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General framework

3-step process

QCD

m( D /ru(/m(n/ul/(m

—— "Hadrons electrons

!

experimental

Quarks

observable

@ Heavy quarks QQ pairs production
@ m. = 1.5GeV, mp, = 4.75 GeV — perturbative QCD

@ Heavy quarks hadronization (fragmentation)

© Semileptonic decays of D and B mesons

do®
dydzp - dde ® DQ—>H ® fH—>e




General framework

Dominant mechanisms of Q& production

@ Leading order processes contributing fo QQ production:

@ gluon-gluon fusion dominant at high energies
@ gg anihilation important only near the threshold

@ some of next-to-leading order

diagrams:
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General framework

pPQCD standard approach

collinear approximation — transverse momenta of the incident partons
are assumed to be zero

@ quadrupuly differential cross section:

do 1 , ,
- x1pi(x1. 1) x2pi(x2. M2
dy1dy2d2p, 167252 ,Z/ 1D,( .U ) 2pj( o, U ) | ul

@ pi(x1. 1), pj(x2. 1?) - standard parton distributions in hadron
(e.g. CTEQ, GRV, GJR, MRST, MSTW)

@ LO and NLO on-shell matrix elements well-known

several packages:

@ FONLL (Cacciari et al.) - one particle distributions and total

cross sections
@ more exclusive tools - PYTHIA. HERWIG, MC@NLO



General framework

ki-factorization (semihard) approach

@ charm and bottom quarks production at high energies
— gluon-gluon fusion

@ QCD collinear approach — only inclusive one particle
distributions, total cross sections

LO k;-factorization approach — x4, 1o # 0
= QQ correlations
multi-differential cross section

do dz;c” d2x2,, 1 I VE——]
2 2 = Z 2 2 Mzl
dyrdyad?pr 1d?pot 7 T T 16m2(x1%28)

X & (Rt + Ror — By — Bos) Filx.1%,) Fi(x0. 15 ,)

off-shell I/\/(ggﬁgél2 — Catani, Ciafaloni, Hautmann (rather long formula)
major part of NLO corrections automatically included

Fi(x, K%,). Fi(xo. KQQ,) - unintegrated parton distributions

m,

x = T exp(y1) + T exp(y2).

Xp = % exp(—y1) + % exp(-y2).  where mi; = \/p?, + md,.



General framework

Unintegrated parton distribution functions

@ k-factorization — replacement: py(x, u2) — Fi(x. 12, p2)
@ PDFs — UPDFs

wilesl) = [ s (e if)
0

@ UPDFs - needed in less inclusive measurements which are sensitive to the transverse

momentum of the parton

gg-fusion dominance = great test of

existing unintegrated gluon densities! @
especially at LHC (small-x)

several models:
@ Kwiecinski (CCFM, wide x-range)
Kimber-Martin-Ryskin (higher x-values)

o
@ Kutak-Stasto (small-x, saturation effects)
o

Ivanov-Nikolaev, GBW, Karzeev-Levin, efc.



General framework

Fragmentation functions technique

fragmentation functions extracted from e e~ data

often used: Braaten et al., Kartvelishvili et al., Peterson et al.

rescalling fransverse momentum

at a constant rapidity (angle)

@ from heavy quarks to heavy mesons:

do(y,pM) NfD@HM(Z) . dO(y,pf’)dz
dyd?p}! 72 dyd?pf?

where: pf? = g andz € (0, 1)
@ approximation:
rapidity unchanged in the fragmentation process — yg =~ ym ﬁ



General framework

Different models of FFs

Kartvelisvili ——7
25} Vi

peasn /)N @ Peterson et al.
Braten / | Da-m(2) = Z[1-(1/2)- s@/(l -2)]

&g = 0.06, &, = 0.006 from PDG

201

151

101

@ Braaten et al. el
rz(1-z
De-m(2) = Ni=r=nze (A1 + F2)
Fi = 6—18(1 = 2r)z + (21 — 74r + 68r?)2?
Fy = 3(1-r)2(1-2rr?)2* =2(1—r)(6—19r+182)
re =0.2,n, =0.07

@ Kartvelishvili et al.
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General framework

Experimental decay functions and Monte Carlo approach

® CLEO e" e~ — W(3770) — DD — Xev
BR(D" — et 1eX)=16.13+0.20(stat.)+0.33(syst.)%

BR(D® — &1 1eX)=6.4620.17(stat.)+0.13(syst)%

@ BABAR e e  — T(10600) — BB — Xev
BR(B — ev,X)=10.36+0.06(stat.)+0.23(syst.)%

@ Monte Carlo = directions and lengths of outgoing leptons momenta

@ Our input == experimental decay functions: fCLEO(p)’ fBABAR(p)

T
4 ceo

E >
2

Electrons / 50 M

14000)

12000)

10000)

8000|

6000|

4000]

2000]

T
L asiem

o T
% 03F k}ﬁ\
3 ;N
v 0.251 'Y
& { A\
3 o \
‘o i/
x onsf £
T [
8 of /
g /
S ook
5 /
A L | It
02 04 06
p, (GeV)

@ approximation: _
D mesons (D*, D%, D°, D¥, D0, D**, D)
Bmesons (B*, 8°, D°, 83, B2, B*, BY)
BR(D and B— X e v~ 10%)



D meson production

LHC, charmed mesons
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D meson production

LHC, charmed mesons
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D meson production

LHC, charmed mesons

10°g T T T T T gL T T T T T T T T T
Epp - (Db+DD) X \s=7TeV pp - (D6+D°) X \s=7TeV P (Db+DD) X \s=7TeV
Faociy<ss o Lo pretminary | s5<hy<so o Lo pretminary o<y <as o Lo pretminary |
ST KMR = KMR s T KMR
Swp T —— aungos setas ] 8wk, —— — — ungos serar 3 — Jungo seine
3 erm-.. Jung-Salam 5 — —— mrmim.. Jung-Salam 5 ermm.. Jung-Salam
3 KutakStasto 2 Kutak-Stasto 2 KutakStasto
— — —
o o o
T 10 E| T 10f | 2 3
5 F 5 8
£ N~
F ~
r NN
L L Il N L | L L Il
0 1 2 8 o 1 2 3 4 5 6 7 8 6 7 8
P, (Gev) p, (Gev)

something missing?



D meson production

KMR UGDF, scale depen
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D meson production

KMR UGDF, scale dependence
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DPS production of cccc

Production of two cc¢ pairs in double-parton scattering

Consider two hard (parton) scatterings

o

ol

Not consider so far in the literature
Luszczak, Maciula, Szczurek, arXiv:1111.3255
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DPS production of cccc

Formalism

Consider reaction: pp — ccccX
Modeling double-parton scattering
Factorized form:

ODPS ( OSPS (

pp — ccctX) = — pp — ctXi) - osps(pp — cCXp).

Oeff

The simple formula can be generalized o include differential
distributions

do
dy, dy,d?pydysdysd?poy

1 do do
2001 dyrdysdPpyy  dysdysdPpat ‘ﬂﬁ

Oefr is @ model parameter (12-15 mb)




DPS production of cccc

Formalism

1
00 = 1l 1. 12)
Oeff

’ 2 ’ 2 ’ ’
dOggcz(X1, X], 13 )dOgg—cz (X2, X5, 145) AxyAxadX]dX; .

Fog(x1. %2, “12’ Vg) Fog (X%, “12’ Vg)
are called double parton distributions

dPDF are subjected to special evoulfion equations
single scale evolution: Snigireev

double scale evolution: Ceccopieri, Gaunt-Stirling ﬁ



DPS results

DPS production of cccc
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DPS production of cccc

DPS results
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In the factorized model inclusive double-scattering distributions
in y and p; are identical as for single-cc production.



DPS production of cccc

DPS results
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DPS: large rapidity differences, large invariant masses
@ Noft possible for quarks (antiquarks)

@ mesons ?

@ nonphotonic electrons (muons) ?



DPS production of cccc

DPS results
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Evolution of dPDFs

DPS production of cccc
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DPS production of cccc

Evolution of dPDFs

=
2,

EoPS pp - cteceX | Ns=7Tev Js=7Tev

GS09 double PDFs

,,,,, factorized MSTW08 % GS09 double PDF:
-E O S S — factorized MSTWO!
< S 10'F
E E
£ 107 F
> 5 E oF, or ¢,
° 8 B, o cF,
5 S 10°
° 3 E
=] E
o° E| Ivls80 SPs,,pr _
CTEQ6LO, EE
W= H =M oF,
oy =15 i ) e
20 40 60 80 100
Vit M. (GeV)

Gaunt-Stirling dPDFs with evolution
very small effect of the evolution



DPS production of cccc

From quarks/antiquarks to D mesons
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DPS production of cccc

DPD° and D°DP correlations

Table: The DPS cross section (0pope + 0pope)/2 in mb for the production of one
meson in 177 € (-2.5,2.0) and the second meson in 1, € (2.0,2.5) (ATLAS,CMS) -
second column, and for 773, 1z € (-0.9.0.9) (ALICE) - third column, for different
lower cuts on both mesons transverse momenta.

Pr.min (GeV) | ATLASor CMS | ALICE | ALICE p; poo > 4 GeV
00 2591073 0.66 1072 0.58 1072
10 1.47 1074 2481078 0411073
20 0.32107° 29310 1.54 107
30 2.55 1077 0.35 1074 2.46 107°
40 2331078 0.62 107° 0.49 107°
LHCb: 2.0 < yp < 4.0,3 GeV < pip < 12 GeV,
Opopo + Opopo = 51.8 nb ﬁ
missing emissions of cc from c or ¢ ?



SPS production of cccc

SPS production of cccc

Figure: SPS (left) and DPS (right) mechanisms of (c¢)(c¢) production. irj



SPS production of cccc

SPS production of cccc

Figure: Subprocess: gg — (¢ )(cg) production. ﬁ



SPS production of cccc

Impact factors

Figure: Coupling of (-channel) gluon fo g, @, @

9 diagrams for the gg — cccc cross section. ﬁ



SPS production of cccc

gg — cccc collisions at high energy

1) In the lightcone Fock-state expansion of the incoming, physical,
colliding gluons.
For the first gluon:

6°(b)) = VT —nagldl..) + f PrezV(zN[QAG . M)

Here, quark and antiquark in the gluon carry fractions z, 1 — z of the
gluon’s large light-cone plus-momentum and are seperated by a
distance r in the impact parameter plane.

For the second gluon:

6°(b)) = VT rag o) + f PsduV(u.s)[QA5 u.s). @

2) The normalized color-states of the quark-antiquark system in the

color-octet and color-singlet states are:
e e o) oo,
[QQl5) = V2(19)1Q@) . [@&@]) = 7 Gl @3




SPS production of cccc

gg — cccc collisions at high energy

3) Interaction (gluon exchange) like helicity-conserving potential
Gunion-Soper:

NS d’q .
V(b + b~ )= (-)— fm expli(b + b~ 8)q| 7 @T7. (@)

4) Construct amplitude (fechnically more complicated).
5) The total cross section, after integrating the squared amplitude over
the impact parameter and averaging over inifial gluon colors

1 ) o
S d’blA(gg° —» QRQQA: P).
Otot (Ng _ ])2 ;f | (Q g )l ( )

ils



SPS production of cccc

gg collisions, mixed representation

Otot = fdzd2rdud2s|\ll(z, NPV (u,s)PX(zr;u,s). )
where
N2 2
s ()
(z.rus) N

{a00((1= 2. (1 = 0)8) + 0o (1 - 2)r. ) = —050((1 = 2r.)

(o}

1
+opp(zr, (1 — u)s) + opp(zr, us) — Wooo(zr, s)
(o}

_#(UDD(L (1 —u)s) + opp(r. us) - %UDD(” 5))}- %

c c P



SPS production of cccc

gg collisions, mixed representation

The Born level dipole-dipole cross section reads

N2 — 1 4na?
== —2 1 = perki(per) — ueski(ues) + uelr — slki (uelr — s|)
Nz g

ODD(T, S)
(8

The light-cone wave function for the g — QQ transition can be
obtained from the well-known case for the photon as
Nikolaev-Zakharov:

V()P = Zi’r:wy(z, Ne = (‘1237([;)2 [(z2+(1—z)2)mgxf(m@r)mgxg(m@r)]
@

where Kj 1 are generalized Bessel functions,

and in the spirit of collinear factorization, we took the gluon to be ﬁ
on-shell.



gg collisions, momentum representation

The compact cross section formula:

_ N2-1  4n’ad

SPS production of cccc

a2l

d’q

do (z,k,q)l(u,1,—q) dz

N2 [q? + pg)?

1) 8-dim integration
2) Impact factor are quite complicated.
3) First pair:

Po =k+2zq, pg=-k+(1-2)q,
4) Second pair:

pg=1-uq, pg=-1-(1-u)q.

@nf " an) rp

(10)

an



SPS production of cccc

pp — (QQ)(QAQ) inclusive cross section

2 2 A1/2
Opo—(03)(a) (W) = fdxl oo g(x1, 1) 9% 1) Oy (a)(@a)(3'?) .
13)
° oggﬁ(Qé)(Q@)(? /2) - elementary cross section for gg — c&ca.

Calculated and stored.
® g(x, yﬁ) g(x2, uﬁ) - collinear gluon distrioutions from the literature.

@ The integral over & = logio(x1) and & = logio(x2) is performed
next instead of x; and x,.

® 5= xpxpW?2

° ufz__ = Amé (or mé). FB



SPS production of cccc

gg collisions, auxiliary distributions
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gg collisions, single particle distributions

SPS production of cccc

MWW =
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SPS production of cccc

gg collisions, correlation observables

—4 -5
~—~ 10 UL L B EUREE —~ 10 T T
O gg —> (c cbar)(c cbar) > E
< ] Q [
~ Born approach g I 99 — (ccbar)(c cbar)
§ 5 I Qa 6 -‘| Born approach
O 90 W = 200 GeV 4 &
N E RES ] N2
© [ ¢ s -
© I N >
' O
| k NG
6 [
0o F ) S
' [
' [
B [l
B [
L [] '
B 1
1077 L] 1 L 10 A I B
5 50 100 150 200

—-10 -5 0 - 10 0
Yi M; (Ge\/>ﬁ



SPS production of cccc

gg collisions, energy dependence
x 10

~—~ 0.5 1
§0'45 E.qg%(ccbcr)(ccbdr) _

~ O 4 [Born approach in momentum space ]
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SPS production of cccc

pp collisons, sensitivity to x; and x»

10 T T

gg —> (c cbar)(c cbar)
10 L W=7TeV -
. E

P
.Q

Rather intermediate x-range:
(a) gluons relatively well known

(b) collinear approach works



SPS production of cccc

pp collisions, cc versus cccc

10° T — T —TT
pp-ccX vs. ppacccck

gg-ccT

— Co =
o) — —-gg-cTcT —
E E
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o -
— 3
~— _— E
= E
o E
10° -7 3
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| n P | n
10*
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Only about T % at high energies



SPS production of cccc

pp collisions, cccc invariant mass distr.

pp - ccctX \s=7TeV ]

—~ 10'F E
% ]
2 DPS =

% B SPS
= .
S ]
S E
) E
© ]
CTEQ6 LO ~ E

| T R IR (N ]

107 200 200 600 800 1000
Moz (GeEV)

At intermediate invariant masses SPS < DPS. ﬁ

At very large invariant masses SPS > DPS.



SPS production of cccc

SPS versus DPS

Further investigation needed

Compare

Compare SPS and DPS for DD and DD

°
°

@ Compare O]

°

@ Large rapidity gaps for SPS enhanced by BFKL ladders ?



SPS production of cccc

Conclusions

@ ki-factorization gives slightly foo small cross section compared to
recent data on D meson production.
Something missing ?

@ Many small subleading contributions (single and double
diffraction, exclusive cc, photon induced processes).

@ Huge contribution of double-parton scattering for
pp — (cg)(ce)X.

@ Especially large cross section for cc or ¢¢ with large rapidity gap
between them.

@ Especially large cross section for large ps cc.

@ Idea: look at DODP (or D°DP) correlations.
ATLAS and CMS: at the edges of main detectors,

ALICE: large pt.pp
@ Smaller contribution of single-parton scattering for ﬁ

pp — (ct)(ce)X.



SPS production of cccc

Conclusions

@ SPS < DPS at intermediate invariant masses of cccc.
@ SPS > DPS at large invariant mass of cccc.
@ Enhancement of large rapidity gap region of SPS by BFKL ladders.

@ A detailed comparison of DPS and SPS for mesons or nonphotonic
electrons is needed.

Thank You for aftention! ﬁ
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