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Double charm meson production at the LHC Antoni Szczurek

1. Introduction

At present, double charm production is expected to be oneeafniost promising channels for
studies of double-parton scattering (DPS) effects at th€ LFhis was predicted][1] and further
supported by the experimental observations reported biyHi@b Collaboration[[2]. Next, the phe-
nomenology ofDD meson-meson pair production was carefully examined irkgHactorization
approach and a relatively good description of the LHCb arpamtal data was achieved for both
the total yield and the dimeson correlation observalgs [8] the theoretical analyses, both,
single- and double-parton scattering mechanisms were taite consideration. The contribu-
tion of single-parton scattering (SPS) mechanggn- cccc, discussed in detail in the collinedt [4]
andk;-factorization [] approaches, was found to be rather saralldefinitely not able to describe
relatively largeDD cross sections measured by the LHCDb.

The phenomenological studies of tBd® pair production were based on the rather standard
fragmentation scheme with scale-independent Petersgméatation function (FF)[[6], where
only ¢ — D transition is included. However, an alternative approactoiapply scale-dependent
FFs that undergo DGLAP evolution equations, e.g. KKKS08 eh{id], where each parton (gluon,
u,d,s,u_,d_,s_,c,a can contribute td meson production. In the latter scenario, the> D con-
tribution is reduced by the evolution of the FF but a very imaiot contribution fromg — D
fragmentation appears (see e.g. Rgf. [8]).

In this presentation we report on first investigation how amant is the gluon fragmentation
mechanism for the double-meson production.

2. A sketch of thetheoretical formalism

Figure1: A diagrammatic illustration of the considered mechanisms.

We will compare numerical results for doub®»meson production obtained with the two
different fragmentation schemes. In the (new) scenarit witale-dependent KKKS08 FFs and
g — D fragmentation the number of contributing processes grawspared to the standard (old)
scenario withc — D fragmentation only. According to the new scenario one hastsider more
processes for single meson productionc(andg — D components). This also causes an extension
of the standard DPBD pair production by new mechanisms. In addition to the caveat DPS
cc— DD (left diagram in Fig]l) considered in Reff] [3,[#, 5] thera idoubleg — D (or double
g— 5) fragmentation mechanism, called here DgS— DD (middle-left diagram in Fi§]1) as
well as the mixed DP§c — DD contribution (middle-right diagram in Fig.1).
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As a consequence of the new approach a new@PS DD mechanism shows up (right dia-
gram in Fig[lL). In this case the two produced gluons are kadee in azimuth and the mechanism
will naturally lead to an azimuthal correlation between tive D mesons. Such a correlation was
actually observed in the LHCb experimental dafa [2] and¢owk be explained by the SPS-24
perturbativegg — cccc contribution (see e.g. Ref][5]) which is very small.

DPS cross section for production of, gg or gc system, assuming factorization of the DPS
model, can be written as:

do®S(pp—ceX) 1 do®F{pp—ctX) doS"pp— cCX)

— , 2.1

dyidy,d?pyd2pys  20ef+ dy1d?py; dy>d?pay @1)
do®™pp—ggX) 1 doS"Ypp—gX) doS"(pp— gX%) 2.2)
dyidy.d?p1d?pat  20eft dy1d?pa; dyd?ppy '
do®"S(pp—geX) 1 doSPpp— gX) doS"Ipp— ccX) (2.3)

dyi1dy,d?pyd2pp;  Oett dy1d2p ¢ dy,d?py;

The often called pocket-formula is a priori a severe appnation. The flavour, spin and color
correlations lead, in principle, to interference effedtattresult in its violation as discussed e.g.
in Ref. [@]. Even for unpolarized proton beams, the spin prddion of the two partons from one
hadron can be mutually correlated, especially when theparare relatively close in phase space
(having comparablg's). Moreover, in contrast to the standard single PDFs wileegarton distribu-
tions have a nontrivial color structure which also may lead hon-negligible correlations effects.
Such effects are usually not included in phenomenologicalyaes. They were exceptionally dis-
cussed in the context of double charm productipr [10]. Hamethe effect on e.g. azimuthal
correlations between charmed quarks was found there torgesm@ll, much smaller than effects
of the SPS contribution associated with double gluon fragaten discussed here. In addition,
including perturbative parton splitting mechanism alsadieto a breaking of the pocket-formula
[LT]. This formalism was so far formulated for the collindeading-order approach which for
charm (double charm) may be a bit academic as this leads &restination of the cross section.
Imposing sum rules also leads to a breaking of the factodaeshtz but the effect almost vanishes
for small longitudinal momentum fractiong [12]. Taken thmee we will use the pocket-formula
in the following.

All the considered mechanisms (see Ifig. 1) are calculatéftbiq-factorization approach with
off-shell initial state partons and unintegratégdependent) PDFs (unPDFs). Fully gauge invari-
ant treatment of the initial-state off-shell gluons andrgsaan be achieved in the-factorization
approach only when they are considered as Reggeized glu&eggeons. The relevant Reggeized
amplitudes can be presented using Fadin-Kuraev-Lipatiectafe vertices. The useful analytical
formulae for|.#rr g|?, |- #rR-gg|? @nd |.#Zrr-cz|? squared amplitudes used in the calculations
here can be found in Refg] [B,]13]. We use the LO Kimber-M&Ryskin (KMR) unPDFs, gener-
ated from the LO set of a up-to-date MMHT2014 collinear PDfsdialso to the LHC data. In the
perturbative part of the calculations we use a runningds@rovided with the MMHT2014 PDFs.
The charm quark mass is setrtg = 1.5 GeV and the renormalization and factorization scales are
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equal tou? = p? for RR— g subprocess, to the averaged transverse momeptum( p%t + p%t)/z
for RR— gg, and to the averaged transverse mass= (m2, +m3,)/2 for RR— cc case, where
m = +/p¢ +m? (for more details see Reff.[[14]).

In order to calculate correlation observables for two mesee follow here, similar as in the
single meson case, the fragmentation function techniquieadronization process:

do®"(pp— DDX) _ /Dc—>D(ZlaU) Deon(@,p) doP™(pp—ceX) o
dy1dy,d?pfd?py 2 2 dy:dy,d?pf,d?p5;
Dg-p(21,H) Dg-p(z, 1) doPS(pp— ggX)
T ) ’ 2p9 g2
2z dy:dyod?py, d?py,
N /Dg—>D(21,Il) Desn(22, H) .dUDPS(pp—> geX)
Z dy1dy,d?p3,d? p5,

dzdz

ledZZ,

(2.4)

D -
where: pJ° = lelt pyf = 2 and meson momentum fractiors z € (0, 1).

The same formula for SPIBD-production via fragmentation of each of the gluon reads

dO-SP%pp_> DDX) ~ / Dg%D(Zbu) . DQ%D(Z%IJ) . dO-SP%pp_> ag )dZ d22 (2 5)
dyidy,d?p2 d2p5 yal 2 dyrdy,d?p3,d2p3, ’ '

where: p, = p“, pgt p2[ and meson momentum fractions z, € (0, 1).

3. Comparison tothe LHCb data

Before we start a comparison of the theoretical results withLHCb double charm data
we wish to stress that the both fragmentation schemes @masichere lead to a very good (and
very similar) description of the LHCb data for inclusive gD meson production[[14]. So both
prescriptions together with tHe-factorization approach seem to be a good and legitimatergia
points for double charm production studies.
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Figure2: D° meson transverse momentum distribution within the LHCleptance region. The left panel
is for the first scenario and for Petersons D fragmentation function while the right panel is for the setto
scenario and for the fragmentation function that undergh Bi&evolution equation.
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Now we wish to compare results of our theoretical approaclidoble charm production de-
scribed briefly in the previous section with the LHCb expenal data foD°D° pair production.
In Fig.[2 we compare results of our calculation with experitakdistribution in transverse momen-
tum of one of the meson from tHg°DP pair. We show results for the first scenario when standard
Peterson FF is used for tie— DO fragmentation (left panel) as well as the result for the sdco
scenario when the KKKS08 FFs with DGLAP evolution for+ D andg — D° are used. One
can observe that the DRS — DD contribution in the new scenario is much smaller than in the
old scenario. In addition, the slope of the distributionremisverse momentum changes. Both the
effects are due to evolution of corresponding FF in the secaenario, compared to lack of such
an effect in the first scenario. The different new mechanishwvn in Fig[JL give contributions
of similar size. We can obtain a better agreement in the secase providedr¢; parameter is
increased from 15 mb to 30 mb. Even then we overestimate ti@bldthta for 3< pt < 5 GeV.
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Figure 3: The same as in the previous figure butkgono dimeson invariant mass distribution.
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Figure4: The same as in the previous figure but for the distributiorzimathal angleppopo.

In Fig. 3 we show dimeson invariant mass distributMgopo again for the two cases con-
sidered. In the first scenario we get a good agreement onlgnial invariant masses while in
the second scenario we get a good agreement only for largeidnt masses. The large invari-
ant masses are strongly correlated with large transverseemia, so the situation here (for the
invariant mass distribution) is quite similar as in Hig. 2 fioe transverse momentum distribution.

In Fig. B we show azimuthal angle correlati$ppgono betweerD? andD°. While the correlation
function in the first scenario is completely flat, the cortielafunction in the second scenario shows
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some tendency similar as in the experimental data. The wid@verestimation comes from the
region of small transverse momenta.

4. Conclusions

In the present paper we have discussed producti@?DbP pairs in proton-proton collisions at
the LHC. We have considered the DPS mechanism of daufjeoduction and subsequent double
hadronization of twoc quarks or twoc antiquarks using — D° or ¢ — D° FFs that undergo
DGLAP evolution. Furthermore, we have included also preidacof gg (both SPS and DPS) and
DPSgcfinal states and their subsequent hadronization to theaiggeudoscaldd mesons.

When added together the new mechanisms with adjustedgive similar result as in the first
scenario with one subprocessc(— DD) and scale-independent FF. However, some correlation
observables, such as dimeson invariant mass or azimuthalatons betwee mesons, are
slightly better described.

In our calculation, within the second scenario a larger e#aio. ¢ is needed to describe
the LHCb data than found from the review of several experialestudies of different processes.
This can be partially understood by a lower contribution eftprbative-parton splitting as found
in Ref. [1]] and/or due to nonperturbative correlationshie nucleon which may lead to transverse
momentum dependeitss. Clearly more involved studies are needed to understansditilegtion
in detail. Some problem may be also related to the fact thafFtFs used in the second scenario
were obtained in the DGLAP formalism with masslesguarks and: antiquarks which may be
a too severe approximation, especially for low factoratscales (i.e. low transverse momenta).
We expect that including mass effects in the evolution waaleer theg — ¢ fragmentation.

The presence of the new SPS mechanism may mean that thetiextraico, ¢ 1 directly from
the LHCb experimental datf][2] may be not correct.

For more references and details of the calculations preddrdare we refer the reader to our
regular article[[74].
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