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History (subjective)

Scientific American, February 1975

Dual-Resonance Models
of Elementary Particles

In this new theoretical approach the strongly interacting particles
classified as hadrons are viewed mathematically as massless strings
whose ends move with the speed of light in multidimensional space

by John I1. Sehwarz

QUARKS CAN BE INCORPORATED inta dualre:onanca models in several poasible ways,
For example, if one sseumes that qoatke are pointlike fundamental particles atached 1o the
ends of light strings, a hadron containing one queck and one antiguark (that i3, 3 maeson )
would be simple to deacribe (feft), whereas a hodron with three qoarks {that iz, a barvon)
wonld require a more complicated topology {right), A1l the schemes that have been EUE-
gested eq far for relating quarks to string pleture present serious mathematical difficaltios.



Scientific American, November 1976

The Confinement of Quarks

How is it that these elementary particles of matter that explain
so much about other particles are not seen? It may be that they
are held inside other particles by forces inherene in their narure

by Yoichiro Nambu
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STRING MODEL of hadion structure Leads to another possible explanation of quatk confine QUARKS WELDED TO STRINGS might be effectively confined, In order fo separate the
ment. The medel assuines that a Ladrer is made of a massless, one-dimensional siving that Lias quarks it is necessnry € stretch the siring, but since the energy of the siring k& proportional
as one of ity intrinsic propertics 4 constait tension per unit length Because of its fension the to its length the energy required to pull the quarks Bpart increases in proportion to the separa-
string tends to collapse, but it can be kepf in equilibrinm by centrifugal force if i is made 1o tion. A macroscopic separation could he obtained only at the cost of enormous energy. In Fact,
spin 5o that iis ends move with cxactly ihe speed of Light, These properties of the string imply isolation of a quark might nat be possible at any energy, sinee ay soon As enongh encrgy bad
that its energy in proportional to its length and that its angular momentum is proportional been supplied te create & quark and an antiquark the siring might sunp and these new particles

to the syuare of its cnergy, a relution fhat has been esperimentally verified for the hadrons, appear at the ends, Thus the result is not the liberation of a quark bt the crention of & meson.



Scientific American, July 1979

The Bag Model
of Quark Confinement

Quarks appear to be real, and yet they have not been observed
in isofation. One hypothesis for why they have not been is that

chey are confined in bags analogous to the bubbles in a liquid

by Kenneth A, Johnson

TRANSFORMATION OF A MESON (feff) into iwo mesons pe- of the meson with the newly created autiquark and the antiquark of
yuires a “polarizing field” acting to separate the color charges of the the meson with the newly created guark, Both quark-antiquark pairs
quark pair in the meson (rriddled A new quark-auliquark pair ap- are colorless, and o cobor lines do not join them, Because a constant
pears spontaneonsly in the polarizing field between the guark and force does not act between the pairs (as it does between the quark and
the antiquark of the meson (vight). The color lines Link the quark  the antiquack in each pair), they can separate aid form fwo mesons,



X. Artru, G. Mennessier, Nucl. Phys. B70 (1974) 93

Fig, L0, Decay ol adact In e two=limensional made:, v and 2 are “he paw cacedinales defined
g5y By and Cp denare the fiest geaeration tesonances and cuts respectively, Herve the inicial
quatks are taken away oy resonances B oand Rary . There s a repidity inversion tor the rese-
natees By ound By The decay o By into twe second genetalion resonances (o1 particles) is

howen.
dP = b exp(—bA_)dA
A_ string area in backwards lightcone
unphysical mass spectrum; mct+ to get (m) ~ right
pure 1 4+ 1 dimensions: no p |
ut :dd:ss=1:1:1;onlyPS



R.D. Field, R.P. Feynman, Nucl. Phys. B136 (1978) 1

"HIERARCHY" CF FINAL MESOMS

a3 2 ' 1 = RAaNK f(z2) =1—a-+3a(l —2)?
dfy o) ito iBe)  (Eal a=077
e \/ T \/ PRLEn e z = (F + p) fraction
3 o | = RAMK
s o6} Bl AR MESONS uu :dd:ss=1:1:0.5
ARE FORNEL
T V.:PS=1:1

MEW (UARK PAIRS

dd CE bk kR, cE, ... ARE FORMED

exp(—p? /202) d?p,

ORIGINAL QUARK '
OF FLAVOR "o model for one jet

Fig- 1. IMuscation of the “hierarehy™” stacture of the final mesons produced when a quark of
type “a" fragments into hadrons. New quark pairs bk, eg, atc., are produced and “primary”
mesans are formed. The “pomary™ meson ba that containg the orlinal quatk 18 said to have
“vank™ ong and prdmary meson cb ppnk teeo, ete. Finelly, some of the primaty mesons decay
and we wsslyn all the decay products to heve the fank of Gw parent. The order in “hiezarchy™

is ot the same ag cedet i imomentumm ar rapidity,



V(R)

Confinement

Confinement = no free quarks
Linear confinement observed by Regge trajectories m?2 — mg x J.
Later confirmed e.g. by quenched lattice QCD
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Real world (??, or at least unquenched lattice QCD)
——=> nonperturbative string breakings gg... — qaq

V(r) simplified colour

representation:
guenched QCD
< =,
full QCD J
> T ?< roo7 >I’
U
r r r r
4 0.13
V(T)%——%-Fﬁl?“%— +r
3r r

(for as = 0.5, rin fm and V in GeV)
V(0.4 fm) =~ 0: Coulomb important for internal structure of hadrons,
not for particle production (?)



The Lund String Model (1977 -)

In QCD, for large charge separation, field lines seem to be
compressed to tubelike region(s) = string(s)

(. )
q )

Gives linear confinement with string tension:
F(r)~const =k=~1GeV/fm <= V(r)=~kr

Separation of transverse and longitudinal degrees of freedom
= simple description as 1+1-dimensional object
— a string with no transverse excitations —
with Lorentz covariant formalism



Analogy with superconductors

E E
A Type | A Type Il

topological vortex line

bag penetration region

d

> d

Details start to matter when many strings overlap (heavy ions, LHC):
bags lose separate identities more easily than vortex lines.
Little studied, evidence inconclusive: maybe in between?

Whichever choice, key assumption is uniformity :
1+1-dimensional string parametrizes center of
translation-independent transverse profile



Lund model: repeated string breaks for large system
with pure V(r) = kr, i.e. neglecting Coulomb part:

dz |~ ldz|  |dtl
SO energy—momentum quantities can be read off from space—time ones

Motion of quarks and antiquarks in a g system:
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gives simple but powerful picture of hadron production



Fragmentation starts in the middle and spreads outwards:

ol
<

but breakup vertices causally disconnected
= can proceed in arbitrary order
= left—right symmetry

P(1,2) P(1) x P(1 — 2)

= P2)xP(2—1)

= Lund symmetric fragmentation function
f(2) x (1/2) (1 — 2)® exp(—bm? /=)




Interpretation

Can alternatively be written as matrix element times phase space:

dP = |M|? x d(PS)

mn
= ettt 5 523 p; — Pior) [ N d%p; 6(p2 — m2)0(E;)
; i=1

where M = exp(i§Aiot) With &€ = k + ib/2
by Wilson area law for confining field

Misleading similarity with Artru-Mennessier, since 6(p? — m?) applied to
exp(—bA,jiowed) gives f(z) = z%~1 a > 0, i.e. not symmetric.

m; — m | ; given by physical mass spectrum + p |
N < a, a related to Regge trajectory intercept — a ~ 0.5

Introduce I = (x7)? of breakup. Then, for large systems,

@ x M4 b0 — lta
dlr b
e.g.a=0.5b=0.7 GeV—2 gives (I') = 2 GeV? or (1) = 1.5 fm.

= ()




Comments and Extensions

If b fixed then larger a = larger (I") = larger (nprimary)-

Rapidity ordering is correlated with flavour ordering.

If a, b — oo with a/b constant

then dP/dl" — §(I" — a/b) e

which gives strict ordering. N

Bowler: massive quarks span reduced "

string area relative to asymptotes ay/

representing massless motion; <
I

. e L —bm2
gives modification z Qto f(z),
as required for good tunes to data.

RmcLsh[‘_ur]
UCLA model: take area law seriously, also for relative production of flavours:
7Dhadron(mi) X /0 ~ (1 —2)"exp <— 7L>

= large m suppressed
(basic idea; complete framework more sophisticated).



The Iterative ansatz

do, PL0o, P+ >

di1d1 C
d2d2 C

4303 C
> and so on until joining in the middle of the event
(in principle follows from model, in practice some work)

. dod1,P10 —P11,21P+

. 4192, P11 — P12, 22(1 — z1)p4

. d20d3,P12 — P13,23(1 — 22)(1 — 21)p+

Scaling in lightcone p4+ = E + p. (for g system along z axis)
Implies flat central rapidity plateau + some endpoint effects:

dn/dy

ST\,

(nch) = cg + ¢1 In Ecm, ~ Poissonian multiplicity distribution




How does the string break?

q/<—n—>a/ d q q’—%

mJ_q/=O mJ_q/>O

O

>
d=m,q/k

String breaking modelled by tunneling:

2 2 2
Tm TP T™m
P x exp (— Lq) — exp (— Lq) exp (— q>
K K K

1) common Gaussian p | spectrum
2) suppression of heavy quarks ut : dd :ss:cca~1:1:0.3;: 1011
3) diquark ~ antiquark = simple model for baryon production

Hadron composition also depends on spin probabilities, hadronic wave
functions, phase space, more complicated baryon production, ...
= “moderate” predictivity (many parameters!)



Baryon production

Meson production ~ same colour everywhere.
Fluctuations with other colour — no net force.

® @ @ @
q q q q
ie.r+g=5b

Baryon production as if diquark
when only one break
Inside “wrong-colour” region:
@ L J @ @ L
q g g q g q
Popcorn when several breaks:

q g ga gdq « q

a can be flavour-dependent, dP/dIm o M ¢=b1

e.g. aqq > aq corresponding to larger formation time for diquarks.
Gives modified fragmentation function:

a 2
£(2) o lzaa (1 — z) B exp (_me>
<

Z Z



Fragmentation of a junction topology

Encountered in R-parity violating SUSY decays ¥} — uds,
or when 2 valence quarks kicked out of proton beam

d (9) lab frame d (g) junction
rest frame
120°
------------------ = (I) 120° g > U ()
xr
[ 120°
ya
d s (b)
da flavour space
\ da More complicated

(but ~solved) with
*—e —o o—e
. d3 Q43 d2 Qd- 4dq;dd: u gluon emission and
massive quarks



The Lund gluon picture

g (7b) The most characteristic feature of the Lund model

snapshots of string position

> q ()

strings stretched

/ from g (or qq) endpoint
/ via a number of gluons
,_/ to g (or q) endpoint

q (b)

Gluon = kink on string, carrying energy and momentum
Force ratio gluon/ quark = 2, cf. QCD N /Cp = 9/4, — 2 for Npo — oo
No new parameters introduced for gluon jets!, so:
e Few parameters to describe energy-momentum structure!
e Many parameters to describe flavour composition!



Collinear and infrared safety

Complete string motion more
complicated. New string region
when gluon has lost all of its
momentum, consisting of

iInflowing momentum from g and @.

For soft gluon this region appears
early and for Eg — O the simple
aq event is recovered.

For collinear gluon the string end
extends as far as the vector sum
of momenta, so for gg — O
again back to the simple qqg event.

Same principles for arbitrary qg19- ... g, q topology
or g19»-...9y closed gluon loop, but technically messy.



Independent fragmentation

Based on a similar iterative ansatz as string, but

g g |
\ \ minor
- J = » 4 4 + + corrections
_ / _ / in middle
g g

1.00 T
050 1 String effect

1 dE 1 (JADE, 1980)

EdO [ ~ coherence in
010 | nonperturbative
005 | context

+ Data
‘ — Lund Model
0.0‘ 2o DTN, T T . O ey S TR O —1-:-1 lony-el: nM.oielll ||||||||

lllllllllllllllllllllllllllllllllll

Further numerous and detailed tests at LEP favour string picture ...
... but much is still uncertain when moving to hadron colliders.



The HERWIG Cluster Model

“Preconfinement”: colour flow is local
In coherent shower evolution

1) Introduce forced g — qq branchings

2) Form colour singlet clusters

3) Clusters decay isotropically to 2
hadrons according to phase space

W~ (251 +1)(2s2 + 1)(2p*/m)

simple and clean, but . ..

e Talil to very large-mass clusters (e.g. if no emission in shower);
If large-mass cluster — 2 hadrons then crazy “four-jet” events
—=> split big cluster into 2 smaller along “string” direction; iterate;
~ 15% of primary clusters are split, but give ~ 50% of final hadrons

e Too soft charm/bottom spectra == anisotropic leading-cluster decay
e Charge correlations still problematic = all clusters anisotropic (?)

e Correlations between baryons and antibaryons =- allow g — qq+qq



String vs. Cluster

program PYTHIA HERWIG
model string cluster
energy—momentum picture powerful simple
predictive unpredictive
parameters few many
flavour composition messy simple
unpredictive in-between
parameters many few

“There ain’t no such thing as a parameter-free good description”



Decays

Unspectacular/ungrateful but necessary:
this is where most of the final-state particles are produced!
Involves hundreds of particle kinds and thousands of decay modes.

e.g.
J Y <t <t

e B*0 — BO~: electromagnetic decay

e BY — BY mixing (weak)

e BY — D*Twee™: weak decay, displaced vertex, | M|? « (pgpw) (pepp+)
e D*T — DO7t: strong decay

e DY — pTK~: weak decay, displaced vertex, p mass smeared

o pT — 7T x0: p polarized, | M|2 x cos? 6 in p rest frame

e 70 — ete~~: Dalitz decay, m(etTe~) peaked

Dedicated programs, with special attention to polarization effects:
e EVTGEN: B decays
e TAUOLA: T decays



Colour flow Iin hard processes

One Feynman graph can correspond to several possible colour flows,
e.g. forqg — qg:




so nontrivial mix of kinematics variables (s, )
and colour flow topologies I, II:

AG DI = |AIG, D + An(5, D7

A5, D)% + [An(8, D)% + 2 Re (A1(5, D AR (5, D)
with Re (A((5, £ Afy(5, 7)) # 0

= indeterminate colour flow, while

e showers should know it (coherence),

e hadronization must know it (hadrons singlets).
Normal solution:

interference 1
0.¢
total Ng -1

so splitI : IT according to proportions in the Nc — oo limit, i.e.
~ ~ =~ (2
AGDI? = 4G, Dlmoa + 141G, Dlmod

IAI(:S\?{)I%’]Od — |AI(§7£)+AII(§7%\)|2< ~ |¢421(§,f)|2 ~ 2>
[AL(5, D)% + A8, D7) Neoo
A, DlZog =




Colour correlations

(p)(nch) is very sensitive to colour flow

0.80 ll’ll]!lllll'll]ll‘llll

0.55

0.50

T ous
long strings to remnants = much ¢ ?
ncpfinteraction = (p | Y(ncp) ~ flat T o] -

0.35 ._:

FIG. 27. Average transverse momentum of charged particles
in |m| <2.5 as a function of the multiplicity. UA1 data points
(Ref. 49) at 900 GeV compared with the model for different as-
sumptions about the nature of the subsequent (nonhardest) in-
teractions. Dashed line, assuming gg scatterings only; dotted

Short strings (more Central) = 8 o e g™ 55 4 e 2
ncp/interaction = (p | )(ncp) rising




Average PT versus Nchg
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0.4 GeV/e, In| < 1) for “min-bias” collisions at CDF Run 2. The data are corrected to the particle level
and are compared with PYTHIA Tune A at the particle level (i.e. generator level).

Fourth HERA-LHC Workshop

May 26-

30, 2008

Rick Field — Florida/CDF/CMS
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The Dipole Picture

(dipole and antenna used interchangeably)
Lund picture “derived” in pQCD in terms of dipole radiation pattern:
around gqg and qq-~y

the “Leningrad dipole ” (now St. Petersburg) (introduced 1985)
(Ya.l. Azimov, Yu.L. Dokshitzer, V.A. Khoze, S.I. Troyan)



G. Gustafson (1986):
A chain of dipoles offers
dual description to q;
a colour-ordered set of gluons.

Formulate a parton cascade

In terms of v

dipole — dipole - dipole
instead of g — g g.

Transverse-momentum-ordered
dipole showering
properly takes into account coherence,
equivalently with angular ordering.
Partons always on shell.

natural match perturbative dipole shower
and nonperturbative string fragmentation



Shower Algorithms

Two main trends: e use p | as evolution variable
e dipole kinematics = radiator + recoiler

g
Lund string
i
q Leningrad antenna
(Azimov, Dokshitzer, Khoze, Troyan)

i
ql Lund dipole (Gustafson) NLO ME's
traditional ARIA?_EI(E; &gﬂnblad) Catanl—SeyInour dipole
showers / Nagy, Soper

|

Krauss, Schumann (— SHERPA)
VINCIA (Giele, Kosower, Skands) Dinsdale, Ternick, Weinzierl (— ?)

Winter, Krauss (— SHERPA)

PYTHIA 6.3,8.1



Outlook

e No (promising) new fragmentation frameworks in last 25 years

e String model best bet (?), but too many “materials constants”
* Will lattice QCD one day be able to help?
* mass dependence goes part of the way (UCLA model)

e Cluster model also has evolved towards many parameters
= there is no few-parameter good description

Many unsolved issues, especially:

multiple interactions = dense-packing of strings =- collective effects?
e Higher colour representations (colour ropes)
e Colour reconnections (= colour exchange between g’'s and g’s)?
e Bose—Einstein correlations?
e Partial formation of Quark-Gluon Plasma (QGP)?
e Rescattering of hadrons = strangeness content, collective flow?

LHC studies may provide hints in which direction to go
but data may also be too messy to provide straight answers.
Don’t expect any quick fixes!



