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General remarks

Amazingly little is known about pA at collider energies. 

dependence of various observables on nuclear thickness - T(b). Hardly possible to study 
in a clean way using  dA. Possible in pA if  running with several nuclei - defining 
centrality classes of events in pAu cannot be trusted as it is based on low energy 
Glauber picture

◉

◉

◉ Polarization - icing on the cake.

◉ Forward physics in pA at LHC and RHIC --- change in x by a factor ~ 600 - 
comparison will be of great help for understanding small x dynamics.

T(b) -dependence of forward large pt pion production - e.g. how big is suppression for 
central pAu collisions.  

◉ Are the low pt forward neutron & pion spectra are qualitatively different for 
central and peripheral collisions
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Glauber model 
in rescattering proton in 
intermediate state - zero at 
high energy 
- AFS cancelation - no time 
for a proton to come 
together between nucleons

High energies = 
Gribov -Glauber 

X

p

X= set of intermediate 
states the same as in pN 
diffraction

�2 /
Z

dtF 2
A(t)

d�(p+ p ! p+X(p+ inel diff))

dt

4

Glauber model 
in rescattering proton in intermediate state - zero at 
high energy  - cancelation of planar diagrams 
(Mandelstam & Gribov)- no time for a proton to 
come together between nucleons. Violates energy 
conservation for cut through two exchanges

High energies =  Gribov -Glauber 

X= set of intermediate states the 
same as in pN diffraction

Deviations from Glauber for σin(pA) are small for Einc ~ 10 GeV as inelastic diffraction is still small. They 
stay small for heavy nuclei for all energies. But for pD at ISR at large t effect is large ~40%. An effective way 
to implement Gribov-Glauber picture of high energy pA interactions is the concept of color fluctuations

�2 /
Z

dtF 2
A(t)

d�(p+ p ! p+X(p+ inel diff))

dt

High energy space-time picture of soft  pA  - Gribov - Glauber 
fundamentally different from low  energy Glauber picture
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Are there global fluctuations of the strength of interaction of a fast nucleon, for example due to 
fluctuations of the size /orientation. Extreme case - color transparency. 

Due to a slow space-time evolution of the fast nucleon wave function one can treat the 
interaction as a superposition of interaction of configurations of different strength - Pomeranchuk 
& Feinberg, Good and Walker, Pumplin  &Miettinen.  In QCD this is reasonable for total cross 
sections and for diffraction at  very small t.

N = 3q + 3qg + 3q+ π + ...

● ●
● vs

●
● ●

rtr rtr

pN

4

Color fluctuations in the nucleon wave function & 3-dimensional mapping of the nucleon
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|h� = a1 |1� + a2 |2� absorber with 
same absorption 
for “1” and “2”

|final� = �(a1 |1� + a2 |2�) = � |h�

only elastic scattering

|h� = a1 |1� + a2 |2�
absorber with 

different  absorption 
for “1” and “2” elastic scattering 

+inelastic diffraction

h h

h h+h’

|final� = �1a1 |1�+ �2a2 |2�)
= c1 |h�+ c2 |h0�

If there were no fluctuations of strength - there will be
 no inelastic diffraction at t=0:

5
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Convenient quantity - P(σ)  -probability that nucleon interacts with cross section σ.   

dσ(pp!X+p)
dt

dσ(pp!p+p)
dt

|t = 0
=

�
(� � �tot)2P (�)d�

�2
tot

⇥ ⇥� variance

6

∫P(σ)d σ= 1, ∫ σ P(σ)d σ=σtot, 

Pumplin  &Miettinen

∫ (σ - σtot)3 P(σ)d σ= 0, Baym et al from pD diffraction

P (�)|�!0 / �nq�2
Baym et al 1993

ωσ(RHIC)=0.25 ωσ(LHC)=0.20  - more data are coming from LHC

A very rough model illustrating scale of the effect
P (�) =

1

2
�(� � �

tot

(1�
p
!
�

)) +
1

2
�(� � �

tot

(1 +
p
!
�

))

for ωσ=0.25,   σ1=0.5σtot ; σ2=1.5σtot 
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sponds to ((o- - (~r)) 3 ~- 0, as would occur for a distribution nearly
symmetric: of approximately (~r) (88).

For small values of o-, further information can be obtained from QCD,
which implies (19)

P(o’) - "Nq-2 4.4

for ~r << ((r), where Nq is the number of valence quarks. Thus, 
nucleon distribution Pu((r) is --O" for small (~, while for the pion P~(o-)
is approxiimately constant. The results of reconstructing PN(o-) and
P~(o’) from the first few moments of P(o-) and from Equation 4.4 
shown in ].~igure 6. They indicate a broad distribution for proton projec-
tiles and an even broader one for pion projectiles. One expects even
further broadening for K-meson projectiles.

4.3 Sm’all-Sized Configurations in Pions
One can test this approach by using QCD to compute P,(~r = 0) 
high energies. Indeed, the physics at small (r is dominated by small

0.030 I I I I

--.pOCDrongefor P~ (0)

0.025 ~ ~7~~)

v._. o.ozo
d~

~ (or)0.015 -
/~.~-

/- \\O.OIO

0.C~3~

o zo 40 60 ~o too
o" (mb)

Figure 6 C, ross-section probability for pions P~(cr) and nucleons P~v(~) as extracted
from experimental data. P,,(cr = 0) is compared with the perturbative QCD prediction.
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p
s = 30GeV

PN(σ) extracted from pp,pd 
diffraction  Baym et al 93. 
Pπ(σ) is also shown

7

Extrapolation of Guzey  & MS to 
higher energy using diffractive data
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Figure 7 O’diff(A ) for pion and proton beams. The pionic data are from Ref. 92, and the
nucleon data are from Ref. 91. The spread in the calculations results from the use of
different p(~r) with the same dispersion of cross section, ~o. The A dependence is more
rapid than A u3, confirming the presence of cross-section fluctuations near the average.
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Figure 7 O’diff(A ) for pion and proton beams. The pionic data are from Ref. 92, and the
nucleon data are from Ref. 91. The spread in the calculations results from the use of
different p(~r) with the same dispersion of cross section, ~o. The A dependence is more
rapid than A u3, confirming the presence of cross-section fluctuations near the average.
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Figure 7 O’diff(A ) for pion and proton beams. The pionic data are from Ref. 92, and the
nucleon data are from Ref. 91. The spread in the calculations results from the use of
different p(~r) with the same dispersion of cross section, ~o. The A dependence is more
rapid than A u3, confirming the presence of cross-section fluctuations near the average.
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FIG. 2: The proton-Lead total, elastic and diffractive dissociation cross sections as functions of
√

s. The solid curves correspond to Glauber formalism with cross section fluctuations; the dashed

curves neglect the cross section fluctuations.

sections. The effect is largest in the
√

s = 100 − 200 GeV region. This can be explained

by the increasing role of nuclear shadowing: an increase of ωσ leads to an increase of the

inelastic shadowing correction, which decreases the total cross section.

An examination of Fig. 2 shows that, for
√

s > 546 GeV, the total cross section behaves

12

Color fluctuations/inelastic shadowing 

σtot(pPb)

σel(pPb)
σdiff(pA→XA)Guzey & MS

true for hard diffraction as well (Guzey, MS)
E.M. interaction dominates by far in diffraction above RHIC⇒

⇒

9

!!!!
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FIG. 4: The electromagnetic contribution evaluated using Eq. (27) (dashed curves) and coherent

diffractive dissociation cross sections (solid curves) as functions of
√

s for Pb and Ca.

of Donnachie and Landshoff [15],

σγ p
tot(s) = 0.0677 s0.0808 + 0.129 s−0.4525 , (29)

where s = 2 ω mp + m2
p.

The resulting electromagnetic contributions to the coherent diffractive cross section are

presented in Fig. 4 by dashed curves. They should be compared to the coherent diffractive

dissociation cross sections presented by the solid curves. The comparison shows that the

electromagnetic contribution completely dominates coherent p A diffraction on Pb-208 at

all considered energies. For the lighter nucleus of Ca-40, the role of the electromagnetic

contribution becomes progressively important with an increasing energy: while σpCa
e.m. is about

25% of σpCa
DD at the RHIC energy (

√
s = 200 GeV), σpCa

e.m. is three times larger than σpCa
DD in

the LHC kinematics (
√

s = 9000 GeV).

VI. CONCLUSIONS AND DISCUSSION

We calculated the total, elastic and diffractive dissociation proton-nucleus cross sections

at high energies using the Glauber-Gribov formalism and taking into account inelastic in-

16

For RHIC for A=200 comparable contributions, for A=40,  e.m.  
contribution is a small correction.  A unique opportunity for RHIC. 
Use ZDC? 
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Large fluctuations in the number of wounded nucleons at fixed impact parameter 

Simple illustration - two component model ≣ quasieikonal approximation:

RHIC �1 = 25mb, �2 = 75mb
number of wounded nucleons 
at small b differs by a factor 

of 3 !!!

LHC �1 = 60mb, �2 = 140mb

color fluctuations lead to addition dispersion as  compared to the  geometrical model

Scattering at b=4.6 fm with probability ~ 1/2 generates the same 
multiplicity as collision at b=0. Smearing of the centrality

10
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11

�

hA
in =

Z
d�inPN (�in)

Z
d

~

b

⇥
1� (1� x)A

⇤

Color fluctuation model  implementation of the Gribov - Glauber 
approximation in optical limit

�n =

Z
d�inPN (�in)

A!

(A� n)!n!

Z
d

~

b x

n(1� x)A�n
.

Probability of exactly n interactions is Pn = �n/�
hA
in

x = �

hN
in T (b)/A

Z
d~bT (b) = Awhere 
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Numerical calculations (Alvioli and MS  arXiv:1301.0728) - event generator using our sets 
of nucleon configuration  with short-range correlations (small effect) and finite radius of 
NN interaction.

For NN scattering Pinel(b)= 1 - |1- Γ(b)|2 

We also took σ/B= const for fluctuations (corresponding to  σel/σtot=const) 

model and the Monte Carlo calculations which take into account finite radius of the NN

interaction neglected in the optic model.

IV. EFFECTS OF FLUCTUATIONS IN THE MONTE CARLO MODEL

An additional source of event-by-event fluctuations of the number of wounded nucleons

comes from the fluctuations in the number of nucleons at a given impact parameter. These

fluctuations are present already on the level of the Glauber model [8]. These fluctuations

decrease with increase of σtot(NN) due to an increase of the overall number of interacting

nucleons, N , at a given impact parameter. In the case when no fluctuations of σ are present,

we have:

〈N(σinel)〉 = 〈N〉
σinel

〈σinel〉
. (14)

In this case we can write
〈

N(σinel)
2
〉

= 〈N〉2 (1 + ωρ) , (15)

where ωρ is the quantity calculated for dispersion in the case of no color fluctuations. The

dependence of ωρ on σinel(NN) is presented in Fig. 1 for b = 0 and b = 4. In the calculation

we use the event generator [8]. The event generator includes short-range correlations between

nucleons, however this effect leads to a very small correction for the discussed quantity.

When both fluctuations are included average N does not change. Hence the dispersion

of the distribution over N including both effects can be calculated as follows:

〈

N2
〉

=
∫

dσinelP (σinel) 〈N〉2
(

σinel

〈σinel〉

)2

(1 + ωρ) . (16)

Now we can calculate the total dispersion. The first term in (1 + ωρ) gives simply ωσ. The

second term takes into account the dependence of ωρ on σinel:

ωtot = ωσ +
∫

dσinelP (σinel)

(

σinel

〈σinel〉

)2

ωρ . (17)

As a result the overall dispersion is somewhat smaller that ωσ+ωρ(σtot) since the the integral

in the second term is dominated by σ > σtot. In order to perform numerical analysis we

follow [10], and take the probability distribution for σtot as [16]:

Ph(σtot) = r
σtot

σtot + σ0
exp{−

σtot/σ0 − 1

Ω2
} , (18)

7
with parameters fixed to satisfy sum rules

12

B  is t-slope of elastic cross section
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correlations in the optical limit Glauber-Gribov formalism can be found in Refs. [6–8] and

will not be discussed here. Eq. (7) can be rewritten as a sum of positive cross sections [9]

as follows:

σhAin =
A
∑

n=1

σn, σn =
A!

(A− n)!n!

∫

dbxn(1− x)A−n (8)

where σn denotes the cross section of the physical process in which n nucleons have been

involved in inelastic interactions with the projectile. Then the average number of interactions

〈N〉 may be expressed as

〈N〉 =
A
∑

n=1

nσn

/ A
∑

n=1

σn =
σhNin
σhAin

∫

d2b
A
∑

n=1

A!

(A− n)!(n− 1)!
xn(1− x)A−n

=
σhNin
σhAin

∫

d2b AT (b) =
AσhNin
σhAin

, (9)

which coincides with the naive estimate of shadowing as being equal to the number of

nucleons shadowed in average collision. .

We can include color fluctuations by allowing the cross section σin to be distributed

according to P (σin):

σhAin =
∫

dσinPN(σin)
∫

db
[

1− (1− x)A
]

(10)

and

σn =
∫

dσinPN (σin)
A!

(A− n)!n!

∫

dbxn(1− x)A−n . (11)

The probability of collisions with exactly k inelastic interactions in both Glauber model and

the color fluctuation approximation are simply Pk = σk/σhA
in .

Using the equations above we can for example calculate average number of the collisions

which is given by the same equation as for the Glauber model (Eq. (9)), leading to a very

small (few %) change of average N since the inelastic corrections to σhA
in are small. At the

same time we can calculate the variance of the distribution over the number of collisions.

We observe that Eq. (11) leads to

〈N(N − 1)〉 = A(A− 1)
〈

σ2
in

〉

∫

dbT 2(b). (12)

and hence the variance is equal to

ωN ≡
〈N2〉
〈N〉2

− 1 =
A(A− 1) 〈σ2

in〉
〈N〉2

∫

dbT 2(b) +
1

〈N〉
− 1. (13)

5

Small effect for <N>  

13

 Large for dispersion even though 
in dispersion one integrates over 
impact parameters

One can see from Eq. (14) that the variance receives contributions both from the fluctuations

of the impact parameter and from the fluctuations of σin. Using Eqs. (10), (13) we obtain

for the variance in Eq. (14) the value of about 0.46 (RHIC) and 0.51 (LHC). Numerical

values of the different terms in Eq. (14) are: 1.26 +0.20 -1 = 0.46 (RHIC) and 1.38 +0.13

-1 = 0.51 (LHC). The account of the color fluctuations practically does not change 〈N〉.

It mainly changes the nominator of the first term by the factor 1 + ωσ.[19]. Though this

change is rather small, the strong cancellation between the first and the third terms of Eq.

(14) strongly enhances the effect of color fluctuations.

A more realistic treatment of the color fluctuations taking into account the profile function

of the NN interactions and small effect of short-range correlations is possible in the MC model

described in the next section. In particular the quantity in Eq. (14) can also be calculated

using the probabilities RN(b) in Fig. 2, integrating them over the impact parameter: RN =

2π
∫

b dbRN(b); the results are given in Table I. In Eqs. (11) and (12) above, we used

Monte Carlo Optical Model

energy/model 〈N〉 〈N2〉 ωN 〈N〉 〈N2〉 ωN

RHIC, Glauber 4.6 31.6 0.51 5.0 35.9 0.46

RHIC, GG2 4.7 38.9 0.74 5.1 45.3 0.71

RHIC, GG P (σ) 4.8 39.2 0.72 5.2 45.6 0.70

LHC, Glauber 6.7 72.4 0.59 7.6 88.0 0.51

LHC, GG2 6.8 84.2 0.80 7.8 106.2 0.75

LHC, GG P (σ) 6.8 82.1 0.77 7.8 106.4 0.74

TABLE I: The fluctuations, as defined in Eq. (14), calculated both within the Monte Carlo and op-

tical model. We used no color fluctuation (Glauber), color fluctuations implemented with the two

states model described in the text (GG2) and with the full color fluctuation model (GG P (σ)) de-

scribed by the distribution Ph(σtot) of Eq. (18). The calculations have been performed integrating

the quantities of Fig. 2 over the impact parameter: PN =
∫

dbPN (b); 〈N〉 =
∑

N NPN/
∑

N PN ;

〈N2〉 =
∑

N N2PN/
∑

N PN .

PN(σin), the distribution over the total inelastic cross section. A comparison of some of

the predictions of the optical approximation of the Glauber model and the Monte Carlo

7

GG= Gribov- Glauber, 

GG2= Gribov- Glauber two 
component 
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Color fluctuations give dominant contribution to fluctuations of the 
number of wounded nucleons  for fixed b

14
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FIG. 1: Effect on fluctuations when using a distribution of σtot with two values of the cross section

with equal probability and with Ph(σtot) given by Eq. (18), for realistic parameters corresponding

to RHIC (left) and LHC (right) energies. For the values of the parameters, we used for RHIC

σtot=51.95 mb, B=14.0 GeV2 for the total NN cross section and the slope parameter, respectively,

and σtot=94.8 mb, B=19.38 GeV2 for LHC.

As a result the overall dispersion is somewhat smaller that ωσ+ωρ(σin) since the the integral

in the second term is dominated by σ > σin. In order to perform numerical analysis we follow

[16], and take the probability distribution for σtot as

Ph(σtot) = ρ
σtot

σtot + σ0
exp

{

−
σtot/σ0 − 1

Ω2

}

, (18)

where ρ is a normalization constant and we have σ0 =72.5 mb and Ω =1.01 at LHC energies,

while σ0 =32.6 mb and Ω =1.49 at RHIC energies.

When converting from the distribution over σtot, Ph(σtot), to the distribution over σin,

PH(σin), we used the geometric scaling observation that the t-slope of the elastic scattering

is proportional to σtot. So the ratio σin/σtot = λ weakly depend on the projectile and energy.

Hence we take λ = const, so that we simply have to use a Jacobian 1/λ, with

PH(σin) = Ph(σtot)/λ , σin = λ σtot. (19)

Indeed in this case
∫

dσinPH(σin)=1.

We calculated the effect on fluctuations when using the distribution of Eq. (18), and com-

pared with only density fluctuations and with the two-component model. The calculations

were performed with realistic parameters for RHIC and LHC energies, namely σtot = 51.95

mb and B = 14 GeV2 in the first case and σtot = 94.8 mb and B = 19.38 GeV2 in the second

9
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The probability PN (b) of having 
N inelastically interacting 
(wounded) nucleons in a pA 
collision, vs. impact parameter b, 
when using simple Glauber (red 
curves) and a distribution P (σ) 
(green curves); We show the 
probabilities PN (b) for N=1 (top 
row) for both energies and the 
curves for N corresponding to ⟨N⟩ 
and ⟨N⟩±0.5⟨N⟩ (remaining 
panels); ⟨N⟩ is 5 and 7 for RHIC 
and LHC energies, respectively
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FIG. 2: The probability PN (b) of having N inelastically interacting (wounded) nucleons in a pA

collision, vs. impact parameter b, when using simple Glauber (red curves), a two states model

(black curves) and a distribution P (σtot) (blue curves); cf. Eq. (18). Left column: RHIC energy;

right column: LHC energy. We show the probabilities PN (b) for N=1 (top row) for both energies,

and the curves for N corresponding to 〈N〉 and 〈N〉± 0.5〈N〉 (remaining panels). 〈N〉 is 5 and 7

for RHIC and LHC energies, respectively (see Table I).
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Large deviations from Glauber model
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Effect of fluctuations on the event-by-event fluctuating values of cross section. Small number 
of wounded nucleons, N,  selects  σ < σin ;        large N  --- - σ > σin

Note that since RHIC studied so far  d-Au - smaller effect of  fluctuations for hard trigger.

16

the light-cone fraction carried by partons of the projectile – is softer for large x leading to

a correlation between the distribution over N and distribution over x of a hard collision.
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FIG. 3: Effect of of the event-by-event fluctuating values of σtot, for RHIC (left panel) and LHC

energies (right panel) on the number of wounded nucleons, calculated as defined in Eq. (20). Red

curves show the results obtained with the usual Glauber calculation with fixed cross section, black

curves correspond to calculations with the two-component σtot model and blue curves correspond

to calculations with fluctuating cross section with Ph(σtot) distribution.
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energies. As a consequence of the use of a distribution of values of σtot (in the two-component

model and with the Ph(σtot) distribution), we get a smaller number of wounded nucleons for values

of the NN total cross section smaller than the average value σtot and a larger number of wounded

nucleons for values of the cross section above the average, cf. Eq. (21). The arrows point to the

values of 〈N〉=5 and 7, for RHIC and LHC energies, respectively.
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The distribution over impact parameter, 
calculated with our Monte Carlo, of the 
different centrality classes 20% most 
central (first row), 20%-40% (second 
row), 40%-60% (third row), 40% most 
peripheral (last row), both for RHIC (left) 
and LHC (right) energies. Red: Glauber 
result; blue: Gribov - Glauber color 
fluctuations with P(σ) distribution.

If one wants to perform a precision measurement of dependence of spin effect on 
nuclear thickness,  measurements with a set of nuclei are necessary.
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Different σ’s  --- different size, different shape, different parton densities

18
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Use the hard trigger to determine xp and low pt hadrons  
to measure overall strength of interaction σeff  of 
configuration in the proton with given xp   FS83

LHC - jets with large pt - -- practically no nuclear shadowing effects

Expectation: Larger the size, more gluon radiation, softer the x distribution

G(x, Q2 |⇥) = G(x, �Q2) �(Q2) � (⇥/⇥⇥⇤)�s(Q2
0)/�s(Q2)

whereQ2
0 � 1 GeV2

Illustration

gives a reasonable magnitude of fluctuations of the gluon density
would result in different parton distribution in nucleons measured with different 
number of  wounded nucleons, with no change in the inclusive case

19

RHIC ? statistics, acceptance?
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Alternative strategy  - use a hard trigger which selects rare configurations in 
nucleon which are small size or large size 

Example: The presence of a quark with large  x>0.6 requires three quarks to 
exchange rather large momenta, one may expect that these configurations have a 
smaller transverse size (+ few gluons & sea quarks at low Q scale) and hence 
interact with the target with a smaller effective cross section: σeff.

20

Selection of such x seems feasible at LHC but a challenge at RHIC - 
need a better acceptance in forward region.

Note:  if x>0.6 configurations do have a size smaller than average, it would 
explain the EMC effect (FS83)

Monday, January 7, 13



The key question: what is the mechanism of the suppression of the dominant pQCD contribution 
of quark scattering off gluons with xA> 0.01 where shadowing effects are very small.  

Forward pion production:   Summary of the challenge

Suppression of the pion spectrum for fixed pt  increases with increase of ηN.  ☞

☞ For pp - pQCD works both for inclusive pion spectra and for correlations (will discuss later)

Independent of details - the observed effect is a strong evidence for breaking pQCD 
approximation.  Natural suspicion is that this is due to effects of strong small x gluon fields in 
nuclei as  the forward kinematics sensitive to small x effects.

CGC scenario - assumes  ☟ LT xA> 0.01 mechanism  becomes negligible, though experimentally  

nuclear pdf = A nucleon pdf for such x (assumes that somehow suppression of the LT mechanism 
should be  >> than observed suppression of inclusive spectrum),   ✌ 2 → 1 mechanism dominates

Post-selection scenario - LT xA> 0.01 mechanism is suppressed but still dominates inclusive cross section

21
Monday, January 7, 13



    Post-selection (effective energy losses) in proximity to black disk regime (BDR) - usually only 
finite energy losses discussed (BDMPS) (QCD factorization for LT)  - hence a very small effect for partons with 
energies 104 GeV in the rest frame of second nucleus. Not true in black disk regime  - post selection - energy 
splits before the collision - effectively 10- 15 % energy losses decreasing with increase of kt.  at kt. > kt(BDR) 
Large effect on the pion rate since xq’s, z’s are large,

   dominant yield from scattering at peripheral impact parameters

22

✔

⇒
 

⇒
 

   In the first approximation polarization effects are the same in pp and pA
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∫ 2π

0

f(∆φ)d∆φ = B +

∫ 2π

0

S(∆φ)d∆φ ≡ B + S ≤ 1

 Leading charge particle (LCP) analysis picks a midrapidity track  with     |ηh| ≤ 0.75 with the highest  pT≥ 0.5 
GeV/c and computes the azimuthal angle difference Δφ=φπo -φLCP for each event. This provides a coincidence 
probability f(Δφ). It is fitted as a sum of two terms - a  background term, B/2π, which is independent of Δφ and 
the correlation term Δφ which is peaked at Δφ =π. By construction,

Forward central correlations - kinematics corresponding  to xA ~ 0.01 - main contribution in 2→2

23

Analysis of the STAR correlation data of 2006

5

FIG. 3: Nuclear modification factor (RdAu) for minimum-
bias d+Au collisions versus transverse momentum (pT ). The
solid circles are for π0 mesons. The open circles and boxes
are for negative hadrons (h−) at smaller η [10]. The error
bars are statistical, while the shaded boxes are point-to-point
systematic errors. (Inset) RdAu for π0 mesons at 〈η〉 = 4.00
compared to the ratio of calculations shown in Figs. 2 and 1.

for h− at smaller values of η [10]. The systematic errors
from p+p and d+Au data are added in quadrature. The
uncertainty in 〈Nbin〉 is included in the normalization er-
ror, but not the absolute η uncertainty, as the calorimeter
position was unchanged for d+Au and p+p data.

In the absence of nuclear effects, hard processes are
expected to scale with the number of binary collisions
and RY

dAu = 1. At midrapidity, R h±

dAu
>
∼ 1, with the

familiar Cronin enhancement for pT
>
∼ 2 GeV/c [10, 21].

As η increases, RY
dAu becomes much less than unity. The

decrease of RY
dAu with η is qualitatively consistent with

models that suppress the nuclear gluon density [11, 13,

14, 15]. Multiplying R h−

dAu by 2/3 to account for possible
isospin suppression of p+p → h−+X at these kinematics
[8], R π0

dAu is consistent with a linear extrapolation of the

scaled R h−

dAu to η = 4. The curves in Fig. 3 (inset) are
ratios of the calculations displayed in Figs. 2 and 1. The
data lie systematically below all the predictions.

Exploratory measurements of the azimuthal correla-
tions between a forward π0 and midrapidity h± are pre-
sented in Fig. 4 for p+p and d+Au collisions. The lead-
ing charged particle (LCP) analysis picks the midrapidity
track (|ηh| < 0.75) with the highest pT > 0.5 GeV/c, and
computes the azimuthal angle difference ∆φ = φπ0 −
φLCP for each event. The ∆φ distributions are normal-
ized by the number of π0 seen at 〈η〉 = 4.00. Correlations
near ∆φ = 0 are not expected due to the large η sepa-
ration between the π0 and the LCP. The data are fit to
a constant plus a Gaussian centered at ∆φ = π. The fit

FIG. 4: Coincidence probability versus azimuthal angle dif-
ference between the forward π0 and a leading charged particle
at midrapidity with pT > 0.5 GeV/c. The left (right) column
is p+p (d+Au) data with statistical errors. The π0 energy
increases from top to bottom. The curves are fits described
in the text, including the area of the back-to-back peak (S).

parameters are highly correlated, and their uncertainties
are based on the full error matrix. The area S under
the back-to-back peak centered at ∆φ = π represents
the probability of a LCP being correlated with a forward
π0. The area B under the constant represents contribu-
tions from the underlying event. The total coincidence
probability per trigger π0 is S + B ≈ 0.62 (0.90) for
p+p (d+Au) data, and is constant with Eπ. The value
of S/B for p+p does not depend on midrapidity track
multiplicity. The width of the peak has contributions
from transverse momentum in parton hadronization and
from momentum imbalance between the scattered par-
tons. The fit values are independent of Nγ .

A PYTHIA simulation [28] including detector resolu-
tion and efficiencies predicts most features of the p+p
data [29]. PYTHIA expects S ≈ 0.12 and B ≈ 0.46,
with the back-to-back peak arising from 2 → 2 scatter-
ing, resulting in forward and midrapidity partons that
fragment into the π0 and LCP, respectively. The width
of the peak is smaller in PYTHIA than in the p+p data,
which may be in part because the predicted momentum
imbalance between the partons is too small, as was seen
for back-to-back jets at the Tevatron [30].

The back-to-back peak is significantly smaller in d+Au
collisions compared to p+p, qualitatively consistent with
the monojet picture arising in the coherent scattering [13]
and CGC [18] models. HIJING [31] includes a model of
shadowing for nuclear PDFs. It predicts that the back-to-
back peak in d+Au collisions should be similar to p+p,
with S ≈ 0.08. The data are not consistent with the

B/2π

Coincidence probability versus azimuthal angle 
difference between the forward π0 and a leading 
charged particle at midrapidity with pT> 0.5 GeV/c.  
The curves are fits of the STAR. S is red area.

Obvious problem for central impact parameter 
scenario of    π0   production is rather small difference 
between low pT production in the η=0 region (blue), in 
pp and in dAu - (while  for b=0,  Ncoll ~16 )
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average number of  wounded nucleons in events with leading pion: <N> ≅3

Test of our interpretation -   ratio, R,  of soft pion multiplicity at y ~0 with π0 trigger and in minimal bias events. 

In CGC scenario R ~ 1.3 In BDR energy loss  scenario we calculated  R ~ 0.5

STAR - R ~0.5    Gregory Rakness - private communication

We find S(dAu)≈0.1 assuming no suppression of the second jet.  Data: S(dAu) = 0.093±0.040

Thus, the data are consistent with no suppression of recoil jets.  PHENIX analysis which effectively subtracts the soft background 
- similar conclusion. In CGC - 100% suppression -  no recoil jets at all. Moreover for a particular observables of STAR dominance 
of central impact parameters in the CGC mechanism would lead to (1-B-S) <0.01, S<0.01 since for such collisions Ncoll ~16. This 
would be the case even if the central mechanism would result in a central jet.

<η> =0 corresponds to xA=0.01⇒lack of suppression proves  validity of 2 →2  for dominant  xA region.

Correlation data appear to rule out CGC 2 →1 mechanism as a major source 
of leading pions in inclusive setup⇒NLO CGC calculations of inclusive yield 

grossly overestimates 2 →1 contribution.
24

Detailed analysis using  BRAHMS result: central multiplicity ∝N0.8.  Our results are not sensitive to details though we 
took into account of the distribution over the number of the collisions, energy conservation in hadron production, 
different number of collisions with proton and neutron.
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Nuclear modification factor RdA for double-inclusive leading-
twist pion production as a function of rapidity η1 at pT,1 = 2.5 
GeV.  The upper dashed line shows the effect of leading-twist 
shadowing for the Frankfurt-Guzey-Strikman (FGS) nuclear 
parton distributions. The solid line includes shadowing and the 
“medium-modified” fragmentation functions of Sassot-
Stratmann-Zurita (SSZ).  The lower dashed lines show the 
results for two simple energy-loss models. 

Left: Same for single-inclusive pion 
production - much larger suppression 
effect - because average xq are closer to 1

typical suppression of 
recoil peak ~ 3-- 5

Vogelsang & MS 2011)
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 Accounting for fractional energy losses effect, and LT gluon shadowing reduces
 (4→4)/ (2→2) ratio:

Δϕ independent pedestal in dA is  2.5 ÷ 4 times larger in pp ✶

✶ Suppression of Δϕ =180o peak by a factor ~  three --four

Black curve is the pp data peak 
above pedestal for Δφ ~π 
scaled down by a factor of 4

1: 3

26

Overall suppression of f-f (dAu/pp) is about a factor of 10;  hardly could be much larger - since the probability of 
fluctuations in the  nucleus wave function leads to a probability of punch through of 5 - 10% (Alvioli + MS).

No suppression for Δφ ~ 0 - fragmentation of the same quark

Main effect - disappearance from large x - perhaps also some broadening due to elastic rescattering

Monday, January 7, 13



27

Subtle points which are difficult to see in dA.

a) In peripheral collisions (defined as events with small number of wounded nucleons)  

h�i < �in enhancement of the forward pion production 

If polarization is related to primordial pt ➔ enhancement of polarization

 b)  In central collisions defined through number of wounded nucleons there is 
additional suppression due to selection of large size configurations

 c) In central collisions defined through use of a set of nuclei - 
possible scenario - dominance of fluctuations into point -like 
configurations which have >> probability to propagate through the 
center and interact once.  May lead to larger polarization  !!!
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Expectation: The leading particle spectrum should be  strongly suppressed in the central pA 
collisions as compared to minimal bias pp collisions  since each leading parton gets large 
transverse momentum  and hence  fragments independently  and may also split into a couple of 
partons with comparable energies. The especially pronounced suppression for nucleons:  for  
z≥0.1  the differential multiplicity of pions should exceed that of nucleons. This model neglects 
additional suppression due to finite fractional energy losses in BDR 

28

1
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Leading hadron production in the central pA(pp) collisions
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Simple model of pt broadening - eikonal rescattering model with saturation  (Boer, 
Dumitru 2003), effective energy losses (mentioned before) are neglected 

2

FIG. 1: Schematic view of the collision geometry.

transverse distances ⇥ from the second nucleon and hence
encounter significantly di�erent local gluon densities (see
Fig.1). Thus we analyze the e�ects of the valence quark
interaction with small x gluon fields taking into account
the geometry of the collisions. This will allow us to deter-
mine how frequently valence quarks in pp collisions at dif-
ferent impact parameters b, experience hard collisions in
which they obtain a large transverse momentum. Based
on this study we propose a series of centrality triggers
which allow to select collisions at much smaller impact
parameters than in generic inelastic events and hence will
provide an opportunity to study the high gluon field ef-
fects in pp collisions. We also suggest that the pp colli-
sions leading to production of new particles like the Higgs
boson should be accompanied by a significantly stronger
flow of energy from the fragmentation regions to smaller
rapidities than in generic inelastic collisions.

Description of the model. To model the fragmentation
region in pp collisions we take a simple model for the three
quark wave function with the distribution of quarks over
transverse distance from the center given by exp(�A⇥2

i )
with < ⇥2 >⌅ 0.3fm2 matched to describe the distribu-
tion of the valence quarks as given by the axial nucleon
form factor. Accordingly, the event generator produces
the values of ⇥i for three quarks which are not correlated.
Note that one does not expect a very strong correlation
between ⇥’s due to the presence of additional partons in
the wave function (gluons, qq̄ pairs). Nevertheless we
checked that a requirement |

�3
i=1 ⇡⇥i| ⇥ 0.1 fm does not

change results noticeably. Hence we neglect possible cor-
relations in ⇥ between valence quarks. We also assume
that there are no significant transverse correlations be-
tween small x (x ⌅ 10�5) partons. This assumption is
based on the presence of di�usion in ⇥ in the small x
evolution which should wash away whatever correlations
may be present at x ⇤ 0.01.

When computing the momentum fractions of the
quarks, we need to know the virtuality at which the
quarks are resolved. Since the latter quantity is not
known beforehand, we generate xB,i and ⇡⇥i from dx/x =
const. and d⇥ = const. distributions. The selection ac-
cording to the structure functions and the form factor is
done in the end, after specifying Q2

s, via rejection. For
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FIG. 2: Probability for the di�erent classes of events with n
quarks struck at a given impact parameter b.

given ⇡b, ⇡⇥i in the projectile, we estimate Q2
s for the den-

sity encounted by each of the three valence quarks within
the color glass condensate approach.

Q2 = Q2
s(xA, ⇡|b + ⇡⇥i|), (2)

with xA = Q2/(sxB). Q2
s(xA, ⇥) is parameterized as

Q2
s(xA, ⇥) = Q2

s,0 (x0/xA)� Fg(xA, ⇥;Q2
s)/cF , (3)

where cF normalizes the density. We choose x0 = 0.01,
Q2

s,0 = 0.6 GeV2 and cF = Fg(x0, 0;Q2
s,0) such that

the saturation momentum in the center of the target at
xA = x0 is just Q2

s,0. The implicit definition for the sat-
uration scale in eq. (3) is solved by a simple iteration,
the expression converges after a few steps. Finally, the
whole configuration is accepted with the probability

p ⌅ ⇥Fg(xB , ⇥;Q2
s)xBfGRV(xB , Q2

s) , (4)

where xfGRV are standard GRV structure functions of
the proton, and the two-gluon form factor at high mo-
mentum fraction xB describes the spatial distribution of
the valence quarks. The actual transverse momentum
kick is then drawn from the distribution [4, 5]

C(kt) ⌅
1

Q2
s log Qs

�QCD

exp(� �k2
t

Q2
s log Qs

�QCD

) . (5)

We conservatively considered only the case when the
BDR is reached for Qs ⇤ 1 GeV/c and counted only
quark interactions in which the quark received a trans-
verse momentum kt ⇤ 0.75GeV/c. The reason for such a
cut is that for such momenta, the probability to form a
nucleon with large longitudinal momentum is suppressed,
as a minimum, by the square of the nucleon form fac-
tor F 2

N (kt). In the BDR a quark not only gets a large
transverse momentum but also loses a finite fraction of

Quark gets a transverse momentum of the order Qs  but does not loose significant energy. Use of the 
convolution formula for fixed transverse momentum of the produced hadron  using C(kt)  -   
Dumitru, Gerland, MS -PRL03. Other calculations with similar logic -Gelis, Stasto, Venugopalan (06)
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Longitudinal (integrated over pt) and transverse  distributions in Color Glass Condensate 

(CGC)  model for central pA collisions.  Spectra for central pp - the same trends.

Steep fall with z, 
strong Einc 

dependence 

Weak pt  
dependence, 

becomes weaker 

with increase of Einc 
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Warnings: Parton carrying a fraction y of the quark momentum carries y pt part of the quark’s transverse 
momentum. Condition for independent fragmentation y pt  > 1/rN ~.3 - 0.5 GeV/c

For RHIC (LHC)  independent fragmentation is probably safe for  z > 0.2 (0.1)

Very few forward baryons in 
central collisions!!!

Experimental prospects (perhaps too optimistic for LHC)
 pA run at LHC: TOTEM: xF ≥0.8  broad range of pt can check both suppression and pt 
broadening 

➠

Warning:  Color fluctuations in nucleon and nucleon density in nucleus may reduce the suppression 

 neutrons from ZDC (CMS, ALICE, LHCf); π0+ (LHCf) -large z , moderate pt

Large flow of energy to 
central rapidities
- obvious implications for AA 

30

Photon - proton contribution has to be subtracted!!! 

RHIC: need pA run preferably at different energies and  for several nuclei to avoid model 
dependent procedure for determining centrality of collision. Spin effect for neutrons ???
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Conclusions on  physics opportunities of pA:

Will produce a novel information on strong interactions in the high gluon 
density   kinematics for fixed nuclear thickness as a function of energy:

Will complement pA run at LHC - critical for understanding how 
small x dynamics changes with energy 

Will  allow to measure inelastic diffraction at the highest energy 
where it is still comparable/larger than e.m. contribution

parton , groups of partons propagation through media in soft and hard regime including 
spin effects

Check the color fluctuation dynamics for generic inelastic pA collisions

☛

☛

☛

☛
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