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Introduction
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Far-forward charm production at high energies

@ an interplay of small- and large-x effects
@ probing parton densities simultaneously at extremely small (x < 107%) and large
(x > 0.1) longitudinal momentum fractions
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@ gluon saturation, intrinsic charm content of the nucleon, recombination mechanism
@ forward hadronization (e.g. color reconnection, beyond leading color strings, etc.)

Experiments connected to forward charm production at the LHC and beyond:

@ Forward Physics Facilities (FPF) at the LHC: gﬁ
5

(FASERv, FASERv2, SNDOLHC, FLArE): ve, vy, v+ neutrino fluxes
@ IceCube Neutrino Observatory: prompt v, neutrino flux
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Forward charm production at low energies

@ rather large-x effects
@ probing parton densities simultaneously at rather intermediate (x 2> 1073) and large
(x 2 0.1) longitudinal momentum fractions
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@ gluen—saturation, intrinsic charm content of the nucleon, recombination mechanism
@ forward hadronization (e.g. color reconnection, beyond leading color strings, etc.)

Experiments connected to forward charm production at lower energies:

@ fixed-target LHCb mode: D-meson, J/W-meson at /s = 86.6 GeV and 68.5 GeV gﬁ
@ fixed-target SHIP experiment at SPS: v, neutrino flux /s = 27.4 GeV Iy
@ fixed-target NA69/DsTau experiment at SPS: v, neutrino flux /s = 27.4 GeV
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QCD charm production mechanisms at forward directions

UGDE / @ g*g* — cC = the standard QCD mechanism (and
] = usually considered as a leading) of gluon-gluon fusion
i with off-shell initial state partons, calculated both in the

full k+-factorization approach and in the hybrid model

ki #0 . . . ..
¢ @ g*c — gc = the mechanism driven by the intrinsic
kar #0 ¢ charm component of proton calculated in the hybrid
3 approach with off-shell initial state gluon and collinear
— |ntr|nsE charm quark
UGDF \ @ gqg — Dc = the recombination mechanism calculated

in the leading-order collinear approach

q

(cq)" = D

g c -
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The kr-factorization (high-energy factorization) approach

off-shell initial state partons =
initial transverse momenta explicitly included kq ¢, k2, ¢ # 0
@ additional hard dynamics coming from transverse momenta of
incident partons (virtualities taken into account)
@ very efficient for less inclusive studies of kinematical correlations
@ more exclusive observables, e.g. pair transverse momentum or
azimuthal angle very sensitive to the incident transverse momenta

multi-differential cross section:
do - / d?ky.¢ d2ko 1
dyrdy2d?py ed’pae ™ 7 1672 (x1x25)?
x &2 (El,t + koo — Bue — 52,:) Fg(xe, k3 o, 1) Fg(xa, k3 ¢, 1)

9 the LO off-shell matrix elements | M. . oq|? available (analytic form)
@ the 2 — 3 and 2 — 4 processes (higher-order) only at tree-level (KaTie Monte Carlo)
@ F.(x,kZ, u) - transverse momentum dependent - unintegrated PDFs (uPDFs)

@ part of higher-order (real) gﬁ
corrections might be d ]

effectively included in uPDF

12
|Mg*g*HQQ‘

pair creation flavour excitation gluon splitting
with gluon emission
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Forward charm production at the LHCb in collider mode
Open charm LHCb data in pp-scattering at /s =7, 13 TeV:

oiﬂiﬁl}?ﬁlwmm [ KTC?;VW Detector acceptance: 2.0 < y < 4.5 and 0 < p1 < 8 GeV

@ inclusive D-meson spectra and DD-pair correlation
observables (M;,,, Ay, pr-pair)

@ longitudinal momentum fractions probed:
1073 < x; <107 and 1075 < x; <1073

@ pr-differential cross section well described in different y-bins

-5[LHCb experiment
20<y,<45, 0<p_<8GeV

log, (x) @ correct shapes of the correlation observables
(R.Maciula, A. Szczurek, Phys.Rev.D 100 (2019) 5, 054001)
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Intrinsic charm
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Charm production driven by the intrinsic charm

What if there is a non-perturbative charm content of the proton?

The charm quark in the initial state =
@ perturbative: extrinsic charm (from gluon splitting)
@ non-perturbative: intrinsic charm (IC)
@ the differential cross section for cg* — cg mechanism:
dxo
da’ppﬂcharm(cg* - Cg) :/dxl/T/dzkt
2

X C(Xl-,/lz) : fg(XZ-, k$7/12) : da’cg*ﬂcg

@ c(x1,4?) = collinear charm quark PDF (large-x)
@ T (x2, kZ,1?) = off-shell gluon uPDF (small-x)

@ dbcg _.cg = only in the massless limit (also available in KaTie)
@ phenomenological regularization needed at pt — 0 = we use PYTHIA prescription:
— P 2 2 —
Feup(pT) = ﬁ, as(puk + PFo), where pro = 1.5 GeV (free parameter)
@ the charm quark PDF with IC content is taken at the initial scale: gﬁ
5

c(x1, ug), where pp = 1.3 GeV so the perturbative charm contribution is
intentionally not taken into account
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The concept of intrinsic charm in the nucleon

The intrinsic charm quarks = multiple connections to the valence quarks of the proton

@ dfferent pictures of non-perturbative c¢ content: | Xe( Q). comparison

T CT14nnloIC (Sea-like HS)

(
,,,,,,,, CT14nnloIC (Sea-like LS)
— —  CT14nnloIC (BHPS 3.5%)
CT14nnloIC (BHPS 1%)

@ valence-like models Q= 1.41+00 GeV

@ we use the IC distributions from the CT14nnlolC **
and CT18FC PDFs

@ Brodsky-Hoyer-Peterson-Sakai (BHPS) model 107
@ Meson-Baryon Model (MBM)

@ global experimental data put only loose
constraints on the P;. probability

@ sea-like models

Generated with APFEL 2.7.1 Web

-

xc(x,Q), comparison
107

CT14nnloIC (BHPS 1%)
rrrrrrrrr CT14nnlo (90% c.1)

o 410000 o @ the presence of an intrinsic component implies a
large enhancement of the charm distribution at
large x (>0.1) in comparison to the extrinsic
charm prediction

@ the models do not allow to predict gﬁ
precisely the absolute probability P;. iy
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Intrinsic charm
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Intrinsic charm at the LHC and beyond

A possible impact of the intrinsic charm component on the forward charm particle
production in already existing or future experiments at different energies:

@ FASER at the LHC (dedicated to a measurement of forward neutrinos originating
from semileptonic decays of D mesons)
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@ the intrinsic charm important at |y| > 6 gﬁ
o I

@ transverse momentum distribution visibly enhanced
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A possible impact of the intrinsic charm component on the forward charm particle
production in already existing or future experiments at different energies:

@ Fixed-target LHCb mode at /s = 86.6 GeV (D-meson production)
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@ at the lower energy = the intrinsic charm important already at |y| > 1 gﬁ
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Intrinsic charm at the LHC and beyond

A possible impact of the intrinsic charm component on the forward charm particle
production in already existing or future experiments at different energies:

@ SHIP/DsTau at the SPS CERN at /s = 27.4 GeV (dedicated to a measurement of
forward v neutrinos originating from semileptonic decays of Ds mesons)
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@ at the lower energy = the intrinsic charm important in the whole rapidity spectrum gﬁ
5

@ transverse momentum distribution visibly enhanced
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Fixed-target data
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Fixed-target charm data at /s = 86.6 GeV: Intrinsic Charm

The fixed-target data on forward open charm meson production already exists:
@ Fixed-target LHCb mode at /s = 86.6 GeV (D-meson production)

.
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Fixed-target data
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Fixed-target charm data at

do/dy [ub/nucleon]

Theory
Data
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86.6 GeV: Intrinsic Charm

The fixed-target data on forward open charm meson production already exists:
@ Fixed-target LHCb mode at /s = 86.6 GeV (D-meson production)

10°E T TG T
E'LHCB: pHe' = (D" + DY) X (S = 86.6 GeV2
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@ some problems with understanding the LHCb fixed-target open charm data identified

the data points in the backward direction and at larger pt's

@ a new scenario proposed with the intrinsic charm contribution needed to describe F
5

@ 2. Pic ~1.65% but large uncertainties
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Fixed-target data
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Fixed-target charm data at /s = 38.7 GeV: Intrinsic Charm

The fixed-target data on forward open charm meson production already exists:
@ Fermilab (1986): D-meson production in pp-scattering at /s = 38.7 GeV
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@ we obtain a very good description of the xg-distribution within our model with the
same set of parameters as in the LHCb case ﬁﬁ
@ the intrinsic charm component crucial for large-xg data iy
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Recombination
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The cg-recombination mechanism of charm production

Braaten-Jia-Mechen (BJM) recombination: g + g — (¢q)" + ¢

@ short-distance process (in contrast with fragmentation)
q @ (€q)™: g has small momentum in the T rest frame

(€))" =D @ g and  are in a state with definite color and angular
momentum quantum numbers specified by n

@ direct meson: gg — Dc and gg — D¢t
@ subsequent fragmentation of the associated c-quark

@ the direct recombination leads to D/D production
asymmetry

@ the differential cross section for gg — Dc mechanism:

do -
gy Tomm ) g Mg o (e 0

+  xig1(x1, 1?) x2q2(x2, #2)\/\4gqﬂ55(57 t, u)?]

° IngﬂDc(S: t,u)|? = |~A/lqg~>(2'q)"f:|2 P

4 |/\/lqgﬁ(5q)n5|2 = explicit form of the matrix element squared available

@ p can be interpreted as a probability to form real meson gﬁ
= can be extracted from experimental data 5

e.g. fixed-target LHCb data on D/D production asymmetry!
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Recombination
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Fixed-target charm data at 86.6 GeV: Recombination
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Charm asymmetry
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Fixed-target charm data at /s = 68.5 GeV: New analysis

@ a lack of the well-established methods for the hadronization of heavy quarks into
heavy hadrons in the forward/backward directions

@ e.g. Pythia has only been tuned in the central region, and thus one should not
expect reliable predictions in the forward direction

@ dedicated forward physics tunes needed (some first attempts done only very recently
in Phys.Rev.D 109 (2024) 1, 016010)
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= E 3 3
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@ the alternative and often used fragmentation procedure with fragmentation functions
also has limitations when dealing with forward production and small transverse

momenta
@ our recent update with respect to the previous studies: the fragmentation proceduregﬁ
performed in the parton-parton c.m.s. (not in overall proton-proton c.m.s.) 'y

@ a visible sensitivity of the results to the details of the fragmentation procedure
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Charm asymmetry
[o] lelele]e]

Fixed-target charm data at /s = 68.5 GeV: CT18FC PDF

@ CT18FC: BHPS and MBM

10° . . 10 T T T T T
LHCE: pNe — (D7+ DY) X | s, = 685 Gev/ = UHCh: pNE '@+ D) X sy = 685 GeV
—_ INTRINSIC CHARM: cg* - gc © — D parton-parton c.m.s. o O parton-parton ¢.m.s INTRINSIC CHARM: cg* - gc
= ‘CTI8FC BHPS3 (dash-doted) <9 CT1BFC BHPS3 (dash-dotted)
S wl 4 S
g E} 1
2 £
2 PN e sl 2
£ i v 3
o .
= Q
5 3
> i
g [ 3 k.
3
TOTAL (solc) TOTAL (solid)
RECOM® ag - D, p= 10% (dashed) 7 ERECOM®. a9 - B p=i0h Gashee) ____ o
[ STANDRRD: grg: - 6 20130012 POF (fons) | STANGARD, ¢~ 6. FR0135p1 uPDF o, . ]
o E 05 1 2 3 4 5 6 7
y* p, [GeV]

o .
LHCE: pNe — (D7+ DY) X | s, = 685 GeV. UHCh: pNe ~ @+ D) X sy = 66.5 GeV

=
. [TRINSIC craRM: cg* - g © - D: parton-parton cms. S DipANONpANNCMS |\ roiNGIC CHARM: cg ~ g
S ‘CT18FC MBMC (dash-dotted) % CT18FC MBMC (dash-dotted)
3 F 3 3 1
g £
]
£ o o
RS F £
2 3

o — =|
>
3
gL ] o E
T Erotal (solid) o TOTAL (solid)

RECOMB.:qg  Dc, p= 1036 (dashed) 8 10°recomB. g - Bepfiokoashes o
101 STANOARD: ¢~ oG, 3120135017 UPOF (goted) | IQARD: g°p', ; CC. PH20135pt2 UPDF, (dotted))

v P, [Gev]
@ both BHPS and MBM lead to very similar differential cross sections
@ Pjc: CT18FC (~ 0.5%) and CT14nnlolC (between 1% and 2%) 5
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Charm asymmetry
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Fixed-target charm data at 68.5 GeV: The asymmetry

@ BHPS3: symmetric c =¢
@ MBMC/MBME: asymmetric ¢ # € = may lead to D/D production asymmetry
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o

@ backward rapidity region and small-p7: the asymmetry well described by the
recombination only (the asymmetric IC does not change the situation here)

@ the asymmetry at larger p1's: cannot be described by the recombination

@ asymmetric IC generates the D/D asymmetry at large-pT, however, the effect is to
small to describe the data points iy
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Charm asymmetry

[e]ele] lele}

PYTHIAS result

FLACh: N~ @4 D) X |5y, = 685 Gev

hia 8 default (black solid)

e

intk, (blue dashed)

intk; + ISR + FSR (green dash-dotted)

intky * ISR + FSR + MP| (red jopg dashed) | .
T 2 3 5 5 7

P, [Gev]

da/dpkT [ub/GeV/nucleon]

il 1wl mul\ s o 1l 1

Rather small cross section
We start from hard processes with charm
What about other parton shower effects ?
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Charm asymmetry
0000e0

gg-fusion in k;-factorization + PYTHIA8 hadronization

10°F T T 3 T T
ELHCB: pNe - (0°+ D)X Yoy = 68,5 Gev = Ehchipne =7+ BYX
Erragmentaton i S L LSTANDARD: gt €2, JHz0135002 UPDF
= [ TD panonparton cms. (ol 1 2
S 1ike - b overalcmea. (@ashea) S
L ™ Ehadronization 2
S [pyihia8 default (ong-dashed) S
2 >
£
g we Q
£ 1 210
> [ 1
g | ] [ —
I} E| S Ec - Dioveralcms (dashed)
E T Fe o pmonpmoncms ot
F ] S 10°Enacrorizaton
_ [ sranpprD:grg; - G, gHz0135€12 pPOF (dgtted) | E Pythia p default flong-daghed) | ) ) .3
10 =2 5 1 05 1 2 3 0 5 5 7
% b [Gev]

Much larger cross section
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Charm asymmetry
O0000e

gg-fusion in k;-factorization + PYTHIA hadronization

0.3 T T T T | 0.3 T T 5 T T

Sfic FLHCb:pNe - (©°+ X Sa = 68.5 GeV] Wi F LHCB pNe ™ (B DY X T Vs, = 685 Gevd
F ] o02F g'g - T, E
Q‘FJ 02 STANDARD: g'g* -~ cT, JH2013set2 uPDF 7 |t O STANDARD:g'g" - T, JH20135e(2 uPDF E
Bl ion Py detot (ot ] 2D [ hadronization: Pythia 8 default (solid) E
\ ‘adronization: Pythia 8 default (solid) ] Vo 3
< 3 < £ |
1 of =
£ 2 E E|
£ g F B
£ 1 £ off E|
7 1 @ E =
g 4 g 5 q
< ] s -0z E
s I ] s E E
: E g o E
& £ 1 & E ]
[ S | L I 1 S | | | | | L

o E) a5 = 5 - R S T

y* p, [GeV]

incorrect asymmetry !!!
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What if we go to even lower energies?

k;-factorization: Vs =8 GeV hybrid model Vs =8 GeV Vs =8 GeV
.ot gc gd - D

intrinsic charm BHPS 1%
0

standard QCD mecharism g'g*

. gc recombination mechanis: p = 10

I
3 08 06 -04 02

I I
08 06 -04 02

log, (x,) log, (x,)
probing of parton distributions at very large-x
the cross section = tens of nanobarns
different production mechanisms = both intrinsic charm and recombination sizeable

WARNING: large uncertainties from the perturbative calculations (different
approaches, charm quark mass, scales) and from non-perturbative hadronization
(differences in charm hadronization in pp and eTe™; A/D enhancement;
hadronization in central regions and in forward directions, etc.)

S1S100 (CBM, NuStar) can contribute? ﬁﬁ
5
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SIS100

@ different mechanisms and theoretical approaches.

1055\\\\‘\\\\‘HH‘\H\‘HH‘HH ‘m‘mwm T 1

éppa(D+D)+x s =8 GeVj b L D)X Vs=8 GeV

ythia 8 Monash (red solid)

1

T g,
=N =5
u u
X X
3 kS
[¢) 1E (<]
S S

10

. - 10

E MRV\{ CT14‘Io uPD‘F ) ) ) ‘L\ | 3 ) )
10 01 02 03 04 05 06 07 08 09 1 10 01 02 03 04 05 06 07 08 09 1
Xe Xe

@ conventional (gg fusion), recombination and IC of similar size
@ Pythia result is very small !
@ Therefore very interesting.
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SIS100, asymmetry

. +t_p—

° . A— D-D—

production asymmetry: A DTID—
IR B i e e o i o JH“HH‘HH‘HHH“HH“HL
Fpp - @©+D)+x | s=8GeV | “Fop U@ D) rx | Ts=8GeV |
~0.2I Recombination (direct) i - OF pythia 8 Monash =
-04f 3 E F E
o) r ] £ F =
£ 06— 7 & b ]
ok ] T o6 E
3 o E S F E
[} P ] = E -
° = S E E

E ] 3 F
L 4 E E |
-12f- - & o E
b ] e | | | | | | 3
C | I | | I I C J
01 02 03 04 05 06 0.7 01 02 03 04 05 06 07
X Xe

@ the result from pure recombination must be supplemented by gg and qg
mechanisms. Then the asymmetry will be smaller.

ilE?
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SIS100, k.,-factorization

@ kr-factorization and different gluon and quark uPDFs

+D)+
MRW-CT14lo (red solid)
B-LO-2020-setl (blue long dashed)
B-NLO-2023-set1. (blue dotted)

‘b\mw(‘mw”w”w” wwrwmé‘”\‘f— —‘b‘b\H‘w(‘b”wb‘)w”wH erwmé“w

MRW-CT14lo (red solid)
B-LO-2020-set1 (blue long dashed)
B-NLO-2023-set1 (blue dotted)

= 1 MD2018 (green long dashed-dotted =
2 JH-2013-set1 (violet dashed) =

w u
x x
3 3
[o) [s)
o o

10°EQ'g*~ €T N &1‘ Petéysori; [=0.05 1T T
10 kY-faFIOrlzaSIDn+qlﬁa(en\uPPFf Ly FR(C -~ D)fozzt ,-tafmnza\lon+qlﬁeren§ uPDFf |
01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07
X Xg

@ gg and gg are comparable. It was not so at larger energies.
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SI1S100, collinear approach

@ LO collinear approach and different collinear PDFs

doldx, [nb]

@ There is some difference due to the choice of parton distributions.

JU;HH‘H\\‘HH‘\\H‘HH‘HH

EPP

10'F,

CT14lo

g - cT
Lo cf:lhnear‘ + diﬂe‘rent P?Fs

D)+

E MMHT2014lo (red solid)
(blue long dashed)

TS T8GeV

02 03 04 05

Xe

da/dx; [nb]

IMHT2014lo (red solid)

@ - ot
FLO c?\llnear‘ + d\ﬂe‘rem P?Fs

\““\““ ““\‘}—*—”\““G””f

T14lo (blue long dashed)

D)+

01 02 03
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Inclusive J/y
@000

pp — J/ (inclusive production)

Xi
p1

J/W, v
)

Xy
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Inclusive
[o] le]e}

pp — J/1 at /s = 68.5 GeV

JH2013
10g Vs = 68.5 GeV 10* g
10°E 10°
10 E 10 E
o a E
(=S (=S 1
\/107 ] \/107 ]
F E 2>7F E
o 1 o I ]
T L ] T L ]
107 E 107 E
P I o 102t ]
-2 4 -4 4

We get proper order of magnitude
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Inclusive J/y
[e]e] e}

pp — J/ (inclusive production) at /s = 10 GeV

KMR KMR
lg Vs = 10.0 GeV 1§‘ — — ——\s = 10 GeV
[ b o §1:1
F 5 e
[ S oot —
| () g W
—_—sSum
o — Q —2 —
—I07F E g 10 E
Q o ] [ ]
ETr ] ~_ F ]
F E Q_H 10 -
2 | 1 =] 3 E
o = F E
© o = ]
102} E 3 w0 -
F E — = E
F E ) 3 E
: = f
L 1 o 107 E E
] [ N N N7 L n N 767 | PRI 7\
10755795 -1 05 0 05 1 15 2 1075 2 4 6 B 10
y pt (GeV)

Cross section seems OK



Inclusive
[e]ele] ]

pp — J/ (inclusive production)

0 10t
Bp . cE+X VS=8GeV ' PP Jp meson + X Vs28GeVd T meson+ X VS=8 GeV
3 3 il T E -10 E
E s wp 3 E
3 =
4 g 10] 4 g 4
2
K E 3 - K
- 3
E & 3 5. E
5
K S 107 4 1 K
10°E 4 0k 4 1 4
L T IVN T A TN TRUTRUTTOUNT] N | FO QUpI N | | | 1 .
w 1 2 3 4 5 7 8 9 107 05 1 15 2 25 3 35 4 45 w -15 -1 05 0 05 1 15
M [GeV] p, of the J/y meson  [GeV] rapidity of the J/ meson

Figure: First results in the improved color evaporation model.
This numbers should be multiplied by 0.02

A fraction of nb. In addition it must be multiplied by 0.06 (J/v decaygﬁ
branching fraction). I
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Exclusive
00000000

pp — ppJ /v in k-factorization (exclusive production)

t t
° ' yan ! : 2 yav;
p D 7
(e,

XOO000
[®

g8
SRR

00,

000000000
05%0530

Pat
p p p

Figure: Two possible contributions.

Coherent sum of both processes ‘EE
One has to understand first vp — J/1p.
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Exclusive
[e] lelelelee]e)

vp — J/1p, QCD approach

according to Cisek, Schéafer, Szczurek

5

g
T
L

H
5
T

—
T

Ot (Y P — J/W p) (nb/GeV)

O (Y P - JIW p) (Nb/GeV)
Ot (Y P — JIW p) (Nb/GeV)

10 3 Glex

—— MPM Im+Re

————— MPM Im

wE e exp osk = 041 10°E MR ImR
Orear csk = 0.41 mtRe

,,,,, dipole csk = 0.41 ; Wincstcoas KMR Im
10°! L L L L L L L L T 10° L L L L L L L L L T 10° L L L L L L L L L T
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100

E.p (GeV) E.p (GeV) E.p (GeV)

Imaginary part of the amplitude is almost sufficient at high energies.
Impossible to describe the Glue-X data without real part of the
amplitude. >
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Exclusive
[e]e] lelelee]e)

pp — ppJ/1 at \/s = 68.5 GeV

15 =685 GeV < 5 = 68.5 GeV
T T L %m;‘w
30.9; KMR o f KMR
c Foo KS nonlinear ~ I L KS nonlinear
~— 0.8~ — Gauss old g — Gauss old
~—~ F 1
o £ | KL ~ CEJLLEY [ KL
9_ E 3 ~—~ B
3] Q_ N
= E 1
.3-0.6 E =Y 1
] —
05 E 10t E
! E ok % E
Q_O.A E 1 I Y ]
TR E o | 1
> E Q10°F E
g £
To E S [ ]
d ) :
I -3 | | H | | | l
0 3 O 05 1 15 2 25 3 35 4
y pt (GeV)

Was not measured at this energy

)
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Exclusive
[e]e]e] lelelele)

pp — ppJ/1 at \/s = 68.5 GeV

, [Vs=685Gev . [Vs=685GeV
SICFIKMR T 10°F KR AR
Q[ t,GP 1 F ol Iog (x)GP B
O f|—-top 1 S\mzz,——log (<) GP i
S 0 E Q" f|- logh(x) PG
£ i ] O ||—-log,(x,)GP 1
~ T o 10| — Iog (x1 GP+PG 3
5‘_— i 4 £ Fle- log:*(x.) GP+PG E
= F ] —~~ |
2 | f E
10 s E S
1 E ' E o))
g - ] Q'E
o | 1 S f E
Ll - ] = ]
é?” E - E §3m4; E
E F~— 3] F E
'8 7\// | | | | 7\ | | | | | \7
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t (GeV) log, (x)
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Exclusive
[e]e]e]e] lelele)

pp — ppJ /1 at /s = 10 GeV

Vs =10 GeV {s=10.0 Gev
W D S0 T L
= f KMR o F KMR
c ¥ e KS nonlinear Q | KS nonlinear
~ I — Gauss+GRV glo’2 — Gauss+GRV
o) I
Qo [ KL = F/o— N e KL
>t E = ]
~ = B _:
E E ~
F E S E
T, sl i o 1
10°E E Lo
% E E 1
S0 E Q ]
S | ] Sl
D10 . o
107 5 F E
T E Dt \ ]
106l ] .810-5HH\HH\HH\M?‘-JH“immmmm
-1 1 -05 0 05 1 0 05 1 15 2 25 3 35 4

y p, (GeV)

Can we assure exclusivity ?
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Exclusive
00000800

pp — ppJ/Y at \/s

Vs =10.0 GeV 10%g| Vs =10.0 GeV
> E KMR E F Iogm(x) KMR E
81071?7 --IN E 10 === log, (x) IN E
El-mm KL 3 E

~ F E
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C R 10
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~ E - E 3
o 3
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Qi

1

ol0

o
Nt
D
~ = 6|

@) F b 10
Ol bl F

-4 -35 -3 -25 -2 -15 -1 -05 O 107 \2 I
t (GeV)

large-x, Work on UGDF may be required
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Exclusive
00000080

pp — ppJ /1 at /s = 10 GeV

Vs =10.0 GeV , [Vs=10.0Gev

S kMR ————3 0°FKMR 1
Q  fee t,GP 1 10f | log, (x) GP h
Ol ——tcP i E| —— log'°(x) GP E
<107F 2 E 10 E
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%10’3: véo
St Sk 2N E
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=itk E F i \ E
B w0k | L\
ho} P R B Ll ) (Y N AR SRR S W N
1073 = =) 05 0 1073 = =) 05 0

t (GeV) log, (x)

individual components (photon-pomeron, pomeron-foton)
=|J
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Exclusive
0000000

pp — ppJ /1 at /s = 10 GeV

10— {5 =10 Gev S0 /s =10Gev
— E KMR Re+lm () ; KMR Re+Im
2 L —-KMR Im O I —-KMR Im

E ~

~ Q107%F E
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5 ~ [ 1
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Real part is large and must be included !

)
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pp — 1 (inclusive cross section)

1e(15,28)

D
This was studied at the LHC by

Babiarz, Schafer and Szczurek,
JHEP2002 (2020) 037.
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pp — nc at the LHC

s —10°
SWEEITRY TR T T T SRRy e T T T Ty S PRI A T T T
3 s : power-iaw potential Q N power-law potential 1 01w power-taw potential 4
2 > FF nomalized 10 F0.0-00791GeV| /‘/\ N FFnomalized o F00)=0079(0eV] | - 2 FFnomalzed o F0.0-007o(6e vy
< 10t - 4 <0 > = KR from MMHT2014n
- KIR flom MMHT2014nl0 G RN e KR fom MAHT 201410 - o oo |
k=] k=] 3
g — sHsew 32 — Hse 3 KR + Kutak (inear)
R R Kotk e © e — KMR + Kutak (inear) = KMR + Kutak (noninear)
- KMR + Kutak (noniinear) E
- KMR + Kutak (noninear) 3 ]
102 N E 107 = ]
N ] %
> 3 ——
X <
ﬁ o R. Aaijetal. [LHCb), s
10| n (15) prompt production LHC data E 10}, (15) prompt procuction LHC data 101 Eur. Phys. J. C80, no 3, 191 (2020) S
N ~N
~ 8 3
E| =t zoges NS — 2095 > E| 4 2o0ws
v e e T VN AP S v v o i AR RN Y L T T T T L L L
2 4 6 8 12 14 ° 2 4 6 8 10 12 1a
P, (Gev) P, (GeV) P, (Gev)

Quite good agreement
We can go to smaller energies.
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pp — n¢ at /s = 10 GeV

10

TS TR TR
T —T 3 Fuz=k% ]
p, ,<5GevV ] [ T
N < ¥ E
i Wek g > E
— 1 - Q r ]
€ F E 3 r ]
>z r ] E 107 =
B E o 3
cE E k] ]
L A kR (MMHT2014nlo) ] ] b
102 = 102 E
E ] —-mser 3 \ E
F ‘ . —— KMR (MMHT2014nlo) \\ 3
107 5 o0 o5 7 — = JH sel 1
y 10731“‘1”‘1“\"2“‘4\””\”@”\‘\””.\‘H‘Auul\‘mé
P, (GeV)
Big difference for different UGDFs
Rather small cross section and branching fractions are small.
decay channels: pp, vy, nrtn™, ¢¢, nTn - ta™ ‘gﬁ
5
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Multiparton Fock components

Higher Fock components with charm:

uudce + wudctud + wudcedd + ...

In the Brodsky et al. approach the probability distribution of a five
particle IC Fock state in the nucleon

dPics = PNs / dxy...dxs / dky x...dks / dky ,...dks.,
6 (1=501) 0 (S k) 6 (St i) =2 (1)

2
(m2 Zl 1%)
This is used by Ramona Vogt recently for J/v), D® and D°.

ilE?
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Multiparton Fock components

As an example minimal configuration is:

uudct for D° (leading),

uudccut for D° (subleading).

Different minimal configuration for D® and D°.

This leads to D — D° and Dt — D~ asymmetry.

as in our recombination effect.

The probability of 5- and 7-parton state is not known.
The cross section is:

doic = dPsop) Fy (2)
oi2(pp) = oic(pp) (3)

o7/¥ (pp) = Feaic(pp) - (@gﬁ

Criticism: two unknown factors!



Conclusions

We have shown that the intrinsic charm and the recombination mechanisms can be
extremely important for forward charm production at intermediate energies as well as
close-to-threshold energies:

@ D-meson at fixed-target LHCb experiments
@ a scenario proposed with the intrinsic charm contribution needed to describe
the data points in the backward direction and at larger pr's at the LHC fixed
target experiments.
upper limit for the intrinsic charm probability Pic (=~ 0.5%) with the CT18FC
still a room for recombination mechanism
the recombination probability from D/D-production asymmetry (=~ 10%)
the D/D production asymmetry in the backward region and at small transverse
momenta well explained by the recombination mechanism at FOG device.
the asymmetry at larger transverse momenta can be described neither by the
recombination mechanism nor by the asymmetric intrinsic charm
@ Inclusive cross section for J/1) production is rather small and strongly depends
on UGDFs used.
@ Exclusive cross section for J/1) production is even smaller. Can we guarantee
rapidity gaps (exclusivity) ?
@ Inclusive cross section for 7 not too small but branching fractions are very gﬁ
small. Different decay channels must be studied. 'y

¢ © e

<
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Intrinsic charm at the LHC and beyond

A possible impact of the intrinsic charm component on the forward charm particle
production in already existing or future experiments at different energies:

@ Future Circular Collider (FCC) (D-meson production)

,_\
<
.
S

T T gﬂwu‘uu‘uu‘wwww‘wwH‘Hu‘uu@wrugow‘_lw_weuf

standard: k,-fact. g*g*+ q*g* - cC (dotted)
E IC: hybrid g*c — gc (dashed)

pp @ Vs = 50 Te\E
10° -standard: k-fact. g*g*+ q"ﬁ* ~. cT (dotted)
F IC: hybrid g ¢ - gc and cg* — cg (dashed)

,_
2,
il

;slandard +1C (solid) Sw F standard + IC (solid) E
— 8 ol
a F E
E ol % F
> E = 10°F
S 5L - F
B 0 [ C
© F 2 ek
<L S =
WE s f
10° ;, 10° ,LFCC: Y, >75
E off-shiell gluon/quark: KMR-CT14lo uPDF off-shell gluon/quark: KMR-CT14lo uPDF
[~ inf FBIC charm Cle\nnlméPDF at HVISGEV_(BHPﬁ 1%) P ‘\‘m‘llr‘\ﬁle‘ C‘h‘a‘rrv CTI?WID‘\‘C‘P‘DF‘a‘i M ‘1‘3‘5‘2‘\/‘ ‘El‘-ﬂ"—‘ ‘10‘/0‘) ) ‘ el
-10 -5 0 5 10 0 15 2 25
y of charm quark charm quark P, [GeV]

@ the intrinsic charm important at |y| > 7 gﬁ

@ transverse momentum distribution visibly enhanced
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The cg-recombination mechanism of charm production

fop D@+ D)*x ' Ys=13Tev] Fpp - O+ DY+ X | (s=13Te
; = LHCb data: 4.O<\/D<4v5 E [ LHCb data: 0<p$<7GeV ]
(] E 4 ga — D direct recomb. p=10% (dotted).|
o) 95" — G (solid) ] 10°E
Q e _ e agment .. (dash-doied
= q - De: direct recomb. p=10% (dotted) 3 g [ 4
~ 99 - D fragment ¢ (dash-doted) : ok
1 N gt
2 E = - ]
S 1 s r 1
o ] 10
k) 3 E ;
F ; ] F o' - o sqior — 3
[ off-shell gluon: MRW-MMHT2014nlo uPBF ™™ = [ g 5 IG BHPS 1% (dashed) i 1
10 | Ll | [ s 1 ot | | L |
2 4 6 8 14 3 4 5 6 7 8 9 1
D°-meson p, [Gev] D°-meson rapidity
T 0\ = T T T r T T 3
p-(@+D)+X s=13Tevy @ both IC and recombination negligible at the
Forward Physics Facilies: y, > 6.0 . .
_ 59 - v c0i) E LHCb in collider mode:
S g'c ~ go: IC BHPS P, =1% (dashed)
3 I e et o e Vs=13TeV,2>y>45
3 ] . . .
=1 4 @ situation changes when approaching
g E larger rapidities
B 3 .
= y 3 @ y > 6: IC dominates over the standard
: mechanism
F otsnonguon: ks e woor ] o
10 F R S S B R A 7 @ y > 6: recombination and the standard
D’meson p, [GeV] mechanism of similar size
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Kinematics probed with the lceCube prompt neutrino flux

Mapping the dominant regions of the phase space associated with cc-pair production
relevant for the prompt flux at IceCube

(V.P. Goncalves, R.M., R. Pasechnik, A. Szczurek., Phys.Rev.D 96 (2017) 9. 094026)

107 e Ty 107 T T
—m = $ETTe | ] s : R g,"?z"isev
....... s‘ﬂm:mev B r B H — — — — p;<50Gev
1 §2 =14Tev - P, <10Gev
B sk Nocuts 4 B ek |
‘0 = ‘0
€ ‘e
§ 5
ks s
O, )
8 e
i “w
P S SO R palt 05— T R R R ]
10 10° 10° 107 10° 10° 10 10° 10° 107 10° 10°
E, (GeV) E, (GeV)
@ recent: up to E, = 3-10% GeV = the LHC energy range
@ future: E, > 107 GeV = energy range beyond that probed in the LHC Run2 I
@ flux sensitive to the pr < 5 GeV
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Kinematics probed with the lceCube prompt neutrino flux

Mapping the dominant regions of the phase space associated with cc-pair production

relevant for the prompt flux at IceCube

(V.P. Goncalves, R.M., R. Pasechnik, A. Szczurek., Phys.Rev.D 96 (2017) 9. 094026)

107 T g 10% T g
F No cuts ] F No cuts ]
F x<02| 7 [ ———= x>10°| ]
.. x, <04 10
ExlEN1 : ———— x,<08| | Exl %2 1
< 0°E : : x<08| | B e >107| |
‘0 E | ‘v E |
o F ] « F ]
E ] e ]
5 [ ] s [ ]
s f 1% A ]
O, O
e>m-4 g WE 3
T W F 3
[ \ [ N
L - L N \ 1
: : K : : \
P Y B VTR VT RS A VYT ERA, Y0 B Y SO VT UG ST Nt N
10° 10° 10° 10° 10° 10" 10° 10° 10°

10
E, (GeV)

@ projectile: 0.2 < x; < 0.6

@ target: 107% < x, < 107° (IceCube recently)

and even 1078 < x» < 107° (future)

10 10
E, (GeV)

@ far-forward production beyond the LHC range =- very asymmetric kinematics

ilE?
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Predictions of our model for charm xg-distributions

10° T L e T T g 10° T T T — T g
k._D-meson g E k. _D-meson g E
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° " hybrid model: N \\ 1 S I 9°g - cc (solid) i
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@ when intrinsic charm is included the behavior of the xg-distribution is strongly
modified in the 0.03 < xg < 0.6 range

@ the Feynman xg-distribution for large xg is dominated by the cg* — cg mechanism
with intrinsic charm

@ our predictions for the standard charm production mechanism obtained with the gﬁ
hybrid model are consistent with the NLO collinear calculations by FONLL D
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Prompt neutrino fluxes and saturation effects
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@ sum of both production mechanisms: gg*-fusion and the cg* with IC BHPS 1%

@ the KMR and KS linear predictions are similar
= BFKL effects not important for IceCube (which probes 0.2 < xg < 0.5)

@ the KS nonlinear is a factor ~ 3 smaller for xg = 0.2
= saturation effects strongly modifies the magnitude of the distribution gﬁ
5
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Predictions and lceCube limits including saturation
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@ within the saturation scenario the impact of the prompt flux driven by the

gluon-gluon fusion mechanism is even smaller and becomes negligible
@ nonlinear QCD dynamics = P < 2.0% gﬁ
@ slightly higher than the central CT14nnlolC PDF set ¥
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lceCube: Prompt neutrino fluxes and intrinsic charm

do/dx_ [pb]
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intrinsic charm very important

extrinsic charm negligible

the inclusion of the cg* — cg mechanism driven by the intrinsic charm (IC)
has a strong effect on the prompt neutrino flux

the flux is enhanced by one order of magnitude when intrinsic charm is present gﬁ
(Pic = 1% here) |
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IceCube: Predictions and limits for intrinsic charm
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@ the impact of the prompt flux is small in the current kinematical range probed by

IceCube as long as only the gluon-gluon fusion mechanism is taken into account
@ the intrinsic charm mechanism implies a large enhancement of the prompt flux at

large E,, with the associated magnitude being dependent on the value of P;. gﬁ
@ linear QCD dynamics = P;. < 1.5% D
@ similar to the central CT14nnlolC PDF set
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FASERv2: Far-forward neutrino fluxes

104

Eppscattering @ {s="13TéV ' " " T 77T TR

brid model: KS-linear uPDF

108

o
<

1012

Neutrinos [1/bin]
Neutrinos [1/bin]

son:
Fg*c — ge: IC BHPS[1%] (solid)
107 Eg*g ~ cc (dashed

eson E
g*c — ge: IC BHPS[1%] (solid) E
107 k%0 — <t (dashed) -

22
nmu\ |

Egq - Dc: direct p=10% (long dash-dotted) K- ‘meson Edo‘ﬂe Eoq - Dc: direct p=10% (long dash-dotted) X ’ f
[99 - Pe; fiagment; o~ P ong dashed) | | | TTEepn (PN Por ey Foa - Pe; fragment, ¢~ (ong dashed) |, |, [“ngson (detecy
15 2 25 3 35 15 2 25 3 35
log. (E Ge log. (E GeV

g,(E) [GeV] 9,(E) [GeV]

Semileptonic decays of D%, D™ A. = source of ve,v,
@ E, > 100 GeV = intrinsic charm and recombination
larger than standard mechanism
@ both IC and recombination of similar size
@ v, large backgrounds from 7 and K
= IC and recombination completely covered even at large energies gﬁ
5

@ ve: large background from K but
= both IC and recombination win at E, > 1000 GeV
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FASERv2: Far-forward neutrino fluxes
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D} meson decays = dominant source of v,

[ ]

©0 060

direct D} — 77v, and chain D} — 7+ — 7, decays

no background from light mesons due to limited phase space

for T production in the Ds decay

s(x) < Uyai(x), dvai(x) = recombination reduced

E, > 100 GeV = intrinsic charm larger than standard mechanism
flux dominated by intrinsic charm

optimal to pin down the IC contribution in the nucleon
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