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Nuclear suppression at large x Michal Sumbera

1. Introduction

The main aim of the recent measurements of highiadrons produced in the beam fragmen-
tation region in the deuteron-nucleus collisions at the Relativistic Heavy ttlid€r (RHIC) is to
reach the smallest values of Bjorkeim the nucleus. This allows to observe the coherence effects
which should usually lead to nuclear suppression. Such a suppres$sighagr hadrons has been
indeed found by the BRAHM$][{] 2] and STAR [3] Collaborations.

Natural interpretation of the observed suppression based on theecmkeeffects was per-
formed in [4] within a model based on color glass condensate (CGC). Way&ich an approach
misses a global applicability for any energy and leads to problems with exyarwd nuclear sup-
pression at lower energies and for different reactions. For exaraénilar suppression like at
RHIC was measured also at much lower energg-nPb collisions at SPS corresponding to c.m.s.
energy,/s= 17.3GeV where no effects of coherence are possible. The obseresaf tise nuclear
suppression with Feynmag: by the NA49 Collaboration[[5] is in accord with the same pattern
seen in the RHIC energy range.

The same pattern of increasing suppression witlis also demonstrated by the E772 experi-
ment at Fermilab[]6] for the Drell-Yan (DY) process. Quite strong andensal nuclear suppres-
sion at largexr is also confirmed by the collection of data froff [7] for production of difer
species of particles ip+ A collisions. These examples and another reactions treated if]ref. [8]
confirm our expectation that this common feature should be attributed to all ieaxtions on nu-
clear targets. This allows to expect naturally that the same mechanism shogkl the observed
suppression at large- independently of the energy and type of the reaction.

Such a common mechanism of nuclear suppression was proposed iBrffgI0] (see also
[, [@2]). It is not related to coherence and can be applied to antisaat forward rapidities and
at any energy. Then the large-nuclear suppression can be treated, alternatively, as a Sudakov
suppression, a consequence of a reduced survival probabiligrém rapidity gap (LRG) processes
in nuclei, an enhanced resolution of higher Fock states by nuclei, orfectie¢ energy loss that
rises linearly with energy. It was also demonstratedJin [8] that the nuclgraression at large:
caused by the initial state multiple interactions is a leading twist effect leadingetikdbown of
QCD factorization.

Natural interpretation of suppression comes from energy conservasrictions. Projectile
parton propagating through a nucleus experiences multiple interactioresressllt it losses grad-
ually energy leading at large- to a reduction of the probability to give a major fraction of the
initial energy to one particle produced on a nucleus compared to a protget.t&or this reason,
the nuclear ratio should be suppressed below one at karg8uch an interpretation based on the
energy conservation leads alsaoscaling of the nuclear suppression as was analyzgd]in [10].

Besides, as an another consequence of energy conservatiortisriobserved nuclear ef-
fects occur also at midrapiditigs [13], i.e. at lasge= 2 pr/+/S, wherepr is transverse momentum
of the produced particles. In spite of the Cronin effect at modgatehe main consequence of
QCD factorization is that the nuclear ratio should approach one at fgrgelowever, initial state
multiple interactions and energy sharing lead to a suppression pattern similat wctiurring at
large x=. Thus, at largexy the nuclear ratio should fall below one. Moreover, we predict also
xt-scaling of this effect similarly tar-scaling at forward rapidities.
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The onset of nuclear suppression at midrapidities at lgargaanifests itself also through data
on production of neutral pions i+ Au collisions measured by the PHENIX Collaborati¢n]|[13].
The same Collaboratiof [[14] also demonstrated a strong nuclear efféargegt for direct photon
production inAu+ Au collisions.

In this paper using a novel mechanism from reffis[[8, 9] based omgrenservation in initial
state multiple interactions we analyze and quantify the nuclear supprestogead- and largexr
for a variety of processes occurring id) + A andA+ B collisions:

e production of leading hadrons with sma,

high-pr hadron production at forward rapidities in p(d)+A collisions,

production of hadrons at SPS energies vs. NA49 data,

Drell-Yan production at Fermilab energy at langse

high-pr hadron production at midrapidities,

direct photon production at larger in Au+Au collisions.

2. Survival probability of largerapidity gaps

Energy conservation restrictions lead to a feature common to all reactiangly when the
final particle is produced withkg — 1 (X7 — 1), insufficient energy is left to produce anything
else. In another words, gluon radiation during propagation of the gii@dw@dron or its debris is
forbidden by energy conservation. As a class, such events arbyusalied LRG processes. If a
largexg particle is produced, the rapidity interval to be kept emp#yis= — In(1— xg ). Assuming
as usual an uncorrelated Poisson distribution for radiated gluons, thek&usuppression factor,
i.e. the probability to have a rapidity gdyy, becomes

S(y) = e ™) 2.1)

whereng(Ay) is the mean number of gluons that would be radiated wityiif energy conservation
were not an issue.

The mean numbeng(Ay)) of gluons radiated in the rapidity intervAy is related to the height
of the plateau in the gluon spectruimg(Ay)) = Aydng/dy. Then, the Sudakov factor acquires
the simple form,

S(xe) = (1—xg )2/ (2.2)
The height of the gluon plateau was estimated in fef. [15] as,
m
dre _ 30, (™ ) 2.3)
dy m Nocp

For further calculations we takes = 0.4 (see discussion in ref][8]), which gives with high
accuracydng/dy=1, i.e. the Sudakov factor,

S(XF) =1—Xr. (24)
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One can formulate nuclear suppressionxat— 1 (xp — 1) as a survival probability of the
LRG in multiple interactions with the nucleus. Every additional inelastic interactionributes
an extra suppression fact8(xg ). The probability of an n-fold inelastic collision is related to the
Glauber model coefficients via the Abramovsky-Gribov-Kancheli (A@Hi}ing rules [16]. Then
the survival probability at impact parametereads,

>

;1, [Uirr'\NTA(b)r Sixe)" (2.5)

W{¥s(b) = exp| o Ta(b)]
n

n

whereTa(b) is the nuclear thickness function.

3. Production of leading hadronswith small pr

The left panel of Fig[]1 shows the collection of data frdin [7] for prahrcof different species
of particles inp+ A collisions exhibiting quite a strong and universal suppression at lgrge
Moreover, these data covering the laboratory energy range from Z0QdseV demonstrate with
a reasonable accuracy the scaling of nuclear effects.

Relating the observed suppression to the dynamics discussed in the pregaiion, the nu-
clear effects can be calculated using Hqg](2.5) summing over the numbeisibns and integrat-
ing over the impact parameter. Then, the nucleus-to-nucleon ratio norchatizbe number of
nucleonA reads

R xe) — d2pe et Talb) ] o(1-XF)0etTa(b) _1}‘ 3.1
A/N( ) (1—xg) UeffA/ { (3.1)

In the Glauber modeabesi = N . However, Gribov’s inelastic shadowing corrections substantially
reducedes ¢ [[L1, [18].

To compare with data, the nuclear effects are parametriz&y s’ A%, where the exponent
a varies withA. We usedA = 40, for which the Gribov corrections evaluated [n][18] lead to
Oetf ~ 20mb. Then a simple expression Hg.|3.1) explains the obsegvedaling and describes
rather well the data.

4. High-pt hadron production at forward rapidities

Assuming large values of hadron transverse momenta, the cross sedtiadroh production
ind-+A (p+ p) collisions is given by a convolution of the distribution function for the projectile
valence quark with the quark scattering cross section and the fragmeriftatiiion,

d’o d?a[qA(p)] Dh/q(2)

d?prdn — Zm/ 2 fya1p) 00 F) gy 22

, (4.1)

ar=pt/z

wherex; = ‘%e” is the light-cone momentum fraction of the projectile taken away by the quark.
The quark distribution functions in the nucleon have the form using the losvdsr parametriza-
tion of Gluck, Reya and Vog{]]9]. We used proper fragmentation funstigsing parametrization

from [2Q].
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Figure 1: (Left) Exponent describing th& dependencé] A?) of the nucleus-to-proton ratio for production
of different hadrons as a function gf. (Right) Ratio of negative hadron and neutral pion prodirctates
in d — Au and pp collisions as function ofor at pseudorapidity) = 3.2 andn = 4.0 vs. data from the
BRAHMS []j] and STAR Collaborationﬂ[3], respectively.

The cross section of quark scattering on the tadggigA(p)]/d?ardn in Eqg. (3]) is calcu-
lated in the light-cone dipole approadh][41] 22]. In our calculations, \warsée the contributions
characterized by different initial transverse momenta and sum overafiffenechanisms of high-
pr production. Details can be found ifj [8].

Interaction with a nuclear target does not obey factorization, sincefineigé projectile quark
distribution correlates with the target. The main source of suppressiorgatgarconcerns initial
state multiple interactions in nuclear matter leading to energy conservationtiessicalid at any
energy.

The quark distribution in the nucleus can be then evaluated performing summoggo mul-
tiple interactions and using the probability of affold inelastic collision related to the Glauber
model coefficients with Gribov’s corrections via AGK cutting rulg [16hds the following form:

(o)

fan (X1, O ,b) = Z)Vn(b) fan (0, &) (4.2)

where the coefficientg, are dependent on nuclear impact paramiter

[GeffTA(b)] n

Vn(b) = (4.3)

n+1
[lJr UeffTA(b)]

Here the effective cross sectionss = <0§ (rr))/ (ogy(rr)) has been evaluated iff [8].
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The valence quark distribution functiori§/N(x1,q%) in Eq. (4.2) are also given by the GRV

parametrization[[9] but contain extra suppression fac&pg)" = (1—x;)" (.4), corresponding
to ann-fold inelastic collision,

faun (X2, GF ) = Cn fqn (X, @) Sxa)", (4.4)

where the normalization facto, are fixed by the Gottfried sum rule.

In 2004 the BRAHMS Collaboratior}][1] found a substantial nuclear seggion for highpr
negative hadrons produced at pseudorapiglity 3.2. Two years later, the STAR Collaboratidh [3]
has observed even stronger suppression for neutral pians-a 0 as one sees from the right panel
of Fig.[]. Because the data cover rather smah- 1073, the interpretation of such a suppression
has been tempted to be a result of saturatjoh [2B, 24] or the §GC [25¢c®gin some models
[A]. However, as a demonstration of an alternative interpretation of agtinset of nuclear effects
at largen, the right panel of Fig] 1 clearly shows a good agreement of our maddon energy
conservation with corresponding data.

Much stronger nuclear effects at= 4 can be simply explained by the stronger energy con-
servation restrictions leading to much smaller survival probability of LRG in mleltgpark inter-
actions at largen-values [B[0].
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Figure 2: (Left) Theoretical predictions for an approximate eqp/+/s- scaling of the ratid=y au(pr) for
m° production rates il — Auandpp collisions. (Right) RatioRppb(pr), for ¥ production rates ip— Pb
and pp collisions as a function opy at two fixed values of Feynmag = 0.025 and 0375 vs. the NA49
data [%].

Energy conservation restrictions in multiple parton rescatterings shoulélsadoxs scaling
of nuclear effects[J8[]9, 10] since a corresponding parton enersy il proportional to initial
energy. We expect approximately the same effect of nuclear suppresifferent energies and
pseudorapidities corresponding to the same valueg oSuch a behavior is demonstrated in the
left panel of Fig[R, where we presept dependence of nuclear attenuation fadgra,(pr) for
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m° production in the RHIC kinematic range at different c.m.s. energiesakeeping the same
value ofxg.

5. Nuclear suppression at small energy vs. NA49 data

The main attribute of a novel mechanism of nuclear suppression at fbrajpidities proposed
in [B] is its applicability and validity at any energy. The right panel of f]jgleady manifests that
the pion production ip+ Pbcollisions at SPS at low energy of 158 GeV in lab. frame exhibits the
same pattern of nuclear suppression as that in the RHIC kinematic rangfeaSuppression and
its rise withxg can not be explained within CGC picture whose validity is confined to the region
of x; < 0.01 hardly accessible at SPS. The model predictions for nuclear sigignehave been
performed employing the dipole formalism for calculation of nuclear brosdgusing the standard
convolution expression based on QCD factorization frgnj [26]. Initiaiesbaultiple interactions
leading to breakdown of QCD factorization are included as describecttrfdsand presented also
in [B]. One can see a reasonable agreement of our calculations with 8&#daq5].

6. Drell-Yan production at large x¢

The DY reaction is also known to be considerably suppressed atarge) [R7] as one can
see from Fig[3. The origin of this suppression does not follow from ffexs of coherence or
shadowing since the corresponding data was obtained by the E772 Gatlabd§] at Fermilab at
rather low energy of 800 GeV in the lab. frame.
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Figure 3;: Normalized ratio of Drell-Yan cross sections on Tungsted Breuterium as a function of;

for two different intervals of the dilepton effective masSolid, dashed and dotted curves correspond to
different parametrizations of the dipole cross sectionTHEJ], GBW [34] without and with inclusion of
charm quark|E5], respectively.

Treating the DY process in the rest frame of the nucleus this processlikekadiation of a
heavy photon/dilepton by a valence qudrK [28]. The coherence lengftisinase is related to the
mean lifetime of a fluctuatiog — qll and reads[[24, 27],

B 2Eqa(l—a) 1 (1—a)M?
T (1-a)M2+a2mi+pd Mo (L-a)M2+méaZ+pd

(6.1)
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whereM is the effective mass of the dileptof;y and a are the transverse momentum and the
fraction of the light-cone momentum of the quark carried by the dilepton;Eane xqs/2my and

my are the energy and mass of the projectile valence quark. The fractior pfabon momentum

Xq carried by the valence quark in this reference frame is not equal, tout axg = x;. At large

x1 — 1, alsoa — 1, i.e. the coherence length EtDG.l) vanishes in this limit, no shadowing is
possible and nuclear suppression can not be explained by the CGLrbheadels.

Alternative interpretation of nuclear suppression at laxgés based again on energy con-
servation restrictions in multiple quark rescatterings using results discatse@ in sec{]2 (see
also [B[9[IP]). Model calculations have been performed using sxjaes for the production cross
sections in the color dipole approadh][29} 30]. For the differentialscsestion for the photon ra-
diation in a quark-nucleus collision we adopt][31] the light-cone Greentiom formalism [3p]
which naturally incorporates effects of quantum coherence.[Fig. ®sbar calculations for sev-
eral parametrizations of the dipole cross section: K[ST [33], GBW [34] witlaed with inclusion
of charm quark[[35]. The difference between correspondingegioan be treated as a measure
of the theoretical uncertainty. Model predictions are in a reasonabézagmt with data from the
E772 experimen{]6].

7. High-pt hadron production at midrapidities

Another consequence of energy conservation restrictions in multiplerpegstatterings is
that nuclear effects should occur also at midrapidities, i.e. at large 2pr//s. However, the
corresponding values gfr should be high enough to keep variakleon the same level as Feyn-
manxg at forward rapidities. Such an expectation is confirmed by the recentrdaidhe PHENIX
Collaboration [1B] showing an evidence for nuclear suppressiongs tar > 8- 10GeV (see the
left panel of Fig[}).

At n = 0the smallpr region is dominated by production and fragmentation of gluons. On the
other hand, the region of very large is dominated by production and fragmentation of valence
quarks. Consequently, any value of the hadron transverse momentigns aifly in the relative
contributions of valence quarks and gluons.

In comparison with reactions at forward rapidities (larg9 where mostly valence quarks
dominate, here one should include also gluons in our calculations. Detatedannd in ref. [2[].
Correspondingly, the cross section for hadron production,[Eq., (4.éxtended also for gluons with
corresponding distribution function, parton scattering cross sectiothafdagmentation function.

Including multiple parton rescatterings, the gluon distribution in the nucleusvéndiy the
same formula as for quarks (see Hq.](4.2), excrpt in Eq. (4.2), which should be multiplied by
the Casimir factor 94.

If the effects of energy conservation in multiple parton rescatteringsar@ken into account
the pr dependence dRy.au(pr) is described by the thin dashed line. One can see from the left
panel of Fig[} that our calculations at moderateare not in a bad agreement with data and a
small suppression at large is given by the isospin effects. After inclusion of energy sharing in
multiple parton rescatterings the model predictions presented by the thin solghlitezestimate
the data at moderatgr. However, at largept quite a strong onset of nuclear effects is not in
disagreement with corresponding experimental points.
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Figure 4: (Left) Nuclear attenuation factd®y. au(pr) as a function ofor for production ofri® mesons at
\/$=200GeV andj = 0 vs. data from PHENIX CollaboratiorﬂlS]. (Right) Nucleabdification factor
for direct photon production iAdu— Au collisions as a function gpy.

Calculations in the RHIC energy range at midrapidities are most complicatealthiisds the
transition region between the regimes of long (snm&l) and short (largepr) coherence lengths.
Instead of too complicated rigorous light-cone Green function formalisiF8438,3P] we preset
corrections for finite coherence length using the linear interpolation peddrby means of the
so-called nuclear longitudinal form factdr [26]. Such a situation is desdrby the thick solid
and dashed lines reflecting the cases with and without inclusion of enenggvation in multiple
parton rescatterings, respectively. It brings the model predictions éttarlagreement with data at
moderatepr.

Finally we would like to emphasize again that nuclear suppression at grge10GeV ob-
served by the PHENIX experimerjt]13] can not be explained as a &D&C because data cover
rather largex; ~ 0.05— 0.1 where no effects of quantum coherence are possible.

The minimum bias data from the PHENIX Collaboratign][13] (see the left pahEig. 4)
are not very precise and do not allow to make a definite conclusion abewnget of nuclear
effects at larggpr > 8- 10GeV. However, the same data distributed over different centralities in
spite of large error bars demonstrate more decisively that the nuclepresgmpnRy ay < 1 at
pr > 9+ 10GeV for centrality 0- 20%. This gives a crucial signal to expect a suppression also
for minimum bias events even according to worst scenario when more peaiollisions do not
contribute to overall nuclear suppression (Ra.ay — 1 at centralities> 20%). More precise data
at midrapidities and larger are needed in the RHIC energy range for a clear manifestation of
breakdown of QCD factorizatiofRp Ay < 1.

8. Direct photon production in Au+Au collisions

Data from the PHENIX Collaboratior [[L4] represent another demonstrafi@ strong sup-
pression in production of direct photons A+ Au collisions. Expressions for production cross
sections have been derived employing the dipole formalisf[[37, 9, [38022Model predictions
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for the ratioRau;au @s a function opr are compared with the PHENIX dafa]14] in the right panel

of Fig.[4. If energy conservation restrictions in initial state multiple parton auons are not
taken into account the model calculations depicted by the dash-dotted lirestiveate the data

at largepr > 13GeV. The onset of isospin effects gives a vaRig, ay — 0.8 in accord with our
calculations. Inclusion of the energy conservation in multiple parton resoaitdeads to stronger
nuclear effects at largpr as it is demonstrated by the dashed line. It brings a better agreement
of the model with data. Finally, the solid line additionally includes also a small ctiorefor the

EMC effect [41].

9. Summary and conclusions

In this paper we analyze a significant nuclear suppression at fomapidities (largexg) and
at midrapidities (large) for variety of processes. The new results are the following :

e QCD factorization fails at the kinematic limitgz — 1, xt — 1. Nuclear targets cause a
suppression of partons with— 1, due to energy sharing problems.

e Suppression of higlpr hadrons at large forward rapidity observed by the BRAHMS and
STAR Collaborations is well explained by the energy conservation restigiio multiple
parton rescatterings.

e We predictxg (X7) scaling of nuclear effects, i.e. the same suppression at differergiese
and rapidities corresponding to the same valug=ofxr).

e The same formalism explains well the nuclear suppression and its risepéhlow energy
of 158 GeV in the lab. frame in accord with NA49 dafth [5].

e Suppression of Drell-Yan pairs at large observed by E772 Collaboratiofj [6] is again well
explained by the same mechanism based on the energy sharing problems ligtaitian-
teractions.

e As a consequence of energy conservation restrictions in multiple parscatterings we
predict that nuclear effects occur also at midrapidities, i.e. at lgfge 2pr/+/s. Model
calculations describe well the PHENIX daka][13] for production of hpgthadrons at) = 0.

e With the same input we find a strong nuclear suppression for the |argdirect photon
production inAu+ Au collisions in a good agreement with the PHENIX d4td [14].

e Study of nuclear effects at small energies and at midrapidities is very inmpdstause
at largepr the data cover rather large ~ 0.05— 0.1, where no effects of coherence are
possible. It allows to exclude the saturation models or the models based onfre@C
interpretation of observed nuclear suppression.
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