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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryFar-forward harm prodution at high energiesan interplay of small- and large-x e�etsprobing parton densities simultaneously at extremely small (x < 10−6) and large(x > 0.1) longitudinal momentum frations
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryForward harm prodution at low energiesrather large-x e�etsprobing parton densities simultaneously at rather intermediate (x & 10−3) and large(x & 0.1) longitudinal momentum frations
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryQCD harm prodution mehanisms at forward diretions
UGDF

UGDF

k1t 6= 0

k2t 6= 0 c̄

c

g∗g∗ → ̄ ⇒ the standard QCD mehanism (andusually onsidered as a leading) of gluon-gluon fusionwith o�-shell initial state partons, alulated both in thefull kT -fatorization approah and in the hybrid modelg∗ → g ⇒ the mehanism driven by the intrinsiharm omponent of proton alulated in the hybridapproah with o�-shell initial state gluon and ollinearintrinsi harm quarkgq → D ⇒ the reombination mehanism alulatedin the leading-order ollinear approah
p1

p2

c

X1

X2

c

gg∗

UGDF

kt 6= 0

q

g c

(c̄q)n ⇒ D̄
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryThe kT -fatorization (high-energy fatorization) approah
UGDF

UGDF

k1t 6= 0

k2t 6= 0 c̄

c

o�-shell initial state partons ⇒initial transverse momenta expliitly inluded k1,t , k2,t 6= 0additional hard dynamis oming from transverse momenta ofinident partons (virtualities taken into aount)very e�ient for less inlusive studies of kinematial orrelationsmore exlusive observables, e.g. pair transverse momentum orazimuthal angle very sensitive to the inident transverse momentamulti-di�erential ross setion:dσdy1dy2d2p1,td2p2,t =

Z d2k1,t
π

d2k2,t
π

116π2(x1x2s)2 |Mg∗g∗
→QQ̄ |2

× δ2 “

~k1,t + ~k2,t − ~p1,t − ~p2,t”

Fg (x1, k21,t , µ) Fg (x2, k22,t , µ)the LO o�-shell matrix elements |Mg∗g∗
→QQ̄ |2 available (analyti form)the 2 → 3 and 2 → 4 proesses (higher-order) only at tree-level (KaTie Monte Carlo)

Fg (x , k2t , µ) - transverse momentum dependent - unintegrated PDFs (uPDFs)
f lavour excitation gluon splitt ingpair creation

with gluon emission

part of the proton

hard scattering

part of the proton

hard scattering
hard scattering

final state radiation

part of higher-order (real)orretions might bee�etively inluded in uPDF 5 / 57



Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryForward harm prodution at the LHCb in ollider modeOpen harm LHCb data in pp-sattering at √s =7, 13 TeV:
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryCharm prodution driven by the intrinsi harmWhat if there is a non-perturbative harm ontent of the proton?
p1

p2

c

X1

X2

c

g

g∗

The harm quark in the initial state ⇒perturbative: extrinsi harm (from gluon splitting)non-perturbative: intrinsi harm (IC)the di�erential ross setion for g∗ → g mehanism:dσpp→harm(g∗ → g) =

Z dx1 Z dx2x2 Z d2kt
× (x1, µ2) · Fg (x2, k2t , µ2) · dσ̂g∗

→g(x1, µ2) ⇒ ollinear harm quark PDF (large-x)
Fg (x2, k2t , µ2) ⇒ o�-shell gluon uPDF (small-x)dσ̂g∗

→g ⇒ only in the massless limit (also available in KaTie)phenomenologial regularization needed at pT → 0 ⇒ we use PYTHIA presription:Fsup(pT ) =
p2Tp2T0+p2T , αS (µ2R + p2T0), where pT0 = 1.5 GeV (free parameter)the harm quark PDF with IC ontent is taken at the initial sale:(x1, µ20), where µ0 = 1.3 GeV so the perturbative harm ontribution isintentionally not taken into aount 7 / 57



Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryThe onept of intrinsi harm in the nuleonThe intrinsi harm quarks ⇒ multiple onnetions to the valene quarks of the protond�erent pitures of non-perturbative ̄ ontent:sea-like modelsvalene-like modelswe use the IC distributions from the CT14nnloICand CT18FC PDFsBrodsky-Hoyer-Peterson-Sakai (BHPS) modelMeson-Baryon Model (MBM)global experimental data put only looseonstraints on the Pi probability
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryIntrinsi harm at the LHC and beyondA possible impat of the intrinsi harm omponent on the forward harm partileprodution in already existing or future experiments at di�erent energies:FASER at the LHC (dediated to a measurement of forward neutrinos originatingfrom semileptoni deays of D mesons)
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryIntrinsi harm at the LHC and beyondA possible impat of the intrinsi harm omponent on the forward harm partileprodution in already existing or future experiments at di�erent energies:Fixed-target LHCb mode at √s = 86.6 GeV (D-meson prodution)
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryIntrinsi harm at the LHC and beyondA possible impat of the intrinsi harm omponent on the forward harm partileprodution in already existing or future experiments at di�erent energies:SHIP/DsTau at the SPS CERN at √s = 27.4 GeV (dediated to a measurement offorward ντ neutrinos originating from semileptoni deays of Ds mesons)
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryFixed-target harm data at √s = 86.6 GeV: Intrinsi CharmThe �xed-target data on forward open harm meson prodution already exists:Fixed-target LHCb mode at √s = 86.6 GeV (D-meson prodution)
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryFixed-target harm data at √s = 86.6 GeV: Intrinsi CharmThe �xed-target data on forward open harm meson prodution already exists:Fixed-target LHCb mode at √s = 86.6 GeV (D-meson prodution)
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryFixed-target harm data at √s = 38.7 GeV: Intrinsi CharmThe �xed-target data on forward open harm meson prodution already exists:Fermilab (1986): D-meson prodution in pp-sattering at √s = 38.7 GeV
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryThe q̄-reombination mehanism of harm produtionBraaten-Jia-Mehen (BJM) reombination: q + g → (̄q)n + 
q

g c

(c̄q)n ⇒ D̄

short-distane proess (in ontrast with fragmentation)
(̄q)n: q has small momentum in the ̄ rest frameq and ̄ are in a state with de�nite olor and angularmomentum quantum numbers spei�ed by ndiret meson: qg → D̄ and q̄g → D̄subsequent fragmentation of the assoiated -quarkthe diret reombination leads to D/D̄ produtionasymmetrythe di�erential ross setion for qg → D̄ mehanism:dσdy1dy2d2pt =

116π2 ŝ2 [x1q1(x1, µ2) x2g2(x2, µ2)|Mqg→D̄(s, t, u)|2
+ x1g1(x1, µ2) x2q2(x2, µ2)|Mgq→D̄(s, t, u)|2]

|Mqg→D(s, t, u)|2 = |Mqg→(̄q)n |2 · ρ
|Mqg→(̄q)n |2 ⇒ expliit form of the matrix element squared available
ρ an be interpreted as a probability to form real meson
⇒ an be extrated from experimental datae.g. �xed-target LHCb data on D/D̄ prodution asymmetry! 15 / 57



Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryFixed-target harm data at √s = 86.6 GeV: Reombination
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryFixed-target harm data at √s = 68.5 GeV: New analysisa lak of the well-established methods for the hadronization of heavy quarks intoheavy hadrons in the forward/bakward diretionse.g. Pythia has only been tuned in the entral region, and thus one should notexpet reliable preditions in the forward diretiondediated forward physis tunes needed (some �rst attempts done only very reentlyin Phys.Rev.D 109 (2024) 1, 016010)
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryFixed-target harm data at √s = 68.5 GeV: CT18FC PDFCT18FC: BHPS and MBM
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryFixed-target harm data at √s = 68.5 GeV: The asymmetryBHPS3: symmetri  = ̄MBMC/MBME: asymmetri  6= ̄ ⇒ may lead to D/D prodution asymmetry
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γp → J/ψp, QCD approahaording to Cisek, Shäfer, Szzurek
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes Summarypp → ppJ/ψ at √s = 68.5 GeV

2− 1.5− 1− 0.5− 0

t (GeV)

3−10

2−10

1−10

1

10

210

p)
 (

nb
/G

eV
)

Ψ
 p

J/
→

/d
t(

pp
 

σd

 = 68.5 GeVs
KMR

 GP1t
 GP2t
 PG1t
 GP2t
 GP+PG1t
 GP+PG2t

4− 3.5− 3− 2.5− 2− 1.5− 1− 0.5− 0

(x)
10

log

3−10

2−10

1−10

1

10

210

310

(x
) 

(n
b/

G
eV

)
10

/d
lo

g
σd

 = 68.5 GeVs
KMR

) GP
1

(x
10

log
) GP

2
(x

10
log

) PG
1

(x
10

log
) GP

2
(x

10
log

) GP+PG
1

(x
10

log
) GP+PG

2
(x

10
log

35 / 57



Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes Summarypp → ppJ/ψ at √s = 10 GeV
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes Summarypp → ppJ/ψ at √s = 10 GeV
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes Summarypp → ppJ/ψ at √s = 10 GeV
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes Summarypp → ppJ/ψ at √s = 10 GeV
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes Summarypp → η (inlusive ross setion)
ηc(1S, 2S)

p

pThis was studied at the LHC byBabiarz, Shäfer and Szzurek,JHEP2002 (2020) 037. 40 / 57



Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes Summarypp → η at the LHC
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes Summarypp → η at √s = 10 GeV
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Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryMultiparton Fok omponentsHigher Fok omponents with harm:uud̄ + uud̄uū + uud̄d d̄ + ...In the Brodsky et al. approah the probability distribution of a �vepartile IC Fok state in the nuleondPi,5 = P0iN5 ∫ dx1...dx5 ∫ dk1,x ...dk5,x ∫ dk1,y ...dk5,y
δ
(1− ∑5i=1) δ (

∑5i=1 kxi) δ (

∑5i=1 kyi) 1
„m2p−P5i=1 m2ixi «2 .(1)This is used by Ramona Vogt reently for J/ψ, D0 and D̄0. 43 / 57



Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryMultiparton Fok omponentsAs an example minimal on�guration is:uud̄ for D0 (leading),uud̄uū for D̄0 (subleading).Di�erent minimal on�guration for D0 and D̄0.This leads to D0 − D̄0 and D+ − D− asymmetry.as in our reombination e�et.The probability of 5- and 7-parton state is not known.The ross setion is: dσi = dP5σtotpp Fd (2)
σDi (pp) = σi(pp) , (3)
σ
J/ψi (pp) = Fσi(pp) . (4)Critiism: two unknown fators! 44 / 57



Introdution Intrinsi harm Fixed-target data Reombination Charm asymmetry SIS100 Inlusive J/ψ Exlusive J prodution Inlusive  prodution Other approahes SummaryConlusionsWe have shown that the intrinsi harm and the reombination mehanisms an beextremely important for forward harm prodution at intermediate energies as well aslose-to-threshold energies:D-meson at �xed-target LHCb experimentsa senario proposed with the intrinsi harm ontribution needed to desribethe data points in the bakward diretion and at larger pT 's at the LHC �xedtarget experiments.upper limit for the intrinsi harm probability PIC (≈ 0.5%) with the CT18FCstill a room for reombination mehanismthe reombination probability from D/D-prodution asymmetry (≈ 10%)the D/D̄ prodution asymmetry in the bakward region and at small transversemomenta well explained by the reombination mehanism at FOG devie.the asymmetry at larger transverse momenta an be desribed neither by thereombination mehanism nor by the asymmetri intrinsi harmInlusive ross setion for J/ψ prodution is rather small and strongly dependson UGDFs used.Exlusive ross setion for J/ψ prodution is even smaller. Can we guaranteerapidity gaps (exlusivity) ?Inlusive ross setion for η not too small but branhing frations are verysmall. Di�erent deay hannels must be studied.Thank You! 45 / 57
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Intrinsi harm at the LHC and beyondA possible impat of the intrinsi harm omponent on the forward harm partileprodution in already existing or future experiments at di�erent energies:Future Cirular Collider (FCC) (D-meson prodution)
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The q̄-reombination mehanism of harm prodution
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Kinematis probed with the IeCube prompt neutrino �uxMapping the dominant regions of the phase spae assoiated with ̄-pair produtionrelevant for the prompt �ux at IeCube(V.P. Gonalves, R.M., R. Pasehnik, A. Szzurek, Phys.Rev.D 96 (2017) 9, 094026)
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Kinematis probed with the IeCube prompt neutrino �uxMapping the dominant regions of the phase spae assoiated with ̄-pair produtionrelevant for the prompt �ux at IeCube(V.P. Gonalves, R.M., R. Pasehnik, A. Szzurek, Phys.Rev.D 96 (2017) 9, 094026)
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Preditions of our model for harm xF -distributions
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Prompt neutrino �uxes and saturation e�ets
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⇒ saturation e�ets strongly modi�es the magnitude of the distribution 52 / 57



Preditions and IeCube limits inluding saturation
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IeCube: Prompt neutrino �uxes and intrinsi harm
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IeCube: Preditions and limits for intrinsi harm
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FASERν2: Far-forward neutrino �uxes
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νµ: large bakgrounds from π and K
⇒ IC and reombination ompletely overed even at large energies
νe : large bakground from K but
⇒ both IC and reombination win at Eν > 1000 GeV 56 / 57



FASERν2: Far-forward neutrino �uxes
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DIRECT+CHAIN decays
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hybrid model: KS-linear uPDF

 gc: IC BHPS[1%] (solid)→g*c 
 (dashed)c c→g*g 

=10% (long dash-dotted)ρ Dc: direct →gq 
D (long dashed)→ Dc: fragment. c→gq 

D+s meson deays ⇒ dominant soure of ντdiret D+s → τ+ντ and hain D+s → τ+ → ντ deaysno bakground from light mesons due to limited phase spaefor τ prodution in the Ds deays(x) ≪ uval (x), dval(x) ⇒ reombination reduedEν > 100 GeV ⇒ intrinsi harm larger than standard mehanism�ux dominated by intrinsi harmoptimal to pin down the IC ontribution in the nuleon 57 / 57
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