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Motivation
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(x,Q) phase space

Small x region: BFKL Pomeron, saturation, di$raction#

LHC and dedicated experiment FASER has potential to explore the extremely small x
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High energy limit
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Resummation performed by Bethe-Salpeter type equation
BFKL evolution equation

K = ↵̄sKLLx + ↵̄2
sKNLLx + ↵̄3
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Branching kernel (perturbative expansion)

QCD N=4 SYM

High energy limit
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Resummation
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" Problems with convergence of small x expansion: NLL terms large#

" Resummation need to be performed:#

" Combining DGLAP and BFKL#

" Kinematical constraints, momentum sum rule#

Altarelli, Ball, Forte 
Kwiecinski 

Ciafaloni, Colferai, Salam, AS 
Thorne, White; Sabio-Vera

DGLAP will fail at small x , at some point. #
Question is when exactly?
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Figure 2.1. Comparison of the Þxed-order gluon-gluonxPgg(x, ! s) (left) and the quark-gluon
xPqg(x, ! s) (right) splitting functions with the corresponding LO+LL x, NLO+NLL x and NNLO+NLL x
results including small-x resummation. The comparison is performed at a scale such that! s = 0 .2 and
in the Q0MS scheme withnf = 4 active quark ßavours.

incorporate a number of technical improvements which makes the numerical implementation
more robust, and allow the matching to NNLO Þxed order as well as NLO: a detailed discussion
and comparison is given in Refs. [62, 63]. The resummation of small-x logarithms is more
important at NNLO than at NLO, since at NNLO the Þxed-order small- x logarithms give rise
to perturbative instabilities at small- x, as visible from a comparison of the NLO and NNLO
curves in Fig. 2.1. Indeed, from the left hand plot, one can immediately see that for moderately
small values ofx NLO gluon evolution is closer to the all-orders result at smallx than NNLO
evolution, since for 10! 6 ! x ! 10! 3 the NLO splitting kernels are closer to the best prediction,
NNLO+NLL x, than the NNLO ones. Additionally, from the right plot, both resummed results
for the gluon to quark spitting function are closer to NLO than to NNLO for 10 ! 5 ! x ! 10! 1.
N3LO evolution, when available [86,87], will lead to even more signiÞcant instabilities at small
x, due to the appearance of two extra powers of the small-x logarithms (the leading NLO and
NNLO logarithms are accidentally zero), and will make the inclusion of small-x resummation
even more crucial.

To facilitate the use of small-x resummation, the HELLcode has been interfaced to the
public code APFEL[119, 120]. Thanks to this APFEL+HELLinterface, it is straightforward to
perform the PDF evolution (and the computation of DIS structure functions) with the inclusion
of small-x resummation e! ects. Note that APFEL+HELLonly implements the so-called ÒexactÓ
solution of DGLAP evolution, rather than the ÒtruncatedÓ solutions used in ABF (for example
in Refs. [44Ð46]), and nowadays routinely in NNPDF Þts, in which subleading corrections are
systematically expanded out [72]. For this reason we will use the exact solution throughout in this
paper, to facilitate comparison between Þxed-order and resummed results. Since the di! erence
between the two solutions becomes smaller and smaller when increasing the perturbative order,
this choice does not a! ect signiÞcantly our NNLO(+NLL x) results, but care should be taken
when comparing the NLO PDFs from those of other NNPDF Þts.

We now investigate the e! ects induced by evolving the PDFs with resummed splitting kernels
as compared to standard Þxed-order DGLAP splitting functions. In order to illustrate these
e! ects, we take a given input PDF set as Þxed at a low scaleQ0, that is, a common boundary
condition, and then evolve it upwards usingAPFEL+ HELLwith either Þxed-order (NLO or NNLO)
or resummed (NLO+NLL x or NNLO+NLL x) theory. In this way, we can determine what are
the main di! erences induced at high scales by small-x resummation in the PDF evolution; we
stress however that the physical meaning of the resulting comparison is limited, as in a PDF Þt

6

Splitting function: NNLO has large 
negative term which dominates at small x.#

Resummation stabilizes the result#

Improves the description of the F2 data

Small x rise

Delay of onset of rise

Ball,Bertoni,Bonvini,Marzani,Rojo,Rottoli
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Parton saturation
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At small x another e$ect possible: gluon saturation#

High gluon density can lead to increase of recombination e$ects. Unitarity.#

QCD at high energy : dynamically generated saturation scale
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DGLAP+BFKL+saturation : example
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Figure 3: The proton structure function F2(x, Q2) from the Þt of our framework, in its linear
and nonlinear variant, to the combined data from HERA [26] asa function of x for the Q2 range
from 1.5 to 400 GeV2 (with the vertical o ! sets of 0.2).

The corresponding equation for the unintegrated gluon density reads [27,45]
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where z = x/x " (see Fig. 2 for explanation of the variables). For convenience, we omit the g
subscript in the unintegrated gluon density symbol and keeponly the subscript denoting the
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where z = x/x " (see Fig. 2 for explanation of the variables). For convenience, we omit the g
subscript in the unintegrated gluon density symbol and keeponly the subscript denoting the
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Kutak,Sapeta; based on model by Kwiecinski, Martin,AS

BFKL+kinematical 
constraint

DGLAP splitting function 
(nonsingular part)

Nonlinear term

Good description 
of the data on F2
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Figure 4: Left: Unintegrated gluon density in the proton from the solution of Eq. (3.1) with free
parameters Þtted to F2 data. Middle: Comparison of the gluon density from the left plot with
the unintegrated gluon from the Þt using only the linear part of Eq. (3.1). Right: Unintegrated
gluon density in the Pb nucleus obtained as for the proton case but with the nonlinear term in
Eq. (3.1) enhanced byA1/ 3 with A = 207.

hadron. The theta function in Eq. (3.1) introduces the kinematical constraint and the nonlinear
term, which supplies unitarity corrections, is given by the triple pomeron vertex [46]. The
two terms in the third line in Eq. (3.1) correspond to the DGLA P e! ects generated by that
part of the splitting function Pgg(z) which is nonsingular in the limit z ! 0 and by the quarks
respectively, with ! (x, k2) corresponding to the singlet quark distributions. The At LO in ln 1/x
this equation reduces to the BK equation, after performing Fourier transform to the coordinate
space [13,27,46,47]. For numerical method to solve Eq. (3.1) we refer the reader to [27].

The strength of the nonlinear term in Eq. (3.1) is controlled by the parameter R which has
an interpretation of the proton radius and it comes from integration of the gluon density over
the impact parameter b. In our framework, we assume the uniform distributions of gluons in
the nucleon therefore our gluon density is proportional to" (R " b) [27].

The input gluon distribution ! (0)
p (x, k2) is is given by

! (0)
p (x, k2) =

" S(k2)
2#k2

! 1

x
dzPgg(z)

x
z

g
" x

z
, k2

0

#
, (3.2)

where xg(x, k2
0) is the integrated gluon distribution at the initial scale, which we set to k2

0 =
1GeV2, and we take the following parametrization

xg(x) = N (1 " x)β(1 " Dx ) , (3.3)

which is similar to what was used in [48]. For the strong coupling, we take the one-loop result
with # QCD set to 350 MeV.

The evolution equation (3.1) is used to determine the unintegrated gluon above the initial
momentum scale that is fork2 > 1GeV2. In the region k2 < 1GeV2, the gluon density ! p(x, k2)
is constrained by the condition that it should match the evolved unintegrated gluon density at
k2 = k2

0 . We choose to parametrize the unintegrated gluon in this region by

! p(x, k2) = k2! p(x, k2
0 = 1 GeV2) for k2 < 1GeV2 , (3.4)

which is motivated by the shape of the gluon density obtainedfrom solution of the LO BK
equation in the saturated regime [49].

The unintegrated gluon density from Eqs.(3.1)Ð(3.3) convoluted with impact factors taken
from [41] allows one to compute the structure functionF2(x, Q2), which in turn can be used to

6

Anna Stasto, Small x prediction for forward charm production, 2nd FPF Meeting, May 28, 2021 



kT factorization for heavy quark production
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k2 = (0, p�2 ,k2T )
<latexit sha1_base64="eYWamAdznsbB9L2c6Np1FTTSPBM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahQi1JEHQjFN24rNAXtDFMppN2yGQSZiZCCQU3/oobF4q49Sfc+TdO2yy0euDC4Zx7ufceP2FUKsv6MgpLyyura8X10sbm1vaOubvXlnEqMGnhmMWi6yNJGOWkpahipJsIgiKfkY4fXk/9zj0Rksa8qcYJcSM05DSgGCkteeZB6DmXFauaeM7daTXr+wEMJ17mNCcnnlm2atYM8C+xc1IGORqe+dkfxDiNCFeYISl7tpUoN0NCUczIpNRPJUkQDtGQ9DTlKCLSzWY/TOCxVgYwiIUuruBM/TmRoUjKceTrzgipkVz0puJ/Xi9VwYWbUZ6kinA8XxSkDKoYTgOBAyoIVmysCcKC6lshHiGBsNKxlXQI9uLLf0nbqdlWzb49K9ev8jiK4BAcgQqwwTmogxvQAC2AwQN4Ai/g1Xg0no03433eWjDymX3wC8bHN/rcldE=</latexit><latexit sha1_base64="eYWamAdznsbB9L2c6Np1FTTSPBM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahQi1JEHQjFN24rNAXtDFMppN2yGQSZiZCCQU3/oobF4q49Sfc+TdO2yy0euDC4Zx7ufceP2FUKsv6MgpLyyura8X10sbm1vaOubvXlnEqMGnhmMWi6yNJGOWkpahipJsIgiKfkY4fXk/9zj0Rksa8qcYJcSM05DSgGCkteeZB6DmXFauaeM7daTXr+wEMJ17mNCcnnlm2atYM8C+xc1IGORqe+dkfxDiNCFeYISl7tpUoN0NCUczIpNRPJUkQDtGQ9DTlKCLSzWY/TOCxVgYwiIUuruBM/TmRoUjKceTrzgipkVz0puJ/Xi9VwYWbUZ6kinA8XxSkDKoYTgOBAyoIVmysCcKC6lshHiGBsNKxlXQI9uLLf0nbqdlWzb49K9ev8jiK4BAcgQqwwTmogxvQAC2AwQN4Ai/g1Xg0no03433eWjDymX3wC8bHN/rcldE=</latexit><latexit sha1_base64="eYWamAdznsbB9L2c6Np1FTTSPBM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahQi1JEHQjFN24rNAXtDFMppN2yGQSZiZCCQU3/oobF4q49Sfc+TdO2yy0euDC4Zx7ufceP2FUKsv6MgpLyyura8X10sbm1vaOubvXlnEqMGnhmMWi6yNJGOWkpahipJsIgiKfkY4fXk/9zj0Rksa8qcYJcSM05DSgGCkteeZB6DmXFauaeM7daTXr+wEMJ17mNCcnnlm2atYM8C+xc1IGORqe+dkfxDiNCFeYISl7tpUoN0NCUczIpNRPJUkQDtGQ9DTlKCLSzWY/TOCxVgYwiIUuruBM/TmRoUjKceTrzgipkVz0puJ/Xi9VwYWbUZ6kinA8XxSkDKoYTgOBAyoIVmysCcKC6lshHiGBsNKxlXQI9uLLf0nbqdlWzb49K9ev8jiK4BAcgQqwwTmogxvQAC2AwQN4Ai/g1Xg0no03433eWjDymX3wC8bHN/rcldE=</latexit><latexit sha1_base64="eYWamAdznsbB9L2c6Np1FTTSPBM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahQi1JEHQjFN24rNAXtDFMppN2yGQSZiZCCQU3/oobF4q49Sfc+TdO2yy0euDC4Zx7ufceP2FUKsv6MgpLyyura8X10sbm1vaOubvXlnEqMGnhmMWi6yNJGOWkpahipJsIgiKfkY4fXk/9zj0Rksa8qcYJcSM05DSgGCkteeZB6DmXFauaeM7daTXr+wEMJ17mNCcnnlm2atYM8C+xc1IGORqe+dkfxDiNCFeYISl7tpUoN0NCUczIpNRPJUkQDtGQ9DTlKCLSzWY/TOCxVgYwiIUuruBM/TmRoUjKceTrzgipkVz0puJ/Xi9VwYWbUZ6kinA8XxSkDKoYTgOBAyoIVmysCcKC6lshHiGBsNKxlXQI9uLLf0nbqdlWzb49K9ev8jiK4BAcgQqwwTmogxvQAC2AwQN4Ai/g1Xg0no03433eWjDymX3wC8bHN/rcldE=</latexit>

k1 = ( p+
1 , 0, k1T )

<latexit sha1_base64="NzuDOLLxc+lKVSLNANRb5V5mGZQ=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahYikZEXQjFN24rNAXtDFMppN2yOTBzEQoIeDGX3HjQhG3/oQ7/8Zpm4W2HrhwOOde7r3HjTmTyrK+jcLS8srqWnG9tLG5tb1j7u61ZZQIQlsk4pHoulhSzkLaUkxx2o0FxYHLacf1byZ+54EKyaKwqcYxtQM8DJnHCFZacswD30FXldhB96dVq5r2XQ/6mZOiZnbimGWrZk0BFwnKSRnkaDjmV38QkSSgoSIcS9lDVqzsFAvFCKdZqZ9IGmPi4yHtaRrigEo7nf6QwWOtDKAXCV2hglP190SKAynHgas7A6xGct6biP95vUR5l3bKwjhRNCSzRV7CoYrgJBA4YIISxceaYCKYvhWSERaYKB1bSYeA5l9eJO2zGrJq6O68XL/O4yiCQ3AEKgCBC1AHt6ABWoCAR/AMXsGb8WS8GO/Gx6y1YOQz++APjM8f9ESVzA==</latexit><latexit sha1_base64="NzuDOLLxc+lKVSLNANRb5V5mGZQ=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahYikZEXQjFN24rNAXtDFMppN2yOTBzEQoIeDGX3HjQhG3/oQ7/8Zpm4W2HrhwOOde7r3HjTmTyrK+jcLS8srqWnG9tLG5tb1j7u61ZZQIQlsk4pHoulhSzkLaUkxx2o0FxYHLacf1byZ+54EKyaKwqcYxtQM8DJnHCFZacswD30FXldhB96dVq5r2XQ/6mZOiZnbimGWrZk0BFwnKSRnkaDjmV38QkSSgoSIcS9lDVqzsFAvFCKdZqZ9IGmPi4yHtaRrigEo7nf6QwWOtDKAXCV2hglP190SKAynHgas7A6xGct6biP95vUR5l3bKwjhRNCSzRV7CoYrgJBA4YIISxceaYCKYvhWSERaYKB1bSYeA5l9eJO2zGrJq6O68XL/O4yiCQ3AEKgCBC1AHt6ABWoCAR/AMXsGb8WS8GO/Gx6y1YOQz++APjM8f9ESVzA==</latexit><latexit sha1_base64="NzuDOLLxc+lKVSLNANRb5V5mGZQ=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahYikZEXQjFN24rNAXtDFMppN2yOTBzEQoIeDGX3HjQhG3/oQ7/8Zpm4W2HrhwOOde7r3HjTmTyrK+jcLS8srqWnG9tLG5tb1j7u61ZZQIQlsk4pHoulhSzkLaUkxx2o0FxYHLacf1byZ+54EKyaKwqcYxtQM8DJnHCFZacswD30FXldhB96dVq5r2XQ/6mZOiZnbimGWrZk0BFwnKSRnkaDjmV38QkSSgoSIcS9lDVqzsFAvFCKdZqZ9IGmPi4yHtaRrigEo7nf6QwWOtDKAXCV2hglP190SKAynHgas7A6xGct6biP95vUR5l3bKwjhRNCSzRV7CoYrgJBA4YIISxceaYCKYvhWSERaYKB1bSYeA5l9eJO2zGrJq6O68XL/O4yiCQ3AEKgCBC1AHt6ABWoCAR/AMXsGb8WS8GO/Gx6y1YOQz++APjM8f9ESVzA==</latexit><latexit sha1_base64="NzuDOLLxc+lKVSLNANRb5V5mGZQ=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahYikZEXQjFN24rNAXtDFMppN2yOTBzEQoIeDGX3HjQhG3/oQ7/8Zpm4W2HrhwOOde7r3HjTmTyrK+jcLS8srqWnG9tLG5tb1j7u61ZZQIQlsk4pHoulhSzkLaUkxx2o0FxYHLacf1byZ+54EKyaKwqcYxtQM8DJnHCFZacswD30FXldhB96dVq5r2XQ/6mZOiZnbimGWrZk0BFwnKSRnkaDjmV38QkSSgoSIcS9lDVqzsFAvFCKdZqZ9IGmPi4yHtaRrigEo7nf6QwWOtDKAXCV2hglP190SKAynHgas7A6xGct6biP95vUR5l3bKwjhRNCSzRV7CoYrgJBA4YIISxceaYCKYvhWSERaYKB1bSYeA5l9eJO2zGrJq6O68XL/O4yiCQ3AEKgCBC1AHt6ABWoCAR/AMXsGb8WS8GO/Gx6y1YOQz++APjM8f9ESVzA==</latexit>

Catani,Ciafaloni,Hautmann;
Collins,Ellis O$-shell gluons

p+
1 p!

2 = x1x2s
<latexit sha1_base64="rpvL1wiIK7/1nEvtNaNRjOUngqs=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLIIhlUgTdCEU3LivYB7TTIZNm2tBMJiQZsQzd+CtuXCji1s9w59+YPhbaeuDC4Zx7ufeeUHKmjed9O7ml5ZXVtfx6YWNza3vH3d2r6yRVhNZIwhPVDLGmnAlaM8xw2pSK4jjktBEObsZ+44EqzRJxb4aS+jHuCRYxgo2VAvdABqhzCmVQ7pzBK/gYIFtlqAO36JW8CeAiQTNSBDNUA/er3U1IGlNhCMdat5AnjZ9hZRjhdFRop5pKTAa4R1uWChxT7WeTB0bw2CpdGCXKljBwov6eyHCs9TAObWeMTV/Pe2PxP6+VmujSz5iQqaGCTBdFKYcmgeM0YJcpSgwfWoKJYvZWSPpYYWJsZgUbApp/eZHUyyXkldDdebFyPYsjDw7BETgBCFyACrgFVVADBIzAM3gFb86T8+K8Ox/T1pwzm9kHf+B8/gDqF5QH</latexit><latexit sha1_base64="rpvL1wiIK7/1nEvtNaNRjOUngqs=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLIIhlUgTdCEU3LivYB7TTIZNm2tBMJiQZsQzd+CtuXCji1s9w59+YPhbaeuDC4Zx7ufeeUHKmjed9O7ml5ZXVtfx6YWNza3vH3d2r6yRVhNZIwhPVDLGmnAlaM8xw2pSK4jjktBEObsZ+44EqzRJxb4aS+jHuCRYxgo2VAvdABqhzCmVQ7pzBK/gYIFtlqAO36JW8CeAiQTNSBDNUA/er3U1IGlNhCMdat5AnjZ9hZRjhdFRop5pKTAa4R1uWChxT7WeTB0bw2CpdGCXKljBwov6eyHCs9TAObWeMTV/Pe2PxP6+VmujSz5iQqaGCTBdFKYcmgeM0YJcpSgwfWoKJYvZWSPpYYWJsZgUbApp/eZHUyyXkldDdebFyPYsjDw7BETgBCFyACrgFVVADBIzAM3gFb86T8+K8Ox/T1pwzm9kHf+B8/gDqF5QH</latexit><latexit sha1_base64="rpvL1wiIK7/1nEvtNaNRjOUngqs=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLIIhlUgTdCEU3LivYB7TTIZNm2tBMJiQZsQzd+CtuXCji1s9w59+YPhbaeuDC4Zx7ufeeUHKmjed9O7ml5ZXVtfx6YWNza3vH3d2r6yRVhNZIwhPVDLGmnAlaM8xw2pSK4jjktBEObsZ+44EqzRJxb4aS+jHuCRYxgo2VAvdABqhzCmVQ7pzBK/gYIFtlqAO36JW8CeAiQTNSBDNUA/er3U1IGlNhCMdat5AnjZ9hZRjhdFRop5pKTAa4R1uWChxT7WeTB0bw2CpdGCXKljBwov6eyHCs9TAObWeMTV/Pe2PxP6+VmujSz5iQqaGCTBdFKYcmgeM0YJcpSgwfWoKJYvZWSPpYYWJsZgUbApp/eZHUyyXkldDdebFyPYsjDw7BETgBCFyACrgFVVADBIzAM3gFb86T8+K8Ox/T1pwzm9kHf+B8/gDqF5QH</latexit><latexit sha1_base64="rpvL1wiIK7/1nEvtNaNRjOUngqs=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLIIhlUgTdCEU3LivYB7TTIZNm2tBMJiQZsQzd+CtuXCji1s9w59+YPhbaeuDC4Zx7ufeeUHKmjed9O7ml5ZXVtfx6YWNza3vH3d2r6yRVhNZIwhPVDLGmnAlaM8xw2pSK4jjktBEObsZ+44EqzRJxb4aS+jHuCRYxgo2VAvdABqhzCmVQ7pzBK/gYIFtlqAO36JW8CeAiQTNSBDNUA/er3U1IGlNhCMdat5AnjZ9hZRjhdFRop5pKTAa4R1uWChxT7WeTB0bw2CpdGCXKljBwov6eyHCs9TAObWeMTV/Pe2PxP6+VmujSz5iQqaGCTBdFKYcmgeM0YJcpSgwfWoKJYvZWSPpYYWJsZgUbApp/eZHUyyXkldDdebFyPYsjDw7BETgBCFyACrgFVVADBIzAM3gFb86T8+K8Ox/T1pwzm9kHf+B8/gDqF5QH</latexit>

p+
1 = x1P+

<latexit sha1_base64="sEi2RmlITFtX5ohPNsmIdKMRemY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSIIhbIRQS9C0YvHCvYD2m3Jptk2NJtdk2yxLP0dXjwo4tUf481/Y9ruQVsfDDzem2Fmnh8Lro3rfjsrq2vrG5u5rfz2zu7efuHgsK6jRFFWo5GIVNMnmgkuWc1wI1gzVoyEvmANf3g79RsjpjSP5IMZx8wLSV/ygFNirOTFXdwpXT91Map2St1C0S27M6BlgjNShAzVbuGr3YtoEjJpqCBat7AbGy8lynAq2CTfTjSLCR2SPmtZKknItJfOjp6gU6v0UBApW9Kgmfp7IiWh1uPQt50hMQO96E3F/7xWYoIrL+UyTgyTdL4oSAQyEZomgHpcMWrE2BJCFbe3IjogilBjc8rbEPDiy8ukfl7GbhnfXxQrN1kcOTiGEzgDDJdQgTuoQg0oPMIzvMKbM3JenHfnY9664mQzR/AHzucPve+Qww==</latexit><latexit sha1_base64="sEi2RmlITFtX5ohPNsmIdKMRemY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSIIhbIRQS9C0YvHCvYD2m3Jptk2NJtdk2yxLP0dXjwo4tUf481/Y9ruQVsfDDzem2Fmnh8Lro3rfjsrq2vrG5u5rfz2zu7efuHgsK6jRFFWo5GIVNMnmgkuWc1wI1gzVoyEvmANf3g79RsjpjSP5IMZx8wLSV/ygFNirOTFXdwpXT91Map2St1C0S27M6BlgjNShAzVbuGr3YtoEjJpqCBat7AbGy8lynAq2CTfTjSLCR2SPmtZKknItJfOjp6gU6v0UBApW9Kgmfp7IiWh1uPQt50hMQO96E3F/7xWYoIrL+UyTgyTdL4oSAQyEZomgHpcMWrE2BJCFbe3IjogilBjc8rbEPDiy8ukfl7GbhnfXxQrN1kcOTiGEzgDDJdQgTuoQg0oPMIzvMKbM3JenHfnY9664mQzR/AHzucPve+Qww==</latexit><latexit sha1_base64="sEi2RmlITFtX5ohPNsmIdKMRemY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSIIhbIRQS9C0YvHCvYD2m3Jptk2NJtdk2yxLP0dXjwo4tUf481/Y9ruQVsfDDzem2Fmnh8Lro3rfjsrq2vrG5u5rfz2zu7efuHgsK6jRFFWo5GIVNMnmgkuWc1wI1gzVoyEvmANf3g79RsjpjSP5IMZx8wLSV/ygFNirOTFXdwpXT91Map2St1C0S27M6BlgjNShAzVbuGr3YtoEjJpqCBat7AbGy8lynAq2CTfTjSLCR2SPmtZKknItJfOjp6gU6v0UBApW9Kgmfp7IiWh1uPQt50hMQO96E3F/7xWYoIrL+UyTgyTdL4oSAQyEZomgHpcMWrE2BJCFbe3IjogilBjc8rbEPDiy8ukfl7GbhnfXxQrN1kcOTiGEzgDDJdQgTuoQg0oPMIzvMKbM3JenHfnY9664mQzR/AHzucPve+Qww==</latexit><latexit sha1_base64="sEi2RmlITFtX5ohPNsmIdKMRemY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSIIhbIRQS9C0YvHCvYD2m3Jptk2NJtdk2yxLP0dXjwo4tUf481/Y9ruQVsfDDzem2Fmnh8Lro3rfjsrq2vrG5u5rfz2zu7efuHgsK6jRFFWo5GIVNMnmgkuWc1wI1gzVoyEvmANf3g79RsjpjSP5IMZx8wLSV/ygFNirOTFXdwpXT91Map2St1C0S27M6BlgjNShAzVbuGr3YtoEjJpqCBat7AbGy8lynAq2CTfTjSLCR2SPmtZKknItJfOjp6gU6v0UBApW9Kgmfp7IiWh1uPQt50hMQO96E3F/7xWYoIrL+UyTgyTdL4oSAQyEZomgHpcMWrE2BJCFbe3IjogilBjc8rbEPDiy8ukfl7GbhnfXxQrN1kcOTiGEzgDDJdQgTuoQg0oPMIzvMKbM3JenHfnY9664mQzR/AHzucPve+Qww==</latexit>

p!
2 = x2 ÷P!

<latexit sha1_base64="kjoOmBvEdaDZtLdYA2zllSwDMI0=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gENy1JEXQjFN24rGAf0KZhMrlph04ezEzEEgr+ihsXirj1O9z5N07bLLT1wIXDOfdy7z1ewplUlvVtFFZW19Y3ipulre2d3T1z/6Al41RQaNKYx6LjEQmcRdBUTHHoJAJI6HFoe6Obqd9+ACFZHN2rcQJOSAYRCxglSkuueZS4tX7l6tGt4Z5i3IesMelXXLNsVa0Z8DKxc1JGORqu+dXzY5qGECnKiZRd20qUkxGhGOUwKfVSCQmhIzKArqYRCUE62ez8CT7Vio+DWOiKFJ6pvycyEko5Dj3dGRI1lIveVPzP66YquHQyFiWpgojOFwUpxyrG0yywzwRQxceaECqYvhXTIRGEKp1YSYdgL768TFq1qm1V7bvzcv06j6OIjtEJOkM2ukB1dIsaqIkoytAzekVvxpPxYrwbH/PWgpHPHKI/MD5/ALuslLA=</latexit><latexit sha1_base64="kjoOmBvEdaDZtLdYA2zllSwDMI0=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gENy1JEXQjFN24rGAf0KZhMrlph04ezEzEEgr+ihsXirj1O9z5N07bLLT1wIXDOfdy7z1ewplUlvVtFFZW19Y3ipulre2d3T1z/6Al41RQaNKYx6LjEQmcRdBUTHHoJAJI6HFoe6Obqd9+ACFZHN2rcQJOSAYRCxglSkuueZS4tX7l6tGt4Z5i3IesMelXXLNsVa0Z8DKxc1JGORqu+dXzY5qGECnKiZRd20qUkxGhGOUwKfVSCQmhIzKArqYRCUE62ez8CT7Vio+DWOiKFJ6pvycyEko5Dj3dGRI1lIveVPzP66YquHQyFiWpgojOFwUpxyrG0yywzwRQxceaECqYvhXTIRGEKp1YSYdgL768TFq1qm1V7bvzcv06j6OIjtEJOkM2ukB1dIsaqIkoytAzekVvxpPxYrwbH/PWgpHPHKI/MD5/ALuslLA=</latexit><latexit sha1_base64="kjoOmBvEdaDZtLdYA2zllSwDMI0=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gENy1JEXQjFN24rGAf0KZhMrlph04ezEzEEgr+ihsXirj1O9z5N07bLLT1wIXDOfdy7z1ewplUlvVtFFZW19Y3ipulre2d3T1z/6Al41RQaNKYx6LjEQmcRdBUTHHoJAJI6HFoe6Obqd9+ACFZHN2rcQJOSAYRCxglSkuueZS4tX7l6tGt4Z5i3IesMelXXLNsVa0Z8DKxc1JGORqu+dXzY5qGECnKiZRd20qUkxGhGOUwKfVSCQmhIzKArqYRCUE62ez8CT7Vio+DWOiKFJ6pvycyEko5Dj3dGRI1lIveVPzP66YquHQyFiWpgojOFwUpxyrG0yywzwRQxceaECqYvhXTIRGEKp1YSYdgL768TFq1qm1V7bvzcv06j6OIjtEJOkM2ukB1dIsaqIkoytAzekVvxpPxYrwbH/PWgpHPHKI/MD5/ALuslLA=</latexit><latexit sha1_base64="kjoOmBvEdaDZtLdYA2zllSwDMI0=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gENy1JEXQjFN24rGAf0KZhMrlph04ezEzEEgr+ihsXirj1O9z5N07bLLT1wIXDOfdy7z1ewplUlvVtFFZW19Y3ipulre2d3T1z/6Al41RQaNKYx6LjEQmcRdBUTHHoJAJI6HFoe6Obqd9+ACFZHN2rcQJOSAYRCxglSkuueZS4tX7l6tGt4Z5i3IesMelXXLNsVa0Z8DKxc1JGORqu+dXzY5qGECnKiZRd20qUkxGhGOUwKfVSCQmhIzKArqYRCUE62ez8CT7Vio+DWOiKFJ6pvycyEko5Dj3dGRI1lIveVPzP66YquHQyFiWpgojOFwUpxyrG0yywzwRQxceaECqYvhXTIRGEKp1YSYdgL768TFq1qm1V7bvzcv06j6OIjtEJOkM2ukB1dIsaqIkoytAzekVvxpPxYrwbH/PWgpHPHKI/MD5/ALuslLA=</latexit>

! (m2, s) =
!

dx1

x1

!
dx2

x2

!
d2k1T F (x1, k1T )

!
d2k2T F (x2, k2T ) ö! (x1, x2, k1T , k2T , m)
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Forward region:

x1 ! x2
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Take hybrid (on-shell Ñ o$-shell) approach:

k1T ! 0, k2T "= 0
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k1 = ( p+
1 , 0, 0)
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! (m2, s) =
!

dx1

x1

!
dx2

x2
xg(x1, µ2)

!
d2k2T F (x2, k2T ) ö! (x1, x2, k1T ! 0, k2T , m)
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Collinear gluon density

Unintegrated gluon density

O$-shell xsection

Anna Stasto, Small x prediction for forward charm production, 2nd FPF Meeting, May 28, 2021 



Setup
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kT factorization (based on Catani-Ciafaloni-Hautmann formula) for charm with 
unintegrated gluon from Kutak-Sapeta (the same formalism used previously 
(BEJKRSS) for evaluation of prompt neutrino ßux in IceCube ; other models for 
unintegrated gluon still to be considered)#

Di$erent fragmentation scenarios tested for D mesons: ex. Peterson function 
vs PYTHIA#

Compare with NLO and MC generators and cross check with collider data on D 
mesons#

Compute neutrino ßux at FASERnu#

Note : all the results are preliminary. 

Anna Stasto, Small x prediction for forward charm production, 2nd FPF Meeting, May 28, 2021 



Neutrino spectrum
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Range of uncertainties for the NLO scale variation of the same order as the small x 
calculation i.e. di$erence between linear and nonlinear (in the forward region)

PreliminaryPreliminary

Anna Stasto, Small x prediction for forward charm production, 2nd FPF Meeting, May 28, 2021 



Neutrino spectrum
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Preliminary Preliminary

SigniÞcant di$erences in the energy spectrum from di$erent generators

Anna Stasto, Small x prediction for forward charm production, 2nd FPF Meeting, May 28, 2021 
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Impact of fragmentation

Preliminary Preliminary

PreliminaryPreliminary

Anna Stasto, Small x prediction for forward charm production, 2nd FPF Meeting, May 28, 2021 



Impact of fragmentation
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SigniÞcant di$erences in the energy spectrum due to the fragmentation#
Does factorization hold for fragmentation in the very forward region ??

Preliminary Preliminary

Anna Stasto, Small x prediction for forward charm production, 2nd FPF Meeting, May 28, 2021 



Summary
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" With increasing energies small x resummation becomes necessary#

" FASER sensitive to very forward region in particle production#

" Small x dynamics important: di$erences between linear and non-linear 
scenarios large.#

" Sensitivity to fragmentation scenarios: is standard fragmentation applicable 
in the forward region in hadron-hadron collision environment ? Applicability 
of standard factorization?#

Anna Stasto, Small x prediction for forward charm production, 2nd FPF Meeting, May 28, 2021 


