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Open charm production at the LHC
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Theoretical framework within the ki-factorization approach

Dominant mechanisms of heavy quarks production

@ Leading order (LO) processes confributing to QQ production:

<<

o

@ gluon-gluon fusion dominant at high energies

@ main classes of the next-to-leading order (NLO) diagrams:

pair creation flavour excitation gluon splitting
with gluon emission

very important
NLO corrections

o MO 1 3forp, ~0-3GeVandy ~O; ﬁ
o L2 > 10 for large P/, s or large y:
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Theoretical framework within the ki-factorization approach

Standard approach of perturbative QCD

collinear approximation — transverse momenta of the incident partons
are assumed to be zero wiezsacker Wiliams method in QED)

@ quadrupuly differential cross section:

do ) ,
p— . 5 . , M" 2
dydysd?p; 161282 IZI:XW’(X] 1) xep(xe. 1) IM]

@ pi(x1. 1?). pj(x2. 4?) - standard collinear PDFs in the proton
(e.g. CTEQ, GRV, GJR, MRST, MSTW)

@ NLO on-shell matrix elements well-known

Nason et al., Nucl. Phys. B303 (1988) 607; Nucl. Phys. B327 (1989) 49
Beenakker et al., Phys. Rev. D40 (1989) 54; Nucl. Phys. B351 (1991) 505

several opprooches: improved schemes of NLO collinear calculations

@ FONLL (Cacciari et al.) JHep 05 (1998) 007; JHEP 03 (2001> 006

@ GM-VFNS (Kniehl, Kramer et al.) phys. Rev. D71 (2005) 014018; Phys. Rev. D79 (2009) 094009

state-of-art: g;,; and inclusive single particle spectra
BUT cannot be applied in more exclusive studies of KINEMATICAL CORRELATIONS
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Theoretical framework within the ki-factorization approach

Basic concepts of the k;-factorization (semihard) approach

k;-factorization — x4, 15+ # 0 Collins-Ells, Nucl. Phys. B360 (1991 3;
Catani-Ciafaloni-Hautmann, Nucl. Phys. B366 (1991) 135; Ball-Ellis, JHEP 05 (2001) 053

= very efficient approach for QQ correlations

o mul'ri differential cross sechon
d K1t d Kot 1

ay dyzdzm 12p2 - Z T 1672 (x1x058)?

ij

|M/'*j*4>€?é|2

x 8% (Rt + Ror — Bt — Pos) Tilxa.62,) F(0. 12,)

@ LO off-shell [M. - - 0al? = Catani-Ciafaloni-Hautmann (CCH) analytic formulae
or QMRK approach with effective BFKL NLL vertices

® Fi(x.xl,). Fi(x.12,) - unintegrated (k-dependent) gluon distributions

@ major part of NLO corrections effectively included

pair creation flavour excitation gluon splitting
with gluon emission

’bbzr% hard scattering

hard scattering

hard scattering

final state radiation part of the proton part of the proton




Open charm production at the LHC
[e]o]e] lele}

Theoretical framework within the ki-factorization approach

Unintegrated gluon distribution functions (UGDFs)

most popular models:

@ Kwiecinski, Jung (CCFM, wide range of x)

o @ Kimber-Martin-Ryskin (DGLAP-BFKL, wide range of x)

y @ Kwiecinski-Martin-Stasto (BFKL-DGLAP, small x-values)
DGLAT

>

—>. @ Kutak-Stasto (BK, saturation, small x-values)

log(Q?)

non — perturbative

already applied and tested in:

[T T )

L 2 _ KMR 1 e.g. deep-inelastic structure function; inclusive charm and
[2=10Gev: Jung AO . . . —
T Jung A associated charm and jet photoproduction at HERA; dijets in
— . — Jung BO ] photoproduction, hadroproduction and deep-inelastic
""" Kms 1 scattering; electroweak boson production

- Kutak-Stastq|
GBW

charm quarks at LHC energies
= only gluon-gluon fusion
and very small x-values down to 107°

[x=10"

porll il el

great test of many different UGDFs
in so far unexplored kinematical regime

10" 1 10 10? 10°

ki (Gev?)
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Theoretical framework within the ki-factorization approach

2Dim-differential cross sections for charm quarks

LHC:
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Theoretical framework within the ki-factorization approach

Fragmentation functions technique

@ phenomenology:

fragmentation functions extracted from et e~ data
often used (older parametrizations):

Peterson et al., Braaten et al., Kartvelishvili et al.

more up-fo-date: charm nonperturbative fragmentation functions
determined from recent Belle, CLEO, ALEPH and OPAL data:
Kneesch-Kniehl-Kramer-Schienbein (KKKS08) + DGLAP evolution

FONLL — Braaten et al. (charm) and Kartvelishvili et al. (bottom)
GM-VFNS — KKKS08 + evolution

@ numerically performed by rescalling transverse momentum
at a constant rapidity (angle)
@ from heavy quarks to heavy mesons:
do(y.p}) _ f Dg-m(z) do(y.pr)
dyd?p} 22 dyd?pf

M
where: py! = % andz € (0,1)

@ approximation:
rapidity unchanged in the fragmentation process — yq = ym
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Inclusive single D meson spectra

Inclusive D meson spectra ALICE, ATLAS, LHCb
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@ typical pQCD uncertainties: scales and quark mass
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Production of DD pairs and kinematical correlations

DD meson-antimeson correlations vs. LHCb data
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Simple factorized theoretical model

Double charm production (final state with two pairs of cc)

Double-parton scattering (DPS) SINGLE CHARM vs. DOUBLE CHARM mechanism

10°g — T T —
F SPS pp-.cck vs. DPS pp-ccccX

L

N

MSTWO08 LO
CTEQ6 LO

(mb)
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@ SPS cc vs. DPS cccc: comparable total
cross sections at LHC energies!

@ SPS cccc negligible
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Simple factorized theoretical model

Simple DPS picture and factorized Ansatz

process initiated by two simulfaneous hard gluon-gluon scatterings
in one proton-proton interaction =

DPS ( SPS (

pp — ccceX) = pp — c&X)-0"°(pp — ctXp)

eff
two subprocesses are not correlated and do not interfere

analogy: frequently considered mechanisms of double gauge boson production
and double Drell-Yan anihillation

do®(pp — ccceX) 1 do™(pp — ceX) do*™(pp - cX)
dydy,d?py 1 d?ps +dysdyad?ps 1d?pst 206 dy1dyed?py id?po+  dysdysd?ps id?ps s

in more general form:
] ’ ’
DPS(pp — cteeX) = 5 Mga(b X1’X2?P‘12vl‘22) Mga(b X1’X2?P‘12’V22)

X dOggea(X1, X5, U2) - dOggea(X], Xo, U2) dxq dxpax] iy b

DPDF - emission of one parton with assumption that second parton is also emitted
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Simple factorized theoretical model

Double-parton distributions (DPDFs) and factorized Ansatz

Ci(b.x1x0 145 15) = Fi(xr 1) Fi(xe. 12) F(bi X, X0, 145, 145)

‘ﬁk @ correlations between two partons
e C. Flensburg et al., JHEP 06, 066 (2011)
in general:

-1
et (X1, X2, X], X5, U2, U2) = (fdzb F(b; x1, %0, 12, 1u2) F(b; x{xéy;‘)yg))
factorized Ansatz:

@ additional limitations: x; + X < 1 oraz x; + x, < 1

@ DPDF in multiplicative form: oo (b; x1. %0, 12, 12) = Fy(x1. 12 )Fg (0. 142 )F(b)

-1
® Ou = [ f d’b (F(b))2] . F(b) - energy and process independent

CDF 4 jets (1993) f ——————— phenomenology: O+ = nNonperturbative

CDF v+ 3 jets (1997) . quantity with a dimension of cross section,
CDF reanalysis, N .
Bahr et al (2013) — connected with transverse size of proton
DO v+ 3 jets (2009) ., Oerr = 15 mb (p, -independent)

ATLAS W + 2 jets (2013) — a detailed analysis of Ogf:
Seymour, Siddmok, JHEP 10, 113 (2013)

6 8 10 12 14 16 18 20 22 24
Oetf [Mb]
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Double charm (DD pairs) production vs. LHCb data

How the DPS mechanism can be investigated?

Study of MESON-MESON pairs production:
DD pairs - both containing ¢ quarks or both containing ¢ antiquark

@ impossible to produce within standard SPS single cc¢ production mechanism
@ measurements of charm meson-meson pairs highly recommended at the LHC
@ larger rapidity differences between particles: DD pairs at ATLAS

@ same-sign nonphotonic lepton pairs, e.g. ;ﬁ ;ﬁ at ALICE

N
o

T T T T T T T 3
pp - ctctX DPSvs.SPS (s=7Tev]
=15GeV 1

SPS KM k fadt:+(cT X) =

da /d(ly), nb
o

(mb)

/(cC or TT) DPS KMR k fact.;

diff
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5
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w Double hidden charm (JAVJAV) ﬁ
Double open charm (cccc)

Baranov et al., Phys.Rev..D87, 034035 (2013)

|
[=}

Jo
o/ -



Mechanism of double-parton scattering (DPS)
o] lo}

Double charm (DD pairs) production vs. LHCb data

First clean signature of the DPS mechanism
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proper order of magnitude but still something is missing (about factor-2)



Mechanism of double-parton scattering (DPS)
ooe

Double charm (DD pairs) production vs. LHCb data

What can be sfill missing?

Different class of the DPS diagrams (3 — 4) = perturbative parton splitting

@ LO calculations available using splitting DPDFs  J.Gaunt, JHEP, 01, 042 (2013)

DPS(3—4)
DPS(4—4)

@ our first rough estimation: ~ 30—60%

@ inclusion of the DPS(3 — 4) contributions in the LHCb data very difficult

(unknown o2.*4; the LO collinear formalism is not sufficient for charm)

@ more precise calculations, beyond the factorized Ansatz, are NOT possible
in the moment = more advanced framework have to be worked out
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DPS effects and inclusive D meson spectra

Does the DPS contribute to inclusive D mesons spectra?
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Conclusions

SPS cc:

only upper limits of theoretical predictions within the k;-factorizaton approach give quite
reasonable description of the ALICE, ATLAS and LHCb data
(also true for FONLL collinear approach)

ki-factorizaton approach together with KMR UGDF is very efficient for studying kinematical
correlations in less inclusive measurements of DD pairs

DPS cccc:

SPS cc and DPS cccc cross sections become comparable at LHC energies
SPS cccc mechanism is negligible in comparison to the DPS

Production of double charm (DD pairs) is an extremely good testing ground
of double-parton scattering effects

DPS mechanism can give a very important contribution to inclusive D meson distributions?

Thank You for attention!
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Heavy quarks measurements in pp scattering at the LHC

@ direct: open charm/bottom mesons — reconstruction of all decay products
K™ nt, KTK e, K ntnh)

@ indirect: nonphotonic electrons/muons — leptons from semileptonic
decays of heavy flavoured mesons

10° T T T T

ALICE
O ppVs=7TeV,L, =5nb"
10 E

(ub/GeVic)
)

=
[ub/(GeV/e)]

' lyieos

do /dp,

decay
107 x do/dp,

10°F o Lrcb data
——FONLL
10+ F ——amvens
-~ GMVFNS intr. charm
A

o 1 2 3 4 3
@ ALICE,

@ LHCb, 2.0 < yp < 4.5, p; < 8 GeV, Nucl. Phys. B871 (2013) 1-20
very small x region! (down to 107°)

g g 5

6 7 8
p, [GeVie]

ypl < 0.5, JHEP 01 (2012) 128; Phys. Lett. B718 (2012) 279

7
P, (GeVic)

hadronization

,,,,,,,, @ ATLAS, |np| < 2.1, p; > 3.5 GeV, ATLAS-CONF-2011-017,
wide rapidity inferval
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Inclusive D meson spectra ALICE, ATLAS, LHCb
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@ only the KMR UGDF gives results which are
close to the measured values
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Double charm production: Integrated cross sections

THEORY
Oy (nb)

Mode o2 (nb) KMR () *(me) Jung setA+- KMS
£.=0.05 £.=0.02 £=005 £=002 =005 &=0.02

DD 690+40+70 205 MO 400 120 175 84 126
D°pt 520+80+70 21217212 319 96 140 67 100
o°Df  270+50+40 75101 13 34 50 24 36
DtDt  8ox10x10  421RHE 64 19 28 13 20
DD  70+15+10 3ot t® 45 14 20 10 14
Dy D - nie 16 5 7 3 5

@ o/MFORY consistent with experimental values taking into account huge

theoretical and experimental uncertainties
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