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Abstract
The status of QCD phenomena and open problems are reviewed

Foreword

The four lectures on “QCD Phenomenology” at hepr—Aovuva school, delivered in the dungeon
hall of the magnificent Pylos castle were, naturally, ladmbly Greek letters and dealt with

« — the basics of QCD and its main problems,

(£ — the running coupling and anatomy of the Asymptotic Freedom

~— QCD partons and the réle of colour in multiple hadroprditucand

0 — non-perturbative corrections to QCD observables.
In the written version of the lectures | have chosen to commanon thegualitativediscussion of selected
QCD phenomena rather than teach you the basic perturba@ t€chniques The selection criterion

was as follows. | have picked the topics that | find puzzling/anwhose importance | feel have not
attracted as much attention as they rightfully deserved.

1. INTRODUCTION. ON GUESSWORKS.

The spirits were kind enough to say:
“We have no respect of culloursT]2]

In the late 1970s one could say “QED was 30 yedds. In 2003 we cannot but state that “QCD
is 30 yearsyound. Dating great discoveries is a delicate business, thodghe spirit” in the above
Charlotte Fell-Smith’s narrative actually was Ufiethe one of four Archangels responsible for funda-
mental science (and physics in particular) [3]. Thus tha ioiecolour invariance, as communicated by
Arch. Uriel to Dr. John Dee, may be dated back 420 y#drs1582 Dr. Dee pens down Uriel’s detailed
instructions on arranging the conjuring table:

“The sylk must be of diuers cullors: the most changeable #rabe goften}” [4].

The idea of colour symmetry could not be put forward more rijed The most changeable, diuers
[diverse] cullors’ to which qguantum numberwe [angels]have no respect.However Dee here adds a
confusing marginal remark,

“The cullor was shewed red and greene interchang€ably, Nouemb. 21. Ao 158H4].

This suggests it may have be8t/ (2) rather thanSU (3) that Uriel was trying to deliver (unless Dee was
colour blind to the blue part of the spectrum, of which we hagedocumented evidence). Tiny details

A systematic introduction into the physics of colour, gluadiation, parton multiplication etc. can be found in the-Pr
ceedings of another CERN-Dubna school [1].

2pleph, vau, resh, yod, aleph, lamed — “Fire of God”, the medillar of the Tree of Life and supervisor of Nature Spirits.

3An apparent contradiction with another angelic messabjeté the forme of the thing seen. Note the cullddi, is
resolved by accepting that Dr. Dee misunderstood the ahly&lt meant ‘Not the colour”



aside, the key idea of the local non-Abelian symmetry hach lodearly present in the angelic message
(no respect of culloups

Now let us leave Dr. John Dee for the time being and stresdftbathysics of hadrons always was,
and still is, providing puzzles and inspiration. If 30—4@Gy&ago quantum field theory (QFT) had been
kept in higher respect (which it was not), some general pmemological features of hadron interactions
that were known then could have already hinted at QCD as agrliyity microscopic theory of hadrons.

1.1 Hints from the past

e The fact that in high energy hadron interaction processelastic breakup typically dominates
over elastic scattering hinted at proton being a looselyndaompound object:

= Constituent Quarks

e Constancy of transverse momenta of produced hadrons, ppeaence of largé; fluctuations,
was signaling the weakness of interaction at small relatisiances:

== Asymptotic Freedom

e The total hadron interaction cross sections turned out faréeticallyconstantwith energy.If we
were to employ the standard quantum field theory (QFT) péctira particle exchange between
interacting objects,

J-1

Ot X 87~ ~ const

thenthis called for a spin-one elementary fielll= 1, to be present in the theory.

Uniformity in rapidity of the distribution of produced hadrons (Feynman plateainted in the
same directionif, once again, we were willing to link final particle productitb accompanying
QFT radiation.

= Vector Gluons

Nowadays the dossier of puzzles & hints that the hadron phenology has accumulated is very impres-
sive. Itincludes a broad spectrum of issues ranging fromplaged regularities in hadron spectroscopy
to soft “forceless” hadroproduction in hard processes.otate and formulate a puzzle, to digest a hint,
— these are the road-signs to the hadron chromodynamicsriectien site. We are learning to listen.
And to hear.

1.2 That nasty confinement

The reason why one keeps talking, 30 years later, gim#les and hinf@boutconstructingQCD rather
thanapplyingit, lies in the conceptually new problem one faces when dgaliith a non-Abelian theory
with unbroken symmetry (like QCD). We have to understand tmmaster QFTs whose dynamics is
intrinsically unstable in the infrared domain: the objdm$onging to the physical spectrum of the theory
(supposedly, colorless hadrons, in the QCD context) hawdineat one-to-one correspondence with the
fundamental fields the microscopic Lagrangian of the th&made of (colored quarks and gluons).

In these circumstances we don’'t even know how to formulatieealevel of the microscopic fields
the fundamental properties of the theory, such as consenvat probability (unitarity) and analyticity
(causality):

e What doedJnitarity imply for confined objects?
¢ How doesCausality restrict quark and gluon Green functions and their intésacimplitudes?
e What does théMassof an INFO — [well] Identified [but] Non-Flying Object — mean?

The issue of quark masses is especially damaging since aataisimetween quark and hadron thresholds
significantly affects predicting the yield of heavy-flavdreadrons in hadron collisions.



Understanding the confinement of colour remains an openlgobGiven the present state of
ignorance, one has no better way but to circle alongGless-Calculate-Compateop. There are,
howeverguessesindguesses

1.3 Circling the G-C-C loop

Perturbative QCD (pQCD) is believed to govern the realm @frthprocesses” in which a large mo-
mentum transfer)?, either time-likeQ? > 1 Ge\ (jets), or space-like)? < —1 GeV? (structure
functions), is applied to hadrons. pQCD controls the relevaoss sections and, to a lesser extent,
the structure of final states produced in hard interactiofMhatever the hardness of the process, it is
hadrons, not quarks and gluons, that hit the detectors. H®réason alone, the applicability of the
pQCD approach, even to hard processes, is far from beingodviOne has to rely on plausible argu-
ments (completeness, duality) and look for observablesditeess vulnerabldowards our ignorance
about confinement.

Speaking of substitutingood guesse®r ignorancethe following ladder emerges.

Total cross sections.

The safest bet of all is the idea 6bmpletenesapplied to a handful of observables that enjoy the
status of “totally inclusive cross sections”. Completeneicolour states may be looked upon agad
direct guess The examples are

owt(ete” — hadrong, T'(r — v, + hadrong.

Here one replaces the probability of productiorhafironsby a colorless current (virtual photon,Z°
or W) by that of agq pair,

W(j — hadrong = W(j — qq) ® 1, 1)

and argues that thtal probability of the conversion of quarks into hadrons carmetanything but

1. This sounds fine if the momentum transfer to the hadron syst¥, well exceeds the hadron mass
scaleO (1GeV?). The guess becomes ledisect when the momentum transfer gets smaller and the final
state hadronic system starts to “resonate”. In particutaihe case of the lepton decay width where
Q% < m? ~ (1.8GeV)? a point-by-point correspondence between the left and tight sides of (1)

is lost and some “smearing” over the invariant mass of thedradystem should be applied. There is a
smart way to do this, by referring to ttamalyticity in Q2 of the correlator of the currentg; j), which
follows from causality By treading this path one arrives at an amazingly tight mdrtver potentially
disturbing non-perturbative effects, which makesttaecay a legitimate source of thg measurement

at pretty small scales (for details see [5]).

DIS structure functions.

These are not “totally inclusive cross sections”, as faradrdns are concerned, simply because
there is a definite hadron in theitial state. We are not clever enough to deduce from first pringiple
the parton distributions inside a target hadron (PDF, arcstire functions). However, the rate of their
In Q%-dependence (scaling violation) is an example of a Coltiaea-Infrared-Safe (CIS) measure and
stays under pQCD jurisdiction. Here one applies a similgicland appeals to analyticity of the virtual
boson—proton scattering amplitude to translate the Bjptkenoment®f the inclusive Minkowskian DIS
cross section (structure functions) into Euclidean sptee Operator Product Expansion (OPE) being
the name of the game (modindirect guess.

Recall that in the Bjorken limita = const,|Q?| — oo, that is neglecting corrections in powers of
1/Q?) one can describe the pattern of the logarithmic deviatioors the exact Bjorken scaling in terms
of probabilistic QCD improved parton picture with cascadiouarks and gluons replacing point-like
partons of the original Bjorken-Feynman parton picture.



Final state; Inclusive.

The next step down our squeaking ladder of ignorance — andnive at inclusive characteristics
of hadronic final states produced in hard processes. Oop® ¢ie guesses cannot be labeled other than
wild. There is noa priory reason for distributions of final hadrons to bear much re¢@ncke to those
of underlying partorfs As we shall discuss below, both the energy and angulaitdisions of hadrons
dofollow partonic ones. This fact is well established phennabegically (for a review see [6]). It does
not follow from “first principles”, but rather tells us aboobnfinement (as providing soft, local in the
configuration space hadronization of partons) supportiegoriginal wild guess known under the name
of LPHD (Local Parton—Hadron Duality) hypothesis [7].

It is important to mention that the probabilistic parton lewion picture (the source of inspira-
tion for Monte Carlo event generators) isagsroximateas it islimited. Strictly speaking, it had been
validated for DIS SFs [8, 9] (and single-particle inclusilistributions ine™e~ — fragmentation func-
tions [9]). No less but no more. Aiming at more than that witlE kbols is, strictly speaking, illegitimate.
However this does not mean that a probabilistic treatmem@izbe somewhat extended beyond its orig-
inal limits.

A famous example to the contrary is given by the so-calledutargOrdering (AO) story of early
1980s. Alfred Mueller and Victor Fadin found that quantumchmical interferences affect soft gluon
cascades iate™ jets and invalidate the classical (= probabilistic) DGLABIetion picture [8, 9]. Atthe
same time they showed that the interference effects coulakiea full care of by simply restricting gluon
multiplication into successively shrinking angular reggo9,; < 0;, with i the parent parton ang 1
its softer offspringw;+1 < w; [10]. Surprizingly, the AO was later found to work beyond teading
strong ordering approximation (Double Logarithmic Apgroation of strongly ordered energiesid
angles, DLA). The most natural specification of the AO prgéicn, 0,1 < ©;, was shown to properly
embed the next-to-leading (single logarithmic, SL) caiicets [7]. ThisExact Angular Orderingule (in
place of the DLStrongone) does the job and restores the probabilistic evolutyopecture forenergy
spectra of (soft) particles in jets. As far asgular distributions are concerned, it works, however, only
on average It cannot be applied tangular correlations In particular, quantum-mechanical coherence
plays a crucial role in predicting inter-jet particle flowsmulti-jet events. This is the domain of the
so-called string/drag phenomena, of collective radiagiffects — QCD radiophysics.

Final state; Correlations.

Multi-particle correlations are obviously far more vulable. Even having learned and accepted
the God-given LPHD in single-particle distributions (inclusivearicle flows), we feel at sea when
correlations come onto stage. There may be some good newsgfom pQCD approaches to KNO,
intermittency phenomena and alike [11], but head-on peative attacks on correlations fail more often
than not.

1.4 Substituting a good guess for ignorance

George Sterman and Steven Weinberg suggested to logditinear-and-InfraRed-SaféCIS) observ-
ables, those which can be calculated in terms of quarks amthgithout encountering either collinear
(zero-mass quark, gluon) or soft (gluon) divergences. Tgreglaimed such observables to be “more
equal’, free of large distance — confinement — effects andwaged us to directly compare correspond-
ing Pt} predictions with hadronic measurements [12]. This guesksraigher tharhypothesis it is
rather arideology

The Sterman—Weinberg ideology gave rise to well elabonatededures for counting jets (CIS jet
finding algorithms) and for quantifying the internal sturet of jets (CIS jet shape variables). They allow

“modulo perturbatively controlle@?-dependence of the Feynmarmoments of fragmentation functions, see below.
5y 1
Uriel?



the study of the gross features of the final states while rsgggtivay from the physics of hadronization.

Along these lines one visualizes asymptotic freedom, check gluon spin and colour, predicts and

verifies scaling violation pattern in hard cross sectioms, €hese and similar checks have constituted
the basic QCD tests of the past two decades.

This epoch is over. Now the HEP physics community aims atipgohenuine confinement effects
in hard processes to learn more about strong interactidms pfogramme is ambitious and provocative.
Friendly phenomenology keeps it afloat and feeds our hopestadcting valuable information about
physics of hadronization. The quest is not easy, we are btunthke mistakes and are trying to avoid
errors.

1.5 On mistakes vs. errors

smth. done wrongly, or

smth. that should not have been done.
Longman Dictionary of Contemporary English, 1987.

mistake:

The original calculation of the electron loop which pagies in the polarisation of QED vacuum
and makes the coupling run with virtuality(k?), produced a wrong sign (in modern words, a QCD-ish
[-function). According to the Longman Dictionary this waseror, though not anistakesince it was
worth making!

It took a while before young colleagifepointed out to the maitre that he erred. However the
time span proved to be enough for Lev Landau to develop arisiaistically discuss with Isaak Pomer-
anchuk and their pupils a beautiful physical picture of wisahow known to us under the name of
“asymptotic freedom”. The seminal papedfi the quantum theory of fielt®llowed [14]. It has the
sign right; theerror had been correctéd

In “Fundamental Problenig15] — a homage to Wolfgang Pauli — Landau discussesllifica-
tion’ of the theory which is “tacitly accepted even by theoretical physicists who psofedispute it.
He remarks thatthe validity of Pomeranchuk’s proofs has been doubtéte considers the criticism
but asserts thatt'therefore seems to me inappropriate to attempt an imprear in the rigor of Pomer-
anchuk’s proofs, especially as the brevity of life does Hotnaus the luxury of spending time on problems
which will lead to no new result$

In the late 1950s the problem was known as “Moscow Zero”: skang of the physical interaction
(renormalized coupling) in the limit of a point-like bargenaction,Ayy — oco. The depth of that crisis
can be measured by the Dyson prophesy [16] that the correesdni theory — the theory of strong
interactions — Will not be found in the next hundred yeaend/or by the Landau conclusion [15] that
“the Hamiltonian method for strong interactions is dead angsttbe buried, although of course with
deserved honotir.

This was not arerror. It was amistake But one well grounded. It was based on Pomeranchuk’s
extensive analysis of all then-known renormalizable tlesor with scalar X¢*), Yukawa, four-fermion
interactions [17]. In all these QFTs corresponding runmiogplingsincreasedvith momentum transfer
|k2|, slowly but catastrophically. Let us not forget the sameavedur of QED [14] and an unrealistic
but pedagogically valuable Lee model [18]. No wonder, thgasion looked desperate indeed.

We may guess that Landau and Pomeranchuk apparently uratrsto well that search for a

“better” (asymptotically free) theory was unlikely to befanit. The pattern of the fall-off creen-
ing) of the interaction atarge distancegincrease with momentum transfer) seemed too general to be

®B. loffe and A. Galanin.

"This paper, however, containgnistakeof a rather different nature. In a footnote we readih& quadratically divergent
photon mass should be put equal zér¢.So far so good. But then, JThe presence of a finite photon mass would violate the
charge conservation laiv.[ Nope. Though their footnote does fully apply to the Q@monmass. What an irony! ]

8This short but intensely wise paper turned out to be Landasts



passed by. Indeed, the vacuum polarisation loop correctima analytic ink? (causality). Hence (by
crossing-symmetry) the “zero-charge” sign of thidunction inevitablyfollows from positivity of the
cross-channel pair production cross section being priomatt (by unitarity) to the imaginary part of the
loop amplitude.

Back in 1969 Yulik Khriplovich demonstrated that in a nonellan SU (2) Yang—Mills gauge
theory the coupling constant disrespects this argument Mi&dimir Gribov explained how it dares to
do so without violating “first principles” [20].

Imagine a pair of static colour charges e.g., heavy
quarks interacting via instantaneous Coulomb gluon

Instantaneous Coulomb interaction
A

exchange marked “0” on the adjacent picture. s B

In the next order ins there appears the standard .24 | = N 1 e+ 2
vacuum polarisation correction due to gluon decays iwéﬂ % 3
into “physical” quanta, either g pair or two trans- Trans verse gluons (and quarks)
verse gluons (1.”). They both respect unitarity and
give the same-sign contributions to tf¥efunction A Khriplovich (1969)
as shown on the top part of the picturesereenthe ANTI scrleening Gribov (1976)
charge (as in QED and everywhere else). |

In QCD this is not the end of the story however. \'7

There is another type of radiative corrections due to . .

. . Instantaneous Coulomb interaction
the fact that our Coulomb carrier propagates in the -3
“external field” of vacuum fluctuations dfansverse  :.%..%..% — +N 4
guanta. Coulomb gluons couple directly to trans- M lgv\gé\ % ¢
verse ones (whereas photons did not). The first non- -
vanishing contribution emerges in the second order
in the couplingg; (bottom part of the picture). Itis large and has the opp@sge corresponding tanti-
screening The origin of the “opposite sign” is readily understood f2is the same phenomenon that

pusheslownthe ground state energy of a quantum-mechanical systera gettond order in perturbation,

| 0|5V\n
— Ey _Z 55 <C

S
Vacuum fluctuations of transverse fields

1.6 Good guesses and bad guesses

Given our present awareness of the essential differeneeebatmistakes and errors, an appealdfad
guesse$BG) would not sound provocative. In the first place, one sd&@s to havgood guesseGG)
shining ever brighter. However to avoid slipping toward Piues we had better put forward a more
serious argument: one learns by making bad guesses andmimdrthem with reality. QCD history is
rich in BGs. Let us recall a couple of them.

A celebrated example of a BG is given by the initial parton eiqucture of how quarks hadronize.
Feynman'’s original idea was that each parton converts itiongh of hadrons (with limited transverse
momenta and a uniform distribution ifx:/z) — the Feynmarplateauof rapidity lengthyy.x ~ In E,
with E the parton energy. This idea was realised in the very firgidrFeynman) fragmentation model
and was accommodated later by more advanced MC event gansdiae ISAJET, COJET. Such models
today can be pronouncetbadand tobe buried, although of course with deserved honoliney lost
the race to the so-called Lund string model which was basetti@smart decision to take into proper
consideration theolour topologyof the underlying multi-parton system [21].

Bo Andersson, Gosta Gustafson and Carsten Pefechose to view a gluon radiated off a primary
qq pair inete” — ¢q as a system of a fake quark and antiquaskg;. Then with good accuracy
(modulo1/N? ~ 10% colour-suppressed correction) each of the two “pajig’ andqq finds itself in

*Theory Department of the Lund University, Sweden. Hencentirae of the model.



acolour singletstate. They suggested to treat each “pair” according to igld-FFeynman prescription
(but in its proper cms!). This seemingly harmless modifarathad dramatic consequences. For one
thing, the multiplicity of additional hadrons originatifigom emission of a hard gluon turned out to be a
function of the gluortransverse momentufwith respect to the primaryg) rather than its cmsnergy
Ymax = Ink,;. The crucial role of colour topology, both for multi-jetewvt multiplicities and for the
pattern of particle flows between jets — the so-called steiffiget(s) [21], was later confirmed by purely
perturbative QCD considerations [22].

Another prominent though less known example is providedhsydtory of the EEC (energy—
energy correlation) measure éte~ annihilation [23]. It was the first CIS observable to haverbee
experimentally studied at"e~ accelerator PETRA in DESY (Hamburg). And with disastrousules.
The “ideology of infrared stability” | was praising so aboseemed to have failed. The discrepancy
between the pQCD quark—gluon prediction and the measudimshadron energy weighted inclusive
correlation was found to beubstantial Worse than that, it turned out to kabbornas it refused to go
away with increase of the annihilation enei@y, defying ideology.

Now we understand what has happened. The EEC in the backetodinematics turned out to be
particularly strongly contaminated by non-perturbatitfects [24].

2. PERTURBATIVE QCD AT WORK. WHY?
He [Dr. Dee] deprecates any kind of traffic with unauthorised
or unreliable spirits, and acknowledges again the only Seur
of wisdom. But since he has so long and faithfully followed
learning, he does think it of importance that he should know
more. The blessed angels, for instance, could impart to him
things of at least as much consequence as when the prophet
told Saul, the son of Kish, where to find a lost ass or t{2p!

In recent years pQCD has helped us to collect an impressivdauof ‘lost assesindeed. How-
ever one cannot help wondering why the pQCD treatment warlssigrizingly well in some cases and
fails miserably in others (often of a similar nature, resgdon the same plank of our ladder of ignorance)?

It seems the messages are being sent. To grasp them we haatats, scrutinize and try to
classify the “good” and “bad” cases. But first we'd betteresggon the vocabulary.

2.1 Words, words, words ...
Speaking of “perturbative QCD” can have two meanings.

{1} In a narrow, strict sense of the wongkerturbative approachimplies representing an answer for a
(calculable) quantity in terms of series in a (small) exjpamparameter(Q), with @) the proper
hardness scale of the problem under consideration.

{2} In a broad sens@erturbativemeans applying the language of quarks and gluons to a probkem
it of perturbative (short-distance, small-coupling) oeewnon-perturbative nature.

The former definition{1} is doomed: the perturbative series so constructed are kitmdimerge.
In QCD these are asymptotic series of a kind that cannot [sifinened” into an analytic function in a
unique way. For a given calculable (collinear-& -infrareafe; CIS) observable [12] the nature of this
nasty divergence can be studied and quantified as an iitrinsiertainty of pQCD series, in terms of so-
calledinfrared renormalong5]. Such uncertainties are non-analytic in the couplingstant and signal
the presence of non-perturbative (large-distance) sfféair a CIS observable, non-perturbative physics
enters at the level of power-suppressed corrections —c/as(Q)} o« @P, with p an observable-
dependent positive integ@mumber.

ysually, though not necessarily [24]



Meanwhile the broader definitiof2} of being “perturbative” is bound to be right. At least as long
as we aim at eventually deriving the physics of hadrons fieeguark-gluon QCD Lagrangian.

To distinguish between the two meanings, in what follows vilesmpply the wordperturbative
with a superscript!! or {2}, Thus, when discussing the strong interaction domain msesf quarks and

gluons in what follows we will be actually speaking abouttpesatively'™} probing non-perturbativé!
perturbativé? effects.

2.2 QCD coupling

Loke unto thy charge truely:
Thow art yet dead. Thow shallt be revyvid.

DIS [pol. stret. fetn.] —o— The pictures of the properly measured and properly run-
DIS [Bj-SR] e . . . .
DIS [GLS-SR] . ning perturbativey QCD coupling [25] are soothing.
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Experimenters (as well as theorists) shy away from lookialpw 1 GeV. And for a good rea-
son too: how to discuss the strength of interaction betwedored objects — quarks and gluons — that
supposedly “don’t exist” at “large” distances correspaogdio Q < 1 GeV? We may eventually have to.

Recall what the Renormalization Group teaches us aboutlthege of renormalized coupling

as(;ﬁ%) with the renormalization scaler. This teaching, however, is of limited value. The momentum
variation ofag is determined by thg-function,

d as(lu%{) - o 2 _ o
dlnpp < 21 > = Blas(ur)) , Bla) = fo+ Brg— =+

Beyond two loops the coefficienfs, with n > 2 turn out to bescheme (and in some schemes even
gaugg-dependent; in other words, arbitrary. Therefore, thgdanomentum behaviour of the running
couplingas(Q?) cannot be uniquely fixed beyond two loops. The reason forishattetty simple. Uni-
versality is inherited from the basic propertywfraviolet renormalizabilityof the theory, and it is only
the first two loops that are truly dominated by the UV regionstall-distance physics.



Indeed, the one-loop radiative corrections contain thedstad logarithmically divergent integral

4
/%O{]DAUV = o0 ﬁo.
Hiding infinity under the carpet produces, the first coefficient in theT g-function expansion. In the
next step we supply our loop with an additional internal gludNow we have two independent loop-
momenta to integrate ovef; andge. Integration regiong; ;) < go(1) < Ayy could have produced
(In Ayy)? contributions. These get suppressed by renormalizingnteenal propagators and vertices at
the one-loop level, the result being a single-logarithmiiegral determined by the regian ~ ¢ <
Auv,

d4
/q—fas(u%) x as(pR)InAyy = oo = fF. (2

This is how the usual story goes, order by order in pertunbatfieory. We can do better, however, by
taking into consideration that the coupling in (2) runs with internal momentum. This means reorgan-
ising thepT series so as to incorporate into the two-loop diagram thiednigrder effects which result in
substituting the runnings(¢?) for the constantys(1:%). By doing so we obtain a contribution which is
still uv-divergent, though modified by the logarithmic decreasdefdoupling at large momenta:

d'q .,
/—4as(q)oclnlnAUV = o0 — [f.
q

Renormalizing it out gives rise t@;. Starting from the third loop (twointernal gluons) the aiion
however changes drastically: tbe-region is no longer dominant, and we get

d* - : :
/q—f (as(q2))2 = finite = (3,>2 depend on thinfrared physics!
Thus starting from the (next-to-next-leading) level, a purely perturbatietreatment may become
intrinsically ambiguous because of an interconnectionvbet small and large distances. There is no
way of unambiguously defining the QCD coupling (beyond two loops) without solving the Theory in
the infrared, that is without understanding the physicsotdur confinement.

2.3 Where is confinement?

The quark—gluon picture works rather well across the boslokeover, in many cases it seems to work
too well This is another worry: too good to be true ain’t good enough.

Too early?

The way the differential large angle — 2 particle scattering cross sections should scale with
energy (momentum transfer) was envisaged by the so-cajieark counting rules” [26].

do _ f(©).

dt ~ sK-2’
with K the number oklementary fieldg¢quarks, photons, leptons, etc.) among / inside the irginal
final particles.

For example, in the case of the deuteron break-up by a phetenD — p + n, we haveK =
1+ 6+ 6 = 13 (a photon and 6 quarks inside the initial deuteron and andle the final proton and
neutron). So, the differential cross section is expectefdltavith s, asymptotically ass—'! = EZ722.
The key wordasymptoticallyalways provided an excuse for unnerved HEP theorists in émegiounters
with angered experimenters. The JLAB plot in Fig. 1 which trbwed from Paul Hoyer’s talk [27]
seems to be telling us that this standard excuse is unnegdssa. However, it is again unnerving but

t
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for precisely opposite reason, if you take my meaning. lddées very difficultto digest how the naive
asymptotic regime manage to setthat early! The lab. energy GeV of the incident photon, where the
scaling behaviour starts, is justo low.

The “counting rules” invite us to view a » g 20

fast deuteron as a system of six comoving ECMd_? (yd-pn) / kb GeV

valence quarks. One of them is punched 5

by the photon. The other five we have -
to properly push ourselves so as to make 15 [
them fit into two outgoing nucleons. This
is done by exchanging five gluons be- 1.0 ¢
tween the quarks in thecattering am- F
plitude so that thecross sectioracquires 0.5 [
the factoral’. The picture makes sense F

o Jefferson
0,A SLAC
X Ref. 16

as long as 1) the deuteron is indefedt 0.0
. 0 1 2 3 4 5
and 2) typical momentum transfey$ be-
tween quarks are large enough to allow us E (GGV)
to use the concept of gluon exchange and i
of the QCOY couplingas(¢?) for that Fig. 1: Large angle-disintegration of a deuteron [28].

matters. None of these conditions holds foy ~ 1 GeV.

Nonetheless we would have had every right to feel happy abigutl provided we could con-
vincingly answer but one question: why is such precocioadirsg not seen for simpler systems and in
particular for the simplest of them all — the electromagn&irm factor of a pion?

Too smooth?

~ 16
HERA measurements of the DIS proton structure N
function Fy(z, Q?) in a wide range of photon vir- 14 - ‘ ﬂT
tualities, i % i%:”
[ iy |
0.1GeV? < Q% < 35CGeV?, [ ; i)
1 ; L\ % DA
are compiled in Fig. 2. The data are plotted as a [ o
function of the simple variable 0s |-
0.04 Q? -
=log—log |1+ —— 08
§=log— g( 0.5Ge\/2> :

proposed by Dieter Haidt [29]. T
Being surprisingly smooth, they show no sign of a ,
“phase transition” when going from large virtualities |
(perturbativé!} regime) downto very small scales o oo
where non-perturbativ& physics should dominate. R

Fig. 2: F» for 2 < 1073, Q2 > 0.1 GeV? [29].

ZEUS svx (blue crosses)

ZEUS bpc (blue open circles)
H1 low Q* (red open circles)
H1 prel—97 low Q* (red crosses)

Too soft?

As we will discuss below in great detail, the perturbativ&lypredicted inclusive energy spectra
of relatively soft,z, < 1, partons(mostly gluons) were found at LEP, HERA, Tevatron and elsseh
to be mathematically similato those of charged hadrons (mostly pions), thus confirmiegLtPHD
hypothesis of soft confinement. The distribution inln 1/z,, has a characteristic shape which follows
from coherent gluon cascades (abovementioned AO). Thacpeddposition of the hump for gluons
coincides with the maximum of the pion spectrum and liesicalty, belowp = 1 GeV!



The same story with angular distributions of interjet sddttjzle flows in multi-jet ensembles
(numerous string/drag effects). The worry is, that thedeeitween jets particles are in reality Qo0 —
—300MeV pions which for some reason beyond our apprehension stihsdnto obediently follow the
pattern of underlying colour fields. The message is strangelbar: whatever the ultimate solution of
the confinement problem may be, it had better be gentle isfibaming the quark-gluon Poynting-vector
into the Poynting-vector of the final state hadrons.

Is proton really bound?

HERA taught us that proton is fragile. It suffices to kick itlwvil GeV momentum transfer, or even
less, to blow it to pieces. It seems that what keeps a prowether is not any strong forces between the
quarks but merely quantum mechanics: the proton just haopienbe the ground state with a given well
conserved quantum number (baryon charge). It is integestirsee how easy it is to break a proton. To
achieve that it is not even necessary to kick it hard. A satitsb (or rather two) is enough to do the job.

There is no sign of advocated fragility in a normal

Z 50 (minimum bias, soft) high energy proton-proton
= - net protonse Pb+Pb, central 5% tteri The f leadi ticle effect
S 40k o scaled p+p , scattering. e famous leading particle effec
- 5°%00 RIAMN shows that a projectile proton stays intact in the
- o ﬁﬂ&’ LY final state and carries away a major fraction of the
20 L ° x incident momentum (diamonds for “scalgd- p”
0% o ¢ ~+

in Fig. 3). This should not surprise us. In a typical
pp interaction it is only one of the valence quarks
of the proton that scatters. Internal coherence of
the spectator quark pair remains undisturbed. In
32 1 0 1 23 Y these circumstances the proton splits into a triplet
Fig. 3: Proton “stopping” as seen by NA-49 (1999yuark and a spectator diquark which is in a colour

anti-triplet state. At the hadronization stage,
the former picks up an antiquark and turns into P 7AN
a meson carrying, roughly, ~ 1 of the initial  d d
proton momentum, while the diquark (colourﬂ
equivalent of aj) picks up a quark forming a
leading baryon with: ~ 2. It may be, for ex-
ample, aA—baryon as shown in Fig.4a. More
often it will be a proton, neutron ak. What is
important, however, is that tHearyonic quan-
tum number moves forward — stays close in ra-
pidity to the projectile proton. Fig. 4a: Gluon exchange produces a leading baryon.
It suffices, however, to organize @ouble N _

scattering within a life-time of the intrinsic d P P K" m d

Coherent "diquark”

proton fluctuation in order to destroy the pro- u C_ "
ton coherence completely (including that of u ¥ u C— s >
the diguark which remains intact after the first d >

scratch). Now the three quark-splinters of the
proton separate as independent triplet charges
and normally convert in the final state into
three leading mesons carrying ~ % each
as Fig. 4b suggests, with the baryon quantum

number sinking into the sea.

This is what seems to be going on in the lead—lead scattesa®gf-ig. 3. Disappearance of leading
protons is known as “stopping” in the literature. This | be& is an inadequate name: there is no

Fig. 4b: Double exchange “breaks up” the proton.



way to stopan energetic particle, especially in soft interaction@glativistic quantum field theory is
more tolerant techanging particle identitghan to allowing a large transfer of energy-momentum (tecal
relativistic Compton where thieackwardscattering dominates: an electron turns into a forwardghot
and vice versa).

If this heretic explanation of the “stopping” as proton afstity is correct, the same phenomenon
should be seen in the proton hemisphere of proton-nucletiisions and even impp. As we know, in
pp there are leading protons. However, this is tameaverage Even inpp collisions one can enforce
multiple scattering (and thus full proton breakup) by sehecrear events, e.g. with larger than average
final state multiplicity.

In all these case®p, pA, AB) “proton decay” should be accompanied by an enhanced stina@sg
production.

2.4 Perturbative!l quark confinement?
A spirit afterwards told hinjJohn Deelthat ignorance was
the nakedness wherewith he was first tormented, and “the
first plague that fell unto man was the want of scien{2]’

Soft hadronization, likely absence of strong inter-parfimces, fragile proton — can it be recon-
ciled with confinement in the first place? To the best of my kieolge, the Super-Critical Light-Quark
Confinement theory (GSCC) suggested by V.N. Gribov in eably [30] is the only scenario to offer a
natural explanation to the puzzling phenomenology of rrhatiron production discussed above.

As a result of the search for a possible solution of the confer@ puzzle Gribov formulated for
himself the key ingredients of the problem and, correspugigi the lines to approach it:

e The question of interest is not of “a” confinement, but théttlké” confinement in the real world,
namely, in the world with two very light quarks @ndd) whose Compton wave lengths are much
larger than the characteristic confinement scalg ¢ 5 — 10 MeV < 1 GeV).

e No mechanism for binding massldsssonggluons) seems to exist in QFT, while the Pauli exclu-
sion principle may provide means for binding together nessfeérmions(light quarks).

e The problem of ultraviolet regularization may be more thameahnical trick in a QFT with ap-
parently infrared-unstable dynamics: the ultraviolet amfdared regimes of the theory may be
closely linked. Example: the pion field as a Goldsone bosoergimg due to spontaneous chiral
symmetry breaking (short distances) and as a quark bouted(kege distances).

e The Feynman diagram technique has to be reconsidered in Q&2 goes beyond trivial pertur-
bative correction effects. Feynman’s famaugrescription was designed for (and is applicable
only to) the theories with stable perturbative vacua. Toawsiténd and describe a physical process
in a confining theory, it is necessary to take into considemahe response of the vacuum, which
leads to essential modifications of the quark and gluon Grewstions?.

There was a deep reason for this turn, which Gribov formdlatehe following words:
“I found I don’t know how to bind massleg®son$

(read: how to dynamically construgtueballg.

As for fermions, there is a corresponding mechanism pravigethe Fermi-Dirac statistics and
the concept of the “Dirac sea”. Sp%ﬁparticles, even massless which are difficult to localize,lmaheld
together simply by the fact that, if pulled apart, they wottdrespond to the free-fermion states that are
occupiedas belonging to the Dirac sea.

1The proper technology lies in a generalisation of the Keidgimgram technique designed to describe kinetics out of
equilibrium.



Thus, light quarks are crucial for GSCC. It is clear withoairgy into much mathematics that the
presence of light quarks is sufficient for preventing theoaolforces from growing real big: dragging
away a heavy quark we soon find ourselves holding a blanEheteson instead. The light quark vacuum
is eager to screen any separating colour charges.

The question becomes quantitative: how strong is strong® tdoch of a tension does one need
to break the vacuum and organize such a screening?

In a pure perturbative (non-interacting) picture, the gniptmion states havpositive energies
while the negative-energytates are all filled. With account of interaction the sitwatmay change,
providedtwo positive-energyermions (quarks) were tempted to form a bound state witegativetotal
energy. In such a case, the true vacuum of the theory wouldicguositive kinetic energguarks hidden
inside thenegative energpairs, thus preventing positive-energy quarks from flyiregf

A similar physical phenomenon is known in QED under the nahseiper-critical binding in ultra-
heavy nuclei. Dirac energy levels of an electron in an esestatic field created by the large point-like
electric chargeZ > 137 becomecomplex This means instability. Classically, the electron “fadisto
the centre”. Quantum-mechanically, it also falls, but itite Dirac sea.

In QFT the instability develops when the energgf an empty atomic electron level falls, with
increase ofZ, below —m.c?. An ete™ pair pops up from the vacuum, with the vacuum electron occu-
pying the level: the super-critically charged ion decays #n “atom” (the ion with the smaller charge,
Z — 1) and a real positron

Ay = Ay 1 +et, for Z > Zgit

Thus, the ion becomes unstable and gets rid of an excessnteiekcharge by emitting a positron [31] In
the QCD context, the increase of the running quark-gluormplbog at large distances replaces the large
Z of the QED problem.

Gribov generalised the problem of super-critical bindinghie field of an infinitely heavy source
to the case of two massless fermions interacting via Coullikebexchange. He found that in this case
the super-critical phenomenon develops much earlier. Nam@air of light fermionsinteracting in a
Coulomb-like manner develops super-critical behaviotinéf coupling hits a definite critical value

« Qerit — 1 _ g ) (3)

T T 3

In QCD one has to account for the colour Casimir operatornTthe value of the coupling above which
restructuring of theet vacuum leads to chiral symmetry breaking and, likely, tofcament ([30] and

references therein), translates into
2
1—\/;] ~0.137. )

This number, apart from being easy to memorize, has anathoriant quality: it is numerically small.
Gribov’s ideas, being understood and pursued, offer aiginirg possibly to address all the diversity and
complexity of the hadron world from within the field theorytiva reasonably small effective interaction
strength (read: not onlgerturbatively? but perturbatively}).
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3. MULTIPLE HADROPRODUCTION: ASCENDING THE LADDER

We have already carefully measured our steps down the laafdgnorance. Now let us ascend an-
other one, looking for indirect and then direct evidenceimur of quark-gluon dynamics in multiple
hadroproduction.

High energyete~ annihilation, DIS, production in hadron-hadron collissoof massive lepton
pairs, heavy quarks and their bound states, of large tressveomentum jets and photons are classical



examples of hard processes. Copious production of hadsotypical for all of them. On the other
hand, at the microscopic level, multiple quark-gluon “protibn” is to be expected as a result of QCD
bremsstrahlung — gluon radiation accompanying abruptioréacattering of colour partons.

3.1 Scaling violation pattern (indirect evidence)

Indirect evidence that gluons are there, and that they leelcan be obtained from the study of the scaling
violation pattern. QCD quarks and gluons are not pointiketicles, as the orthodox parton model once
assumed. Each of them is surrounded by a proper field coat hexant virtual cloud consisting of
gluons and “sea(q pairs. A hard probe applied to such a dressed parton brehlesaswe of the cloud.
Constituents of these field fluctuations are then releasedriisles accompanying the hard interaction.

The harder the hit, the larger an intensity of bremsstrahland, therefore, the fraction of the
energy-momentum of the dressed parton that the bremastigalguanta typically carry away. Thus we
should expect, in particular, that the probability thattd'are” core quark carries a large fraction~ 1
of the energy of its dressed parent will decrease with irserexQ>. And so it does. The logarithmic
scaling violation pattern in DIS structure functions is kestablished and meticulously follows the QCD
prediction based on the parton evolution picture.

In DIS we look for a “bare” quark inside a target dressed one:"k~ hadron annihilation at large
energys = @Q? the chain of events is reversed.

Here we produce instead a bare quark with en€pg®, which then “dresses up”. In the process
of restoring its proper field-coat our parton produces (arotlable amount of) bremsstrahlung radiation
which leads to formation of a hadron jet. Having done so, énghd of the day it becomes a constituent
of one of the hadrons that hit the detector. Typically, thithie leading hadron. However, the fraction
of the initial energy /2 that is left to the leader depends on the amount of accompamgtiation and,
therefore, or? (the larger, the smaller).

In fact, the same rule (and the same formula) applies to thkngcviolation pattern ine*e™
fragmentation functions (time-like parton evolution) adttat in the DIS parton distributions (space-like
evolution).

o
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DELPHI Thee'e™ annihilation experiments have be-
come so sophisticated as to provide us with a
near-to-perfect separation between quark- and
gluon-initiated jets (the latter being extracted
from heavy-quark-tagged three-jet events).

In Fig. 5 a comparison is shown of the scaling
violation rates in the hadron spectra from gluon

o
N

dlog D'(x,k) / dlogk
c o

0.4 |

-0.6

0o Quark and quark jets, as a function of the hardness
08¢ ® Gluon scalex that characterizes a given jet [32].
af 4 Tasso (Quark) For large values oft ~ 1 the ratio of the

E= DGLAP evolution in 1st order

4ol logarithmic derivatives is predicted to be close
0 0l 02 03 04 05 06 07 08 09 1 tothatofthegluonand quark“colourcharges”,

. . . ... X (Cy/Cp = 9/4. Experimentally, the ratio was
Fig. 5: Comparison of scaling violation in inclusive measured to be

hadron distributions from gluon and quark jets [32].

C
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3.2 Bremsstrahlung parton vs. hadron multiplicities (glokal direct evidence)

Since accompanying QCD radiation/%35 — N>y
seems to be there, we can make a St€f , | ® DELPHI <Ny = 2eN>;-<N>y)
forward by asking for adirect evidence: * CLEO ,
what is the fate of those gluons and sea ,5[-- <N>, 4‘*'
quark pairs produced via multiple initial * TASSO &
gluon bremsstrahlung followed by parton | ?; IAZ%K_” t {
multiplication cascades? o firs ﬁ,

Let us look at theQ-dependence of the 15| v Lep: { ¢
mean hadron multiplicity, the quantity dom- e *{-#f*
inated by relatively soft particles with < 10 | A
1. This is the kinematical region populated o
by accompanying QCD radiation. 51

Fig. 6 demonstrates that the hadron multi- . -
plicity increases with the hardness of the jet 10 Scale :\}; AT [GeV]

proportional to the multiplicity of secondary

gluons and sea quarks Fig. 6: DELPHI comparison of charged hadron multiplic-

ities from tagged quark and gluon jets [32].
The ratio of the slopes, once again, provides an indepenmdeasure of the ratio of the colour charges,
which is consistent with (5) [32]:
Ca

C_ - 2246 + 0.0625tat. + 0.0085yst_ + 0.095[heo_. (6)
F

Since the total numbers match, it is time to ask a more deligaéstion about energy-momentum
distribution of final hadrons versus that of the underlyiagipn ensemble. One should not be too picky in
addressing such a question. It is clear that hadron-hadyoelations, for example, will show resonant
structures about which the quark-gluon speaking pQCD cwritfia, if anything, at the present state
of the art. Inclusive single-particle distributions, hawe have a better chance to be closely related.
Triggering a single hadron in the detector, and a singleopash paper, one may compare the structure
of the two distributions to learn about dynamics of hadratian.

It is important to stress that QCD coherence is crucial feating particle multiplicatiorinside
jets, as well as for hadron flovils-betweenjets.

3.3 Multiplicity flows between jets (another global direct ticky evidence)

“QCD Radiophysics” deals with particle flows in the angulegionsbetween jet$n various multi-jet
configurations. These particles do not belong to any paatigat, and their production, at the pQCD
level, is governed bgoherentsoft gluon radiation off the multi-jet system as a whole dsafomposite
antenna(hence, “radiophysics”).

The ratiosof particle (gluon) flows in different inter-jet valleys ageven by parameter-freer{1}
predictions and reveal the so-called “string” [21] or “dradfects [22].

At the level of thept accompanying gluon radiatiolfQCD radiophysick such ratios are quite

simple and straightforward to derive. They depend only anrtbmber of colours{.) and on the
geometry of the underlying ensemble of hard partons forrjets

Lund string effect. For example, the classicatring effect- the ratio of the multiplicity flow between
a quark (antiquark) and a gluon to that in thgvalley in symmetric (“Mercedes”ygg three-jete™e™



annihilation events reads )
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We see that emitting an energetic gluon off the initial qupalir depletes accompanying radiation in
the backwarddirection: colour isdragged ouif the ¢ valley. This destructive interference effect is so
strong that the resulting multiplicity flow between quariits below that in théeast favourablelirection
transversalto the 3-jet event plane:

ANV Nov2cp 17

The following pictures demonstrate the DELPHI study of thetigle flow in the out-of-plane direction,
as a function of the angl®; between the two softer jets (one of them the gluon) [33]. Taeige
flow increases with angle in a full accord with the theorétexgectation based on the coherent gluon
radiation off the three-prong colour antenna.
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Another Example. A comparison of the hadron flows in tlgg valley in ¢gy events with a gluon jet
replaced by an energetic photon results in the ratio

d_]\](?@’Y) 2(_7\72 _ 1) 16
qq c R .
— ~ = —, (experiment2.3 +0.2).
(qa9) 2 _
qugqg N2 -2 7

It is not strange at all that withluonsone can get, e.g.,

q: 1+1 =2 while qq+g: 1+1+Z:1_76’ @)
which is simply the radiophysics of composite antennasguantum mechanicsf conserved colour
charges. The first equation of these quantum arithmetiddgares describes symbolically the density of

soft gluon radiation between two quarks ig@y event, with 1 standing for the colour quark charge.

Replacing the colour-neutral photon by a gluon one gets ditiadal emitter with the relative
strength?, as shown in the |.h.s. of the second equation in (7). In sfiteaving added an additional



emitter, the resulting soft gluon yield in thg direction (r.h.s.)decreasesubstantially as a result of
destructive interference between three elements of a csitepmlour antenna.

Nothing particularly strange, you might say. Whatrather strange, though, is that this naive
perturbativé!} wisdom is being impressed upon junky 100-300 MeV pions wihictinate hadron
flows between jets in the present-day experiments such &RA& study shown in Fig. 7.
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Fig.7: Particle flows in theq valley in gGy andqgg events [34] versus an an-
alytic parameter-free prediction based on the soft gludiatin pattern [35].

These and many similar phenomena are being seen experiipewthat the nature seems to be
telling us, is that
e Thecolour fieldthat an ensemble of hard primgrgrtons (parton antenna) develops, determines,
on the one-to-one basis, the structure of final flowkadrons.

e The Poynting vector of the colour field gets translated ihttadron Poynting vector without any
visible reshuffling of particle momenta at the hadronizattage.
When viewedjlobally, confinement is abouenaminga flying-away quark into a flying-away pion rather
than about forcepulling quarks together.

3.4 Inclusive hadron distribution inside jets (local dired evidence)
A similar message comes from the study of the energy distoibwf particlesinsidejets.

An inclusive energy spectrum of soft bremsstrahlung parioiQCD jets has been derived in 1984
in the so-called MLLA —the Modified Leading Logarithmic Agpimation [7, 36]. This approximation
takes into account all essential ingredients of partonipligation in the next-to-leading order. They
are: parton splitting functions responsible for the endrafance in parton splitting, the running coupling
as (k%) depending on the relative transverse momentum of the tvepiafig and exact angular ordering.
The latter is a consequence of soft gluon coherence and, dayse shall discuss below, an essential
role in parton dynamics. In particular, gluon coherencgpsesses multiple production of very small
momentum gluons. It is particles with intermediate enerdgiat multiply most efficiently. As a result,
the energy spectrum of relatively soft secondary partorjstgracquires a characteristic hump-backed
shape. The position of the maximum in the logarithmic vdeigb= — In x, the width of the hump and
its height increase witly? in a predictable way.



The shape of the inclusive spectrum of all charged hadrammitated byr®) exhibits the same
features. This comparison, pioneered by Glen Cowan (ALE&R1d)the OPAL collaboration, has since
become a standard test of analytic QCD predictions. Firstisized at LEP, the similarity of parton and
hadron energy distributions has been verified at SLC and KE& machines, as well as at HERA and
Tevatron where hadron jets originate not from bare quarksugufrom the vacuum by a highly virtual
photonZ® but from hard partons kicked out from initial hadron(s).

In Fig. 8 (DELPHI) the comparison is made of the spectra ofladlrged hadrons at various anni-
hilation energie%) with the so-called “distorted Gaussian” fit [37] which emyddhe first four moments

a9

- distorted Gaussian Fit
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(the mean, width, skewness and kurtosis) of the
MLLA distribution around its maximum.

Shall we say, a (routine, interesting, wonder-
ful) check of yet another QCD prediction?

I would rather not. Such a close similarity
offers a deep puzzle, even a worry, rather than
a successful test.

22 Gev Indeed, after a little exercise in translating

o\, the values of the logarithmic variable =
AV In(Ejet/p) in Fig. 8 into GeVs you will see

! that the actual hadron momenta at the max-

y ima are, for examplepzéQ ceSmax ~ 0.42,

\ ) \ 0.85 and 1.0 GeV fop=14, 35 GeV and at

) ‘ LEP-I, Q=91 GeV. Is it not surprising that the

PT spectrum is mirrored by that of the pions

(which constitute 90% of all charged hadrons

produced in jets) with momenta well below

1GeVv?!
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Fig. 8: Hadron energy spectradfie™ — h* + X

For this very reason the observation of the parton-hadruoiiesity was initially met with a serious
and well grounded scepticism: it looked more natural (and mare comfortable) to blame the finite
hadron mass effects for falloff of the spectrum at laggemall momenta) rather than seriously believe
in applicability of thert!1}{2} consideration down to such disturbingly small momentuntesca

This worry has been answered by CDF. Andrey Korytov and Al&egonov carried out metic-
ulous studies of the energy distribution of hadrons produocside a restricted cone of the opening
half-angle©,. around the jet axis.

As we have already mentioned above discussing the Lund pianthaction picture, theoretically it
is not the energy of the jet but the maximal parton transversmentum inside itk | . ~ Ejetsin O,
that determines the hardness scale and thus the yield ardisthibution of the accompanying radia-
tion [38]. This means that by choosing a small opening angke @an study relatively small hardness
scales but in a cleaner environment: due to the Lorentz leitestt, eventually all particles that form a
short small§)? QCD “hump” are now relativistic and concentrated at the fifhe jet.

For example, selecting hadrons inside a céne~ 0.14 around an energetic quark jet witle; ~
100 GeV (LEP-II) one would see that very “dubioug) = 14 GeV curve in Fig. 8 but now with the
maximum boosted from 0.45 GeV into a comfortable 6 GeV range.

The CDF Fig. 9 [39, 40] shows the change of the energy speatfucharged hadrons with the
opening angle for a given invariant mass of the system of akgel transverse momentum jets, in com-
parison with the analytic MLLA expression for soft secornydgluons. Similar results for a broad range
of dijet masses{8 GeV < M;; < 537 GeV, will soon be made public.

A close similarity between the hadron yield and the full MLIp&rton spectra can no longer be
considered accidental and be attributed to non-relatiisghematical effects.



3.5 Brave gluon counting

Modulo Agcp, there is only one unknown in this comparison, namely, therall’normalization of the
spectrum of hadrons relative to that of partons (bremdsinghgluons).

Strictly speaking, there should/could have been anotkergarameter, that which quantifies one’s
bravery in applying the pQCD dynamics. It is the minimal s@rse momentum cutoff in parton cas-
cades,k; > Q. The strength of successiie — 2 parton splittings is proportional tas(k%) and
grows withk, decreasing. The necessity to terminate the process at smmieansverse momentum
scale where thet coupling becomes large (and eventually hits the formal izanpole” att | = Agcp)
seems imminent. Surprisingly enough, it is not.

CDF PRELIMINARY

M, =390 GeV/c? W 9=0.466 Qur=234%20 MeV Const=0.54+0.08
MLLA FIT 0 0=0.361 Qer=221+20 MeV Const=0.52+0.08
® 0=0.280 Qer=215+20 MeV Const=0.51+0.08
0 0=0.217 Qgr=214+20 MeV Const=D.49 +0.08
4 9=0.168 Qgr=215+20 MeV Const=D0.47 £0.08
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Fig. 9: Inclusive energy distributions of charged hadrankige-s | jets [39].

As we shall see in the next Section, the inclusive partonggneistribution turns out to be a CIS
QCD prediction, believe it or not. It is its crazy, = Agcp limit (the so-called “limiting spectrum”)
which is shown by solid curves in Fig. 9.

Choosing the minimal value for the collinear parton cujfcan be looked upon as shifting, as far
as possible, responsibility for particle multiplicationjéts to thert dynamics. This brave choice can be
said to be dictated by experiment, in a certain sense. Inad@#ddincrease of), the parton distributions
stiffen (parton energies are limited from below by the kinematiogiqualityz Ejet = £ > k| > Qo).
The maxima would move to larger(smaller§), departing from the data.
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Fig. 10: Position of the maximum versus MLLA [41].

A clean test of “brave gluon counting”
is provided by Fig. 10 where the posi-
tion of the hump, which is insensitive
to the overall normalization, is compared
with the parameter-free analytic MLLA
prediction [41]. An overlaid prediction
of the incoherent hadronization model
(long-dashed line) shows how the max-
imum of the energy distribution would
have moved if the Field-Feynman frag-
mentation picture were applicable. Com-
parison with the DLA expectation (short
dashes) demonstrates the rodle of the NLO
effects parton cascades (MLLA).

Spectacular verification of the local du-
ality hypothesis was recently reported by
A. Safonov [41]. It showed remarkable
stability of the only parameter of the game
— Qeff — Wrt variations of the dijet mass
Mjy; and the opening angle of the cone
O, (left template in Fig. 11).

This parameter plays a double role in the naive limitingesen: that ofAqcp and of the collinear

cut Qo. The evolution of the spectrum with the hardness of the @®¢¥; sin ©.) obviously depends
on Aqcp, while the position of the maximum is sensitive@. The right template in Fig. 11 demon-
strates an impressive correlation between the two indepgrdketerminations abes [41].
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Fig. 11: Experimental results on tlig« parameter of the limiting MLLA spectrum [41].

4. HUMPBACKED PLATEAU AND THE ORIGIN OF LPHD

Here we are going to derive together the QCD “prediction’hef inclusive energy spectrum of relatively
soft particles from QCD jets. | put the woptedictionin quotation marks on purpose. This is a good
example toillustrate the problem of filling the gap betwden®CD formulae, talking quarks and gluons,
and phenomena dealing, obviously, with hadrons.

Let me first make a statement:

It is QCD coherence that allows the prediction of the inslessoft particle yield in jets



practically from “first principles”.

You have all the reasons to feel suspicious about this. thdee have stressed above the similarity
between the dynamics of the evolution of space-like (DI8cstre functions) and time-like systems
(jets). On the other hand, you are definitely aware of thetfatthe DIS structure functions cannot be
calculated perturbatively.

In spite of the similarity between the space- and time-likelwion of hard partonsx ~ 1, there
is an essential difference betwesmall-z physics of DIS structure functions and the jet fragmentatio
In the case of thepace-like evolutignn the limit of small Bjorken% the problem becomes essentially
non-perturbative and pQCD loses control of the DIS crosiasex[42]. In contrast, studying small-
Feynmanz particles originating from théme-like evolutionof jets offers a gift and a puzzle: all the
richness of the confinement dynamics reduces to a mere brerajalization constant.

4.1 Solving the DIS evolution

So let us repeat that DIS structure functionscat 1 cannot be calculated perturbatively from first
principles. Indeed there are input parton distributionstii@ target proton, which have to be plugged
in as an initial condition for the evolution at some finite dr@@ss scal€)y = O (1 GeV). These initial
distributions cannot be calculated “from first principlesiwadays but are subject to fitting. What pQCD
controls then, is the scaling violation pattern. Namelyelis us how the parton densities change with
the changing scale of the transverse-momentum probe:

1
sk =528 [ S P0D (Sk) @

It is convenient to present our “wavefunctio®’ and “Hamiltonian”P in terms of the complex moment
w, which is Mellin conjugate to the momentum fraction

1 1 dw _
D,= [ dza*-D(z), D(z)== —x Y Dy (9a)
2mi
0 ™)
! 1 dw _
P,= [ dzz¥-P(z), Pz)=z — 2z “-P,, (9b)
0 () 27

where the contoul’ runs parallel to the imaginary axis, to the right from siragities of D, (P,). Itis
like trading the coordinatdi{ x) for the momentumy) in a Schrodinger equation.

Substituting (9) into (8) we see that the evolution equatienomes algebraic and describes prop-
agation in “time”dt = “=dInk of a free quantum mechanical “particle” with momentunand the
dispersion lawF (w) = P,,:

- ~ 9
dD,(ky) = - P, Dy (k1); d Ak,

(10)

To continue the analogy, our wavefunctidn is in fact a multi-component object. It embodies the
distributions of valence quarks, gluons and secondary saeksg which evolve and mix according the
2 x 2 matrix “Hamiltonian” of the parton splitting function8[A — B].

At small z, however, the picture simplifies. Here the valence distigouis negligible, O (),
while the gluon and sea quark components form a system of twpled oscillators which is easy to
diagonalize. What matters is one of the two energy eigeagalone of the two branches of the dispersion
rule) that issingularatw = 0. The problem becomes essentially one-dimensional. Sekgjaee driven
by the gluon distribution while the latter is dominated byai cascades. Correspondingly, the leading



energy branch is determined by gluon-gluon splitting: gg, with a subleading correction coming from
theg — ¢(q) — g transitions,

_ 2N, 1IN, ny
P, = —a+ 0Ww), a= G INZ (11)
The solution of (10) is straightforward:
kL dk
Dutks) = Du@)-ep{ [ Fautastin}. (122)
0
Q
Yolas) = fpw. (12b)

The structure (12a) is of the most general nature. It follnee renormalizability of the theory, and
does not rely on the LLA which we used to derive it. The funttidcas) is known as the “anomalous
dimension®?. It can be perfected by including higher orders of theexpansion. Actually, modern
analyses of scaling violation are based on the improvedtoekt A (two-loop) anomalous dimension,
which includesa? corrections to the LLA expression (12D).

The structure (12a) of the-moments of parton distributions (DIS structure functjogiwes an
example of a clever separationmfandnp effects; in this particular case — in the form of two factats.
is thew-dependence of the input functidh, (Q) (“initial parton distributions”) that limits predictalify
of the Bjorkenz dependence of DIS cross sections.

So, how comes then that in the time-like channelthanswer turns out to be more robust?

4.2 Coherenthumpinete™ — h(z) + ...
We are ready to discuss the time-like case, v@q’(x, @) now the inclusive distribution of particles
with the energy fraction (Feynmar}z < 1 from a jet (partory) produced at a large hardness sagle

Here the general structure (12a) still holds. We need, hewew revisit the expression (12b) for
the anomalous dimension because, as we have learned, fier prolution time is now different from
the case of DIS.

In the time-like jet evolution, due to Angular Ordering, thelution equation becomes non-local
in k, space:

1 z
ah?le(;r,k:L):@/x %P(Z)D(g,z-kl). (13)

Indeed, successive parton splittings are ordered acaptdin

ke . K|
g="L 5 o= "L
k) g K|

Differentiating D (%, ) over the scale of the “probek; , results then in the substitution
K —J-kl = z-k

in the argument of the distribution of the next generatiaf’, ).
The evolution equation (13) can be elegantly cracked usiadaylor-expansion trick,

D(z-k;)=exp {lnz }D(k}_) = zﬁ -D(ky). (14)

0
alnk‘l

2The name is a relict of those good old days when particle alidl siate physicists used to have common theory seminars.
If the couplingas were constant (had a “fixed point”), then (12a) would prodiegfunction with a non-integer (non-canonical)
dimensionD(Q) « Q" (analogy — critical indices of thermodynamical functiommnthe phase transition point).



Turning as before to moment space (9), we observe that thémolcomes out similar to that for DIS,
(12a), but for one detail. The exponedtof the additionalz-factor in (14) combines with the Mellin
momentw to make the argument of the splitting functiéha differential operatorrather than a complex
number:

~ Qg
d-Dw:?Pera-Dw. (15)
This leads to the differential equation
-1 5 Qs -1 Os . p_
(Pw+a d-=- [Pw+a, ﬂ Pw+d) D=0. (16)

Recall that, since we are interested in the smatkgion, the essential moments are smal 1.
For the sake of illustration, let us keep only the most siagplece in the “dispersion law” (11)

~

and neglect the commutator term in (16) generating a suiolgazbrrectionoc das ~ a2. In this
approximation (DLA),

2N,
B, ~ <, 17)
w

(16) immediately gives a quadratic equation for the anomsattimensiort?

2N. 2
(W4 Vo)V — 9.0 <%> - 0. (18)
™ w

The leading anomalous dimension following from (18) is

Ny =2 <_1+ 1+8Ncas>. (19)

2 T w?

When expanded to first order im, it coincides with that for the space-like evolution, ~ as/7 - P,,,
with P given in (17). Such an expansion, however, fails when claratic w ~ 1/|1n z| becomes as
small as,/as, that is when

8N, ag 12

™

Now what remains to be done is to substitute our new weird atauns dimension into (12a) and
perform the inverse Mellin transform to find(x). If there were no QCD parton cascading, we would
expect the particlelensityzD(z) to be constant (Feynman plateau). It is straightforwardetive that
plugging in the DLA anomalous dimension (19) results in thetqau density increasing wit) and
with a maximum (hump) “midway” between the smallest and tlghdst parton energies, namely, at
Tmax =~ \/®Qo/Q. The subleading MLLA effects shift the hump to smaller parémergies,

1 Q (1 Q

=In—|(=+c Vo +> ~ 0.65 In —,

Tmax QO <2 \/_S QO

with ¢ a known analytically calculated number. Moreover, defyiraive probabilistic intuition, the

softest particles do not multiply at all. The density of e (partons) with: ~ Qy/Q stays constant
while that of their more energetic companions increases thig hardness of the procegs

This is a powerful legitimate consequence of pQCD cohereldée turn now to another, no less
powerful though less legitimate, consequence.

z 2> 1.

~

In

B3It suffices to use the next-to-leading approximation to thktting function (11) and to keep the subleading correttio
coming from differentiation of the running coupling in (1#8)get the more accurate MLLA anomalous dimensjgn



4.3 Coherent damping of the Landau singularity

The time-like DLA anomalous dimension (19), as well as itsIMLimproved version, has a curious
property. Namely, in sharp contrast with DIS, it allows thementum integral in (12a) to be extended to
very small scales. Even integrating down@g = A, the position of the “Landau pole” in the coupling,
one gets a finite answer for the distribution (the so-cdltading spectrun), simply because th¢/as(k)
singularity happens to be integrable!

It would have been poor taste to trust this formal integigbikince the veryet approach to
the problem (selection of dominant contributions, parteol&ion picture, etc.) relied ong being a
numerically small parameter. However, the important thattpat, due to time-like coherence effects, the
(still perturbative but “smallish”) scales, whemg(k) > w?, contribute toy basically in av-independent
way, v+ w/2 x y/as(k) # f(w). This means that “smallish” momentum scatesffect only an overall
normalizationwithout affecting theshapeof the z-distribution.

Since such is the role of the “smallish” scales, it is ndttmaexpect the same for the truly small
— non-perturbative — scales where the partons transfomrthet final hadrons. This hypothesis (LPHD)
reduces, mathematically, to the statement (guess) thapttaetor in (12a) has a finite — 0 limit:

DM (Qy) — K" =const w—0.

In other words, decreasing, we start to lose control of the interaction intensity of atpamwith
a givenz andk, ~ Qg (and thus may err in the overall production rate). Howeuwschgartons do not
branch any further, do not produce any soft offspring, sottteshapeof the resulting energy distribution
remains undamaged. We see that colour coherence plays bereial role.

Thus, according to LPHD, the-shape of the so-called “limiting” parton spectrum whiclois
tained by formally setting), = A in the evolution equations, should be mathematically sint that
of the inclusive distribution of (light) hadroris Another essential property is that the “conversion coef-
ficient” K" should be a true constant independent of the hardness ofdbegs producing the jet under
consideration.

4.4 Another world

It is important to realize that knowing the spectrumpafrtons even knowing it to be a CIS quantity
in certain sense, does not guarantee on its own the preilitgtaif the hadronspectrum. It is easy to
imagine a world in which each quark and gluon with enekgyroduced at the small-distance stage of
the process would have dragged behind its personal “stgivyig birth toln & hadrons in the final state
(the Feynman plateau). The hadron yield then would be giyemdonvolution of the parton distribution
with a logarithmic energy distribution of hadrons from tretpn fragmentation.

If it were the case, each parton would have contributed tyitfid of non-relativistic hadrons and
the hadron spectra would peak at much smaller energigs, ~ In @, in a spectacular difference with
experiment.

Physically, it could be possible if the non-perturbative) (hadronization physics did not respect
the basic rule of the perturbatiVlé dynamics, namely, that of colour coherence.

There is nothing wrong with the idea of convoluting timeeligarton production in jets with the
inclusivenp parton—hadron fragmentation function, the procedure which islsino convoluting space-
like parton cascades with the initial parton distributions in a target proton to describES structure
functions.

What the nature is telling us, however, is that ttefragmentation has a finite multiplicity and is
local in the momentum space. Similar to #scounterpart, ther dynamics has a short memory: tie
conversion of partons into hadrons occurs locally in thdfigonation space.

The fact that even a legitimate finite smearing due to hadatioin effects does not look mandatory



makes one think of a deep duality between the hadron and-glaok languages applied to such a global
characteristic of multi-hadron production as an inclugwergy spectrum.

The message is, that “brave gluon counting”, that is applyfrert{1} language all the way down
to very small transverse momentum scales, indeed repredbee- and@-dependence of the observed
inclusive energy spectra of charged hadrons (pions) in jets

Experimental evidence in favour of LPHD is mounting, andssthe list of challenging questions
to be answered by the future quantitative theory of colomfioement.

5. PROBING THE NON-PERTURBATIVE {} DOMAIN WITH PERTURBATIVE {% TOOLS
There is no heresy in it, and if not manifestly defined in Sgrg yet it is an
opinion of good and wholesome use in the cours and actionsnuduas life, and
would serve as an hypothesis to solve many doubts whereah@aomhilosophy
affordeth no solution.

Sir Thomas Browne, ca 1635 [43]

Let us discuss the test case of the total cross sectian"ef annihilation into hadrons as an
example.

To predicto(ot, one calculates instead the cross sections of quark and ghodiiction,(eTe™ —
qq) + (ete™ — qg + g) + etc., where quarks and gluons are being treptturbatively!! as real (un-
confined, flying) objects. Theompletenesargument provides an apology for such a brave substitution:

Once instantaneously produced by the electromagnetict(elecak) current, the quarks
(and secondary gluons) have nowhere else to go but to comigntunit probability; into
hadrons in the end of the day.

This guesdooks rather solid and sounds convincing, but relies on tidddn assumptions:
1. The allowed hadron states should be numerous as to prib@dagiark-gluon system the means for

"o [T

“regrouping”, “blanching”, “fitting” into hadrons.

2. It implies that the “production” and “hadronization” g&s of the process can be separated and
treated independently.

1. To comply with the first assumption the annihilation egergs to be taken large enoughs Q2 >
so. In particular, it fails miserably in the resonance regigh < s ~ 2M2.. Thus, the point-by-point
correspondence between hadron and quark cross sections,

?
ol Q%) = ooy x (@),
cannot be sustained except at very high energies. It carabbedr however, for something more man-
ageable.

Invoking the dispersion relation for the photon propagdtmusality—> analyticity) one can
relate theenergy integral®f oot(s) with the correlator of electromagnetic currents in a de&plglidean
region of largenegativeQ?. The latter corresponds to small space-like distancesdsetvinteraction
points, where the perturbatilé approach is definitely valid.

Expanding the answer in a formal series of local operatars,asrives at the structure in which
the corrections to the trivial unit operator generate thealiperturbativé!} series in powers of;, (log-
arithmic corrections), whereas the vacuum expectationegabf dimension-full (Lorentz- and colour-
invariant) QCD operators provide non-perturbativecorrections suppressed as powers)of

This is the realm of the famous ITEP sum rules [44] which pdotebe successful in linking the
parameters of the low-lying resonances in the Minkowskyseéth expectation values characterising a
non-trivial structure of the QCD vacuum in the Euclideancgpal he leaders among them are the gluon



condensater,G**G,,, and the quark condensate) () which contribute to the total annihilation
cross section, symbolically, as
T\ 2
asG2 P
Ult’l(?itdr(Qz) - Ué%t-i-X(Q2) =0 Q4 + 02< Q6>
2. Validating the second assumption also calls for lagde To be able to separate the two stages of
the process, it imecessaryo have the production time of the quark pair @' to be much smaller
than the time; ~ u~! ~ 1fm/c when the first hadron appears in the system. Whether thisteams
sufficient is another valid question. And a tricky one.

Strictly speaking, due to gluon bremsstrahlung off the pryrquarks, the perturbative production
of secondary gluons anglj pairs spans an immense interval of time, ranging from a veoytdime,
trorm ~ Q! < t1, all the way up to a macroscopically large timgm < Q/u? > t;.

This accompanying radiation is responsible for formatiémadron jets. It does not, however,
affect the total cross section. It is the rare hard gluoné Wtge energies and transverse momenta,
w ~ k; ~ @, that only matter. This follows from the celebrated Blochrtikieck theorem which states
that the logarithmically enhanced (divergent) contritms due to real production obllinear (k; < Q)
andsoft(w <« Q) quanta cancel against the corresponding virtual comesti

2
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«
U}]%t+X = OBorn (1 + ?s [Ooreal - OOvirtual] + .. ) = OBorn <1 + Z -

T (20)

The nature of the argument is purely perturbdfite Can the Bloch-Nordsieck result hold beyond
pQCD?

Looking into this problem produced an extremely interagtiesult that has laid a foundation for
the development of perturbatifé techniques aimed at analysing non-perturbativeffects.

V. Braun, M. Beneke and V. Zakharov have demonstrated tleatt-virtual cancellation actually
proceeds much deeper than was originally expected [45].

Let me briefly sketch the idea.

e First one introduces an infrared cutoff (non-zero gluonsmakinto the calculation of the radiative
correction.

e Then, one studies the dependence of the answen.o\ CIS quantity, by definition, remains
finite in the limitm — 0. This does not mean, however, that it is insensitive to thdifization of
gluon propagation. In fact, the-dependence provides a handle for analysingthall transverse
momentanside Feynman integrals. It is this region of integratimergparton momenta where the
QCD coupling gets out of perturbatié control and the genuine non-perturbative physics comes
onto the stage.

e Infrared sensitivity of a given CIS observable is determditigen by the first non-vanishing term
which isnon-analyticin m? atm = 0.

In the case of one-loop analysisa®f; that we are discussing, one finds that in the sum of real atubvir
contributions not only the terms singularas— 0,

In?m? , Inm?,

cancel, as required by the Bloch-Nordsieck theorem, buthigecancellation extends [45, 46] also to the
whole tower offinite terms

m?in®m?, milnm?, m?, miln®m?, milnm?.

In our case the firgton-analyticterm appears at the level of®:

3 Crag mS  m? 8




It signals the presence of the non-perturba{'ﬂi}/&Q—6 correction tooet, Which is equivalent to that of
the ITEP quark condensate in (20). (The gluon condensateilmation emerges in the next orderdn.)

A similar program can be carried out for other CIS quantigsswell, including intrinsically
Minkowskian observables which address the properties efittal state systems and, unlike the total
cross sections, do not have a Euclidean image.

5.1 Eventshapes ire™e™ annihilation

The most spectacular non-perturbatieresults were obtained for a broad classewént shape vari-
ables(like ThrustT, C-parameter, Broadening, and alike). As has long been expected [47], these
observables possess relatively latg€) confinement correction effects.

Employing the “gluon mass” as a large-distance trigger wasélised by the so-called dispersive
method [48]. There it was also suggested to relate new ndnrpativé!! dimensional parameters with
the momentum integrals of the effective QCD coupliagin the infrared domain. Though it remains
unclear how such a coupling can be rigorously defined fronfiteeprinciples, thauniversality of the
coupling makes this guess verifiable and therefore legigmall the observables belonging to the same
class1/QP with respect to the nature of the leading non-perturb&tivbehaviour, should be described
by the same parameter.

Whose coupling isit? Approaching the borderline whepe!!} gluons are about to disappear, one may
talk aboutgluersas carriers of ther{l} p12} colour field. A formal definition of gluers is as follows.

A gluer is a miserablegluon which hasn’t got enough time to truly behave like one becdisse
hadronization time is comparable with its formation tinxgm. ~ w/ki ~ thadr. ~ ngonf.. Contrary
to respectfulrT gluons with small transverse size, > R_ ., gluers are not “partons”: they do not
participate inpT{2 cascading (don’t multiply). According to the above defwniti gluers havdinite

transverse momentghough may havarbitrarily large energies.

The réle of gluers consists in providing comfortable ctindis forblanchingcolour parton ensem-
bles (jets) produced in hard interactions. By examiningstiece-time picture of the parton formation [7]
one can convince oneself that formation of a gluer is a sighbldronization process taking place in a
given space-time regiogcally in the configuration space (recall the problem of soft comnfiamst!)

Having transverse momenta of the order of the inverse canéné scale makes their interaction
strength potentially Iargexs(Rc‘ohf.) ~ 1. A uniform distribution in (pseudo)rapidity, together tviinite
transverse momenta with respect to the direction of thegeh@et, subjet) makes the gluers representa-
tives of the Lund string [21].

The basic idea (see [48] and references therein) was te@ relatalculable)p{l} corrections to
(calculable)pT!!} cross sections/observables through the intensityluar emission -« in the infrared
domain. In particular, an extended family of event shapest(mforget energy-energy correlations [24],
out-of-plane transverse momentum flows [49] etc.) can beé &aimeasure the first moment of the
perturbativé? non-perturbativet coupling,

1 K
ap = — dk os(K?), wur = 2GeV, (21)
Kr Jo

where the choice of the infrared boundary valyds a matter of convention.

The Broadening story: a mistake but not an error. A wonderful example of a mistake, in a sense of
the introductory Section, was provided by the recent tunhiustory of the Broadening measure.

B is defined as the sum of the moduli of transverse momenta Gtlearwrt the Thrust axis of
the ete™ annihilation event. Originally thep contribution toB was naturally thought to accumulate



gluers with rapidities up tiog Q. As a result theorists expected the} distribution in B to acquire a
In Q-enhancedip shift.

The data however refused to go along [50, 51]. Fits based®g)-enhanced shift were bad
and produced too small a value®f( Mz ), and theve parametery, inconsistent with that extracted from
analyses of the Thrust arfd-parameter means and distributions.

Universality ofag and thus viability of the very notion of the infrared-finiteupling was seriously
guestioned. Pedro Movilla Fernandez who reported therfgedof the resurrected JADE collaboration at
the QCD-1998 conference in Montpellier did not stop at tbai.[ He came up with the study of “what is
wrong” with the Broadening measure as such. A comparison@©fdénerated3 distributions at parton
and hadron levels produced an unexpected result. Whild'thed C' cases showed the expected shift
patterns, the bump of theadronic B distribution turned out to be not only shifted but also sqeeke
as compared with theartonic one. This looked pretty anti-intuitive: how can one genarower
distribution after a smearing due to hadron production?

A solution came with recognition of the fact that tBemeasure is more sensitive to quasi-collinear
emissions than other event shapes, and is therefore straffgtted by an interplay between and
NP radiation effects. With account of the omnipresenmtgluon radiation, thedirection of the quark
that forms the jet under consideration can no longer be eduatth the direction of the Thrust axis
(employed in the definition oB). As a result, the range of the pseudorapidity of gluers rdmrting
to thenp shift decreases frorim Q downtoln(1/B). The shift become®-dependent giving rise to a
narrower distribution all right [52].
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Fig.12: Perturbative (dashed) aretshifted/squeezed (solid) total Broadening distribugi¢sR].
Three lessons were drawn from the Broadening drama.

e A pedagogical lesson the Broadenings taught, was that afripertance of keeping an eye on
PT gluons when discussing effects iaf gluers. An example of a powerful interplay between the
two sectors was recently given by the study of the energyggneorrelation ine*e~ in the back-
to-back kinematics [24]. The leading/@Q np contribution was shown to be promoted by}
radiation effects to a much slower falling correctigpr, 0-3270-36,

e The physical output of the proper theoretical treatment thasrestoration of the universality
picture: within a reasonable 20% margin, tirgparameters extracted from C' and B means and
distributions were found to be the same.



e A gnostic output was also encouraging. Phenomenology @bntributions to event shapes has
shown that it is a robust field with a high discriminative powiedoes not allow one to be misled
by theorists.

Looking forward to the Conclusions Section please keep imdrthe key words “resurrected collabora-
tion” and “error-free LEP data”.

5.2 DIS jet shapes and non-global logs

Theoretical study of jet shapes in DIS was pioneered by VitboAelli, Mrinal Dasgupta and Gavin
Salam by the derivation of resummetprediction for the Thrust distribution of the current fragmtation
jet [53]. Two years later the Broadening measure followed.[5

On the way fromT" to B, Dasgupta and Salam stumbled upon a new source of significaely
perturbativél} next-to-leading (SL) corrections which was previouslyriseked in the literature. They
dubbed these corrections “non-global logs” [55]

The final wisdom about DIS jet shapes can be found in [56].

5.3 On the universality of the infrared coupling — 2003
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6. Conclusions

Dr. John Dee, a British scholar, mathematician, an alchemésmeticist, cabalist and adept in esoteric
and occult lore, was Queen Elizabeth’s philosopher andlager.

¥To put a long story short, the origin of these non-globala&das to do with the fact that in DIS one is forced to deal with
characteristics of a single jeather than shapes of the hard event as a wHalether words, one resticts the measurements to
a part of the available phase space; see [55] for details.




A visionary of the Empire, he coined the word Brittannia, vilzes
first to apply Euclidean geometry to navigation, trained gineat
navigators, developed a plan for the British Navy and erstadbd
the legal foundation for colonizing North America. Dee verat
famous Mathematical Preface to his translation of Euclid/imch
he systematised future development of the sciences basedibr
ematics. He also extensively practiced as an angel confuritin
Edward Kelley for many years hgkryen and, some say [58], was
the one who in 1588put a hex on the Spanish Armada which is wh
there was bad weather and England Wén

aSpeaking of practicality of communicating with angels: o Dee]also
speaks of seeing the sea, covered with many ships. Urielsnfiem[Dee &
Kelley] that foreign Powers are providing ships ‘against the wedfaf England,
which shall shortly be put in practice. ... The defeat of 8ganish Armada took
place .. .four years after this visidr2] John Dee (1527 — 1608)

The volume of this writeup prevents us from going deepertinofascinating story of John Dee’s
life and endeavours. Dee’s story is relevant to the presetiles: there is an important message to take
home.

The “crystal egg™® John Dee used to communicate with spirits (and the cheruldwdified as
Archangel Uriel, in particular) rests, reportedly, in thetBh Museum along with his conjuring table [58,
59]. These were John Dedalgtector gadgets you please. More importantly, thexperimental datéhat
Dee collected in 1580’s, his manuscripts and diaries aie lzésng carefully preserved in the British
Library [4, 60].

One might question the value of Ded® Heptarchise Mysticel.e. Detailed instructions for
communicating with angels and employing their aid for gratfpurposes) as a source of inspiration and
knowledge acquisition for the future. What cannot be qoestil, however, is that trexperimental data
collected by LEP exactly 400 years after Dr. Dee was comnatinig with Uriel & Co, will remain, for
many a year to come, an unmatched source of knowledge almphtsics of hadrons.

Will there be a caring British Library” to preserve LEP “diaries” for theorists who will sooner or
later come close to deciphering the “Enochian Alphabet” GDQconfinement?

An angel tells hin{Dr. Dee] they are to be “rocks in faith.” “While sorrow be meansured
thou shalt bind up thy fardell” He is not to seek to know thestasies till the very hour he
is called. “Can you bow to Nature and not honour the workman? [2]
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