
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Geometrical scaling (GS), saturation and unitarity
1. On-shell (hadronic) reactions (s,t, Q*"2=m"2);

t €= Db transformation: h(s,b) = fOOO d/—ty/—tA(s, 1)

and dictionary:

N Imh ,
do/dt |,

| “break” absorptions
\ eBt
Y, Gaussian
4
dipé \ . pion clouding
S~ _“f\’ir[\??phere”
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CERN LHC, TOTEM Collab., June 26, 2011
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do/dt [mb/GeV ?]
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Elastic scattering: non-
exponentiality at low |t

+ data, statistical uncertainties —N, =1

- | 7 syst. unc. band without normalisation ——N;, =3

full systematic uncertainty band — N, =2 iy
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Nuclear Physics B 899 (2015) 527-546
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Fine structure of the Pomeron (at the LHC)

diagonals combined
+ data (binning ob)
|  statistical uncertainties
systematic uncertainty band: analysis+nc

systematic uncertainty band: analysis on

Np
fit parametrisation: a exp( Y. bnt")
n=1

fits with statistical and systematic uncertaint
Np=1: x*/ndf = 117.5/28 = 4.198 = p-v
Np=2: x%/ndf= 29.3/27 = 1.085 = p-v
Ny =3: x*/ndf= 25.5/26 =0.980 = p-v




Fine structure of the Pomeron (TOTEM )
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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)




Linear particle trajectories

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

a(t)
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The imaginary part of the trajectory can be written in the following way:

Ima(s) = s° Z Cn % - 0(s — sn), (1)

where \,, = Re a(sy).



The optical (generalised optical (Muller) theorem
and triple-Regge limit (for high M only!)
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The differentinl cross section for 1 4+ 2 — X is
e Gt) ¢ aodeit-2 e 4T oll)-Toll)
dtdMT ~ 1 ia] I:E} {;}
where Git) is the triple Pomeron vertex, i) = Je™ for smplicty, aod @ft] = nt'+n’[!] 1s the [Inear

for the moment ] Pomeroa trmj :
Faor o eritical Pomeron, o = 1, one onn wse the formula

s (1}

[ 2= = ) )
to get
o0 ) e 2’y In{i + %hn} ~ In(ln 1)}, (1)
while the totnl cross section
o™ {5} — conat. (4}

It contradicts unitarity sinee e.g. for erition] Pameron, o = 1, the partial (S0} eross section overshoots
the total cross section o0 = :

A towvind trick to svoid violation of umtanty s to sssame the tnple Fomeron vertex (7t} wmshing
at £ = 0. Hoge hterature (Kaidelov, Brower, Ganguli, Kopebovich ..} exosts reflectmg the efforts
along ths direction. The maun soncleson is that decoupling (wnishing of the triple Pomeron vertex
at £ = 0} 15 meompatible with the dots.

To remedy this difSeulty, Dino Goulinnes suggested n repormalisation procedure, by which the
Pomeron fux = mmitipled by o fsctor N #2) modernting the nse of inelastic diffretion starting from
& certnin threshold The appesrance of o threshold, however may violate noalyticty.
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The function N(s) is the so-called renormalization factor, introduced by K. Goulianos,
E(maz) p—oo
NS = / / dtfP,/p(‘f'lt) ™~ SEE!
E(min) Jt=0

where £(min) = 1.4/s and £{(maz) = 0.1. This factor secures unitarity.



4%/t M2 —mb-(Gev/ci?- Gev

FNAL

I1t11=0.05

WO,
e

-
--,...__...--
-

My - MeV
9%8 14900 1688
)_
'
[
[ I |
HE
B i ¥ p+d —= X+ d
:' ! ! Plab = 275 GeV/c
HEE '
[ [} I
' ' :
l' : ' [
B i i
P $ ¢
R R I
{ ' ' s
P }{
Elastic ! H h tl = 2
i xl/SO;' : ) /ll 0.03S (Gev/c)
L]
\ k
t :
]
.
L]
1]
H
[}
.
v

e /My
“a /
\0-.. -~
°~°‘Q"‘:“:-.
(r\"-'_)+n-|.,,.o)2 -0 32-e
i L H 1 i -
15 2 3 4 5 10 1S 20

mb- (GeV/c) 2

[T T T TTI T ITTT T T T I L AL B LA L AR
2
- 4o {(pp—Xp) USA-USSR
i dt diME’'S) Akimov et al
HLM (ISR : 7
r . 4 glbmu ilsol,) §=500
- -0042 RUTGERS-IMP COLL .
) Abe et ol
T W USA-USSR ) ]
f Akimov ¢! gl i 2100
S RUTGERS. WP COLL | .
C# ™ Abe etal 7]
: ! CARNEGIE-MELLON S= 40 :
500 £ £ .90 ]
r jt ond BNL $= 20 1
L . 1 }“L‘]:& Eteistein et al S= 13 -
- L] @
200 - -
100 - ]
=~ =
50 |- 3
FLJln‘hulu b et 1]
0002 0005 00l 002 005 0. 02 05 !

MZ/S = 1



d20‘2 (p+d“""x+d)/Fd
dt dMy |141:0.035

(P ag =275 GeV/e)

?éii? ﬂki?{ /F ~§..rj;§i i §

Duality in missing mass: finite mass sum rule (FMSR),

) dog " d*o ol
10 4 t el y—dy:/ dv, v=M2_-M?—t.
)--‘J,—A‘ / d i _/ﬂ dtdy y Ot d.v|p‘” X
o \ /
ey 4
/
,/ \\ M2,
/ i 2 3 4 20
,I
£ N | " N TN L I T T




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 dtgg/{z 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.
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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 984 FP(t))? 2 \2ap (£)—2
dtdM%  4xsin®[rap(t)/2] (s/M5)* 575 (1)
[;/V—T; (1 — M_?(/s) —mWi(t + 2m2)/32],

where W;, ¢ = 1,2 are related to the structure functions of the nucleon and
W5 > Wj. For high M)Q(, the W 5 are Regge-behaved, while for small M)2( 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 e—ivrozp(t) 1
= B2 + fA) (—> = ) B

S0 sinTrap(t)

where f“(t) and f%(t) are the amplitudes for the emission of u and d valence
quarks by the nucleon, ( 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 __apr()
dt  4drsin®[rap(t)/2]

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



The final expression for the double differential cross section reads:

s 200p (t)—2 (1 — 33)2 [Fp(t)]Q y
Ay ( ) (M2 — m?) (1+ @)3/2

3 fOPTY Im a(M)
(2n + 0.5 — Rea(M%))? + (Ima(M%))?




SD and DD cross sections

d*csp 5 o P (M2t) (s 2a(t)=1) s
= F,°(t)F(xp,t) +—% ( ) ln( )
dtdM2 ~ P 2m, M?2 M?2

x

P P
d3UDD —C F2([EB t) JTP(Mfat) UTp(Mgat)
dtdM?dM3 " ’ 2m,, 2m,,

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




“Reggeized (dual) Breit-Wigner” formula:

AN+

PooMzZ 4) = Im A(M2t) =
or (Mo, 8) = Im AMz. 1) = < 0y

+ Bg(t, M) =

PP I a(M2) »
— A, Bl (M2 — M2
2 BT 05— Rea(id) + (Ima(ne T o | pn)’
rzp(l —xB) ¢
F(:CBat) — . TB =
(Ma%—mz) (1+ 4m2z2 /(—t))>/* MZ—m2— 1t
1
Bt) =1 J)=e"
0.71

a(t) = a(0) + o't = 1.04 4 0.25¢
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Diffraction dissociation data problems
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1 IOO 1 600
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Uppermost three points: ALICE at LHC
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Issues with the data — often unclear experiments
are measuring the same thing

Data at /s = 546 GeV

The line is CDF’s parametrisation of its data for
d?c /dtd¢ integrated over &

Cortesy: Peter Landshoff



SDD cross sections vs. energy.
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Approximation of background to reference
points (t=-0.05)
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Approximation of background to reference
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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~2) 0.2 asp (mb) 14.13
b% (GeV~2) 3 osp(M < 35GeV) (mb) || 4.68
o (GeV~2) 025 osp(M > 3.5GeV) (mb) || 9.45
(0) 1.04 Tes (Mb) 2.48

” 1.03 og (mb) 9.45

A, 18.7 opp (mb) 10.68

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

C, 3.79-2 ocpp(M >10GeV) (mb) || 9.63




Prospects (future plans):

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

0 F13(t1)
1 PN 3
P(t1
(1) Meson (M*2)
S Frpm(t1,t12,M) . =
P(t2)
2 o 4
R F24(t2)

2. Charge exchange reactions at the LHC (single Reggeon
exchnge), e.g. pp2nA (in collaboration with Oleg Kuprash and
Rainer Schicker)



Open problems:

-- Need for data (LHC) on differential (nonintegrated!) data;

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

-- Deviation from a simple Pomeron pole model and breakdown of
Regge-factorization;

-- Need for a bank of models. Open a relevant international
PROJECT?!



Elastic and total pp and p-\bar p scattering,
diffraction and the Pomeron;
nucleon’s “shape”, the “black disc limit”

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 !



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 — 4Gy, (s,b)1/2,
giving (S.Troshin and N.Tyurin (Protvino)): h(s,b) =
Su(s,b)/[1 —iu(s,b))],




Regge







47 do T
oi(s) = —ImA(s,t = 0); — S—2|A(s,t)|2; n(s);

Lthr.~0 da d do
Oel —/ , Oin = 0t—0¢; B(s,t) =
° bninas— s/2~oo © dt (dt>

AB(s,t) = P(s,1)20(s, )+ £ (5,t)2w(s,t) = or 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
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Phillips and Barger in 1973 | |, right after its first observation at the ISR.
Their formula reads

fl_: = [V Aexp(Bt/2) + vV C exp(Dt/2 +i¢)|?, (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.



The Pomeron is a dipole in the j—plane

d
Ap(s,t) = on

e_i”ap/zG(ap)(s/so)aP] _ ()

—imap (1) (s /SO)“PM [G’(Ozp) i (L i /z) G(ap)] |

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

one fixes
G'(ap) = —ape’?lor=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 S

R(s)e Wlorll - epr(s)er Wlert) (g

AP(S,t) —

—
bp Sg

where r(s) =bp + L —ir/2, r5(s)=L—1ir/2, L=In(s/sp).



