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Heavy quarks measurements at BNL RHIC

Phys. Rev. Lett. 97, 252002 (2006)

Phys. Rev. Lett. 98, 192301 (2007)

direct: reconstruction of all
decay products

indirect: charm and bottom
electrons/muons

nonphotonic electrons→
leptons from semileptonic decays
of heavy flavoured mesons:
D or B→ X e(µ) ν

pp collisions,
√

s = 200 GeV,
pt > 0.2 GeV, |y | ≤ 0.35,

PHENIX, STAR
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3-step process

pp Quarks electronsHadrons

QCD

pQCD fragmentation decyas

experimental

observable
1 Heavy quarks QQ̄ pairs production

mc = 1.5 GeV, mb = 4.75 GeV −→ perturbative QCD

2 Heavy quarks hadronization (fragmentation)

3 Semileptonic decays of D and B mesons

dσe

dyd2p
=

dσQ

dyd2p
⊗ DQ→H ⊗ fH→e

c c̄

D∗+

π+

D0

D+
X

ν

e−

D̄∗+

D̄0
D−

π−

ν

X

e+
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Hadroproduction of heavy quarks within kt -factorization approach

Dominant mechanisms of QQ̄ production

Leading order processes contributing to QQ̄ production:

gluon-gluon fusion dominant at high energies

qq̄ anihilation important only near the threshold

some of next-to-leading order diagrams:

very important NLO contributions → factor 2
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Hadroproduction of heavy quarks within kt -factorization approach

pQCD standard approach

collinear approximation→ transverse momenta of the incident partons

are assumed to be zero

quadrupuly differential cross section:

dσ

dy1dy2d2pt

=
1

16π2ŝ2

∑

i,j

x1pi(x1, µ2) x2pj(x2, µ2) |Mij |2

pi(x1, µ2), pj(x2, µ2) - standard parton distributions in hadron

(e.g. CTEQ, GRV, GJR, MRST, MSTW)

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
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Hadroproduction of heavy quarks within kt -factorization approach

kt -factorization (semihard) approach

p1

p2

Q

Q̄

X1

X2

k1,t 6= 0

k2,t 6= 0

charm and bottom quarks production at high energies
−→ gluon-gluon fusion

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

LO kt -factorization approach −→ κ1,t , κ2,t , 0

⇒ QQ̄ correlations

multi-differential cross section
dσ

dy1dy2d2p1,t d
2p2,t

=
∑

i,j

∫

d2κ1,t

π

d2κ2,t

π

1

16π2(x1x2s)2
|Mij→QQ̄ |2

× δ2 (~κ1,t + ~κ2,t − ~p1,t − ~p2,t ) Fi(x1, κ2
1,t) Fj(x2, κ2

2,t )

off-shell |Mgg→QQ̄ |2 −→ Catani, Ciafaloni, Hautmann (very long formula)

major part of NLO corrections automatically included

Fi(x1, κ2
1,t), Fj(x2, κ2

2,t) - unintegrated parton distributions

x1 =
m1,t√

s
exp(y1) +

m2,t√
s

exp(y2),

x2 =
m1,t√

s
exp(−y1) +

m2,t√
s

exp(−y2), where mi,t =
√

p2
i,t + m2

Q
.
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Hadroproduction of heavy quarks within kt -factorization approach

Unintegrated parton distribution functions

kt -factorization→ replacement: pk(x, µ2
F
) −→ Fk(x, κ2

t , µ2
F
)

PDFs −→ UPDFs

xpk(x, µ2
F ) =

∫ ∞

0
dκ2

t F (x, κ2
t , µ2

F )

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)

Kutak-Stasto (small-x , saturation effects)

Ivanov-Nikolaev, GBW, Karzeev-Levin, etc.
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Hadronization into open heavy mesons

Fragmentation functions technique

p1

p2

Q

Q̄

X1

X2

k1,t 6= 0

k2,t 6= 0

M

M̄
hadronization

fragmentation functions extracted from e+e− data

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

rescalling transverse momentum

at a constant rapidity (angle)

from heavy quarks to heavy mesons:

dσ(y , pM
t )

dyd2pM
t

≈
∫

DQ→M(z)

z2
· dσ(y , pQ

t )

dyd2pQ
t

dz

where: pQ
t =

pM
t

z
and z ∈ (0, 1)

approximation:

rapidity unchanged in the fragmentation process→ yQ ≈ yM
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Hadronization into open heavy mesons

Different models of FFs

Kartvelishvili

Peterson

Braaten
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Peterson et al.

DQ→M(z) = N

z[1−(1/z)−εQ/(1−z)]
εc = 0.06, εb = 0.006 from PDG

Braaten et al.

DQ→M(z) = N
rz(1−z)2

(1−(1−r)z)6 (F1 + F2)

F1 = 6 − 18(1 − 2r)z + (21 − 74r + 68r2)z2

F2 = 3(1−r)2(1−2r2r2)z4−2(1−r)(6−19r+18r2)z3

rc = 0.2, rb = 0.07

Kartvelishvili et al.

DQ→M(z) = N(1 − z)zα

αc = 5.0, αb = 14.0
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Semileptonic decays of open charm and bottom

Experimental decay functions and Monte Carlo approach

p1

p2

Q

Q̄

X1

X2

k1,t 6= 0

k2,t 6= 0

M

M̄
hadronization

e−

e+

CLEO e+e− → Ψ(3770)→ DD̄ → Xeν
BR(D+ → e+νeX)=16.13±0.20(stat.)±0.33(syst.)%

BR(D0 → e+νeX)=6.46±0.17(stat.)±0.13(syst.)%

BABAR e+e− → Υ(10600) → BB̄ → Xeν

BR(B → eνeX)=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)
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approximation:
D mesons (D±, D0, D̄0, D±

S
, D∗0, D∗±, D∗±

S
)

B mesons (B±, B0, D̄0, B0
S
, B̄0

S
, B∗, B∗

S
)

BR(D and B −→ X e ν ≈ 10%)
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Effects of hadronization and decay
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pt distributions vs. PHENIX and STAR data
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pt distributions vs. PHENIX and STAR data
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Uncertainties due to factorization and renormalization scales
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Uncertainties due to heavy quarks masses
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LO kt -factorization vs. FONLL

Phys. Rev. Lett. 95, 122001 (2005)

large uncertainties → good description only with upper limits

LO kt -factorization results comparable with FONLL at pt > 2 GeV

BUT some missing strength at low transverse momenta
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How to improve LO kt -factorization?

to apply other UGDFs (KMR,
Kutak-Stasto)

some of mechanisms (e.g. flavour
excitation) which are
automatically included in NLO
processes should be included by
hand to improve LO calculations

single quark production in the
kt -factorization

large uncertainties → good description only with upper limits

LO kt -factorization results comparable with FONLL at pt > 2 GeV

BUT some missing strength at low transverse momenta
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Inclusive measurements of e+e− pairs

e
+

e
−pair invariant mass spectrum (0 − 8 GeV)

PHENIX, p+p @
√

s = 200 GeV, A. Adare, et al., Phys. Lett. B 670 (2009), 313-320

dielectron mass spectrum dominated by semileptonic decays of charm
and bottom mesons→ nonphotonic electrons

alternative method→ dielectron correlations

a new tool for testing pQCD techniques, fragmentation functions
and semileptonic decays of D and B mesons
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Cross section for nonphotonic e+e− pairs production

multi-differential cross section:

dσ

dy1dp1t dy2dp2t dφ
=

∑

i,j

∫

d2κ1,t

π

d2κ2,t

π

1

16π2(x1x2s)2
|Mij→QQ̄ |2

× δ2 (~κ1,t + ~κ2,t − ~p1,t − ~p2,t ) Fi(x1, κ2
1,t) Fj(x2, κ2

2,t)

hadronization of the quark/antiquark pair:

dσ(y1, pM
1t

, y2, pM
2t

, φ)

dy1dpM
1t

dy2dpM
2t

dφ
≈

∫

DQ→M(z1)

z1
·DQ̄→M̄(z2)

z2
·
dσ(y1, pQ

1t
, y2, pQ

2t
, φ)

dy1dpQ
1t

dy2dpQ
2t

dφ
dz1dz2

where: pQ
1t

=
pM

1t

z1
, pQ

2t
=

pM
2t

z2
and z1, z2 ∈ (0, 1)

the same experimental decay functions with proper normalization:

BR(M→ e) · BR(M→ e) ≈ 0.01

new differential distributions: ϕe+e− , Me+e− , pt,sum
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Related processes: Drell-Yan mechanism

p1

p2

e−

e+

X1

X2

q

q̄

γ∗

Szczurek, G. Ślipek
Phys. Rev. D 78 (2008) 114007

kt -factorization approach with Kwieciński UPDFs

0-th and 1-st order qq̄-anihilation and 1-st order

Compton scattering

0-th order Drell-Yan cross section

dσ

dy1dy2d2p1t d
2p2t

=
∑

f

∫

d2κ1t

π

d2κ2t

π

1

16π2(x1x2s)2
δ2 (~κ1t + ~κ2t − ~p1t − ~p2t )

[Fqf
(x1, κ2

1t , µ2
F ) Fq̄f

(x2, κ2
2t , µ2

F ) |M(qq̄ → e+e−)|2

+ Fq̄f
(x1, κ2

1t , µ2
F ) Fqf

(x2, κ2
2t , µ2

F ) |M(qq̄ → e+e−)|2 ]

unintegrated quark distributions
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Related processes: elastic and inelastic γγ → e+e− reactions

pp → ppe+e−

p1

p2

e−

e+

p1

p2

γ∗

γ∗

exact momentum space calculations
with 4-body phase space

consistent with LPAIR Monte Carlo
package

pp → X1X2e+e−

p1

p2

e−

e+

X1

X2

γ∗

γ∗

collinear kinematics

MRST 2004
(Martin-Roberts-Stirling-Thorne)

photon distributions in nucleon
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Dilepton invariant mass spectrum
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Dilepton invariant mass spectrum
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Dilepton invariant mass spectrum
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very good description of the data even at small invariant masses
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Uncertainties - µF , µR scale dependence
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Uncertainties - quark mass dependence
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Sensitivity to the fragmentation function
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Transverse momenta correlations
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Azimuthal and pt,sum correlations
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LHC, charmed mesons
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LHC, charmed mesons
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LHC, charmed mesons
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KMR UGDF, scale dependence
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KMR UGDF, scale dependence
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Production of two cc̄ pairs in double-parton scattering

Consider two hard (parton) scatterings

c

c

p

p

c

c

Luszczak, Maciula, Szczurek, arXiv:1111.3255
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Formalism

Consider reaction: pp → cc̄cc̄X

Modeling double-parton scattering

Factorized form:

σDPS(pp → cc̄cc̄X) =
1

2σeff

σSPS(pp → cc̄X1) · σSPS(pp → cc̄X2).

The simple formula can be generalized to include differential

distributions

dσ

dy1dy2d2p1tdy3dy4d2p2t

=

1

2σeff

· dσ

dy1dy2d2p1t

· dσ

dy3dy4d2p2t

.

σeff is a model parameter (12-15 mb)
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Formalism

dσDPS =
1

2σeff

Fgg(x1, x2, µ2
1 , µ2

2)Fgg(x′1x
′
2, µ2

1 , µ2
2)

dσgg→cc̄(x1, x
′
1, µ2

1)dσgg→cc̄(x2, x
′
2, µ2

2) dx1dx2dx
′
1dx
′
2 .

Fgg(x1, x2, µ2
1 , µ2

2), Fgg(x
′
1x′2, µ2

1 , µ2
2)

are called double parton distributions

dPDF are subjected to special evoultion equations

single scale evolution: Snigireev

double scale evolution: Ceccopieri, Gaunt-Stirling
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DPS results
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Inclusive cross section more difficult to calculate

σSS , 2σDS < σ inclusive
c < σSS + 2σDS
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DPS results
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In the factorized model inclusive double-scattering distributions

in y and pt are identical as for single scattering.
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DPS results
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DPS: large rapidity differences, large invariant masses

Not possible for quarks (antiquarks)

Difficult for mesons

Nonphotonic electrons (muons) ?
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Formalism of theoretical predictions

Kaidalov-Khoze-Martin-Ryskin approach

c

c̄

p1

p2

p1

p2

x1

x2

x′
1

x′
2

t1

t2

The amplitude for p p → p p Q Q̄ :

Mλqλq̄
= s · π2 1

2

δc1c2

N2
c − 1

ℑ
∫

d
2
q0⊥V

c1c2

λqλq̄

×
f off
g (x′, x1, q2

0⊥, q2
1⊥, t1)f

off
g (x′, x2, q2

0⊥, q2
2⊥, t2)

q2
0⊥ q2

1⊥ q2
2⊥

kt -factorization approach with exact off-shell g∗g∗ → QQ̄ matrix
element (without any approximations and selection rules)

off-diagonal unintegrated gluon distributions

genuine 4-body reaction with exact kinematics in the full phase space:

dσ =
1

2s
|M2→4 |2(2π)4δ4(pa + pb − p1 − p2 − p3 − p4)

d3p1

(2π)32E1
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(2π)32E3
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Formalism of theoretical predictions

g∗g∗ → QQ̄ matrix element
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fg
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gluon-gluon fusion dominant at high energies

Effective vertex in QMRK approach

3-gluon vertex drops out in projection to the color
singlet final state

= +
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Formalism of theoretical predictions

Off-diagonal unintegrated gluon distributions
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KMR method based on Shuvaev et al. prescription for
collinear off-diagonal PDFs (x′ ≪ x1,2)

f
off
g (x′, x1,2, q

2
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2
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F ) ≃ Rg(x
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2
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two gluons⇒ one gluon effective kinematics
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t

F (t)

accounts for
skewed effect

integrated density,
defined at Qt > Q0

Sudakov f.f.
effective f.f.

(ensures the purity
of rapidity gaps)

F (t) = exp(b t/2),

b = 4 GeV −2

Rg = 22λ+3
√

π

Γ(λ+5/2)
Γ(λ+4) ≈ 1.2 − 1.3 at high energies



Introduction Nonphotonic electron production Results for single leptons Kinematical correlations Production of two cc̄ pairs in double-parton scattering

Formalism of theoretical predictions

Sudakov form factor and gap survival probability
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fg
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T

suppresion of real emissions from the active gluon
during the evolution so the rapidity gap survive
(probability of not emitting any extra partons)

Tg(q
2
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dk2
⊥
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crucial sensitivity to upper and lower scales q2
⊥, µ2



Introduction Nonphotonic electron production Results for single leptons Kinematical correlations Production of two cc̄ pairs in double-parton scattering

Formalism of theoretical predictions

Sudakov form factor and gap survival probability
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not universal value→ depends on collision energy
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Differential cross sections at the LHC and Tevatron

LHC @
√

s = 14 TeV

some uncertainties due to PDFs

different quark helicity states
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Differential cross sections at the LHC and Tevatron

LHC @
√

s = 14 TeV

rather flat pseudorapidity distributions
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Differential cross sections at the LHC and Tevatron

LHC @
√

s = 14 TeV

quark distributions fully perturbative, opposite sign helicities dominates at
large transverse momenta

proton distributions much narrower (below 1 GeV) and controlled by
non-perturbative proton form factor→
sensitive to internal structure of the proton
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Differential cross sections at the LHC and Tevatron

LHC @
√

s = 14 TeV

quarks preference for the back-to-back configuration, opposite

helicities much more correlated

protons almost decorrelated
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Differential cross sections at the LHC and Tevatron

Tevatron @
√

s = 1.96 TeV
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Differential cross sections at the LHC and Tevatron

Tevatron @
√

s = 1.96 TeV
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From charm quarks to D mesons

Fragmentation functions (FF) technique

c

c̄

p1

p2

p1

p2

x1

x2

x′
1

x′
2

t1

t2

D

D̄

fg

fg phenomenology → fragmentation functions
extracted from e+e− data

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

numerically performed by rescalling transverse momentum

at a constant rapidity (angle)

from heavy quarks to heavy mesons:

dσ(y1, pM
1t

, y2, pM
2t

, φ)

dy1dpM
1t

dy2dpM
2t

dφ
≈

∫

DQ→M(z1)

z1
·DQ̄→M̄(z2)

z2
·
dσ(y1, pQ

1t
, y2, pQ

2t
, φ)

dy1dpQ
1t

dy2dpQ
2t

dφ
dz1dz2

where: pQ
1t

=
pM

1t

z1
, pQ

2t
=

pM
2t

z2
and z1,2 ∈ (0, 1)

approximation:

rapidity unchanged in the fragmentation process→ yQ = yM
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From charm quarks to D mesons

Numerical effects of the fragmentation

    (GeV)p

0 2 4 6 8 10

   
 (

nb
/G

eV
)

/d
p

σd

-210

-110

1

10

210

310

410

510

 X)D (D c p p c →p p  = 1.96 TeVs

 5.0≤|y| 

charm quarks

D mesons

sufficient approach for rough predictions before having
exclusive Monte Carlo hadronization

decorrelation during fragmentation process

work in progress:
c → D+ → K−π+π+ (BF ∼ 9.51%)
c → D0 → K−π+ (BF ∼ 3.80%)
c → D0 → 2-prongs (BF ∼ 67.0%)
c → D

+
s → K+K−π+ (BF ∼ 5.2%)
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Inclusive Double Pomeron Exchange

Ingelman and Schlein approach

well defined partonic structure of Pomeron

hard process takes place in a Pomeron-Pomeron
interactions

dσDD

dy1dy2dp2
t

= K

∣

∣

∣

∣

M

∣

∣

∣

∣

2

16π2ŝ2

[ (

x1q
D
f (x1, µ2) x2q̄

D
f (x2, µ2)

)

+
(

x1q̄
D
f (x1, µ2) x2q

D
f (x2, µ2)

) ]

q
D
f (x, µ2) =

∫

dxIP d̙ δ(x − xIP ̙)qf/IP (̙, µ2) fIP(xIP ) =

∫ 1

x

dxIP

xIP

fIP(xIP )qf/IP (
x

xIP

, µ2)

(1)

convolution of the flux of Pomerons fIP(xIP ) and the parton distribution in the Pomeron qf/IP (̙, µ2)
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RHIC @
√

s = 500 GeV

dashed black - inclusive central diffraction

solid red and green - exclusive central diffraction
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LHC @
√

s = 14 TeV

huge difference between LO or NLO PDFs for exclusive mechanism
⇒ good description of the exclusive dijets data with NLO PDFs
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QCD mechanisms

Standard QCD LO mechanisms:

c
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p
2

p
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X
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c

c
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2

p
1

X
2

X
1

q

q

Let us considered photon-induced mechanisms
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Photon-induced mechanisms
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Photon as a parton of the proton

The factorization of the QED-induced collinear divergences leads to

QED-corrected evolution equations for the parton distributions of the

proton.

∂qi(x, µ2)

∂ log µ2
=

αS

2π

∫ 1

x

dy

y

{

Pqq(y) qi(
x

y
, µ2) + Pqg(y) g(

x

y
, µ2)

}

+
α

2π

∫ 1

x

dy

y

{

P̃qq(y) e
2
i qi(

x

y
, µ2) + Pqγ(y) e

2
i γ(

x

y
, µ2)

}

∂g(x, µ2)

∂ log µ2
=

αS

2π

∫ 1

x

dy

y

{

Pgq(y)
∑

j

qj(
x

y
, µ2) + Pgg(y) g(

x

y
, µ2)

}

∂γ(x, µ2)

∂ log µ2
=

α

2π

∫ 1

x

dy

y

{

Pγq(y)
∑

j

e
2
j qj(

x

y
, µ2) + Pγγ(y) γ(

x

y
, µ2)

}

,
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Distributions in transverse momentum

Luszczak, Maciula, Szczurek, Phys. Rev. D84 (2011) 4018
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Distributions in rapidity
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Off-shell quarks and antiquarks

c c̄

D∗+

π+

D0

D+
X

ν

e−

D̄∗+

D̄0
D−

π−

ν

X

e+

σpp→ppQQ̄ =

∫

dm1dm2 ρ(m1)ρ(m2)

∫

dy1dy2d
2
pt

const
[

x1g1(x1, µ2
F )x2g2(x2, µ2)|Mgg→QQ̄(m1, m2)|2

+ x1q1(x1, µ2
F )x2q̄2(x2, µ2

F )|Mqq̄→QQ̄(m1, m2)|2

+ x1q̄1(x1, µ2
F )x2q2(x2, µ2

F )|Mqq̄→QQ̄(m1, m2)|2 .

(2)
ρ(m1), ρ(m2) distribution of quark(antiquark) mass

We take log-normal distributions
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Off-shell quarks

Now we have two-dim distribution in quark (m1) and antiquark (m2)

masses

left: gg midle: qq̄(pp) right: qq̄(pp̄)
W =20 GeV
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Off-shell quarks

left: gg, qq̄(pp), qq̄(pp̄) right: pp (solid), pp̄ (dashed)

large effect at small energies
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Off-shell quarks

left: gg, qq̄(pp), qq̄(pp̄) right: pp (solid), pp̄ (dashed)

W = 20 GeV
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Off-shell quarks

left: gg, qq̄(pp), qq̄(pp̄) right: pp (solid), pp̄ (dashed)

W =20 GeV
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charm/bottom cross section at LHC

Conclusions:

very good agreement with
PHENIX data using KMR UGDFs
electron-hadron correlations→ way to
separate charm and bottom contributions

A. Mischke, Phys. Lett. B 671 (2009) 361
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charm/bottom cross section at LHC

Conclusions:

very good agreement with
PHENIX data using KMR UGDFs
electron-hadron correlations→ way to
separate charm and bottom contributions

A. Mischke, Phys. Lett. B 671 (2009) 361
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LHC era:

nonphotonic electrons at LHC

⇒ selection of UGDFs at

much smaller x-values

charm and bottom at LHCb in

unique kinematical region:

2 ≤ |η| ≤ 6,
√

s = 7 TeV⇒
very small x region!!!
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Conclusions

Huge contribution of double-parton scattering for

pp → (cc̄)(cc̄)X .

Go to mesons and nonphotonic electrons (muons).

pp → p(cc̄)p requires Monte Carlo studies to understand whether

it can be measured.

Single and central diffractive production should be measured.

Photon-induced contributions are small (∼ 1 %).

off-shell cc̄ production⇒ systematic studies at low energies

(RHIC low-energy scan?)

Thank You for attention!
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