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s Summary & Outlook
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PRODUCTION OF LEADING HADRONS WITH SMALLpy
1

L

e A

i m K%
O.gf ¥ p+w

B EH] E
0.8 I
0_72_ A
0.6
0.5 ~r
0.4- v
0.3

‘02 0.4 06 08 1.
XE
Exponent describing thd dependencéx A®) of the
nucleus-to-proton ratio for production of different hadscas a
function ofx &



Reactions at large x g CFRIS,

PRODUCTION OF LEADING HADRONS WITH SMALLpy

— data for production of different hadrons A collisions

*** exhibit quite strong and universal nuclear suppression
at largex

*** data covering the laboratory energy range frafa to
400 GeV demonstrate: - scaling



Reactionsat large x ¢

HADRON PRODUCTION AT LARGEn
— nuclei are known to suppress reactions at laxge

,T_ 1.2
o e BRAHMSdata m STAR data
= - - h P
S T L L L. S
e L
(o - B
0.8 L +++
06 } }% - m==s
o4 &E%E - n =40
- [’“E = ma=
0.2
O Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il
o) 0.5 1 1.5 2 25 3 3.5 a 4.5
p+ (GeV)
d+ Au

—atn = 3.2 - 4.0 the data reach largeg region

xpwf—}e”NO.S—O.G

S

CFRIJS,



Reactions at large x g CFRIS,

NA49 data
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Reactions at large x5 CFRIS,

NA49 data
1
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Reactionsat large x CFRIS,

DIRECT PHOTON PRODUCTION IN A-B COLLISIONS

® PHENIX data

Au + Au Pr
— strong nuclear suppression at laggge > 14 GeV



Reactions at large x g CFRIS,

LARGE pr HADRON PRODUCTION ATn =0
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— data show an evidence for nuclear suppression at jafge
large error bars
— it is in accord witha z scaling of nuclear suppression



Reactionsat large x CFRIS,

NUCLEAR SUPPRESSION OF DILEPTONS
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large dilepton masses to eliminate nuclear shadowing

— In 1990 theE772experiment at Fermilab first observed that
the DY process Is suppressed at laige



Reactionsat large x ¢ CFRIJS,

NUCLEAR SUPPRESSION OF DILEPTONS

— In the target rest frame, the DY process looks like
fragmentation of a projectile quark into a dilepton via
bremsstrahlung of a heavy photon.

— standard kinematic variables :

__ 2Pq __ 2P -q
r1 = o Lo =— o

— with Feynman variabler = ©; — 2 = 2pr/+/s, where
pr, 1S the longitudinal momentum of the photon in the
hadron-hadron center of mass framer= (P, + P;)? is the
center of mass energy squared of the colliding protons.

— variablesP;, P, andd are the four-momenta of the beam,
target and the real photon, respectively andis the transverse
momentum of the real photon



Reactions at large x g CFRIS,

NUCLEAR SUPPRESSION OF DILEPTONS

— In the target rest framex; represents the momentum fraction
of the proton taken away by the photon

— using following definition

p7+M>
S

— one can obtain useful expressions for the kinematic vesab
xr, andxs:

T — X1 Lo =

wlzé(\/m%—l—élr—l—wp) mzzé(\/w%—l—élr—wp)

— at fixedpr, x; rises withx



Reactions at large « » CFRIS,

J/¥ PRODUCTION

Unexpected results from-Au collisions
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— a clear demonstration af; —, rather thanc,— scaling
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CFRIJS,

Why do we observe a common feature of all known
reactions on nuclear targets - a significant suppression at
largexr (x1) ?

Why do we observecr (x;) scaling ?

Why the soft hadron production is flavor independent ?



|nterpretations of suppression  ¢FRS

In terms of the Fock-state decomposition of the nucleus

— Fock states in a quark

1G) phys = ao |@)o + a1 |qG) + a3 |[qGG) + ...
— the amplitudes; depend on resolution -

— SOFT PROCESSthe lowest component dominatgsoor
resolution)

— HARD REACTION - higher Fock states are important
(better resolution) — INTENSIVE GLUON
BREMSSTRAHLUNG



|nter pretations of suppression  ¢FRIS

— the dominant Fock components are determined by the
resolution of the interaction

— a nucleus can resolve more Fock states than a proton siace th
saturation scal€), rises with the mass number of the target

— the leading parton distribution involves higher multimar
Fock states in a nucleus and must fall more steeply towards
rr — 1

as suggested by th&dankenbecler-Brodsky counting rule



Interpretations of suppression  “F&

— If one parton in a multiparton Fock state takes the main part
of the momentumg; — 1

— the rest partons are pushed into a small phase space cell
~ 1 — I

— the more partons are in the Fock state, the less is the

probability to find them in the small phase spaegq1 — o)™
Brodsky-Farrar counting rule



|nterpretations of suppression  “F&>

In terms of energy loss

— the involvement of higher Fock states
gluon bremsstrahlung is more intense in the
interaction on a nucleus than on a proton target

— it leads to a larger energy loss

— the largex r suppression may be envisioned to be a
consequence of induced energy loss proportional to energy

— such an induced energy loss proportional to energy results
x r scaling of nuclear suppression.



: CFRJS
Conclusions —

— the projectile parton distribution at; — 1 depends on the

target!

— the number of the projectile partons and Fock state
decomposition depend on resolution of the interaction

— the resolution of a nuclear target is controlled by the
SATURATION SCALEQ, which rises with the mass number
of nuclear targetA

— the more partons is resolved by the nuclear target, th@stee
IS behavior of the single-parton distribution®at — 1

fa(x1) oc (1 — wl)n(A)



Alternative inter pretations of
SUppPression

— any reactiona 4+ b — ¢ + X, whereec = h,Il, J/ ¥, ... |

a large rapidity gap (LRG) processaf(xr) — 1

Rapidity intervals

ad
: C . S 1
: In > = In
! i M 1'X1
L 2
| X} n M

b - So

— the probability to radiate no gluons in the rapidity intarv
Ay = In —— is suppressed by tfie®UDAKOV'S FORM

1—aq

FACTOR S(Ay), which violates QCD factorization

CFRJS,

n



Alternativeinterpretationsof  crris,
SUppression

* assuming as usual an uncorrelated Poisson distribution for

gluons, Sudakov suppression factor, i.e. the probaboityave a
rapidity gapAy, becomes

S(Ay) = e —(nc(Ay))

* the mean number of gluons radiated in the rapidity interval
Ay Is related to the height of the plateau in the gluon spectrum

dnG
(na(Ay)) = Ay “du
Yy
wheredn¢/dy is constant
* correspondingly

d’nG

S(Ay) = (1 —x,) &




Alternative Interpretationsof  crris,
SUppression

— the height of the gluon plateau was estimated by
as

2

™m
— In [ £ ] =2 1l
dy 73 AZQCD

dnG 3 s

— thus the Sudakov form factor
S(wl) — (]_ — 331)

— this coincides with the suppression factor applied togver
additional Pomeron exchange in the quark-gluon string aradl d
parton models based on the Regge approach



Alternativeinterpretationsof  crris,
SUppression

— alternative formulation of this suppressiomgt — 1 - as a
survival probabillity of the LRG in multiple interactions thithe
nucleus

— every additional inelastic interaction contributes atrax
suppression facta$ ()

— the probability of an n-fold inelastic collision is relatéo the
Glauber model coefficients via the
Abramovsky-Gribov-Kancheli (AGKgutting rules

— the survival probability at impact parameféreads

WiA(b) = expl=al¥ Ta®)] 3 — [0l Ta®)]" S(a0)™"



Alternativeinterpretationsof  crris,
SUppression

— In this expression particles (gluons) are assumed to be
produced independently in multiple rescatterings, I.e. In
Bethe-Heitler regime

— the samaW¥*2..(b) is employed in thelual parton model

— atxr — 1 energy conservation allows only radiation of
low-energy gluons having short coherence time. Therefore,
particles are produced incoherently in multiple interaw.

— atxr — 1 only the first term survives and
O'fRG(mF — 1) = /dz beﬁG(b) ~ A'/3

like data suggest



Ditfraction excitation of the nuclear crris,
tar get

— represents another example of LRG reaction on nuclei

1
diff — F =

(o)) Aa,
diEF
0.925

with o = 0.34 £+ 0.02, andoy = 3.84 £+ 0.94 mb, following
from HELIOS experiment at energy50 GeV

— It consistent with the above expectation

— only the nuclear periphery contributes



| eading hadronswith small p,  “F&&
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— quite strong and universal nuclear suppression at large

— data spanning the lab. energy range frofto 400 GeV
demonstrate that nuclear effects scale g



L eading hadronswith small p;, “F&>

— one can relate the observed suppression to the dynamics

discussed above via survival probability of LRG, which iess

to the description of soft inclusive reaction wigliark-gluon

string ,0r dual parton
models

— Nuclear effect can be calculated summing oreand

Integrating over impact parameter in the relation for suai
probabllity of LRG:

RA/N(wF) dzb eXp —Oeff TA(b)]

(1 — :L'F) Ocrf A /
X{exp[(l — 2p)0ersTa(b)] — 1}



| eading hadronswith small p;, “F&>

— within the Glauber modé&b.;; = o

— however Gribov’s corrections make medium more transgaren
and substantially reduag.s¢. For A = 40, sy = 20 mb.

— above simple expression explains the obsetwgcaling a
describes rather well the data

— a(xr) does not reach values as smallld3 This exponent
varies with A and simple geometrical considerations may be
accurate only for heavy nuclel.



High-pr hadronsat largen <P

Leading order kinematics

— light-front momentum fraction variables in projectiledan
target:

T, = A\//I’g Exp(y) To = A\//I’-g Exp(—y)

— wherey is the rapidity of thg(z s, k+) System

— Feyman variabler = x; — x5 = 2\]}/[{ sinh(y)

— at forward rapidity PROJECTILE 1 ~ 0.5 — 1

— at forward rapidity -TARGET - z, < 0.01



: CFRJS
High-py hadrons at large n )
— forward rapidities—— the beam fragmentation region at
large Feynman variablesmeans smalk, values -

cassociated with
shadowingor the color glass condensate
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High-pr hadronsat largen <P

— the simple sum rule for valence quark production

pA
f dsz dgz O'PA
Pr _ mn —-1/3
A d?2 doPP A PP x A
f PrT dp% Oin

explains the strong nuclear suppression at spall
— suppression at smatlr atn = 3.2is>thanatp = 0

— atn = 0, nuclei modify thegt distribution of radiated
gluons -an effect known as the CG&@ Cronin effect- gluons
are suppressed at smal}, enhanced at mediupy-, and
unchanged at larger

— GS, or theLandau-Pomeranchuk effeista part of the CGC
and reduces the total number of radiated gluons more syatg|
small than at larg@ - P



High-pr hadronsat largen <P

— Iinterpretation of data in terms of CGC should be careful -

CGC is supposed to be a result of coherence between different
parts of the nucleus

— nuclear modifications of the T-momentum distribution accu
In both the coherent and incoherent regimes. @Qné/coherent
regimecan be an effect of the GC,

— the RHIC data at midrapidities are In the transition region

pr < 1GeV Pr



High-pr hadronsat largen <P

— the cross section of hadron productiondd (pp) collisions
IS given by a convolution of the distribution function foreth

projectile valence quark with the quark scattering crogsice
and the fragmentation function

d?o dza'[qA(p)]
= dz € D z
d2pr dn E z/ Fasaw)( 1’qT) P r /s n/a(%)
where
qdr
rA=—=e".
! Vs

— Interaction with a nuclear target does not obey factoiorat

since the effective projectile quark distribution cortegwith
the target



High-pr hadronsat largen <P

— the main source of suppression at lapgeconcerns to
multiple soft rescatterings of the quark in nuclear matter

— summed over multiple interactions, the quark distribatio
the nucleus reads,

[ d?b [e_wlo'effTA(b) _ e—o'effTA(b)}

(1 —xq) [d?b |1 — e TessTa(®)]

A
fé/]zr(mla qgﬂ) =C .fq/N(wla qgﬂ)

— the normalization facto€' is fixed by the Gottfried sum rule

— the cross section of quark scattering on the target in is
calculated in the light-cone dipole approéatin

which provides an easy way to incorporate multiple intacact



High-pr hadronsat largen <P

— the Cronin effect is an interplay of the quark primordigi
and the momenturg gained via the interaction

— the larger isk and the smaller ig+, the weaker is the
Cronin effect. AndvVICE VERSA

— this confirms an importance of the nucleon quark structure.
We include three mechanisms of high-valence quarks
production characterized by different initial transvensementa

— particularly as a demonstration of different primordial
momenta for quark and gluon one can observe weaker Cronin
effect at larger energies



Nuclear broadening of pr CFRIS,

N, _ /d2r1 42, ¢iFr (=) QI (7, %) e~ 7 (F—722) Ta®)
d?kr
Dipole cross sectioa (rr, x) is fitted to data foFy (x, Q?).
Q7 (71, 72) is the density matrix describing the impact
parameter distribution of the quark in the incident hadron,

<k2>

an 1, 2) p— e 2(’)"1—|—’I"§)<k: >

where(k?) is the mean value of the parton primordial
transverse momentum squared.



Cronin effect in pA collisons  ¢F&2
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No fit to the data to be explained.



Cronin effect at RHIC CFRIS,
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High-pr hadronsat largen €&

Quark-diquark break up of the proton

— the first possibility is to break up the proton remaining the
diquark intactp — gq + g. Dominates at lowyr < 1 GeV

— we treat the diquark as point-like and integrate over its
momentum

— g7 distribution of the projectile valence quark, after
propagation through nucleus at impact paramEIés* given as

do(NA — gqX) d’rid?ry . .
2qrdzb ) (2m)? TG (1) v (r2) X
[1 1 e 3oR(Fi—72)Ta(b) _ =305, (F)Ta(b) _ e—%ag(Fz)TA(b)}

— g — gq wave function has a form that matches the known
PQCD behavior at larggr, ¥ n (1) ox Ko(r/R,)



High-pr hadronsat largen P&

Diquark break upjg — q + q

— at largergr the interaction resolves the diquark and its break
up should be included

— the valence quark has a much larger primordial transverse
momentum

do(qgA — qX d’rid’ry o
O-(qq — q ) :/ r1a-ra equ(’r1—'I°2)\Ij;)(r1) \IID(’I"Q) X

d2qr d2b 2 (27)2

{2 e 0N (F1)Ta(b) _ e 0N (72)Ta(b) _ e 50N (71/2)Ta (b)

e300 (F2/2)Ta(b) _ =305 (F1—372)Ta(b) _ ,—3oR (fa—571)Ta(b)

—
1

1 1 _N

192 6—20%(F1—F2)TA(b) 12 e_iadq(

2)Ta (b)

— gq WF is also assumed to by (1) < Ko(r/Rp) but
with a mean separatiol®p = 0.2 — 0.3 fm



High-pr hadronsat largen €&

Hard gluon radiationy — Ggq

— at largeqt the dipole approach should recover the parton
model, which describes higlp+r process as a result of binary
collision of two partongin the leading ordenvith final
T-momenta of both partons of the ordergf

— In the dipole approach one assumes that the projectil@gale
guark acquires high transverse momentum as a result ofpreulti
rescatterings, while the radiated gluons that balance this
momentum are summed to build up the dipole cross section. The
latter is fitted to DIS data involving gluons of rather low
transverse momenta

— one should include explicitly the radiation of a gluon with
large T-momentum which approximately equilibratgs i.e. the
processN — qGX



High-pr hadronsat largen €&

Hard gluon radiationy — Ggq

— In the dipole approach the cross section is given by the same
formula

do(qgA — gX) d’rid?ry .. . -
_ etar (r1—72) \I;T r) U o) X
dqu dzb (27_‘_)2 qG( 1) qG( 2)

1 4+ e 398c(F—)Ta(b) _ o—5086(F)Ta(d) _ e—%agG(fF’z)TA(b)}

— the nucleon wave function is replaced by the quark-gluon
light-cone wave function¥ 5 (rr) = ¥,g(rr), Where

~ 2i [ag Tr-E* T3
Uoc(rr) = -\ 3 r2 exp (_2_r2>
0

with ro = 0.3 fm




1.2

® BRAHMSdata
. h'

Rd+Au(pT)

m STAR data

— fragmentation functionss — «w— andd — =« - from

— Isospin effects more negative hadrons are produced by

CFRIJS,

deuterons than by protoagnhancement of the ratio f&w— by a

factor of 3/2 at largepr



High-pr hadronsat largen <P
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— to eliminate isospin effects id + Aw collisions one should
study neutral hadron (pion) production

— changing the value af from 3 to 4 one can see a large rise of
nuclear suppression about a factor2of

— rise of nuclear suppression withis affected by a stronger
onset of the Sudakov facto&(x, )™ at largerz; in the PDFs.



High-p, hadrons at large n
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High-py hadrons at large n

1.2

— n=3.2,sY?=200Gev
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— as a consequence of a strong nuclear suppression caused by
the Sudakov facto§(x,) - we expect the same nuclear effects at
different energies ang corresponding to the same valueagf

— at fixed energy it allows then to study nuclear effects atso a
midrapidities and at such larger which correspond to the same
x1- values as at forward rapidities




NA49 data CFRIS,

- NA49 data
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— largeraxr means larger pseudorapidity

— nuclear suppression rises wih} as a consequence of
multiple parton rescatterings



Direct photonsin A-B collisions <&
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— according tar (x4 )- scaling, one can study nuclear
suppression also at midrapidities but at larger correspgyyolh-

— at largepr - only valence quarks dominatesospin effects
give a prediction folR g, + 4., — 0.8



Direct photonsin A-B collisions

e PHENIX data
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— SCL=1_1s much shorter than the mean internucleon
separation~ 2 fm=

— LCL =1l. > R4 = Interference of multiple interaction
amplitudes with bound nucleonsk

CFRJS,



Hadronsat n = 0 CFRI,
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— sick dashed and solid linescorrections for SCL: effective at
mediumpr

— we predict again a nuclear suppression at large> 8 GeV
In accordance with an experimental evidence from PHENHX
large error bars
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Drdl-Yan reaction CFRIS,
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— suppression of the DY process at latgg is also well
explained including quark multiple rescatterings
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QCD factorization fails at the kinematic limitsy — 1,
L1 — 1,

Nuclear targets cause a suppression of partonsavith 1,
due to energy sharing problems

Suppression of highp+ hadrons at large rapidity observed
by the BRAHMS and STAR Collaborations is well explained

We predictr; (zr)- scaling = the same nuclear effects at
different energies and rapidities corresponding to theesaatue
of z;. Itis in accord with the observed:- scaling of nuclear
suppression foy /.

Model predictions of nuclear suppression at different fixed
values ofrr are in a reasonable agreement with NA49 data
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CFRJS,

Predicted strong nuclear suppression at largen direct
photon production idu — Aw collisions is not in disagreement
with existing PHENIX data

According tox; scaling we predict nuclear suppression
effects at large also for hadron production off nuclel even at
n=70

Similarly, suppression of Drell-Yan pairs at large
observed by E772 and E866 Collaborations is well explained.
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