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Plan of lectures:

1. Introduction.
m S-matrix. Cross sections. Kinematics.
m Crossing. Mandelstam variables.

m Unitarity and optical theorem.

m Partial wave expansion.

m Analyticity and dispersion relations.
m Gribov-Froissart representation.

m Froissart theorem.

m Pomeranchuk theorem.



Plan of lectures

2. Regge poles.

m The reggeon concept.

m Complex angular momentum method.
m Properties of reggeons.

m Pomeron.

m Regge poles in QCD. 1/N-expansion.
m Pomeron in QCD and glueballs.
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Plan of lectures
3. Reggeon calculus and multi-particle
production.
m s-channel picture of reggeons.
m Regge cuts and their properties.
m AGK-cutting rules.

m Multi-particle production and topological
expansion.

m Quark Gluon Strings Model.
m Comparison with experiment.
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Plan of lectures

4. Hadronic physics at LHC.
m Small-x physics and “saturation” of partons.
m Interactions of pomerons.

m Diffractive processes and exclusive Higgs
production.

m Predictions for LHC.
m Conclusions.
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Books and reviews:

m V.Berestetsky, E.Lifshitz, L.Pitaevsky. Relativistic
quantum theory. Chapter VIII.

m R.J.Eden, P.V.Landshoff, D.l.Polkinghorne. The
analytic S-matrix. 1966.

m P.D.B.Collins. An introduction to Regge theory and
high energy physics, 1977.

m A.B.Kaidalov. Regge poles in QCD. At Frontiers of
Particle Physics.vol.1, 609.

m A.B.Kaidalov. Pomeranchuk singularity and high-
energy hadronic interactions, Usp. Fiz. Nauk, 46,
1153 , 2003.
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S-matrix formalism
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Cross sections.
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Lorentz Iinvariance
Hmpﬂftudes ( for 5F:'nE'ess paxticles) are
fﬂncti'ﬂnﬁ of invaziants.

Exampf&:
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.'qrossing.

In relativistic c‘;uantum ﬁ?eazf an aufgar'ng
patticte with momentum -p (negative enezgy)
cazzaspands Tn fngoing ant:;paztr‘:fe wrth momen-
turm P
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Mandelstam plane.
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Crossing symmetty.
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Unitarity of S-matrix.
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Partial wave amplitudes.

Partial wave expansion of elastic arrfpﬂ"fﬁudf,

£(s ws)= 62 -
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Unitarity for partial waves.
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Analyticity.
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Dispersion relations.
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Gribov-Froissart representation.
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Froissart theorem.
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Radius of intexaction can not increase faster
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Pomeranchuk theorem.
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Lecture 2

Regge poles




The reggeon concept.
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Complex angular momentum method.
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*quE’%”AE-{ ff';-u;f} do net conlain kinematic

5:’:?3&;&:1?:‘#(& aqs ng{ﬂ*a-ﬁ.
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The E.HFTEEEr'ﬂﬂ can be continued & e
Phé;s:‘ﬁaﬁ zegion of s-channel (t<0),
Contribu tion over vertical line can be made.
atbr't?.ar':? gmatll as $-»e0 Lm_g‘*? é"-ﬂj) and
we have I;,I-';'ﬂa!!(?«

Test)= : ) ddj
2. &[‘f’mi} 75j) S*2d.

ﬂ' contours areund 5a'n§un‘fa'zr'ffas of ﬂ‘g}-&j
‘n The ﬁﬂm‘PfE-H ﬂ;'-fnfaf?ﬂ.

What a1e these Ef"nguﬂa':r'ffﬂs?
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Properties of reggeons.
¥ ' IVIST? )E & Loy St &=
'n nontefativistic P"-"'r?-?fag V7, onty /g
larities -‘”J Fianf. L& armp rsfu I:EE;?;LJ
o<
- Re poles.
¥ il -
F’EE;’?‘? fuf::‘—-jna'f.ﬁ;?ﬂf £ _"'i—'t‘?"{'.rf NE cgr I.","-:{':H..fg

: _ Tfj,t-] ) Creibov 196
TGt i-hffh]T(dt]

H.-c:af II,DEEE:'.E:'-EE thguﬁaz.r‘f.r'ﬁ: ATE mrs'w'n‘_g Pcﬂfs.f
at d;':n{n{{-_}_ In this case

, by ()
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+)= ™ *a(t)
Tst) £ e ) B85, )

i olq(t]
b, ()= b, (£1(a)

o [{ follows from t -channel unitazity

that T(jt) can not have ﬁ*r'ﬂdsi.pana"enf potes

{f:‘xgd Pﬂfes)_
T‘sﬂﬂ;’e.c'ﬁ‘utg o () st have a branch ’Ibﬂr'r:'!-“
at t=am* ( ola($) FoelG(R.) fou t >4m?

¢ Below t=4m" ol (t) /s a reaf fenation
of £. The tésidues are zeal Ffunciions

of E.
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@ [f theze aze many Zwo-particle
channefs then f*mm t-ehannek un:"&ﬂm‘fg

fﬂfﬂﬂ“ﬂ"-‘: fa:!‘:m:‘aaﬁfﬂn of zesidues

3
Da(4)= 9,(£)9,, (%) s S
2 “4

For Fa-;ﬁ:‘cfez with spins
factorization holds for hebicities Guc=9, 5,

afl as usuakb Pazf:'-::ﬂasj

e Ptﬂgge Pufss (as w

have definite values of conserved quanturm
numbezs: Pavity P, isospin, E-!Dﬂtr'fg ( fox

fi'jh*. bﬂEﬂﬂﬂJ 5tmn5¢ness .-5", b::r*z:uqan reernbex .@,
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Bosonic and fermionic Regge poles.
He.gge. /Dr::rfe establish an important

1elation between h.‘gkaaﬁarﬁ; behaviour of

54'??&":‘.# reactions and spe,nf‘z:um o4 F-::-;ﬁé:f-::

and tesonances.

When Reotl(t)=n ( n-even for 6=+, n-odd
for =—~) and i { Imolft)<ci the Eﬁﬁﬁﬁ. Pﬂfff'-
E.'-:r::"'ﬁ-::rng& r:?m‘lpﬂf.—'ﬁuﬂ’.f. fﬂ'-:!#{pﬂf?:ff 7o E.Ecéaﬁjg.

EI? a Fat"‘fﬁcf& f'?d:::‘xﬂ::wr:f.l? with The sarms= ?uﬂn‘fﬂm

numberxs.
r . . k¥
O fﬂlmmm: f?ﬂ;s:t‘:&m'&; 6= (~-1) i
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Spectrum of mesons.

Jo| eled
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Linearity of the effective p-trajectory
up tot = -2 GeV?2 from tr-p->T1I0n .
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Spectrum of mesons

o (£)
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I=0 E{—l}"‘:-l

T=4 PlI)=-
I=0 C(A)=+
[=1 Pi—lfL*r
=0 ¢(f--

& Ow 0w
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Spectrum of strange mesons.




"
Spectrum of baryons.
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Spectrum of hadrons

Linear Regge trajectories with daughters shifted
by integers. a(t) = a(0) + a't

Isospin and exchange degeneracy.
Parity doublets on daughter trajectories.

These properties of spectrum naturally appear
In the string picture of hadrons.



B
Pomeranchuk pole (pomeron).
In Regge pole model  ¢(s) =) b (0)(s)*"".

and poles discussed above with ai(0) < 1 give
decreasing contributions to total cross
sections. Experimentally

total cross sections increase as energy
increases. To describe this behavior a

Special Regge pole — pomeron was introduced.
For ar(0) =1 nr(0)=1, I.e. P-contribution to
amplitude is purely imaginary.
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Pomeron.
Pomeron has vacuum quantum numbers |1=0,
C=+, P=+, 0=+ and sometimes is called
“vacuum” pole.

It automatically satisfies Pomeranchuk
theorem.

For ar(0) =1 o™ 5Cost as S—®

Both experiment and theory indicate that
pomeron is “supercritical” : ar(0) >1.
Problems with unitarity are solved by Regge
cuts (see below).
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Regge poles in QCD.

Large distance phenomenon.
Nonperturbative methods should be used.

= 1/N — expansion in QCD.  H.t'Hoofft,
G.Veneziano

Expansion of amplitudes in terms of the
small parameter 1/N, where N=Nc=Nf.

Diagrams are classified according to their
topology.

The first term — planar diagrams.



"
Planar diagrams.

Exchange by valence

' qguarks in the t-channel.
C At large energies they
correspond to p,w,f,..
C exchanges.
J’: : Contributions to total
a)

cross sections decrease
b) as %O 1/./s
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Many consequences of planarity for reggeons.
In particular isospin and exchange degeneracy
Example of trr-scattering. No planar diagrams
For r+11+ Interaction and
P (r*7*) = Im(T, (s,0) -T,(s,0))=0
From this follows an equality of intercepts
a;(0) =, (0)
Using K11, KK-scattering and nonzero t prove:
a,(t)=a;(t) = a,) = a, 1)
a.-t)=a.(t) al)=a.(t)
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hese results agree with experiment
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All vertices are expressed in terms of a
single function g(t). From planarity of
diagrams for reggeons and space-time

picture of interaction: annihilation of
valence quarks of colliding hadrons,
formation and breaking of a color tube, it is
possible to obtain many predictions for
differences of total cross sections, masses
of hadrons and widths of resonances in a
good agreement with experiment.

1/N-expansion works well.
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Calculation of Regge trajectories in QCD.

Difficult nonperturbative problem.

The method of Wilson loop path integral was
used for calculation of JJ and gg-states.

A.Yu.Dubin, A.K., Yu.A.Simonov

The main assumption is the minimal area low
for Wilson loop at large distances

<W >=Zexp(-cS,, )

where o is the string tension, o=or for quarks
and 0=0adj=9/4 o for gluons.



H

= —— + u(t) +

Effective Hamiltonian

— HU _|_ jHH, AHH — HE]L _|_ H,{_‘J-,{_,‘l- _|_ H“_{'

p; L(L +1)

, +
pu(t) ,H-I-ZJ 5—— “vdf3)

T 5 L[ 3 1)d3
—|—r/“ Zw(iﬂf —I_Zr/“ v(3,t)ds3



U - effective quark (gluon) energy
v — energy density of the string.

The mass spectrum of Ho with a good

accuracy is described by a very simple
formula

M?®=2zc(L+2n +C) ;C~1.55

i
Linear Regge trajectories with “daughters”

like in string models

o' =1/2nc



With account of spin
effects, perturbative
Interactions and quark
loops spectrum of
hadrons is well
described.
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Pomeron in QCD
There are reasons to believe that Pomeron

in QCD is related to gluonic exchanges in
the t-channel.

The simplest 2-gluons exchange leads to
=25, -1=1 ?i
In QCD perturbatlon theory ==
The ladder-type diagrams are
Important — BFKL Pomeron.
reggeized gluon
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n L
nLO (a,Ins)’ -

A= (0)-1=""1C 4 ~05

JC
Leads to too fast increase of cross sections.

Large NLO corrections -
A=0.15+0.3
The leading pole is sensitive

to soft physics.
What is the role of nonperturbative effects?
Are there glueballs on the Pomeron trajectory?




Comparison of calculated glueball masses (in GeV) with lattice data

Pomeron and glueballs.

The spectrum of glueballs (gg-states) was
calculated in the Wilson loop approach.

(op=0.18 GeVZ?, a, = 0.3 (g, = 0.2 in parentheses))

JEC 1 Miheory Miaq

this work 122] (23] [24]
o+t+ (1.61) 1.41 | 1.534+£0.10 | 1.53+£0.04 | 1.5240.13
2t | (2.21) 2.30 | 2.1340.12 | 2.20£0.07 | 2.1240.15
OF+* | (2.72) 2.41 | 2.3840.25 | 2.794+0.09
2T+T* [ (3.13) 3.32 | 2.9340.14 | 2.8540.28
0+ 2.28 2.3040.15 | 2.1140.24 | 2.27+0.15
0—*+* | 3.35 3.2440.2
2=+ | 2.70 2.764+0.16 | 3.040.28 | 2.70£0.19
21T+ | 3.73 3.46+£0.21
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Pomeron trajectory and mixing with
reggeons.

he leading glueball trajectory
o™ (t)=—C+a.t+2« due to spin of gluons
ap(np)(O) ~0.5

Confining forces decrease intercept of gg
singularity from the born value a=1.

In the small t region bare ggand JqQq -
trajectories cross and mixing is important.

Mixing between 3 bare Regge trajectories
with vacuum quantum numbers: P,f and f.
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After account of mixing and small distance
perturbative dynamics

o, (0)=1.15+1.25

Note that physical pomeron contains both
soft and hard effects.

Very rich physics of the Pomeron:

Confinement and glueballs, quark-gluon
mixing, semihard interactions.
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Pomeron in 1/N-expansion.

In 1/N-expansion the Pomeron corresponds
to the cylinder-type diagrams.

- TP— g p X °
e P~ G- T— C
7 C C
oy " .
L ¢ C
£ t"_.;e-"'_" gi“:h___:ﬁ: e Cc|
2
T,~1/N  T,~1/N
1 Nb - number of boundaries,

-I-nb N _ (_) N,+2n,

N nh— number of holes



ecture 3

Reggeon calculus and
multiparticle production




Impact parameter picture of Regge-

exchange
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s-channel picture of reggeons.

:'I?Eg:?-f. f;:e_f:*f,.: conteibute In ;'mﬂgr':?a':gfaazfj
ﬂ_}{ %-Wﬁ'bﬂ'dfjf :mpf.-‘fstﬁ_‘_ 'Ila"'ll-ﬂ;'i'{-:;l"..' ;’r E,rf.g?‘,ﬂ-

st) fo conts re meltioarticl
I'n 7;*5*} L 7 L u"; AOns f f_.r,.,..:;:“:r“-:pr,._e_

‘ntermediate stales in e s-channel

3

—
S
—

| =——— ]

-

What are these states foz zeggeons 4
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Se §£”= % 6, can be nmzfﬂ Const with enexgy

(> % by tn S0
Hfdmaga mudtrf:!ﬂ::'fj Tnereases ﬁﬁ?awf.ﬁmﬂ:affy
w';'{h Eﬂﬂgy.
In the !'mFﬂcf Pﬂm:ﬂmaﬁET !:?5-5'!{5 E.-f-'-'c.ﬁ
Step has a finite size B~ Ymy,. [These
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two-dimensionat Veetors E adal !'ﬂdEFan- @
d-!n""ft? - "E.::i'na’a::rm walk in F-SPQﬁE.
R=T= 1 . by
m“ m,,
This is the mig:’n ﬂf e jtcwif‘? with u:ns*%?éf
Gf the tadius ﬂ)( f'ﬂnf-'ﬂ’ﬁac:ﬁfbﬁ' /1 Aﬁs -"E‘Eﬂ’ﬁ"ma#ﬂ
The time ﬂf Jﬂh’ﬁffﬂ)ﬂimﬂﬂﬁ crf The muﬂﬁﬂ;ﬂgw‘_
Phsmﬂ fluctuation is Large (~E)
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Summation of -, sﬂ'a;mms feads v
R%{?!-Emhﬂﬁ'ﬂﬁi fgg ﬁw-ﬂ- bﬂn’ﬁ?’ ampf;%udgg
3
. A ladder f-;ffhﬁ

ﬂfﬂ d:'ﬂg':-am;

2 4

In the muft:"lpﬂ-r-r‘]ph:t.aﬂr model hadronre
final states have the following properties.
a) Short range correlations in ‘tajﬂrh’r%,
(3: In .Er_;% ) Partieles saﬁataﬁeﬂ 55 many
5ﬁePs of fthe In-p. process aze Uncerielated
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a+bse4C+..4C + X
br'ngﬁ& Fr:ntra:fe. ‘nebusive cress seation

a+rb=c+X

" d ' -
£ t’.:: ge :;{'TE invatiant ecros :En:f-r'l::rﬂ

It depends on §alfe, Yoy, ple
c F‘
f = — — mean numbez of particles in the.
unit af Phqsg %paﬂg

f‘eﬂ - energy carzied .&5 Pamﬁ;rfes o
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I
Sum wules from conservation baws.

Enﬂﬂg consetvation:

L [Pt

(ensezvation of cahﬂ't-gea &

3
> g =anat
C E'i
Oﬂubfﬂ inclusive ctoss .:E‘:r:".[-'.r'ﬂn a-rﬁq-;:'.”;l,.}{
poped 6

In.dp,



"

CYoys’, Pic,Pics) > ﬁ-ffiﬁ-; o, e

g PP
in m. p. medef decreases wexpf*higq-gn'-] for
fmgﬂ Yi o

The Pwpem'f-} ﬂ) leads o mﬂnﬁy ether con-

Ee?ue.nrﬂ. In /Dmf;'aufat alf f‘: aze rha‘gp&ﬂ-

dent .-:,;f Yo~y (th=abe) if Y-gu>>1. Foz
Exr::tm!oﬁe. at ﬁ:’ﬁﬁ £HE':5(E.5 (gﬂ-gh}}_l} in The

J':*Lagmenf:af.fﬂn zegion of the parh‘:&: a



" JEE——
(fa i) A

and ﬁﬁ )5 &

gt‘gh x b'ﬂ-ab 221 Mie
Hw. dﬂﬂﬂi'{'g j;':' JEPEHJ,‘: o E;ff oh 3.:-3;,., Fj:ﬂ
b) 9= FYate, )

Tﬁf: 1§ qiva f&nf te the Fe¥nman secabin
r Z

P=PEnpl) i T xexp(- (e g]




"
c) In the central :qfo;‘df’fy tegron @y
gn-g.;::-}i ) Y=Yy > 1
fﬁ depends onty on P
£=¢p)
- Jffai‘ *mlpr'du't# disterbutions.

d} Avﬂage numbez r::rf F’Lﬂﬁfﬁﬂ'&d Pﬂtf!ffﬁs

{n.> incteases fﬂgawfﬁmftaﬂ? with s

{n>- j P (e Ple) dpicdy, ~ o,
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@) Fast decrease of distributions with PL.

The fﬂm of ':F’(’,o;:!jn) dePands on The

modef.

f) MHHEPE.-':.E&? distributions have
Pﬂfﬂsﬂn-fype behayiout

(N> -<n¥ = c<nd
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Diffractive production of hadrons in Regge
theory.

ﬂ".ESﬂ F'!f-ifE:-:E!:' ate mediatled b? Pomeron
!

Exﬂﬁ.ﬂr.éa.

double

:h'ff*m:.fr'ﬁ f
disseciatlion
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Kinematics.
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Cross section fex inclusive single diffraction

dissoeration

Gp(F )= E"(u{i.{tr)exponiPIi}—ljglj
g‘z En%; = &H-
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Thelusive cross section has the foem.
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Regge cuts and their properties.
F'.-f I £- ;.a’-i '_t--;'..", "Illli A Ti h*’j o -_--I-J_“-q'a":r:-
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The simplest driagrams
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The Pe:bsr‘t‘::'mn of the singu baxity connecled
Lo an eachange by n Pomerons
X pp(t)=nolz(E)-n+l
at t=0  olap(0)= N (clp(0)-1)+1 = NA=+d

Fox 5{:}(’:21’.:-:11‘&;'::95 Pomeron (A70) alk
e
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From the point of view of Jy-expansion
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ribov s method of evaluation of
moving cuts contributions.
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The diagrams with elastic rescatterings only

(W)

Nll Nl = EP{"T:J-:'I EP{'?:;J

™ (20)" (@, W _, g : h
M HE*;‘T JHP[SﬁuJ.-..HFHI_CFMJﬁq""'dqﬁ:‘fg‘@'—%il)

{fnjn-r

H.—.: éth]

can be written in the closed form in the
Impact parameter space
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Eikonal approximation.

chﬂb}“jH(5q] ..E—;rﬂ
5{:;3}— fﬂ f’s 9 Ve ﬂi“ _ (2¢dp Gs,b)
2i{-n!
Lq-s'
Op(s, b) fHP:q}E an
£i (s b.]
- e
Sesb)= 28
S b’ b? s
Imo, (S,O) N(—)A EXp(— ):exp(_ +Aln—)
P % /4 (S) Jo(s) s,

RZ(s)=ﬂp(s>Aln<§)=o/pAIn2(§)
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Account of low-mass diffraction.

For resonances in intermediate states oOr
IS @ matrix in the space of diffractive
states: multi-channel eikonal.

“Quasieikonal” approximation:

_iisla{'ﬁ,bj--:
Fisb)= € —

= — —-i = *ﬁ.—
.Et'-:": A = '! ﬁ'fﬂl }i
corresponds to maximum inelastic
diffraction consistent with unitarity.
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AGK-cutting rules.

What are multiparticle configurations in the
s-channel, which correspond to moving
cuts contributions?

All possible “cuttings” should give ImT
ghT: ,_%'(TCI”IEJ"T@‘EJE): Lﬁ:}_—

f =2ImT N
4 nossibili4

| e -
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8T,

) Cuti'.mg of both Teggeons,
é‘! ;—I—J{E} !
s V@

RERR B
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P-!'T crtive.
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T_'} -L d“‘ LG, (s Ky) L Gfﬁi‘&}u
&5 (@n g gi
~ N,-N,

Gﬂﬂ =0 {di](si. )d*'w}'i

HL{” -~ aze. teal. ._f_”_. hion:

A‘ K nesult:
8‘ T:;]ﬂ} = S d"ﬂi.:.( E.'E GdLREGHI - jm Gﬂfl-ymgdj H‘Im'l
(1)

S, T o) ~ (dt (-8Im G, Im Gy, ) Nite
8, Totso) ~ (d (49m G, Im€) Nt









> W8T, )=0 (2 ()ucCy=0)
pUzo M=
2. M @uﬂll@.T;ﬂ) =0

hey leaol 1o cancellations for rncbusive

5P ectra,

Fo exampfle for single paxticle
£ /
inclusive spectra contu'butions of Aiffe-
vent .::"r':tr?:am;‘: u/w_



::-‘,Lf raction I'f.:’"n.:""i' i_f-i‘l.r"f..f 2470

conteibution for X220

a)
b %) Y N COAT.  AGK

Can:edﬂ&iﬁbn

+
e/
«— ZN( “-ai'*-"i,}*‘i-fr
<)
Thas only the contribution of the J;:L? am

""f: L"'_,.i_.r.!.'-‘ff"? LS ';’E-’C'L
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Thus AG oK - cutting wutes allow to

redjet properlies of muttipartizfe

predict prape p

P!-ﬁdl‘ll'i:f:n’ﬂﬁ i'f i-ﬂ'f.-r-"ﬁf’ff".-fh.f-’jﬁﬁ' ﬂ/L Téfiﬂﬁﬁff?i?
o f_ﬁ."fﬁf" are known.

I f‘i&l Jﬁ'*“*ﬂﬂf [r& "'F

{'S EI) (’{“T_E‘{ﬁ‘ ex ['E'Jms;{'s E—j_] k2l

k cut Pomerons + an ¥ numbet o uncut
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Multiparticle production and
topological expansion.

Cuttings of many pomerons in 1/N- expansion
correspond to multi-chain configurations

e e ——

e ﬁ '::

'-I l.__ I::__ ) S _I.___._ :

§ < | € - [i e

- s

- ': ' . -

: e e T <

] : .

( iCes <l
p,_.-_______--"_— L

Extra chains due to sea-quarks or gluons in
colliding hadrons
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Quark-Gluon Strings Model.

Models of multi-particle production, based
on reggeon calculus, 1/N-expansion and
string dynamics:

Dual Parton Model (DPM) — Orsay,

Quark-Gluon Strings Model (QGSM) — ITEP

AGK-cutting rules determine the weights of
2k-chains configurations.

Rapidity and multiplicity distributions of final
hadrons in chains can be determined
theoretically.
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Inclusive s Pm;t-:.q
Z 09'(ty) ;  Sehi

6, cross section for 2k chains ,pradm.-.tian

Mueﬁipﬁiai'ﬁ# disttibution (knﬂ—dfﬁmﬂm.}

)= 5 6. W ()
k=0
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Cﬂﬂiiﬁdll Qs an ExﬂmPfE- fJF—rﬁK
= Tn ﬂ?!. )C'La?rﬂ Eh‘ta'hinn 1‘-!‘3&‘* r

T © 1
:! Eh E T ﬂh- 5-d f?fﬂ h .
€ f'_ ﬁ dax -'1 . F(E*}Dq{ﬂ&)ii ¥

D B

ij:_ﬂrq + contuib. f*:am second chain

i iy ] Eanu? = ','I'F

1 detetmines how enerqy is devided

()
P between C’ and ?? -chains
- 90
j-F. fI,_]'-‘ :FF. {1‘11)
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Fox arbitrary configurations with -
both valence and "sea"-chains

9 t5,2)= ' {F,
+ 2(k-1) 'FhIr !:-x”f-;” %L;}

fda

hrk] h (k) h (k) h (k)
F rs:;+F :uF (e,) +

— h
Ki=i({xl+4$ tm) ) 1.+=E-Hp{g'#m“‘}

L (k)

h (k! .
F;_ (x) = Edlif f'xi}D(El 2, ; £=9 99, 9sea
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From annfgsfi of F!nna': dr'agmms :

f'q{” [ ci I-dl“] g I""ﬂ

(x)= 4 2
F g C1 (iqm)ﬂt‘!l’ﬂl} 2 (0) J "

xgll)=05 =, (0)==0.5

“r ! (k)

In‘l:ﬂpafntl'ﬂﬂ fovmutas for JCF (x)

U, (k) u, -oglt)
£ (2,) = Ck z, (1-%,)

olg ()= 20y (D) + {'h-.l.:]
E.ﬂ_

C:# detexmined from normalization cond,
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Inclusive spectra of different hadrons

awe a'etu.mmed by the fragmentation
f“ﬂ¢£’¢”5 ,D ﬂ) From P’ﬂha‘h d':a?-;gms-

r r-q-ﬂ y 2=
EP {E}: T .-ﬂll'nhh
" G fi'?) , 2 - 4
- U 1 r:-,l"l"']!l:l
a , 20 2@
ED {E) ) { E | -ﬂ*-'n.+-‘|.+1-."/_

.:-.-ir:f;-P:_,: , olgzoelglo)=05

fﬁr{a} = ‘D:"fz}/'a_")
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In‘LEIpofatinn fu‘nmuﬂas fa*r.. D?f!}

.'n'* 'ff'_‘l‘,.h
€.q. 2, (2) = a” (L-2)
-ﬁn+l+i

2 I}ffa} =q (1-2)

- ﬂrfﬂ;ﬁ + -I'I"l.“.' I:'-‘:l',l' fﬂ-j = {)

K? 1
2D, (@)= a*(1-2) (++b,2) ;
“d*m}"':’ip

z @ff!} . ﬂpfi'i,} . (1_ +bng)

fﬂn:tah‘l‘s fln, a™ , bh can be sfefezm."ﬂ&&"

theotetica Ily.
a¥= 044
u“faa = 0,12



Constraints due to energy-momentum, S, B,
Q,.. conservation allow one to fix
parameters in many cases.

No free parameters!
he model has correct double (x->0) and
triple (x> 1) Regge limits.

Multiplicity distribution for a single cut
Pomeron is of Poisson-type. Summary
distribution is much broader.
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Comparison with experiment.

Parameters of the model are B .
determined from the data A=0.12+014
on o*(s) and do®/dt

~Tim ——y—y B ()
6 (mps L :
L asa2 /| 1 PF /

/ ,f

150 L ) |
: |
/ | i

oo |
4 .

= 1;!" . ‘.p* i J-ﬂ‘ * JFI:I* II
Vs (ev) W (Ga)
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s for nondiffractive events
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QGSM gives a unified description of:
J(to’[) (S)’ d o (el) E d 30_

P dt d3p
for 7, K", K'(K”),p,D,AA,.

o (s) ,correlations,...

Substantial deviations from predictions of
the model at superhigh energies would
iIndicate to a new physics.



Lecture 3

Hadronic physics at
LHC
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Small x-physics and “saturation”
problem.

Lo

Fast increase of the L .
structure function F2 |

In deepinelastic scattering

as x>0 ( L = w202 ) Y g :
foH (W* Q%) = gzm Fy(z, Q%) -

This fast increase should

be stopped by unitarity
effects.
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“Saturation” problem.

From DIS data distributions of quarks
and gluons are extracted.

e H1+ZEUS combined NLO DGLAP fit yields impressive precision

:I‘kprlll 2008

lll'?R:'ll St;'m'lul'tlk l"l;lu'lllans “I'orﬁilg:} (ll'uuii

H1 and ZEUS Combined PDF Fit 1 H1 and AEUS Combined PDF Fit
=5 g [ T rrTaT T ) T AL | T T
[ B = .
2l x=0.002 S b Q=10 GeV?
© e HERATIe*p (prel) | =
e L 1 HERAPDFO.1 (prel) —— HERAPDFO.1 (prel.) i
- exp. uncert.
L |:| model uncert.
08 __ x=0.02
I ﬂ =
L e
— 2
06 } =
C P ki
:
04 - x=0.25 E
- —— HI12000PDF  _ I
w2 L —— ZEUS-JETS [""""""“ﬁi;\ g
L v -
L Eé i
o L 1o vl L 0w osauual o ow vl v 0 ov s saal L - ] Ti L L L AR L
1 10 10’ 10° ' 10 10 10 10! 1
Q?/ GeV?

Just based on HERA-I NC&CC data sets
- more to come!
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“Saturation” problem.

It is reasonable to assume that at very small x

the increase of parton densities will be
stopped and “saturation” will be achieved.

It is important to Y=In (/%) High density
determine the border Elmmff‘l o)
of the saturation ,.f‘%%:ﬂed
region Qs(x). de . -
“Color glass condensate’
in PQCD.

L.Mc Lerran et.al.

Low
density

NON-PERTURBATIVE

DGLAP e® ™
L
=8 o ¥

>

5

QCD InQ
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“Saturation” problem.

Saturation is achieved earlier for nuclei,
where densities of partons are higher

(by A'"° atfixed impact parameter).

This phenomenon is very general and in
reggeon theory is due to multi-pomeron
contributions. In the reggeon calculus
approach it is possible to describe F2 in a
broad region of Q? starting from Q2=0.

CFKS
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Interactions of pomerons.

Shadowing effects for partons as x>0 are
especially important at superhigh energies

(LHC, cosmic rays) as M2 .
X1 Xy =

S

This problem is closely related to existence
of large-mass diffraction and to interactions
between pomerons (“enhanced diagrams”).
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Large mass diffraction and
“enhanced” diagrams.

For large masses M2» 1 GeV?

a a ~_

H_Pﬁ:j+pﬁ” P

Triple-pomeron and n—=>2 pomeron vertices. In
general there are n>m P vertices ( .

In eikonal approximation grrrl] _ Cg n+m

This is natural from point of view of t-channel
unitarity.



Relation of diffraction to pomeron interactions

Ith intet. P intex
In 1/N-expansion correspond to the diagrams
- B o N e
~T 7
\ |. \ ’
.} \\. \.". 1 !
f ™ % R !1
e = 7 =



Different approaches to the theory of
interacting pomerons

Theory of supercritical pomeron with
triple-pomeron interactions is studied
since 70-ies D.Amati et al (1976)

It is not clear that such theory is consistent with s
and t-channel unitarity.

Partonic interpretation indicates that 4P-
iInteraction is necessary for consistency.

K.Boreskov (2001)
S.Bondarenko et al (20006)
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Different approaches to the theory of
interacting pomerons.
Summation of all enhanced diagrams

with g, =Cg™™" has been performed by

A.K., K.Ter-Martirosyan, L.Ponomarev (KT-MP) (1986).
Good description of pp

total cross section, elastic scattering

and osp with A=0.2. Correct predictions of
single diffraction dissociation cross section

for Tevatron.
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Diffractive processes and exclusive

Higgs production.

Note a substantial & “Xmbr

b

increase of A compared | &B:n//
_ 30 - s
to Aeff. Triple-pomeron | /9/3
o 20 ¥4
coupling is about 3 /
. | A oA -
tlmesllarger than the ok / oy
effective one. | s .
': t A
Important role of . ﬂay/
limitations on rapidity | |
gaps Oy > yo. ° 10% 10>
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Description of large mass diffractive
production.

Detailed description of large mass diffractive
production with account of multi-pomeron
exchanges in a simplified model

M.Poghosyan et al (2007)
Single diffraction Double diffraction

P. R-exchanages are taken into account
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Description of data on single DD

107 o .2 ¢ t=-0.036 GeV?(x10°)
§=262GeV® . {_ 9075 GeV? (x107)
. v t=-0.131 GeV? (x10)
10 4  t=-0.197 GeV?
%105 —0—4_1_-_!_4—I_'l_“_o - e ., '._.L.._;
% TTTore— )
;104 o TS og TS g oo a0 0 o o 10? E 3
2 = t=-0.05GeV’
'c:‘“]3 T"'rv-v-tv,,.r, o -
T msé_ \
2 —— - — — LR 74 3
10 Aﬂ&&ﬁﬂmﬁ_ﬁ_r*## . - Te—__ ppatNs =14 GeV (< 10)
: R, Y .
1072 . 107 g E H'H_\___H__ B 1—.--.,-._ _—
2 r o PP aINS =20 GeV (x 1t°)
510' s
107 - vz *  t=-0.036 GeV? (x10%) 2B — T
§ = 309 CI’L" - t= _g?g$ 2932 EX:II 8’]2] E — "““'-.____‘__h_
v t=-0. ev? (x LN TN ppaiNg =546 GeV (< 10
10° A& t=-0.197 GeV? 10° Ty f---w,fj_i_:“ o ‘
o _____—‘—‘4—--1.,. = TE— L o 2
> 5 B BN Y . - A
@10 =2 s 0 " e - A — v x7
© 0 . ppaiNs = 1800 GeV
E T TTCOoT— E _?b--_il__a_ A
5104 YoO 0T e TS5 9e-n—g-O g o - | o | 3
Ema — 102 107
102 ———Aa
eraﬂam_,g_ﬁ_n_é_&na a s
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12

10

Description of data on double

diffraction production.

" 5P§
0 Tevatron

/V

Double diffraction
VS Gol | Kinematicresion|  Daamb | Modelmb | Experiment
200 An>125 15+22 [ 40:004 | UAS
630 Ap>3 | 45800215 | 412015 | CDF
900 Ans13 4215 |639:023| UAS
1800 | Ap>3 | 63200317 |573:022| CDF
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Hard diffraction.

Regge pole approximation for hard
diffraction

TEVATRON HERA

(b)
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Unitarity effects for hard diffractive
Processes.
Both Regge and QCD factorizations of the lowest

order diagrams are strongly broken due to
multipomeron exchanges (unitarity effects).




Same effects for double gap configurations.
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DPE Higgs production.

Central exclusive production of a Higgs
boson at very high energies.




Why?

o Excellent mass resolution ~3 GeV
o Spin-parity analyser

Possibility to mvestigate CP structure of Higgs system

» Reduced backgrounds
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Higgs production at LHC

LHC very forward detector | A. de Roeck

" Exclusive Central Higgs Production....

Exclusive central Higgs production pp—> pHp : 3-10 fb
Inclusive central Higgs production pp — p+X+H+Y+p: 50-200 fb

. E.g. V. Khoze et al
b Jet M. Boonekamp et al

B. Cox et al.

V. Petrov et al...
sap sap Levin et al...

.

P ﬂf&‘) P

Advantages Exclusive production: 5‘ —jet

» Jz=0 suppression of gg—bb background

» Mass measurement via missing mass MZ — (P"‘f’— 1 —|)2
o =

pP—p
AM = O(1.0 - 2.0) GeV

roman pots roman pots p B 55
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Survival probability.

A value of suppression of cross section of
diffractive production process compared to
the “born” (Regge pole exchange)
approximation is often called “survival
probability” - S=2.

In the eikonal approximation:
[ [M(s,b)2 e 0) g2 e~ -probability |
T TM(s. b not to produce particles
B (to fill the gap)
Q(b) = —4id,(s,b)

§ = -
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Consequences of unitarity effects.

Generalization to several channels is

straightforward.

Strong suppression of inelastic diffraction
in the region of small b,

where Q»1. Inelastic diffraction occur
at the periphery of interaction region,
where nonperturbative effects are essential.
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Suppression in diffractive Higgs
production

s¥sb)

From V.Khoze, A.Martin,
M.Ryskin (KMR) (2007)

Double pomeron
Higgs production
o at LHC is effective
S for b > 1fm.

et bbb Suppression for
different processes is
not universal.

F LHC Vs=14 TeV
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Suppression of diffractive dijets at

Fo (B

Tevatron.

H1 fits vs. Tevatron Suppression in hadronic
— . interactions is due to

ol MW EF7Ge multipomeron exchanges.
R - v V.Khoze et al ( KKMR)

o describe CDF data in multi-

channel eikonal model.
| g Important for Higgs
) ——— production at LHC.

- — H1 2006 DPDF Fil B T

0.1 1

B
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Role of diagrams with interactions of
Pomerons.
How large are extra

shadowing effects due to
pomeron interactions?

a) Small for H due to
threshold effects.
KKMR (2001)

b) Can be substantial.
PQCD estimate by
J.Bartels et al (2006)
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Recent calculations of rapidity gap

survival.

Durham group KMR (2007) approach
- I n N+m
Multi-P vertices g, = Cnmg t

Different approach by Tel-Aviv group
E.Gotsman, E.Levin,U.Maor,J.S.Miller (2008)(GLM)

Motivated by PQCD pomeron, only diagrams
with triple-pomeron interaction

_§_ |

are considered (besides 2-channel § | ?
eikonal). {% :
For pp otot, doel/dt, cSD, oDD L5 fu g s

are described. A=0.33 v g



Role of enhanced diagrams.

Recent calculation of

S2¢n by KMR (2008).

Threshold effects play
an important role.

SZ2enh can be essential
for soft processes.

LHC /s =14 TeV




Bounds on SZenh from experiment

From analysis of CDF data on diffractive dijets one
can conclude that effects due to enhanced
diagrams do not exceed 50%

Same conclusion follows from analysis of HERA
data on spectra of leading neutrons

KKMR (2006)
(a) (b) (c)

a t a d | a a t a
jyl !-..‘ j‘*-.
by 1 Pi P AR
i. J ' J ,l

H ralaWallaWWe
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Bounds on S2enh from experiment.

o(E;>E™%: R >0.8)

Most direct test of :

the role of enhanced | {
diagrams in DPE *
exchange is provided

by the data on central, : \
exclusive diffractive | ‘
double jet production at |
Tevatron 5
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Predictions for LHC.

Qualitative predictions:

(tot)
a) 0 ) ~ fn‘ii#

45 § —p o0
b) D;'f{mctiu’e slope  B(s) ~ fn‘g‘:_
&

c) <n»~ 3 /%,

£N(s)y ~ 513-§-ﬂ
d} A6 - EN

c:JtH -
; g & L.
(n*S (with
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Qualitative predictions.

E_} MuﬂtfPEf.:f'E? dr’sft."bufr'ﬂn,}'

=
——_
My

/5 ~ 10" 6eV

JC) Imfomtant fﬂng tange

corzelations.
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Predictions for LHC.
6“"  j03mb (6% t2§)
6 (el) 26 mb [5“:‘;;- Ef'-‘li)
B o) 215 GeV™© (Blo) ~ tn't)
f R:Tfﬂl' 0.11
T ImTo)
Gp 12-13 mb  (6;p~Gpp~tag)
Oop {1=13 mb

{
flﬂ+ G;--D 5, usiﬂ'I'b'-:"iz"E
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Predictions for LHC.

7 {New) 80+100
d
§5=60
dps)
Ctquctutes in 6';1

f A N :
V. JLE -’.j ":.."’.E'-".'u'.l‘.':'-'l fin y } "_'_"'Tb"a':':l“l.-.-"ﬁ-

{. Latge amount of minijets,
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Charged particles multiplicity (QGSM calc. by M.Poghosyan)

M,
Eﬁ ----- A= 14 NSD
100 — —= A 12 NED o
----- Awi) 14 Frel f,’rl,
—o— A 12 el i x:{‘.' }
80— AL
- .-Il-....--l
T .-"-. - ’
LT et
60— J,*_;-”“'_'i:'“'#
40— .z e
BT
J-‘”fﬁ'ﬁi
-\.""ﬁ:._ -
20— s
| ] Illilll




Meson production (QGSM calc. by M.Poghosyan)
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"
Problems and new developments.

It is necessary to formulate Monte Carlo for
multiparticle production, which includes all
essential diagrams with interactions of
pomerons and gives description of x>0
region in DIS.

Existing Monte Carlo:

DPM jet, Phojet J.Ranft, R.Engel
QGSM ( with string fusion)  N.Amelin et al.
Nexsus K.Werner et al.

QGSjet S.Ostapchenko



» I
Conclusions

m Notion of Regge pole is “one of the stable
truth” in particle physics.

m Striking linearity of Regge-trajectories is
related to the confinement in QCD and is a
basis of string models of hadrons.

m 1/N-expansion in QCD is a very useful tool.

m Reggeon formalism is a universal approach
to investigation of high-energy interactions
of hadrons and nuclei.



» I
Conclusions.

m The pomeron is the main building block of
the reggeon approach. It has a rich
dynamical structure in QCD.

m Many-pomeron exchanges are important for
understanding high-energy interactions.

m Models based on reggeon calculus and 1/N
—expansion in QCD give a good description
of experimental data on interactions of
hadrons, nuclei and small-x DIS.



I
Conclusions.

m Study of diffractive processes gives an
important information on dynamics.

m Central exclusive Higgs production at LHC
Is a useful tool for studying Higgs
properties.

m Many predictions for pp-interactions at
LHC are formulated and will be soon
tested experimentally.
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