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@ Motivations
o Scaling laws in inclusive processes
@ Data analysis

@ hadron, photon, and jet scaling properties from fixed-target to colliders
o comparing with NLO expectations
@ interpretations

@ Phenomenology
@ predictions at RHIC and LHC
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Dimensional analysis

Scattering amplitude 1 2--- — ... n has dimension

M ~ [length]"™*

Consequence

In a conformal theory (no intrinsic scale), scaling of inclusive particle
production

do |M\ X, ,9m)
E—(AB X)
d3p( C S pinactlve —4

where nuctive is the number of fields participating to the hard process

. =2p, /\/s and 9°": ratios of invariants
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Dimensional analysis

Scattering amplitude 1 2--- — ... n has dimension

M ~ [length]"™*

Consequence

In a conformal theory (no intrinsic scale), scaling of inclusive particle
production

do |M\ F(x,,0™)
E—(AB — CX)
d3p( S pinactlve —4

where nuctive is the number of fields participating to the hard process

. =2p, /\/s and 9°": ratios of invariants

Let's take the inclusive pion production as an example. ..
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Scaling laws in inclusive pion production

o Conventional pQCD picture (leading twist): 2 — 2 process followed
by fragmentation into a pion on long time scales

~000000 ——@=
Nactive = 4
000000 - E ﬂ(p p —mX) Pl 07)
d3p p*
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Scaling laws in inclusive pion production

o Conventional pQCD picture (leading twist): 2 — 2 process followed
by fragmentation into a pion on long time scales

~000000 ——@=
Nactive = 4
000000 - E ﬂ(p p —mX) Pl 07)
d3p p*

@ Direct higher-twist picture: pion produced directly in the hard process

: Nactive = 5
do F/(x, 0™
e

1
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Scaling laws in inclusive pion production

o Conventional pQCD picture (leading twist): 2 — 2 process followed
by fragmentation into a pion on long time scales

o Direct higher-twist picture: pion produced directly in the hard process

Remarks

o F(x,) falls faster than F’(x,) with x, from the larger number of
spectator partons [ Brodsky Burkardt Schmidt 1995 ]

F(XL) ~ (]_ — Xl)znspectator—1+2As

o Higher-twist processes naturally suppressed at large p,

Higher-twist contributions possible at high x, and not too large p,
[ Sivers Brodsky Blankenbecler 1975 ]
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Scaling violations

QCD is not conformal

Scaling violations expected from
@ running coupling
o evolution of parton densities and fragmentation functions

Scaling exponent greater than 4 even in leading-twist QCD
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Scaling violations

=
X + -
=z — M +T NLO
L K"+ K y=0 p=10 GeV |
~ p + pbar u=M=M.=pg,

Xg

o Slight increase of n" with x, from n" ~5t0 6

o Smaller exponent in the photon sector: n? ~ nf — 1
@ lesser scaling violations due to (almost) no fragmentation component
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Scaling violations

QCD is not conformal

Scaling violations expected from
@ running coupling
o evolution of parton densities and fragmentation functions

Scaling exponent greater than 4 even in leading-twist QCD

This analysis: systematic comparison between data and NLO expectations
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Data analysis

@ Scaling exponent extracted by comparing x, spectra at two /s

nP(x, ) = — In [O'inv(xu \/ﬁ)/ginv(xu \/572)]
L (5 /v5)

within the same experiment in order to reduce systematic errors

o Particle production at mid-rapidity
o hadrons (7 and h*), prompt photons, jets
o Data sets

@ most recent measurements: CDF, DO, E706, PHENIX
@ ...as well as older ISR data
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Data analysis

exp. part. NG p, X, N
E706 0 316 /388 2-9 10°1-410"1 25
PHENIX/ISR 7° 62.4 /224 2-7 2.1072-2.1072 3
PHENIX 70 62.4 / 200 2-19 7.1072-210"" 12
UA1 h* 500 / 900 2-9 8.1073 -2.1072 18
CDF bt 630/1800 2-9  7.10°3-102 5
CDF tracks 630 /1800 2-19 7.107%-210"2 52
CDF vy 630 /1800 11-81 3.1072-9.10"2 7
DO ~ 630 / 1800 11-107 3.1072-10"! 6
CDF jets 546 / 1800 29 — 190 1071 -2.10"1 9
DO jets 630 / 1800 23-376 8.1072-4.10"% 23
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Vs=62.4/22.4 GeV PHENIX/FNAL
Vs=200/62.4 GeV PHENIX
Vs=900/500 GeV UA1
Vs=1800/630 GeV CDF
Vs=1800/630 GeV CDF 2
Vs=1800/630 GeV CDF y
Vs=1800/630 GeV DO y
Vs=1800/630 GeV CDF jets
Vs=1800/630 GeV DO jets

Vs=38.8/31.6 GeV E706 ' ‘

o Significant increase of the hadron n®® with x
o n®P ~ 8 at large x

@ Huge contrast with photons and jets!

o n®*P constant and slight above 4 at all x
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Comparing to QCD

g 4

hadrons y/jets

—
=
[
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Comparing to QCD

<4

hadrons y/jets

e
—
==
e

o A"~ 0.5 — 2 from small to large x,
o AV/i°% consistent with 0

@ Error bars include theoretical uncertainty u = p, /2 to 2p,
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Interpretations

Resumation of large “threshold” logs In(1 — x, ) could explain part of the
data. However,

@ no effects in photons/jets despite the large x,

o data — theory discrepancy even at small x, ~ 1072
Most natural explanation

Higher-twist contributionsq g — gmandgg —qgm
o HT effects absent in photon and jet production

@ ISR data indicate a larger proton exponent: nP ~ n™ + 1

_ do 1
qq —>pq(n=6)$EdTp(pp —pX)~—

€L

@ scale dependence
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Scale dependence

Pion exponent extracted vs. p, at fixed x,

=10 T
= ® /s=38.8/31.6 GeV E706
9 [ ® s=62.4/22.4 GeV PHENIX/ISR ]
® Vs=200/62.4 GeV PHENIX
s [ ]
X;=0.2
7 L ]
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Scale dependence

Pion exponent extracted vs. p, at fixed x,
2-component toy-model

O’mOdel(pp—> T X) o A(XL) + B(XL)

Pt pS
Define effective exponent
dln O.model NLO
neff(XJ_’pJ_’B/A) = _W"i'n (XJ_’pJ_)_4
L
_ _2BJ/A NLO
- pJ2_+B/A+n (XJJPL)
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Scale dependence

+ 10 T

5
< ® Vs=38.8/31.6 GeV E706
9 L ® Vs=62.4/22.4 GeV PHENIX/ISR ]
- ® Vs=200/62.4 GeV PHENIX

X;=0.2

r— NLO
~~~~~~~ 2-component model

4 I
10

10°
pp (Gev)

o Fit gives [B(x,)/A(x,)]*/? ~ 4 -7 GeV

o Could be significantly reduced because of trigger bias effect
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Phenomenology

Predictions at RHIC and LHC

nfit(x = s
Rysi/yalx,) = (Ve yar)" 0 P sl

with nfit(x , p ) extracted from a fit to Tevatron, PHENIX, and E706 data

@ RHIC: /sy =500 GeV vs. /55 = 200 GeV
o LHC: /sy = 14 TeV vs. /5, = 10 TeV
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ology

=200 GeV)
o
&

o
o
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500 GeV) / 0" (Vs

o"Ws

o Ratio well below the conformal limit expectation, even within NLO
@ Possible breakdown of NLO visible also between 200 and 500 GeV
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QCD NLO p=p;; ~ QCD NLO p=2p |
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Phenomenology
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o Differences also expected at the LHC
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@ Scaling laws
@ powerful probe of hadron production dynamics

@ Analysis
@ exponents systematically extracted from hadron, photon and jet data
@ significant discrepancy in the hadron sector, esp. at large x|
o supports a non-negligible higher-twist contribution in large p, hadron
production (first seen at ISR)

@ Phenomenology
o ratio of x, spectra predicted at RHIC and LHC
o possible breakdown of NLO QCD could also be seen at these energies
@ important implications in heavy-ion collisions: color singlet states
penetrate dense media due to color transparency
[ Brodsky Pirner Raufeisen 2006, Brodsky Sickles 2008 ]
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