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Single inclusive hadron production in pA scattering

1 ”kT -factorized” approach : Kovchegov & Tuchin

Both the projectile and the target are at very small-x (very high energy)) Color
Glass Condensate (CGC) is applicable to both!

2 ”Hybrid” formalism : Dumitru, Hayashigaki & Jalilian-Marian
The wave function of the projectile proton is treated in the spirit of collinear
factorization (an assembly of patrons with zero intrinsic transverse momenta)

Perturbative corrections to this wave function are provided by the usual QCD
perturbative splitting processes.

Target is treated as distribution of strong color fields which during the scattering
event transfer transverse momentum to the propagating partonic configuration.
(CGC like treatment)
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Particle Production at NLO within ”Hybrid” formalism

T. Altinoluk, A. Kovner - 2011 (Part of the NLO terms)
G.A. Chirilli, B.W. Xiao, F. Yuan - 2012 (Full NLO calculation)
A.M.Stasto, B.W.Xiao, D. Zaslavsky, - 2013 (Numerical Analysis at NLO)
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FIG. 1: Comparisons of BRAHMS [10] (h�) and STAR [11] (�0) yields in dAu collisions to results of the numerical calculation
with the rcBK gluon distribution, both at leading order (tree level) and with NLO corrections included. The edges of the solid
bands were computed using µ2 = 10 GeV2 to 50 GeV2.

tion becomes negative increases with rapidity, as can be
seen from Fig. 1. Once the hadron transverse momentum
p� is larger than Qs(xg), the NLO correction starts to
become very large and negative. This indicates that we
need to either go beyond NLO or perform some sort of
resummation when p� > Qs(xg), due to this theoreti-
cal limitation of the dilute-dense factorization formalism
at NLO. This is an important problem but it lies out-
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FIG. 2: Comparisons of BRAHMS data [10] at � = 3.2 with
the theoretical results for four choices of gluon distribution:
GBW, MV with � = 0.24 GeV, BK solution with fixed cou-
pling at �s = 0.1, and rcBK with �QCD = 0.1 GeV. The edges
of the solid bands show results for µ2 = 10 GeV2 to 50 GeV2.
As in other figures, the crosshatch fill shows LO results and
the solid fill shows NLO results.

side the scope of the current work and we will leave this
to future study. Given these limitations, we expect the
dilute-dense factorization formalism to work much better
for more forward rapidity regions. This trend is indeed
observed in Fig. 1 and Fig. 3. Nevertheless, as shown in
all the plots, the results computed from SOLO are stable
and reliable as long as p� < Qs(xg).

Furthermore, we have also run SOLO with three
other choices of dipole gluon distribution: the Golec-
Biernat and Wustho� (GBW) model [34], the McLerran-
Venugopalan (MV) model [4], and the solution to the
fixed coupling BK equation. As shown in Fig. 2, all four
parametrizations give similar results and agree with the
BRAHMS data in the p� < Qs region. For other plots,
we only use the rcBK solution, which is the most sophis-
ticated parametrization.

Fig. 3 shows predictions made by SOLO for pPb col-
lisions at high pseudorapidities which are accessible at
LHC detectors, in particular 5.3 � ⌘ � 6.5 for TOTEM’s
T2 telescope [35] and ⌘ � 8.4 at LHCf [36]. Of course,
our prediction in the left plot should only be valid when
p� < 3 GeV, which is about the size of the saturation
momentum at the corresponding rapidity.

One of the advantages of the NLO results is the signif-
icantly reduced scale dependence as shown in Fig. 4. In
principle, cross sections for any physical observable, if it
could be calculated up to all order, should be completely
independent of the factorization scale µ. However, as
shown in Fig. 4, the LO cross section is a monotonically
decreasing function of the factorization scale µ. This is
well-known and is simply due to the fact that an increase
of µ causes both the parton distribution function (in the
region x > 0.1) and the fragmentation function (in the

Comparison of BRAHMS (h�) and STAR (⇡0) yields in dAu collisions to results of
the numerical calculation with rcBK gluon distribution, both at LO and with NLO
corrections included.
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Revisiting the problem

T. Altinoluk, N. Armesto, G. Beuf, A. Kovner, M. Lublinsky - 2014
(Improved NLO calculation)

(1) What scatters? The Io↵e Time Restriction

The Io↵e Time Restriction provides a consistent description on what will be resolved
by the target and what not!

Only the pairs whose coherence time (Io↵e time) is greater than the
propagation time through the target can be resolved by the target!
Io↵e time is related with the size of the target at initial energy s0.

(2) The rapidity to which eikonal scattering amplitudes have to be evolved?

YT vs Yg

Yg = ln 1
xg

& xg = e�⌘ p?p
2s

for a dense target projectile parton undergoes multiple scattering.
the momentum transfer p� is not from a single gluon but from several.
xg is an upper bound on the momentum fraction of the target gluon ) Yg

gives a lower bound on the rapidity up to which the target wave function has to
be evolved!

YT = ln s
s0

X
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Revisiting the problem

K. Watanabe, B.W. Xiao, F. Yuan, D. Zaslavsky - 2015
(Numerical results for improved NLO) 12
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FIG. 4. Comparisons of BRAHMS data [9] with the center-of-mass energy of
p

sNN = 200GeV per nucleon
at rapidity y = 2.2, 3.2 with our results. As illustrated above, the crosshatch fill shows LO results, the
grid fill indicates LO+NLO results, and the solid fill corresponds to our new results which include the NLO
corrections from Lq and Lg due to the kinematical constraint. The error band is obtained by changing µ2

from 10 GeV2 to 50 GeV2.

(transformed) formulas. The LO and LO+NLO curves are very similar to earlier results published
in Ref. [43]; some slight di�erences are due to the increased precision of the new formulas. In the
meantime, the Lq and Lg corrections are completely negligible in the region where p? � Qs. On
the other hand, where p? � Qs, Lq and Lg start to become important and alleviate the negativity
problem in the GBW model, and help us to better describe the data in the high p? region. In the
rcBK case, we find that the full NLO cross section now becomes completely positive and provides
us excellent agreement with all the RHIC data.

In Figure 6, we show the comparison between the forward ATLAS data at y = 1.75 and the
numerical results from SOLO. We observe remarkable agreement between the full NLO calculation
from the saturation formalism and experimental data up to 6 GeV. Again, similar as we have seen
earlier, the newly added Lq and Lg corrections help to increase the applicable p? window of the
saturation formalism from roughly 2.5–3 GeV to 6GeV. From 6GeV and up, the full NLO cross
section still becomes negative, which implies that the saturation formalism does not apply anymore
and the collinear factorization should be used. Admittedly, what we have seen is only one piece
of promising clue for the gluon saturation phenomenon. More data in di�erent forward rapidity
windows at the LHC shall allow us to conduct precise tests of the theoretical calculation and may
eventually provide us the smoking gun proof.
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Revisiting the problem

K. Watanabe, B.W. Xiao, F. Yuan, D. Zaslavsky - 2015
(Numerical results for improved NLO)
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FIG. 5. Comparison of STAR data [10] with
p

sNN = 200GeV at y = 4 with results from SOLO for the
GBW and rcBK models. The color scheme is the same as in figure 4, and again, the error band comes from
µ2 = 10 GeV2 and 50GeV2. We do not see the negative total cross section because the cuto� momentum
above which the cross section becomes negative is larger than the p� of the available data, and in fact larger
than the kinematic limit

p
sNNe�y.
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FIG. 6. Comparison of ATLAS forward-rapidity data [21] with the center-of-mass energy of
p

sNN =
5.02 TeV at y = 1.75 with SOLO results for the GBW and rcBK models. Again, the color scheme is the
same as in figure 4. Here the error band shows plots for µ2 = 10 GeV2 and µ2 = 100 GeV2. Since the
numerical data for these measurements are not published, we have extracted the ATLAS points from Fig. 6
of Ref. [21]. The extraction procedure introduces uncertainties comparable to the size of the points.

In Figure 7, we show the comparison between the ALICE and ATLAS data at y = 0 and the
numerical results from SOLO. We find that the full NLO results, especially the one with the rcBK
solution, miss the data. (It seems that the GBW model roughly agrees with the data, but we believe
that it is probably just a coincidence.) This indicates that the dilute-dense factorization breaks
down at y = 0. This is completely expected for the following reason. First, the collinear parton
distributions of the proton projectile do not resum small-x logarthms and may have considerableTolga Altinoluk Particle Production at NLO in Hybrid Formalism
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Centrality dependence of R

pA

R

pPb for Inclusive Jets at LHC [ATLAS, Phys.Lett. B748 (2015) 392-413]
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pPb for Inclusive Jets at LHC [ATLAS, Phys.Lett. B748 (2015) 392-413]



Centrality dependence of R

pA

Some explanations:

• suppression of soft emissions when an energetic jet is present
[A. Bzdak, V. Skokov, S. Bathe; arXiv:1408.3156]

• reduction of an effective size (and thus the interaction cross section) of a
configuration which contains large-x parton
[M. Alvioli, B.A. Cole, L. Frankfurt, D.V. Perepelitsa, M. Strikman;
arXiv:1409.7381]

• energy losses

• [Z-B Kang, I. Vitev, H. Xing; arXiv:1507.05987]
• [N. Armesto, D. Can Gülhan, J. G. Milhano;

Phys.Lett. B747 (2015) 441-445]


