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1. Introduction

In 1998, at the QCD workshop in Paris, Rolf Baier asked me hdrefets could be mea-
sured in Au+Au collisions because he had a prediction of a @@dium-effect (energy loss via
soft gluon radiation induced by multiple scattering [1]) @sior-charged partons traversing a hot-
dense-medium composed of screened color-charges [2]d lhiai [3] that there was a general
consensus [4] that for Au+Au central collisions#yn = 200 GeV, leading particles are the only
way to find jets, because in one unit of the nominal jet-findinge,Ar = /(AN )2+ (A@)?2, there
is an estimatedtAr? x %T‘fj—';:{ ~ 375 GeV of energy !(!) The good news was that hard-scattering
in p-p collisions was originally observed by the method @dieg particles and that these tech-
niques could be used to study hard-scattering and jets inA8usollisions. In fact, in several
recent talks [5, 6, 7] and in talks from earlier years [3, 8ng as long ago as 1979 [9], | have been
on record describing “How everything you want to know abet$ jcan be found using 2-particle
correlations”. This past year, | had to soften the statentealmost everythindpecause we found
by explicit calculation in PHENIX [10] that the two-part&clopposite-side correlation is actually
quite insensitive to the fragmentation function—overingna belief dating from the seminal paper
of Feynman, Field and Fox in 1977 [11]. However, we also fotlnad the opposite-side correlation
function is sensitive to the ratio of the transverse momentum of the esidwy jet ©r,) to that of
the trigger-side jetfgr;) and thus provides a way to measure the relative energy fahs owo jets
from a hard-scattering which escape from the medium in an Aelfsion.

2. Status of theory and experiment, circa 1982

Hard-scattering was visible both at the ISR and at FNAL fii@det-energies via inclu-
sive single particle production at larger > 2-3 GeV/c [12]. Scaling and dimensional argu-
ments [13, 14, 15, 16] for plotting data revealed the systesand underlying physics. The
theorists had the basic underlying physics correct; butynfiaeonvenient) details remained to be
worked out, several by experiment. The transverse momeimln@ance of outgoing parton-pairs,
the “kr-effect”, was discovered by experiment [17, 18], and cledlifoy Feynman and collabora-
tors [11]. The first modern QCD calculation and prediction Hiagh py single particle inclusive
cross sections, including non-scaling and initial statbation was done in 1978, by Jeff Owens
and collaborators [19] under the assumption that higtparticles are produced from states with
two roughly back-to-back jets which are the result of scamitpof constituents of the nucleons
(partons).

The overall p-p hard-scattering cross section in “leadmgatithm” pQCD [20] is the sum
over parton reactiona+b — c+d (e.g. g+q— g+ q) at parton-parton center-of-mass (c.m.)

energyv/$

d3c _ sdo
dxdxdcosf*  dSdydcos*

1 2( ()2
-3 ; Fa(X0) fb(xz)%(z)zab(cose*) 2.1)

where f4(x1), fo(X2), are parton distribution functions, the differential pabbities for partonsa
andb to carry momentum fractiong andx;, of their respective protons (e.g(xz)), and whereg*
is the scattering angle in the parton-parton c.m. systeng pEmton-parton c.m. energy squared
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is §= x1%2S, where /s is the c.m. energy of the p-p collision. The parton-partan.csystem
moves with rapidityy= 1/2In(x; /x2) in the p-p c.m. system. The quantiti&gx;) and fp(x2), the
“number” distributions of the constituents, are relatemt ¢he electrically charged quarks) to the
structure functions measured in Deeply Inelastic leptadrbn Scattering (DIS), e.g.

Q) =3 T & LX) and Rx Q) =xT & L(x ) 22)

wheree, is the electric charge on a quark.

The Mandelstam invariants f and U of the constituent scattering have a clear definition in
terms of the scattering angl¥ in the constituent c.m. system:

f=—-8 m and u= _§M . (2.3)
2 2
The transverse momentum of a scattered constituent is:
pr = pr = %S sin@*, (2.4)

and the scattered constituentandd in the outgoing parton-pair have equal and opposite momenta
in the parton-parton (constituent) c.m. system. A naiveeeirpentalist would think 0€? = —f for
a scattering subprocess a@d = §for a Compton or annihilation subprocess.

Equation 2.1 gives th@r spectrum of outgoing partoa which then fragments into a jet
of hadrons, including e.gn®. The fragmentation functioB™ (z) is the probability for an® to
carry a fractiorz = p”o/pC of the momentum of outgoing partan Equation 2.1 must be summed
over all subprocesses leading tardin the final state weighted by their respective fragmentatio
functions. In this formulationfa(x1), fo(x2) and Dgo(z) represent the “long-distance phenom-
ena" to be determined by experiment; while the characiersstbprocess angular distributions,
>3(cosh*) (see Fig. 1) and the coupling constam(Q?) = ng) are fundamental predic-
tions of QCD [21, 22] for the short-distance, lar@8; phenomena. When higher order effects are
taken into account, it is necessary to specify factoriratioalesu for the distribution and frag-
mentation functions in addition to renormalization scaAlevhich governs the running afs(Q?).
As noted above, the momentum scqé~ p? for the scattering subprocess, whilg ~ §for a
Compton or annihilation subprocess, but the exact meaning?and u? tend to be treated as

parameters rather than as dynamical quantities.
Due to the fact (which was unknown in the 1970’s) that jetsincédlorimeters at ISR ener-

gies or lower are invisible below/s ~ Er < 25 GeV [25], there were many false claims of jet
observation in the period 1977-1982. This led to skepticaéout jets in hadron collisions, par-
ticularly in the USA [26]. A ‘phase change’ in belief-in-getvas produced by one UA2 event at
the 1982 ICHEP in Paris [23] (Fig. 2), which, together witle tlirst direct measurement of the
QCD constituent-scattering angular distributiai®(cos8*) (Eq. 2.1), using two-particle correla-
tions [24], presented at the same meeting (Fig. 1), gaveetsaV credibility to the pQCD descrip-

tion of high pr hadron physics [20, 27, 28].
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Figure 1: a) (left 3 panels) CCOR measurement [23, 24] of polar angliaributions ofr® pairs with net
pr < 1 GeV/c at mid-rapidity in p-p collisions witk/s = 62.4 GeV for 3 different values oft rrinvariant
massMy b) (rightmost panel) QCD predictions faf°(cos8*) for the elastic scattering @fg, qg, qd, qg,

andqqwith as(Q?) evolution.

(a) (b)

Figure 2: UA2 jet event from 1982 ICHEP [23]. a) event shown in geomefrgetector. b) “Lego” plot
of energy in calorimeter cell as a function of angular positdf cell in polar @) and azimuthal®) angle

space.

3. Mid-rapidity pr spectra from p-p collisions—xt-scaling

Equation 2.1 leads to a generar:scaling’ form for the invariant cross section of high-
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particle production:
3
Ed_o — ;F(XT) — ;
\/gn(XTv\/—S)

d3p p?_(XT»\/é)
wherexr = 2pr/4/s. The cross section has two factors, a functigixr) (G(xr)) which ‘scales’,
i.e. depends only on the ratio of momenta, and a dimensioaedrf ]/pQ(XT'\/é) (1/\/§”(XT"[S)),
wheren(xt,/S) equals 4 in lowest-order (LO) calculations, analogous ¢olifa* form of Ruther-
ford Scattering in QED. The structure and fragmentatiorctions are all in the= (x1) (G(xr))
term. Due to higher-order effects such as the running of thipling constantas(Q?), the evo-
lution of the structure and fragmentation functions, aralitiitial-state transverse momentun,
n(xr,+/S) is not a constant but is a function wf, \/s. Measured values ai(xt,/S) for 7 in p-p
collisions are between 5 and 8 [5].

The scaling and power-law behavior of hard scattering aideat from the,/s dependence
of the pr dependence of the p-p invariant cross sections. This isshomnonidentified charged
hadrons,(h™ +h7)/2, in Fig. 3a. Atlowpr <1 GeVk the cross sections exhibit a “thermal”

G(XT), (31)
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Figure 3: a) (left) Ed®o(pr)/d3p at mid-rapidity as a function of/s in p-p collisions [29]. b) (right)
log-log plot of \/S(GeV)83 x Ed®a/d3p vs xr = 2pr/+/S[30].

exp(—6pr ) dependence, which is largely independent/sf while at highpr there is a power-law
tail, due to hard scattering, which depends strongly/@n The characteristic variation wit{y's at
high pr is produced by the fundamental power-law and scaling degresedof Eqs. 2.1, 3.1. This
is best illustrated by a plot of
e 2450

VSTV X EdTp = G(xr), (3.2)
as a function ofr, with n(xr,/s) = 6.3, which is valid for thex; range of the present RHIC
measurements (Fig. 3b). The data show an asymptotic powewith increasingxr. Data at
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a given,/s fall below the asymptote at successively lower valuegroWith increasing,/s, cor-
responding to the transition region from hard to soft phy/dicthe pr region of about 2 Ge\/
Althoughxt-scaling provides a rather general test of the validity QJibeut reference to details,
the agreement of the PHENIX measurement of the invariarsiscsection for® production in p-p
collisions at,/s= 200 GeV [30] with NLO pQCD predictions over the rangé  pr < 15 GeVE
(Fig. 4) is, nevertheless, impressive.
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Figure 4: (left) PHENIX [30] ri° invariant cross section at mid-rapidity from p-p collisgat,/s= 200 GeV,
together with NLO pQCD predictions from Vogelsang [31, 32]The invariant differential cross section for
inclusive r° production (points) and the results from NLO pQCD calcwolasi with equal renormalization
and factorization scales @i using the “Kniehl-Kramer-Pétter” (solid line) and “KretZ¢dashed line) sets
of fragmentation functions. b) The relative statisticabi(is) and point-to-point systematic (band) errors.
c,d) The relative difference between the data and the thesing KKP (c) and Kretzer (d) fragmentation
functions with scales opt/2 (lower curve),pt, and 2ot (upper curve). In all figures, the normalization
error of 9.6% is not shown. (right) e) p-p data from a) muitidiby the nuclear thickness functiofpa,

for Au+Au central (0-10%) collisions plotted on a log-logate (open circles) together with the measured
semi-inclusiver® invariant yield in Au+Au central collisions aysun = 200 GeV [33]

3.1 The importance of the power law

A log-log plot of ther® spectrum from Fig. 4a in p-p collisions, shown in Fig. 4e glavith
corresponding data from Au+Au collisions [33], illustrattihat the inclusive single particle hard-
scattering cross section is a pure power lawger> 3 GeV/c. The invariant cross section fa?
production can be fit to the form

Ed®o/dp’ O p;" (3.3)
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with n =8.10+0.05 [33]. It is important to emphasize that tmss different from then(xr, v/S)

in Egs. 3.1, 3.2. The powerin Eqg. 3.3 measures the pure power law shape of the crossrsecti
at a fixed,/srepresented by the functida(xr) in Egs. 3.1, 3.2, while(xr,/S) represents ther
dependence at fixed: when,/sis varied. Clearly, from Eq. 3.1 and Fig. 3b, the simple power
(Eqg. 3.3) is greater than or equalritxr,+/S) (Eq. 3.2).

The steeply-falling power-law spectrum at a giwgs has many important consequences for
single particle inclusive measurements of hard-scatierirhe most famous properties in this re-
gard are the “Bjorken parent-child relationship” [34] ahé t'leading-particle effect”, which also
goes by the unfortunate name “trigger bias” [35, 34]. The#lebe discussed below in the section
on correlations. The power-law also makes the calculatfdheinclusive photon spectrum from
the decay® — y -+ y very easy, but nevertheless very precise [36, 37], wheresspd as the ratio
of photons fronv® to 7° at the samepr:

5 r=2/0-1 . (3.4)

Similarly, the inclusive electron spectrum from internakgternal conversion of these photons has
a simple formula when expressed as the ratintat the samepr:

) t 2
no(pT) = (E—F%—Xo) X (n_l)Z ) (35)

whered, /2 = Dalitz (internal conversion) branching ratio per photod 8Xj is the thickness of
the external converter in radiation length&)[40, 41].

(e +eh)
no(pT)— o

o

4. Measurement of the medium effect in A+A collisions with had-scattering by
comparison to baseline measurements in p-p and d+A collisis

Since hard scattering is point-like, with distance scalerl< 0.1 fm, the cross section in
p+A (B+A) collisions, compared to p-p, should be simply prdonal to the relative number of
possible point-like encounters [38], a factor A{BA) for p+A (B+A) minimum bias collisions.
For semi-inclusive reactions in centrality clalsat impact parametdy, the scaling is proportional
to Tag(b), the overlap integral of the nuclear thickness functior®y,[&here(Tag) ; averaged over
the centrality class is:

“Tag(b) d?b
(Tag) 1 = Jie® _ Moot @.)
/(1_ e*UNNTAB(b))dzb ONN ’
f

and wherg N ) 1 is the average number of binary nucleon-nucleon inelastlsions, with cross
sectiononn, in the centrality clas$. This leads to the description of the scaling for point-jite-
cesses as binary-collision (Bkg) ) scaling. This description is convenient, but confusirggduse
the scaling has nothing to do with the inelastic hadronitisioh probability, it is proportional only
to the geometrical factofTag) s (EQ. 4.1).

Effects of the nuclear medium, either in the initial or fintdte, may modify the point-like
scaling. This is shown rather dramatically in Fig. 4e whaeAu+Au data are suppressed relative
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to the scaled p-p data by a factor €f4 — 5 for pr > 3 GeV/c. A quantitative evaluation of the
suppression is made using the “nuclear modification factkg, the ratio of the measured semi-
inclusive yield to the point-like scaled p-p cross section:

(Tag)t xdofy (Nt x dNJy

whered N,E’B is the differential yield of a point-like procegksin anA+ B collision anddayj is the
cross section oP in anNN (usually p-p) collision. For point-like scalingRag = 1.

While the suppression af® at a givenpy in Au+Au compared to the scaled p-p spectrum
may be imagined as a loss of these patrticles due to, for icstahe stopping or absorption of a
certain fraction of the parent partons in an opaque meditisevident from Fig. 4e that an equally
valid quantitative representation can be given by a doviinshihe scaled p-p spectrum due to, for
instance, the energy loss of the parent partons in the medaarticle withp't in the scaled p-p
spectrum is shifted in energy by an amo&pr) to a measured valupr = p'r — Spr) in the
Au+Au spectrum [43]. The fact that the Au+Au and referenge spectra are parallel on Fig. 4e
provides graphical evidence that the fractiopgalshift in the spectrum$(pr)/pr is a constant for
pr > 3 GeVl/c, which, due to the power law, results in a constam itthe ° spectraRaa(pr)
as shown in Fig. 5.

(4.2)

Rag =

o l.5j PHENIX preliminary e O E

Au+Au 200GeV 0-10 %

o5F % .
L, .

- .........-..T....,¢¢,’é?66' " ‘T n
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Figure 5: PHENIX measurement of nuclear modification facRxa for identified ° and-non identified
charged hadrong™ +h~)/2 for central (0-10%) Au+Au collisions afSyn = 200 GeV [42].

The nuclear modification factors are clearly differentf@rand(h™ +h~) /2 for pr < 6 GeV/c
in Fig. 5. Is it possible to tell whether one or both of thesgctmns obey QCD?

4.1 x7 scaling in A+A collisions as a test of QCD

If the production of highpt particles in Au+Au collisions is the result of hard scattgrac-
cording to pQCD, therty scaling should work just as well in Au+Au collisions as in gqilisions
and should yield the same value of the expon#rt,/s). The only assumption required is that
the structure and fragmentation functions in Au+Au cablie should scale, in which case Eq. 3.2
still applies, albeit with éG(xr) appropriate for Au+Au. In Fig. 6n(xr,,/Sun) in Au+Au is
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derived from Eq. 3.2, for peripheral and central collisiobg taking the ratio oEd3c/dp® at a
givenxt for ,/Syny = 130 and 200 GeV, in each case. Thigs exhibit x; scaling, with the same

O——T——T T T T T T —TT ,

ié/ ol n(x,) for 1 i n(x,) for =N N
77 0-10% 1} 4r0-10%
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Figure 6: Power-law exponeni(xr) for ° andh spectra in central and peripheral Au+Au collisions at
v/SuN = 130 and 200 GeV [44].

value ofn = 6.3 as in p-p collisions, for both Au+Au peripheral and centmallisions, while the
non-identified charged hadromg-scale withn = 6.3 for peripheral collisions only. Notably, the
(h* +h7)/2 in Au+Au central collisions exhibit a significantly largealue ofn(xr,+/s), indicat-

ing different physics, which will be discussed below. Thescaling establishes that high- 7°
production in peripheral and central Au+Au collisions &idt + h™)/2 production in peripheral
Au+Au collisions follow pQCD as in p-p collisions, with part distributions and fragmentation
functions that scale witlkr, at least within the experimental sensitivity of the dat&e Tact that
the fragmentation functions scale fof in Au+Au central collisions indicates that the effective
energy loss must scale, i.&pr)/pr = is constant, which is consistent with the parallel spectra
on Fig. 4e and the constant valueR)a as noted in the discussion above.

The deviation ofh* +h~)/2 fromxr scaling in central Au+Au collisions is indicative of and
consistent with the strong non-scaling modification of iplgtcomposition of identified charged-
hadrons observed in Au+Au collisions compared to that ofgoifisions in the range.D < pr <
4.5 GeV/c, where particle production is the result of jet-fretation. As shown in Fig. 7-(left)
the p/m" and p/mr ratios as a function opr increase dramatically to valuesl as a function
of centrality in Au+Au collisions at RHIC [45] which was tdiyaunexpected and is still not fully
understood. Interestingly, theand p in this pr range appear to follow thi.,; scaling expected
for point-like processes (Fig 7-(right)), while ti® are suppressed, yet this effect is called the
‘baryon anomaly’, possibly because of the ngnscaling. An elegant explanation of this effect as
due to coalescence of quarks from a thermal distribution 42648], which would be prima facie
evidence of a Quark Gluon Plasma, is not in agreement witletheorrelations observed in both
same and away-side particles associated with both mesobeapdn triggers [49] (see discussion
of Fig. 24 below).

4.2 Direct photon production

Direct photon production is one of the best reactions toys@@D in hadron collisions, since

10
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Figure 7: (left) p/mandp/mratio as a function opr and centrality from Au+Au collisions gy/Syn = 200
GeV [45]. Open (filled) points are fam™ (11°), respectively. (right) Invariant yield gb and p, from the
same data, as a function of centrality scaled by the numbanafy-collisions Neo)

there is direct and unbiased access to one of the interamimgtituents, the photon, which can be
measured to high precision, and production is predominasdl a single subprocess [50]:

g+q—y+q , (4.3)

with g+ q — y-+ g contributing on the order of 10%. However, the measurenwdifiicult ex-
perimentally due to the huge background of photons frdm- y+ yandn — y+ y decays. This
background can be calculated using Eq. 3.4 and can be fudgtieced by ‘tagging'—eliminating
direct-photon candidates which reconstruct to the inwarimass of ar® when combined with
other photons in the detector, and/or by an isolation cut—e=quirement of less than 10% ad-
ditional energy within a cone of radids = /(An)2+ (Ap)2 = 0.5 around the candidate photon
direction—since the direct photons emerge from the carssiitreaction with no associated frag-
ments.

The exquisite segmentation of the PHENIX Electromagnedlorameter An x Ag ~ 0.01 x
0.01) required in order to operate in the high multiplicity Eomment of RHI collisions also pro-
vides excellenty and r° separation out tr ~ 25 GeV/c. This will be useful in making spin-
asymmetry measurements of direct photons in polarized pHions for determination of the
gluon spin structure function [51], but, in the meanwhilas Iprovided a new direct photon mea-
surement in p-p collisions which clarifies a longstandingzbel between theory and experiment in
this difficult measurement. In Fig. 8-(left) the new measueat of the direct photon cross sec-
tion in p-p collisions at,/s = 200 GeV from PHENIX [52] is shown compared to a NLO pQCD
calculation, with excellent agreement fpr > 3 GeV/c. This data has resolved a longstanding
discrepancy in extracting the gluon structure functionmfrprevious direct photon data [53, 54]
(see Fig. 8-(right)) by its agreement with ISR data and teem at lowxr.

4.3 xy-scaling in direct photon, jet and identified proton production in p-p collisions

The new direct photon measurement also shows xiicgcaling with previous measurements
(Fig. 9-(left)) with a valuen(xr,+/S) = 5.0. This is closer to the asymptotic valuergkr, /s) = 4
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Figure 8: (left) (a) Direct photon spectra [52] with NLO pQCD calcudats for three theory scalegt.
Brackets around data points show systematic errors. (b)padson to the NLO pQCD calculation for
U = pr , with upper and lower curves for = pr/2 and 2or. (right) Ratio of direct photon measurements
to theoretical calculation [53, 54]

than ther® measurements in this range pf, /s but is still not as close as th&xr,/s) = 4.5
from jet measurements [55] at the Tevatron (Fig. 9-(left)).

A new measurement by STAR [56] & scaling of identifiedrt, p and piin p-p collisions
at/s= 200 GeV in comparison to previous measurements (Fig. 1@s0ir,+/s) = 6.8+ 0.5
for pions in agreement with the PHENIX measurement [44] anogtides the first measurement of
xr scaling ofp and pin p-p collisions, withn(xt,+/s) = 6.5+ 1.0 in agreement with the value for
pions. This result shows thatand p are produced by fragmentation of hard-scattered partons in
p-p collisions forpr > 2 GeV/c, which contradicts a recent proposal [57] to exptaa ‘baryon
anomaly’ in A+A collisions as due to the possibility that fmas and pions in the range(2<
pr < 4.5 GeV/c in p-p collisions are produced by different mechasisAs shown on the inset in
Fig. 10, the pion and proton spectra follow transverse meaing formy < 2 GeV/c in both p-p
and d+Au collisions, suggesting the transition region fiswft to hard process domination occurs
at pr ~ 2 GeV/c in these collision systems.

4.4 The state of jet-suppression measurements in Au+Au and+du collisions at RHIC

The state oRap measurements at RHIC is beautifully summarized in Fig. 1&éretthe nuclear
modification factor is the same far andn in Au+Au central collisions at/syn = 200 GeV, both
are suppressed relative to point-like scaled p-p data bgtarfaf ~ 5 which appears to be constant
for pr > 4 GeV/c, while the direct photons are not suppressed atialteShe direct photons do not
interact (strongly) with the medium, while ti@ andn are fragments of outgoing hard-scattered
partons which do interact with the medium, this plot proves the suppression is a medium effect.
The curve on the plot shows a theoretical prediction [59fl@model of parton energy loss. The
model assumes an inital parton dengitf/dy = 1200, which corresponds to an energy density

12
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much as possible uncertainties from the various partonldigton functions used.

of approximately 15 GeV/frh The theory curve appears to show a reduction in suppresston
increasingpr, while, as noted above, the data appear to be flat to withiettwes, which clearly
could still be improved.

It is unreasonable to believe that the properties of the umediave been determined by a
theorist’s line through the data which constrains a few mpa&tars of a model. The model and
the properties of the medium must be able to be verified by rdetailed and differential mea-
surements. All models of medium induced energy loss [6Qdiptex characteristic dependence of
the average energy loss on the length of the medium travefdsd is folded into the theoretical
calculations with added complications that the medium egpaluring the time of the collision,
etc [61]. In an attempt to separate the effects of the dewithe medium and the path length
traversed, PHENIX [33, 62] has studied the dependence offthgeld as a function of the an-
gle (Ag) to the reaction plane in Au+Au collisions (see Fig. 12). Ragiven centrality, variation
of A gives a variation of the path-length traversed for fixedahitonditions, while varying the
centrality allows the initial conditions to vary. Clearlyese data reveal much more activity than
the reaction-plane-integratdgha (Fig. 11) and merit further study by both experimentaligtd a
theorists.

The point-like scaling of direct photon production in Au+Aallisions indicated by the ab-
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sence of suppression in Fig. 11 implies that there also dhio&llno suppression of direct pho-
tons in d+A collisions. The further implication is that thkign structure function in a nucleus
(g*(x)) scales likeA, i.e. R§(x) = g*(x)/Ad¥ (x) = 1, whereg"(x) is the parton distribution func-
tion of gluons in a nucleon, since it is known from measurasenf deeply inelastic scattering
of muons in nuclei that there is only a slight effect in the mgestructure functionsR,’éz(x) =
F2\(x)/AFN(X)<1[38, 63, 64] (see Eg. 2.2). However, until now there has Ineedirect measure-
ment of the gluon structure function in nuclei. A first atteérrpthis direction has been presented
by the PHENIX collaboration as a measuremenRgf( pr) of direct photons in d+Au collisions
at,/Syn = 200 GeV [65] (Fig. 13-(left)).

At mid-rapidity there is a simple relationship betwegn for direct photon production and
the structure function ratios [50]

~ dogMpr)/dpr 1/ FAxe) | gh) | 1
Raa= (2xA) )>/< dG)E)p(pT)/de ) <A|§2N(:(—T) +Ag\l(;T)> ) (Réz(XT)"i'%\(XT))

(4.4)
The measurement is consistent V\H@(x) =1, but clearly the statistical errors must be improved by
an order of magnitude before the data can be compared intetae theoretical prediction [66, 67]

15



Review of hard scattering and jet analysis Michael J. Tannenbaum

i A=208
mﬁlsf ]-3 L LI \lilll‘ | T f‘ll\\Hl:
' 12 [LHC RHIC
1.6— ek ; i
1.4 P Y : : 2 A o\
o C o 10000 GeVE 277 T s A
4 gl wwer
8 r LT
e i it D 09 T i
o8- 0 Eﬁl o e S -
0.6 b T e 2 L]
0.7 e o ) =225GeV"
£ — Pz’
0274&1214-AuﬂJ - 0.6 il | ETRTTT B \‘IIHIIl: 1 |\|H|\‘j 1 IL\I\\?
+‘ d+Au‘PHEN‘IX Pre‘llmlna‘ry ‘ ‘ ‘ ‘ 10-5 10—4 10-3 10-2 10-1 1
00 2 4 6 8 10 12 14 16 18 20
p+(GeVic) xIr

Figure 13: (left)-Nuclear modification factoRya of direct photons (red solid circles) and neutral pions
(open circles) measured in minimum bias d+Au collisions/afn = 200 GeV [65]. (right) Theoretical
prediction for gluon structure function rath(x) in Pb [66, 67]. Note thax ~ xr = pt(GeV/c)/100 for
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(Fig. 13-(right)) which is used in all calculations for RHilsions.

5. Correlations

As noted above (section 3.1), the steeply-falling powerdpectrum at a givery/s has many
important and helpful consequences for single particliugiee and two-particle correlation mea-
surements of hard-scattering. The most famous propertidss regard are the “Bjorken parent-
child relationship” [34] and the “leading-particle efféavhich also goes by the unfortunate name
“trigger bias” [35, 34].

5.1 Why single particle inclusive measurements accurateljneasure hard-scattering—the
leading-particle effect, also known as “trigger bias.”

Due to the steeply falling power-law transverse momentpiy) Spectrum of the scattered
parton, the inclusive single particle (e.g) pr, spectrum from jet fragmentation is dominated by
fragments with large;, wherez = pr,/pr, is the fragmentation variable. The joint probability for
a fragment pion, withpy, = z fpr,, originating from a parton witlpy, = priet is:

don(pr.2) __dog
prdprdz  prdpr

= fq(Pr) xDg(z)

x Dg(z)

(5.1)
wherefq (P, ) represents the final-state scattered-parton invariastrspedoq/ pr, d oy, andDg(z )
represents the fragmentation function. The first term ing=Ljis the probability of finding a parton

with transverse momentuipy, ‘and the second term corresponds to the conditional protyatbiit
the parton fragments into a particle of momentpm= z py,. A simple change of variablegy, =
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pr./z, dpr,/dpr |z = 1/%, then gives the joint probability of a pion with transversementumpr,
which is a fragment with momentum fracti@anfrom a parton withpy, = pr, /z:

d®on(pr,2) P 1

— U = fo(—) x D (z) x > . 5.2
The py, andz dependences do not factorize. However, fhespectrum may be found by in-
tegrating over all values oy, from pr, < pr, < /S/2, which corresponds to values affrom

xr = 2pr/4/Sto 1:

1 doy /1 pr, dz
— = fq(—)DX — . 53
p'ndpn xr Q(Zt) q(zt) th ( )

Also, for any fixed value opy, one can evaluate the; (pr,)), integrated over the parton spectrum:

_ JozDi(@) falpr/2) %

= 54
I+ DF () fo(pr/2)% o4

(z(pr))

Since the observerd® spectrum is a power-law fqrr, > 3 GeV/c, one can deduce from Eq. 5.3
that the partoni@r, spectrum is also a power-law with the same power—this isBj@ken parent-
child relationship” [34]. If we take:

dog

—4_ _ f,(Pr) =AP" 5.5
pldpl Q( t) t ( )
then
1 doy /1 o P _ndz
— T — [ ADl(z)(2) "=
ptdet Xt q( )( 4 ) th
1 1
= — [ ADX(z)z"?d , 5.6
|:”t/xT q(z)z" “dz (5.6)

where the last integral depends only weakly pn due to the small value ofr. Eg. 5.6 also
indicates that the effective fragmentation function forededted inclusive single particle (with
pr,) is weighted upward ire by a factorz'~2, wheren is the simple power fall-off of the jet
invariant cross section (i.e. not th&xr,+/s) of Eq. 3.1). This is the so called “trigger bias”
although it doesn't actually involve a hardware triggeryAarticle selected from an inclusiys,
spectrum will most likely carry a large fraction of its pargrarton transverse momentum; and it
was commonly accepted that this would define the hard stegtkinematics §in Eq. 2.4 orpr,

in Eg. 5.1) so that the jet from the other outgoing parton etiard-scattered parton-pair would be
unbiased [73, 11], so that its properties such as the fratatien function and the fragmentation
transverse momentum could be measured.

5.1.1 Fragmentation Formalism—Single Inclusive

For an exponential fragmentation function,

D(z) =Be ™ | (5.7)
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calculation of the “trigger bias” and the “parent-childctar is straightforward [35]. The mean
multiplicity of fragments in the jet is:

1
(m) :/ D(2)dz= E(l—e*b) (5.8)
0
and these fragments carry the total momentum of the jet:
1 B
/ D(Z)dz= (1-eP(1+b)=1 | (5.9)
0

where the(z) per fragment is:

_ JozD(zdz 1

(2= D(2dz (5.10)
The results are:
B= _ b? 5.11
T 1-eb(1+b) " ®-11)
_ b(l-e?)
(m) = 1_eb(1l+b) b ) (5.12)
_1-elitb) 1 (5.13)

@=—1=e® ~b
The mean multiplicity of charged particles in the jetns) ~ b, which is 810 at RHIC (see below).
Substitution of Eq. 5.7 into Eq. 5.6 for the, spectrum of thet gives:
1 do; AB 1 5
————=— dz exp—bz , 5.14
prdpn P Z “exp (5.14)
which can be written as:

1 dox AB 1
prdpy ~ pror il (LD -T(n=10] (5.15)

where -
M(ax) = / Let (5.16)

X
is the Complementary or upper Incomplete Gamma functiod,da,0) = I'(a) is the Gamma
function, wherd (a) = (a—1)! for a an integer.
A reasonable approximation for smadt values is obtained by taking the lower limit of
Eq. 5.14 to zero and the upper limit to infinity, with the réshht:

1doy T(n—1)AB
thdet bn—l p[llt

(5.17)
The parent-child ratio, the ratio of the numberroft a givenpr, to the number of partons at the
samepr, is just given by the ratio of Eq. 5.17 to Eq. 5.5@t = pr;:

o _Br(n-1 (mr(n-1
E n"(th)_ pn-1 ~ phn-2

(5.18)
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Similarly, the same substitutions in Eq. 5.4 far(pr,)) give:

-1 —1
_ Jxy 922" " exp—bz
Jy, 4272 exp—bz

[F(nbx;)-T(nb)]  n-1
F(n—1,bx;)—F(n—1b)] ~ b ' (5.19)

(@ (pn) =3

This shows the “trigger-bias” quantitatively. TK®(pr,)) of an inclusive single particle (e.g
) with transverse momentumy,, which is a fragment with momentum fractienfrom a parent
parton withpy, = pr,/z (Eq 5.19), isn— 1 times larger than the uncondition@) of fragmentation
(EqQ. 5.13) [68]. The prevailing opinion from the early 1990Qntil early this year was that although
the inclusive single particle (e.g. pizero) spectrum fretfjagmentation is dominated by trigger
fragments with largez) ~ 0.7 — 0.8 the away-jets should be unbiased and would measure the
fragmentation function, once the correction is made(forand the fact that the jets don’t exactly
balancepr due to thekr smearing effect [12].

5.2 Almost everything you want to know about jets can be foundising 2-particle
correlations.

The outgoing jet-pair of hard-scattering obeys the kinéreaif elastic-scattering (of partons)
in a parton-parton c.m. frame which is longitudinally mayinith rapidityy = 1/2In(x; /%) in the
p-p c.m. frame. Hence, the jet-pair formed from the scatltpartons should be co-planar with the
beam axis, with two jets of equal and opposite transverse entum. Thus, the outgoing jet-pair
should be back-to-back in azimuthal projection. It is natessary to fully reconstruct the jets in
order to measure their properties. In many cases two-padicrelations are sufficient to measure
the desired properties, and in some cases, such as the sraastiof the net transverse momentum
of a jet-pair, may be superior, since the issue of the systeragor caused by missing some of
the particles in the jet is not-relevant. Many ISR experitagrrovided excellent 2-particle corre-
lation measurements [69]. However, the CCOR experimenty&s the first to provide charged
particle measurement with full and uniform acceptance tdweentire azimuth, with pseudorapid-
ity coverage—0.7 < n < 0.7, so that the jet structure of high scattering could be easily seen
and measured. In Fig. 14a,b, the azimuthal distributionassbciated charged particles relative
to a7 trigger with transverse momentupy, > 7 GeV/c are shown for five intervals of associ-
ated particle transverse momentyorn In all cases, strong correlation peaks on flat backgrounds
are clearly visible, indicating the di-jet structure whishcontained in an intervahg = £60°
about a direction towards and opposite the to trigger fovallies of associatepr (> 0.3 GeV/c)
shown. The width of the peaks about the trigger directioy.(Eda), or opposite to the trigger
(Fig. 14b) indicates out-of-plane activity from the indlual fragments of jets. The trigger bias
was directly measured from these data by reconstructingritpger jet from associated charged
particles withpr > 0.3 Gev/c, withinAgp = +60° from the trigger particle, using the algorithm
Priet = Pr, + 1.55 pr cogA@), where the factor 1.5 corrects the measured charged jeartiot
missing neutrals. The measurementsiy) = (pr,/Prijet) as a function oy, for 3 values of,/s
(Fig. 15-(left)) show a variation which is consistent witabng as a function oky, which was
not expected [71, 12]. Another observation [24], not muclpleasized at the ISR but relevant to
recent observations at RHIC, is that the measyeg) is different for single particle inclusive
triggers and pair triggers (Fig. 15-(right)). A recent m@asnent by STAR at RHIC [72] gives
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Figure 14: a,b) Azimuthal distributions of charged particles of tnagrse momentunpy, with respect to

a triggerm® with prt > 7 GeV/c, for 5 intervals opr: a) (left-most panel) foAg = +71/2 rad about the
trigger particle, and b) (middle panel) fap = +717/2 aboutr radians (i.e. directly opposite in azimuth) to
the trigger. The trigger particle is restricted|tp| < 0.4, while the associated charged particles are in the
range|n| < 0.7. c) (right panelxe distributions (see text) corresponding to the data of timezepanel.

(z) ~ 0.78+0.04 for inclusivepy, = 7.0 GeV/c at,/s= 200 GeV.

Following the analysis of previous CERN-ISR experiment3, [[7], the away jet azimuthal
angular distributions of Fig. 14b, which were thought to bhbiased, were analyzed in terms of the
two variables:pout = pr Sin(A@), the out-of-plane transverse momentum of a track;xanavhere:

Trigger p

F\A//’JET

o “ProPi_ —preosfe) |z oo TP .__Jkr
| Tl Pt Zirig

Zrig ~ Pt/ Prijet iS the fragmentation variable of the trigger jet, anid the fragmentation variable
of the away jet. Note that would equal the fragmenation fractiarof the away jet, fozig — 1,

if the trigger and away jets balanced transverse momentumxd distributions [70, 74] for the
data of Fig. 14b are shown in Fig. 14c and show the fragmemtdtehavior expected at the time,
e 62~ g Oe(i) |f the width of the away distributions (Fig. 14b) corresdony to the out of
plane activity were due entirely to jet fragmentation, thisin(Ag)|) = (|jr,|/pr) would decrease
in direct proportion to 1pr, wherejr, is the component ofr in the azimuthal plane, since the
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jet fragmentation transverse momentu, should be independent @f. This is clearly not the
case, as originally shown by the CCHK collaboration [17]jckhinspired Feynman, Field and Fox
(FFF)[11]to introducekr, the transverse momentum of a parton in a nucleon. In thisdtation,
the net transverse momentum of an outgoing parton paif2s;, which is composed of two or-
thogonal components/ikTw, out of the scattering plane, which makes the jets acoplaeamot
back-to-back in azimuth, ang2kr,, along the axis of the trigger jet, which makes the jets uakqu
in energy. Originally,kr was thought of as having an ‘intrinsic’ part from confinememhich
would be constant as a function »fand Q?, and a part from NLO hard-gluon emission, which
would vary withx andQ?, however now it is explained as ‘resummation’ to all ordér®GD [75].

FFF [11, 76] gave the approximate formula to detiyefrom the measurement g, as a
function ofxg:

(IPout)? = X [2(k, )2 + (it % + (i, ) (5.21)

CCOR [77] used this formula to derivgkr, |) and(|jr,|) as a function ofpr and,/sfrom the data

of Fig. 14b. This important result showed thajr, ) is constant, independent pf;, and /s, as
expected for fragmentation, but thgkr, |) varies with bothpy, and /s, suggestive of a radiative,
rather than an intrinsic origin fdky. The analysis was repeated, this year, by PHENIX for p-p
collisions at,/s= 200 GeV [10].

5.3 Why ‘everything’ became ‘almost everything’ due to a newunderstanding of xg
distributions

The new measurement @fr), (kr) and thexg distribution, this year [10], led to several
complications and surprises, most notably that the shapleeog distribution is not sensitive to
the fragmentation function. The complications concernféoe that while the effect ofz) could
be neglected at the ISR, whef®) ~ 1 due to the larger value of it had to be taken into account
at RHIC, with the result that the already complicated forn{iEq. 5.21) for derivinckt became
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even more complicated:

<awﬂmﬂ>”<@>—-1VQ& y-(i8,) @+%) (5.22)
Balkrx)) — x VO AT/ |
wherexy, (Xn) is the ratio of the associated particle (parton) trang/en®mentum to the trigger
particle (parton) transverse momentum:

pr, A pr,

2 K =X(kr,xn) =2 5.23

o (kt,%n) B (5.23)
Note that the hadronic variabig is measured on every event and that the partonic variahtea
function of bothkr andxy (Fig. 16-(right)), as is the “trigger biagz) [10]. Thus, the solution of
Eq. 5.22 for, /(k¢ ) is an iterative process. The results [10] are shown in Fig. 16

Xh

4= \ \ \ % \ \ \
I =
L 0.8 i _
~ 37
g .
2 = 0.6 . ° -
<X ° il
9/ 2- — [ '/ 1
f\ll:||— . 0.4- -
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Figure 16: (left) <k%> values in p-p collisions for associated charged particlés W4 < pr, < 5 GeV/c

as a function ofpy, of a 7 trigger (solid symbols) with statistical and systematicoes, measured by
PHENIX [10]. The CCOR masurement gfs = 62.4 GeV [77] (open triangles) is also shown. (rigked))
and(%,) as a function oy, used in the PHENIX measurement, shown with statistical gatématic errors.

In order to evaluatéz ) the fragmentation function must be known. Based on the tangéng
belief that the away jet was unbiased, PHENIX attempted tiveléhe fragmentation function from

the measuredg distribution.
5.3.1 Fragmentation Formalism—two-particle correlations from a jet-pair
First recall the joint probability for a fragment pion, wighk, = z pr,, originating from a parton
with pr, (Eq. 5.1):
d?on(pr.z) _ dog
prdprdz  prdpr
= fq(Pr) x Dg(z) . (5.24)

x Dg(z)

22



Review of hard scattering and jet analysis Michael J. Tannenbaum

Here we make explicit thaly(Pr,) represents thier-smeared final-state scattered-parton invariant
spectrumday/ pr,dpr, andD(z) represents the fragmentation function. Due tokhemearing,
the transverse momentups, ©of the away parton in the hard-scattered parton-pair istless the
transverse momentum of the trigger parfmn[10]. The probability that the parton withy, frag-
ments to a particle witlpr, = zafr, in intervaldz, is given byDg(za). Thus, the joint probability
for a fragment pion withpr, = z pr,, originating from a parton witlpr,, and a fragment pion with
pr, = ZaPr,, Originating from the other parton in the hard-scattereid wah pr, is:

dSO'n(f)ﬂ,Zt,Za) dGq

—— = ———xDJ(z)x DI , 5.25

where
Pra Pr. 4P,

P %aPr %Py
andX, = pr,/pr, (Eq. 5.23). Changing variables from;,"z to pr,, z as above and similarly from
Z, to pr, yields:

A:

d3oy, 1 dog Zpr
__ D7(z)D7( 2 T 5.26
dprdzdpr, % pr d(pr/z) a(#) q(xhth) (5.26)

where for integrating ove, or finding (z) for fixed pr,, pr,, the minimum value of; is Z"" =
2pr,/+/S= Xy, and the maximum value is:
ax_ ¢ PR Xn
A= P, Xn
wherexq(pr,, pr,) is also a function okr (Eq. 5.23). Integrating oveitz in Eq. 5.26 gives theg
distribution in the collinear limit, wherer, = Xg py,, and it was thought [10] that a simply parame-
terized fragmentation function could be extracted fromiatjbt to the measureds and inclusive
pr, distributions (Eq. 5.6). However, there were serious diffies with convergence which took a
while to sort out. Eventually, the= distributions were calculated from Eq. 5.26 using LEP mea-
surements for quark and gluon fragmentation functiondh wfitocking results (see Fig. 17)—the
Xg distributions calculated with quaiRj ~ exp(—8.2-2) or gluonDg ~ exp—11.4-2) fragmen-
tation functions do not differ significantly! Clearly, tlxe distributions are rather insensitive to the
fragmentation function of the away jet in contradictionhie tonventional wisdom dating from the
early 1970's.
The evidence of this explicit counter example led to an agiteto perform the integral of
Eq. 5.26 analytically which straightforwardly confirmedthhe shape of the: distribution is not
sensitive to the shape of the fragmentation function. Hanev was found thakg distribution
is sensitive tax,, the ratio of the transverse momentum of the away-sidepg) (6 that of the
trigger-side jet py,). This can be put to use in A+A collisions to measure the ikeagnergy loss
of the two jets from a hard-scattering which escape from thdiom.

)

5.3.2 Analytical formula for the xg distribution

With a substitution of a power-law partqr, Spectrum (Eg. 5.5) and an exponential fragmen-
tation function (Eqg. 5.7), as in section 5.1.1, the integfdtqg. 5.26 over; becomes:
2. M

d%o0;, |32A/thT 1 pr,
- ddzZ"""exd—bz(1+-—— . 5.27
Tordps = R by A el g ) (5.27)
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Figure 17: (left) xe distributions from PHENIX [10] in p-p collisions afs= 200 GeV for several values
of py,. The solid and dashed lines represent calculations of 8tghlition from the integral of Eq. 5.26 for
quark (solid lines) and gluon (dashed lines) fragmentafiimttions based on exponential fits to the LEP
measurements [78, 79] shown on the right panel.

This is again an incomplete gamma functionyfi$ taken to be constant as a functionzpfor
fixed pr,, pr,:

d?o;; B2A 1 Pt
— = T(n,b'xp) =T (n,b'Ry— , 5.28
deldea th_r]]_tb/n ( Tt) ( thTa) ( )
whereb' is given by: or
b =b(l+-—2 . 5.29
( thTt) (629

The conditional probability of ther, distribution for a givenpry, is the ratio of the joint prob-
ability Eqg. 5.28 to the inclusive probability Eq. 5.15, or

o P
_ B 1 I (n,bxg) — T (n,b/% 5% |
P bp’l})’ih (1+%)n [r(n_labxﬂ)_r(n_lab)] ’

dPy

T (5.30)

and this answer is exact for the case of constantvith no assumptions other than a power law for
the partonps, distribution and an exponential fragmentation functianthle collinear limit, where,
Pr. = Xe P )

dP;| 1B 1 M(nb'xg) —T(nb'5e)

dXe [, %n b (1+3E)" [F(n—1,bxy) —F(n—1,b)]

With the same approximation for the incomplete gamma fonstused previously (Eq. 5.17),
namely taking the upper limit of the integral (Eq. 5.27) ténity and the lower limit to zero, the
ratio of incomplete gamma functions in Eq. 5.31 becomes legua— 1 and thexg distribution
takes on a very simple and very interesting form:
dP; 1 1

de o ~ (m>(n—1)%@

(5.31)

, (5.32)
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where the only dependence on the fragmentation function iee@ mean multiplicity of charged
particles in the jetm) ~ B/b ~ b. The dominant term in Eq. 5.32 is the Hagedorn functip(l}
Xe /%n)" so that Eq. 5.32 exhibite:-scaling in the variableg /%,. The shape of thge distribution
is given by the powen of the partonic and inclusive single particle transversen@gtum spectra
and does not depend on the exponential slope of the fragtimmtanction. However, the integral
of the xg distribution (from zero to infinity) is equal tgm), the mean multiplicity of the unbiased
away-jet.

The reason that the- distribution is not very sensitive to the fragmentationdtion is that the
integral overz for fixed py, andpr, (Egs. 5.26, 5.27) is actually an integral over the jet transs
momentumpr,. However since both the trigger and away jets are alwaydig@giual and opposite
in transverse momentum, integrating oyef simultaneously integrates ovex,,”and thus also
integrates over the away jet fragmentation function. This lose seen directly by the presence;of
in both the same and away fragmentation functions in Eq., S@@at the integral ovey integrates
over both fragmentation functions simultaneously.

5.3.3 Why did we believe that thexg distribution measured the fragmentation function?

The seminal paper of Feynman, Field and Fox (FFF) [11] wasaalby influential in form-
ing the belief that the distribution measured the fragmentation function. To ditectly from
Ref. [11], p 25, “There is a simple relationship between expents done with single-particle trig-
gers and those performed with jet triggers. The only difieesin the opposite side correlation
is due to the fact that the ‘quark’, from which a single-paditrigger came, always has a higher
p. than the trigger (by factor /Iz). The away-side correlations for a single-particle triggep
should be roughly the same as the away side correlations jitr tagger atp, (jet)=p, (single
particle) (z)”. This point is reinforced in the conclusions (p 59), “2. Ttistribution of away-
side hadrons from a jet trigger should be the same as that &r@mgle particle trigger except
for a correction due tdz) (see Fig.23)” [which is shown as Fig. 18 below]. Another iating
point is, “8. Because the quarks scatter elastically (najua number exchange - except perhaps
color), the away-side distribution of hadrons in pp cadllig should be essentially independent of
the quantum numbers of the trigger hadron.”—i.e. the jetgrfrent independently. Note that in
FFF the notation is+b — c+d (as in Eq. 2.1) whera, b, c,d are called ‘quarks’, so FFF cal,

Z.

This belief was thought to have been verified by measuremantse CERN-ISR which
showed (Fig. 19-(left)) that jet fragmentation functiomsvi-p, e" e~ and p-p reactions (CCOR
Fig. 14c [70, 74]) are the same, with the same dependence ef{honential slopk on $(Fig. 19-
(right) [27].

5.3.4 A very interesting formula

Equation Eqg. 5.32 (repeated below in a slightly differemtrfat) is very interesting.

— ~({m(n—1 where = — . 5.33

It relates the ratio of the transverse momenta of the awaytragger particles pr,/pr, = Xh ~ Xe,
which is measured, to the ratio of the transverse momentaeofway to the trigger jepr./pr,,
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Fig. 23. Comparison of the »@ and jet trigger away-side distnbution of charged hadrons in pp
collisions at W= 19.4 GeV, 6 = 90°, and p, (tngger) = 4.0 GeV/c from the quark-guark scat-
tering model, The upper figure shows the single-particle (x0}) tngger results plotted versus

25 = —p ()P (x¥) and the jet tngger plotted versus 23 = ~py(h*}py(jet) (see table 1). In the
lower figure, we plot both versus 27, where for the jet tngger 23 = 2, but for the single-particle
toigeer 2y = (2. 2p. The away hadrons are integrated over all rapidity ¥ and |180° — | < 45°

and the theory 1 caleulated using (kdpoq = 500 MeV. ® hy =20, x Ity = jet.

Figure 18: Figure 23 from FFF [11]
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Figure 21 Jetfragmentation functions measured in different procasses : v-p interactions (open
triangles, Van der Welde 1979); e”c™ annihilations (solid line, Hanson 1 al 1975); and pp
collisions (full circles CS, pr < 6 GeV/c. open circles CS. py > 6 Ge Ve, full squares CCOR, py
> 5 GeV/c. open squares CCOR, pr > 7 GeV/c).
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Figure 19 The slopes b obtained [rom exponential fits to the jet fragmentation function in the
interval 0.2 <z« 08 in e*e” annihilation (full circles) and LPTH data of the BS

Collaboration (open circles).

Figure 19: (left) Jet fragmentation functions from-p, e" e~ and p-p reactions. (right)-slopes from this
data, where ‘LPTH’ is an acronym for Large Hadron production [27].
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which can thus be deduced. Although derived for p-p coltisjoEqg. 5.32 (5.33) should work

just as well in A+A collisions since the only assumptions @m@ependent fragmentation of the
trigger and away-jets with the same exponential fragmemtetinction and a power-law parton

pr, distribution. The only other (and weakest) assumption & Xk is constant for fixedpy, as

a function ofxg. Thus in A+A collisions, Eq. 5.32 for the: distribution provides a method of

measuring the rati®, = Pr,/Pr, and hence the relative energy loss of the away to the samgside
assuming that both jets fragment outside the medium wittséimee fragmentation function as in
p-p collisions.

5.3.5 Test of determination offy, from the xg distribution in p-p collisions
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Figure 20: (left) Eq. 5.32 for n=8.1 divided bym). The integral should be equal to 1. Curves are for
% =1.0 (red), 0.8, 0.6, 0.4, 0.2 (blue), with intercepts/&, atxg = 0. (right)-PHENIXxg distribution for

5 < pr, < 6 GeV/c (Fig. 17-(left)) with Eq. 5.32 fox,™= 0.8 (black); STAR [72]xg distribution (Fig 25)
with Eq. 5.32 forxp = 1.0 (blue). Curves are from left panel multiplied by a factorlo3 to agree with
PHENIX data. STAR data have been multiplied by a factor oft6.&gree with this normalization.

A plot of Eg. 5.32 is shown in Fig. 20-(left) far = 8.1 for various values of,. Clearly, the
smaller the value of; the steeper is the: distribution. However, all the curves in Fig. 20-(left)
are related by a simple scale transformation of Eq. 5y83y xg = X,y. In general, the values
of n andx;, should be able to be determined from a simultaneous fit ofrtblesive pr, spectrum
(Eq. 3.3 or 5.15) and the= distribution (Eq. 5.31). On the other hand, when the valua &
well determined from the inclusivpy, spectrum (e.g. see Fig. 4), Eq. 5.33 can just be scaled to
fit the measuredg distribution. This was done for the PHENIX p-p data [10] o§F17-(left)

(5.0 < pr, < 6.0 GeV/c). The value oky'= 0.8 which gave the best “eyeball” agreement with the
data (Fig. 20-(right)) agrees with the valuexgfdetermined independently from thke-smearing
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analysis (Fig. 16) [10]. Similarly, for the STAR p-p data [AFig. 25) excellent agreement is
found withx, = 1.0, forxe > 0.2. Thus, the method works for p-p collisions. Note that thidewt
deviation of the STAR data from Eq. 5.32 feg < 0.2 may be a limitation due to the simple
approximations or may be the result of the absence of ciorecfor decay-in-flight for the low
pr, particles (presumablyr®) in the measurement. Also, as indicated in the caption of Zigy
typically, EQ. 5.32 must be normalized in order to agree withdata.

5.4 2-particle correlation measurements in Au+Au collisios

One of the first and still most striking measurements of twdiple correlations in Au+Au
collisions was presented by STAR at the Quark Matter 200Zecence [80]. In Fig. 21, the

o STAR PRELIMINARY )
6 < p.(trig) < 8 GeV/c

o 0-5% Au+Au
— flow: v2 = 7.4%
—— pp data + flow

Tt

1 2 3
A @ (radians)

1N, ooen AN/A(A @)

Figure 21: STAR [80] conditional probabilityN%@(fT'\:p of associated non-identified charged particles with

pr, in the range 2GeYt < pr, < py, per trigger particle withpy, between 6 and 8 GeV/c, all in the range
0 < |An| < 1.4 for central Au+Au collisions at/syn = 200 GeV as a function of the azimuthal angle
differenceA@ between the trigger and associated particles (solid sycMdon-jet background modulated by
elliptic flow v, is shown as the blue curve. The sum of the measured p-p diorefdus the flow is shown
as the red histogram.

conditional probability—given a trigger particle wify, between 6 and 8 GeV/c—of detecting an
associated particle witpy, in the range 2GeYe < pr, < pr, is shown for central Au+Au collisions
at,/syn = 200 GeV as a function of the azimuthal angle difference ofweparticlesAg. The 2-
particle correlation function expressed as the conditipnabability is the sum of the background
of particles randomly associated to the trigger, which islodated by the common hydrodynamic
flow (represented by, (pr)), plus the jet correlation function which was presumed tthigesame
as that measured in p-p collisions [81]:

CoUAAQ) = CEP(D@) + B(1+ 2v2(pr )Va(pr,) cos(289)) (5.34)

The trigger-side correlation peak in central Au+Au coliiss appears to be the same as that mea-
sured in p-p collisions (corrected by the small flow effeat} the away side jet correlation in
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Au+Au appears to have vanished, the data seem to be satbyatteel small flow effect. This obser-
vation appears consistent with a large energy loss in théumedr a medium that is opaque to the
propagation of high momentum partons, as originally indideby the suppression observed [82]
in single particle inclusive measurements far > 3 GeV/c (recall Fig. 5).

Although the apparent vanishing of the away jet in centratAu collisions is fantastic from
a public relations perspective, it is misleading from a iiifie viewpoint as it suggests that the
away-jet was totally absorbed by the opaque medium. Latek ywesented by STAR at Quark
Matter 2004 [83, 72] with & pr, < 6 GeV/c and (L5 < pr, < 4 GeV/c showed that the away jet
didn't disappear, it just lost energy and the away-sideatation peak became much wider than in
p-p collisions (Fig. 22).
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Figure 22: STAR conditional probability 2-particle correlation fuien with flow-modulated background
subtracted: (left) Measurements in d+Au [84], p-p and Au-egatral [85] collisions at/Syn = 200 GeV
with 4 < py, < 6 GeV/c and 2GeYc < pr, < pr; (right) STAR data with same triggex; but with 0.15 <
pr, < 4 GeV/c [83].

Still later work presented by STAR at Quark Matter 2005 [8H], &his past year, showed that
an away-side jet correlation peak with the same width as pncpllisions re-appeared whew,
was raised to the range<8 py, < 15 GeV/c, withpr, > 3 GeV/c (Fig. 23). Clearly, the study of jet
phenomena by two-particle correlations in Au+Au collida much more complicated than the
same subject in p-p collisions and one can expect a longitepourve.

However, even at this early stage, there is one definitiveltré®m 2-particle jet correlations
(Fig. 24) [49], in the sense that it casts serious doubt orefipdanation of the ‘baryon anomaly’
(recall Fig. 7) by coalescence models [46, 47, 48]. Fig.la#t)(shows the conditional probabil-
ity 2-particle azimuthal correlation functions, with theegrated associated particle yields/trigger
shown in Fig. 24-(right), for p-p, d+Au and AuAu collisions which the trigger is either an iden-
tified meson or baryon in the rangebX pr, < 4.0 GeV/c and the associated particles, in the
range 17 < pr, < 2.5 GeV/c, are not identified. The yield of associated padigler trigger on the
near side, from the same jet as the trigger hadron, is the &ammeeson and baryon triggers as a
function of centrality, except perhaps in the most centimaj And the same effect is seen for the
away-side yields. The red-dashed curve indicates the tegbétgger-side conditional yield if all
the anomalous protons in Au+Au collisions were produceddajascence. This shows that meson
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Figure 23: STAR conditional probability 2-particle azimuthal coagbn histograms for charged hadron
triggers with 8< py, < 15 GeV/c, in minimum-bias d+Au, 20-40% Au+Au and 0-5% Au+Aallisions at
/SNN=200 GeV.pr, increases from top to bottom as indicated [86, 87].
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Figure 24: (left) PHENIX [49] conditional probability 2-particle amuthal correlation distribution@}i— ddT'\(‘p

for triggers by identified mesons and baryons with2 py, < 4 GeV/c and associated non-identified charged
hadrons with 17 < pr, < 2.5 GeV/c in collisions at/Syn = 200 GeV: Au+Au, as a function of centrality as
indicated, d+Au minimum bias and p-p (non-identified trigge(right) Conditional yield per trigger meson
(circles), baryon (squares) from this data, integratetiwi\¢p = +0.94 radian of the trigger (Near Side) or
the opposite azimuthal angle (Away Side), for Au+Au (fullAu (open) collisions a{/Syn = 200) GeV.
Shaded boxes indicate centrality dependent systematicserAn overall systematic error which moves all
the points by 12% is not shown. p-p data are shown for nontifigshcharged hadron triggers.

30



Review of hard scattering and jet analysis Michael J. Tannenbaum

and baryons at intermediapg are produced by hard-processes with the same di-jet stejend
not by soft coalescence.

5.4.1 Jet energy loss or jet absorption?

In section 5.3.4, | asserted that the ratio of the transvarementa of the away-jet to the
trigger-jet, X, = Pr,/Pr,, and hence the relative energy loss of the away to the sarages&lin
both p-p and A+A collisions could be determined from measianats of thexg distribution using
Eq. 5.32. A test of this method, which worked for p-p colligo was presented in section 5.3.5.
Now | apply the method to Au+Au collisions.

Fig 25-(left) shows the STAR measurement [72] of e distribution, givenpy,, from the
data shown in Fig. 22-(right). In Fig. 25-(right), these si@@ments are plotted as@n~ pr,/pr,
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Figure 25: (left) STAR measurement [72] of transverse momentpm) distribution of associated charged
hadrons for a trigger charged hadron withc4y, < 6 GeV/c for pp, Au+Au peripheral(80-40%), Au+Au
central (top 5%) collisions af/Syn = 200 GeV. a) near-side, b) away-side dg)=ratio of AAto ppp,
distributions for c) near side, d) away side. (right) datarfr(b) plotted asiP/dxe compared to Eq. 5.32
with %, = 1 for p-p,%, = 0.75 for Au+Au peripheral, ang,= 0.48 for Au+Au central. The normalization

is the same as in Fig. 20-(left) for p-p collisions for botk thata and the curve. The Au+Au data have been
multiplied by the same factor of 0.6 to maintain the relatie@malization as published, but the curves are
normalized andy-scaled by eye to agree with the measurements in the raBgex¢ < 0.8.

distribution and shown together with Egs. 5.32, 5.33, with 8.1, scaled to match the data, which
are beautifully consistent with no relative energy losseftivo jets in p-p collisions as noted above
(recall Fig. 20-(right)). By contrast, in Au+Au collisionagreement with the data is obtained with
a ratio of awayl/trigger jet momenta of 0.75 in peripheral-8096) and 0.48 in central (0-5%)
collisions. This indicates a clear relative energy losshef away jet compared to the trigger jet,
which increases with increasing centrality. However, tigger jets in Au+Au are surface biased
by the falling power-lawpt spectrum, an effect analogous to ‘trigger bias'—the jetsctvigive
trigger particles of a givepy, are more likely to be produced near the surface and lose dittergy,
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with pr, close topr, than to have been produced deeper in the medium with a I@kger pr,
and then have lost significant energy in getting to the sarfddecause of the trigger-jet surface
bias, the away-jets must traverse the entire medium in eodee observed (except for the unlikely
cases when the jet-pair is tangential to the medium). Hetfeedecrease in, from 1.0 in p-
p collisions to 0.75 in Au+Au peripheral (40-80% ) collis®io 0.48 in Au+Au central (0-5%)
collisions indicates that the energy loss of the away-jetdases with distance traversed in the
medium.

| then tried to analyze the highgy, STAR away-jet measurement [86, 87] by the same
method [88]. First, | plotted the data from both STAR measwests asce distributions on the
same scale (Fig. 26). The measurements appear to disagtkenmormalization and shape, so |
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Figure 26: STAR data [72] from Fig. 25 for d+Au, Au+Au (peripheral) and-£Au central (0-5%) collisions
at./Syn = 200 GeV (filled points) compared to highet STAR data [87, 88] (open points).

tried normalizing the highepr, measurement [87] to agree with the lowsr measurement [72],
which would be correct ike scaling were valid in Au+Au collisions (see Fig. 27). Theulesare
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Figure 27: Data from Fig. 26, with the highepy, data normalized to agree with the lowef, data for
xg < 0.45, together with the curves from Fig. 25 which fit the lovpgrdata.

quite interesting. It appears that the points at lowgefor the higherpy, measurement are consistent
with the shape of the lowggy, data forxge < 0.45, with a dramatic break and a flattening of the slope
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for xe > 0.5. This could be suggestive of a two-component distributidrere some jets, which
pass through the medium, lose energy, while other jets, as¢hose emitted tangentially, punch
through without any energy loss. However it is difficult todenstand why the punch-through of
tangential jets would depend on the triggsy. The comparison of the two STAR measurements
and the possibility of a dramatic break in the distribution would be greatly clarified if a few
lower xg points could be obtained for the highef data.
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Figure 28: (left) STAR higherpy, data [87, 88] as plotted in Fig. 26 together with curves of82 adjusted
by eye to best represent the data. (right) STAR higher anérg#y data from Fig. 27 for Au+Au central
collisions together with PHENIX p-p data [10] from Fig. 20ght).

It is also possible to compare Eq. 5.32 to the STAR higherdata without reference to the
lower pr, data (see Fig. 28-(left)). Here, another troubling effeaevealed. The best valuesxaf ~
are 1.30 for the d+Au data, 1.20 for the Au+Au peripheral 4206) data and 0.85 for the Au+Au
central (0-5%) data. Thus, to within the error of the simiseyeball” scaling, the away-jet in
Au+Au central collisions with highepr,, pr, also seems to lose about half it's energy relative to
d+Au, consistent with the lowepy, measurement. However tixg slope for the highepry, data
is much flatter than other measurements in p-p and d+Au oiBsin the samepy, range (see
Fig. 28-(right) and Fig 29) as reflected in the anomalousevalix, = 1.30. In any model of jets
with kr smearing,x; must be< 1 as indicated by the other STAR and PHENIX data at RHIC
(Figs. 20-(right), 28-(right), 29-(right)). This clearlyarrants further investigation.

5.5 Possible new effects revealed by correlation measurents in Au+Au collisions at RHIC

5.5.1 Theridge

Due to the large acceptance of the STAR detector, a nearsigelation in pseudo-rapidity
(n) covering the full STARn acceptance was detected in addition to the flow modulatek- bac
ground and the near-side jet correlation [90]. As indicaeldematically in Fig. 30, the width of
the ridge in theAg direction is comparable to the near-side jet correlatioth muist be taken into
account in extracting the near-side jet yields. See Rel.ffg0letalils.
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Figure 29: PHENIX measurement [89] of conditional yield as a functibmofor near- and far-side™ — h*
correlations for several values of triggef, (indicated) in minimum bias d+Au collisions gtsyn = 200
GeV.
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Figure 30: (left) STAR [90] extraction of the near-side jet yields fox3py, < 4 GeV/c andpr, > 2 GeV/c:
Jet+Ridge, when the whole acceptance is included; J&tf), Jet(An), when account is taken of the ridge
by two different methods. (right) Schematic drawing of tkéeat of the same-side ridge and jet correlation
in theAn andAg directions.

5.5.2 Wide jets and/or Mach Cones-2 particle correlations

Measurements of non-identified charged hadron corretigiboth PHENIX [91] and STAR [92]
in the “intermediatepr” region (where the ‘baryon anomaly’ is found) are shown ig.F1. For
both PHENIX and STAR the trigger and associated particle® 26 < py, < 4.0 GeV/c and
1.0 < pr, < 2.5 GeV/c but the PHENIX range in pseudorapidity|ig < 0.35 for both particles
while for STAR|n| < 0.7 for the trigger particle anfl)| < 1 for the associated particles. Although
disagreeing in absolute value, presumably due to the diifey acceptances, the PHENIX and
STAR measurements both exhibit a striking widening of thayagide correlation in going from
peripheral to central collisions, with a strong hint of adbminimum (dip) developing &g =1
for centralities less tharn 60%. The existence of these local minima per se is not sigmifionce
the systematic errors on are taken into account but it is clear that all the away-sid&idutions
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Figure 31: Conditional yields of associated particles witl® X py, < 2.5 GeV/c per trigger particle with
2.5 < pr, < 4.0 GeV/c as a function ohg for various centralities in Au+Au collisions gfSyn =200 GeV
after subtraction of the flow-modulated non-jet backgrouheft) PHENIX [91] data where both 1 and 2
unit bands are shown for the (rms) systematic uncertaintp;r(right) STAR [92] data with systematic
uncertainties indicated as histograms.

in the more central samples for both PHENIX and STAR have g diferent shape than in the
most peripheral sample and all seem to exhibit a difs@at 1.

5.5.3 Deflected jets and/or Mach Cones-3 particle correlains

There are numerous explanations for the possibly two-mkstkacture, roughly 1 radian away
from T, in the away-side distributions shown in Fig. 31, of whiclotare commonly discussed:
a ‘Mach cone’ [93] due to the away parton exceeding the spéembund in the medium and
causing the QCD equivalent of a sonic-boom; or deflecteddetsto the strong interaction with the
medium which, e.g. for mid peripheral collisions where thertap region has a large eccentricity,
might prevent directly back-to-back jets from penetratimpugh the medium (see Fig. 32-(left)).

Both STAR and PHENIX try to distinguish a Mach cone from deBedets using 3-particle
correlations. In Fig. 32 STAR [94] studies the correlatidradrigger particle with 3< pr, < 4
GeV/c to 2 associated particles with<lpr, < 2 GeV/c by making a plot ofAgy versusAg,
the difference in azimuth of each associated particle vghttigger particle. In Fig. 32-(center) a
schematic of the expected results are shown on top for tieectaeflected jets for whichg =A@
when both associated particles are on the away-side andeiger: O when one or both of the
associated particles are on the trigger-side. The diagdangation nearrg, 1) is consistent with

kr smearing, since the typical fragmentation transverse mame, /(j%) ~ 0.6 GeV/c is much

35



Review of hard scattering and jet analysis Michael J. Tannenbaum

>
©
. =2 B AR Prolimi
§ % @ % isl R Preliminary
i £ e HP2006 QMZ2005
— b 2
E 3 > Central Au+Au
= T N@ 0-12% triggered
ZYAM/Purdue normalization
3 < pT,mgger <4 GeV
o . @ 1 < Pp pesec < 2 GEV
0 =
E %@ g
c E 2 o
<« NS E”G o
= £

Figure 32: STAR method of 3 particle-correlations [94]: (left) Schamalrawing of deflected jets (top)
and Mach cone (bottom) opposite to a trigger; (center) A siie plot of the azimuthal angle differences
Aq versusAg, of each of the two associated particles with respect to flggdr for deflected jets (top)
and a Mach cone (bottom); (right) STAR measuremem@f versusAg, in central Au+Au collisions at

V/SIN = 200 GeV.

less than,/ (k&) ~ 2.7 GeVi/c [10], so that\gy ~ Ag, # TT. For away-side particles which form
a cone roughly around the direction opposite to the trigtigte are off-diagonal as well as on-
diagonalA@, = Ag correlations (bottom). This is not obviously the best progn to understand
this problem as illustrated by the measurement in Fig. B2 which is difficult to understand
but does appear to show off-diagonal activity.

PHENIX [95] defines a coordinate system for the correlatibiwo associated particles. <
pr, < 2.5 GeV/c) to a trigger particle (8 < pr, < 4.0 GeV/c) in which a conical correlation would
be directly visible (Fig 33b). The angle* representst— 6’, where® would be the half-angle
of a cone centered opposite in azimuth to the trigger and the variablé\g* for this analysis
represents the ‘azimuthal’ angle around the cone. The datdigplayed as a polar plot afp* as
a function of8* (Fig. 33a,c,d). For a Mach cone, there should bé-function’ at a fixed half-
angle8* smeared b¥kr, and a uniform distribution idh¢* (Fig. 33c), while a deflected jet would
show correlations that are close in badh and A¢* and would favor orientations d@g* in the
n direction, since the same-side and away-side jets arevedlatincorrelated in pseudorapidity
(Fig. 33a). The measurement shown in Fig. 33d seems to &kiuthi types of activity.

6. Conclusion

Much has been learned, both in the 1970's and recently at Rbjihe study of jets and
hard-scattering via single particle, two-particle andaBtigle measurements in p-p and A+A
collisions. Clearly, for measurements in A+A collisionsRIC, we are still at the early stages of
a long and interesting learning process.
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Figure 33: PHENIX method of 3-particle correlations [95]. b) Schernaliustration of the coordinate
system used for 3-particle correlations. The hpghtrigger particle serves as the near-side jet axis @nd
representst— 6’, where8’ would be the half-angle of a cone centered opposite in atiruthe trigger
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for a deflected away-side jet in the PHENIX acceptance. c)eSasn(a) but for a conical away-side jet.
d) Measurement 08*, A@* 3-particle correlation surface for charged hadrons inregri0-5%) Au+Au
collisions within the PHENIX acceptance.
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