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The asymmetries in the forward region production cross section of Λþ
c =Λ−

c and Λ0
b=Λ̄

0
b are predicted

using the heavy quark recombination mechanism for pp collisions at 7 TeV and 14 TeV. Using
nonperturbative parameters determined from various previous experiments, we find that ApðΛþ

c =Λ−
c Þ ∼

1–2% in the region 2 < y < 5 and 2 GeV < pT < 20 GeV and ApðΛ0
b=Λ̄

0
bÞ ∼ 1–3% in the region

2 < y < 5 and 5 GeV < pT < 20 GeV. The differential distributions of Ap are significant at the high-
rapidity and low-pT ends (∼2–15%). Sensitivity of the integrated Ap on the upper rapidity cut and lower pT

cut is discussed.
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Asymmetries in productions of heavy hadrons and
antihadrons could provide clues to CP violation and
physics beyond the standard model. At the LHC, since
the initial state pp has a positive baryon number, it is not
obvious that productions of heavy hadrons and antihadrons
are symmetric even within QCD. In fact, the CERN
Intersecting Storage Rings observed an asymmetry in the
number of Λþ

c versusΛ−
c [1,2], where production of Λþ

c was
favored over Λ−

c in proton-proton collisions. On the other
hand, the lowest-twist QCD cross sections predict equal
numbers of charm and anticharm baryons. More recently,
the CMS detector has measured a small asymmetry in Λ0

b

and Λ̄0
b productions [3]. There have been many models

trying to explain this phenomenology, for instance [4–9].
However, the CMS data have relatively large error bars:
σðΛ̄0

bÞ=σðΛ0
bÞ ¼ 1.02� 0.07� 0.09. Data with more sta-

tistics at CMS, ATLAS, and LHCb are eagerly awaited.
In this paper, we make predictions for the rapidity and
transverse momentum distributions of the asymmetries of
heavy baryon productions using the heavy quark recombi-
nation mechanism [10–13] in the forward region. The
LHCb experiment should see an asymmetry in both Λþ

c =Λ−
c

and Λ0
b=Λ̄

0
b productions.

A similar asymmetry can be seen in the meson system.
The asymmetry in D� production has been observed in
the forward region at LHCb [14], and can be explained
using the heavy quark recombination mechanism [15]. The
heavy quark recombination mechanism also successfully
explained production asymmetries of D� and Λ�

c in fixed-
target experiments [11–13,16]. Therefore, the prediction on
production asymmetries of Λþ

c =Λ−
c and Λ0

b=Λ̄
0
b using the

heavy quark recombination mechanism should give a

sensible estimate for the contribution to the asymmetries
from the standard model.
The production asymmetry Ap of a ΛQ (udQ) baryon is

defined by

Ap ¼ dσðΛQÞ − dσðΛ̄QÞ
dσðΛQÞ þ dσðΛ̄QÞ

; ð1Þ

where Q is either c or b. Factorization theorems of
perturbative QCD [17] state that heavy hadron production
cross section can be written in a factorized form. At the
LHC, the cross section for producing a ΛQ baryon in a pp
collision, at leading order in a 1=pT expansion, is given by

dσ½pp → ΛQ þ X� ¼
X
i;j

fi=p ⊗ fj=p ⊗ dσ̂½ij → Qþ X�

⊗ DQ→ΛQ
; ð2Þ

where fi=p is the parton distribution function for parton i in
the proton, dσ̂ðij → Qþ XÞ is the partonic cross section,
and DQ→ΛQ

is the fragmentation function describing the
hadronization of a heavy quark Q into a ΛQ baryon. The
corresponding equation for Λ̄Q is obtained by replacing Q
by Q̄ and ΛQ by Λ̄Q. From charge conjugation symmetry
and the fact that fQ=p ¼ fQ̄=p, we see that perturbative
QCD equation (2) predicts that Ap ¼ 0, up to corrections
suppressed by 1=pT.
It should be noted that there are corrections to Eq. (2)

that scale as powers of ΛQCD=mQ and ΛQCD=pT . One
should expect nonvanishing power-suppressed contribu-
tions to Ap at low pT. A QCD-based model for these power
corrections is the heavy quark recombination mechanism
[10–13]. In this scenario, a light quark and a heavy quark
coming out from the hard scattering process combine to
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form the final-state baryon. This process is of order
ΛQCDmQ=p2

T relative to Eq. (2). In what follows, after a
brief review of the heavy quark recombination mechanism,1

we calculate Ap due to heavy quark recombination for
Λþ
c =Λ−

c and Λ0
b=Λ̄

0
b productions at the LHC.

Figures 1(a) and 1(b) show a diagram for the recombi-
nation process with initial state qg and Qq respectively.
Their contributions to the cross section are given by

ðaÞ dσ̂½ΛQ� ¼ dσ̂½qg → ðQqÞn þ Q̄�η½ðQqÞn → ΛQ�;
ð3Þ

ðbÞ dσ̂½ΛQ� ¼ dσ̂½Qq → ðQqÞn þ g�η½ðQqÞn → ΛQ�;
ð4Þ

where q is a light valence quark of ΛQ. ðQqÞn indicates that
the light quark of flavor qwith momentum of order ΛQCD in
the Q rest frame is produced in the state n, where n labels

the color and angular momentum quantum numbers of the
quark pair. The cross section is factored into a perturba-
tively calculable piece dσ̂ and a nonperturbative factor
η½ðQqÞn → ΛQ� encoding the probability for the quark
pair with quantum number n to hadronize into a final
state including a ΛQ. η½ðQqÞn → ΛQ� can be expressed as a
matrix element of a Heavy Quark Effective Theory operator
[18]. Equations (3) and (4) must then be convoluted with
the proton parton distribution functions to get the final
hadronic cross section.
The perturbative piece for process (a) was calculated

to lowest order in [13]. Following the method in [13],
we calculate the partonic cross sections for process (b),
Qq → ðQqÞn þ g [Fig. 1(b)],

dσ
dt̂

½Qq → ðQqÞn þ g� ¼ −
2π2α3sm2

Q

27S2T
GðnjS; TÞ; ð5Þ
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where we have defined S ¼ ŝ −m2
Q ¼ ðkþ pÞ2 −m2

Q, T ¼ t̂ ¼ ðk − pQÞ2, and U ¼ û −m2
Q ¼ ðk − lÞ2 −m2

Q.
The heavy quark Q̄ in the final state of process (a) could fragment into a Λ̄Q baryon. Charge conjugation of this process

gives the “opposite-side recombination,”

FIG. 1. Diagrams for production of a ΛQ baryon by the heavy-quark recombination mechanism for (a) qg → ðQqÞn þ Q̄ and
(b) Qq → ðQqÞn þ g. Each process has five diagrams. Single lines represent light quarks, double lines heavy quarks, and the shaded
blob the ΛQ baryon.

1For a full review, please see Refs. [10–13,18].
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ðcÞ dσ̂½ΛQ� ¼
X
n

dσ̂½qg → ðQ̄qÞn þQ�

×
X
H̄meson

ρ½ðQ̄qÞn → H̄meson� ⊗ DQ→ΛQ
;

ð7Þ

ðdÞ dσ̂½ΛQ� ¼
X
n

dσ̂½q̄g → ðQ̄ q̄Þn þQ�

×
X
H̄baryon

η½ðQ̄ q̄Þn → H̄baryon� ⊗ DQ→ΛQ
;

ð8Þ

where Hmeson and Hbaryon are any heavy meson and heavy
baryon respectively. We will assume charge conjugation
symmetry and take ρ½ðQq̄Þn→Hmeson�¼ρ½ðQ̄qÞn→ H̄meson�
and η½ðQqÞn → Hbaryon� ¼ η½ðQ̄ q̄Þn → H̄baryon�. For sim-
plicity, we will take H to be a low-lying heavy hadron.
Thus, for Λc production we will take Hmeson to be either D
or D�, and Hbaryon to be any baryon from the lowest mass
Jp ¼ 1

2
þ and 3

2
þ heavy baryon SUð3Þ flavor multiplets, and

similarly for Λb production. We will also assume SUð3Þ
flavor symmetry.
The leading nonperturbative parameters ρ½ðcq̄Þn → D�

for D mesons are

ρ1 ¼ ρ½cq̄ð1Sð1Þ0 Þ → D�; ~ρ1 ¼ ρ½cq̄ð3Sð1Þ1 Þ → D�;
ρ8 ¼ ρ½cq̄ð1Sð8Þ0 Þ → D�; ~ρ8 ¼ ρ½cq̄ð3Sð8Þ1 Þ → D�:

ð9Þ

ForD� mesons, we can exploit heavy quark spin symmetry
and get

ρ½cq̄ð1SðcÞ0 Þ → D� ¼ ρ½cq̄ð3SðcÞ1 Þ → D��;
ρ½cq̄ð3SðcÞ1 Þ → D� ¼ ρ½cq̄ð1SðcÞ0 Þ → D��: ð10Þ

Similar relations are also true for B and B�. The leading
nonperturbative parameters η½ðQqÞn → ΛQ� forΛQ baryons
are

η3 ¼ η½Qqð1Sð3̄Þ0 Þ → ΛQ�; ~η3¼ η½Qqð3Sð3̄Þ1 Þ → ΛQ�;
η6 ¼ η½Qqð1Sð6Þ0 Þ → ΛQ�; ~η6 ¼ η½Qqð3Sð6Þ1 Þ → ΛQ�:

ð11Þ

All the ρ’s and η’s scale as ΛQCD=mQ. Contributions of
feed-down from heavier baryons in processes (a) and
(b) can be taken into account by using the inclusive
parameter ηinc,

ηinc½ðQqÞn → ΛQ� ¼ η½ðQqÞn → ΛQ�
þ

X
Hbaryon≠ΛQ

η½ðQqÞn → Hbaryon�

× B½Hbaryon → ΛQ þ X�: ð12Þ

Here again we assume Hbaryon is a member of the lowest
mass Jp ¼ 1

2
þ and 3

2
þ heavy baryon SUð3Þ flavor multip-

lets. With our choice of possible H̄baryon in the opposite-
side recombination, by a simple quark counting and the fact
that B½Hbaryon → ΛQ þ X� ≈ 1 for Hbaryon ¼ ΣQ or Σ�

Q, we
have

X
H̄baryon

η½ðQ̄ q̄0Þn → H̄baryon� ≈
3

2
ηinc½ðQqÞn → ΛQ�; ð13Þ

where q0 ¼ u; d; s and q ¼ u; d. From [15], a reasonable
fit to D� asymmetry at LHCb gives 0.055 < ρ1 < 0.065,
0.65 < ρ8 < 0.8, 0.24 < ~ρ1 < 0.3, and 0.24 < ~ρ8 < 0.3
for ρ½ðcd̄Þn → Dþ�. Best single-parameter fit to Λ�

c asym-
metry in fixed target experiments gives ~η3;inc ¼ 0.058
for Λc [13]. We will take η3;inc ¼ η6;inc ¼ ~η6;inc ¼ 0 and
0.052 < ~η3;inc < 0.064 for Λc. For the η’s for Λb and ρ’s for
B, we simply multiply the Λc and D counterparts by the
theoretical scaling factor mc=mb. We use Martin-Stirling-
Thorne-Watt 2008 LO central PDFs with mc ¼ 1.275 GeV
andmb ¼ 4.18 GeV. The fragmentation functionDQ→ΛQ

is
taken as

DQ→ΛQ
ðzÞ ¼ fΛQ

δð1 − zÞ; ð14Þ
where fΛQ

is the inclusive fragmentation probability. This
form of fragmentation function was found to be better than
the Peterson form when fitting to fixed target Λþ

c =Λ−
c

asymmetry data [13]. We take fΛþ
c
¼ 0.101, which is the

average of the values listed in [19]. fΛ0
b
is taken to be 0.09

from [20]. We use the LO cross section for the perturbative
QCD rate Eq. (2). The factorization scale is set to be

μf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
T þm2

Q

q
.

For Λþ
c =Λ−

c production, the kinematic region is taken to
be 2 < y < 5 and 2 GeV < pT < 20 GeV. The integrated
Ap is found to be 2.0% < ApðΛþ

c =Λ−
c Þ < 2.4% for

ffiffiffi
s

p ¼
7 TeV and 1.2%<ApðΛþ

c =Λ−
c Þ<1.5% for

ffiffiffi
s

p ¼ 14 TeV.
For Λ0

b=Λ̄
0
b production, the kinematic region is taken to

be 2 < y < 5 and 5 GeV < pT < 20 GeV. The integrated
Ap is found to be 2.2% < ApðΛ0

b=Λ̄
0
bÞ < 2.6% for

ffiffiffi
s

p ¼
7 TeV and 1.1%<ApðΛ0

b=Λ̄
0
bÞ<1.4% for

ffiffiffi
s

p ¼ 14 TeV.
Figures 2 and 3 show the rapidity and transverse momen-
tum distributions of Ap for Λþ

c =Λ−
c and Λ0

b=Λ̄
0
b respectively.

The asymmetry is significant at the high-rapidity and
low-pT ends (∼2–15%). Because of this, the integrated
Ap is sensitive to the upper rapidity cut and lower pT cut.
Figures 4 and 5 show the dependence of the integrated Ap

Λþ
c =Λ−
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on the upper rapidity cut and lower pT cut for Λþ
c =Λ−

c and
Λ0
b=Λ̄

0
b respectively. The kinematic regions are the same as

in Figs. 2 and 3 except for the variations in the upper
rapidity cut and lower pT cut. In order to give an idea of
the size of the recombination cross section relative to the
standard perturbative QCD cross section, the ratio of the
two cross sections is plotted in Fig. 6 as a function of

rapidity and transverse momentum respectively for Λþ
c and

Λ−
c productions in 7 TeV pp collisions.
It should also be noted that Eqs. (3), (4), (7), and (8) have

corrections suppressed by powers of ΛQCD=pT andmQ=pT ,
which we have neglected in our calculations. As a result, in
principle our calculations should have large theoretical
uncertainties for pT ∼mQ. However, as shown in [15], the

FIG. 3. Asymmetry in Λ0
b=Λ̄

0
b production as a function of (a) rapidity y and (b) transverse momentum pT in the kinematic region

2 < y < 5 and 5 GeV < pT < 20 GeV in 7 TeV (grey band) and 14 TeV (black band) pp collisions.
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FIG. 4. Integrated asymmetry in Λþ
c =Λ−

c production as a function of (a) upper y cut and (b) lower pT cut in the kinematic region
2 < y < 5 and 2 GeV < pT < 20 GeV in 7 TeV (grey band) and 14 TeV (black band) pp collisions.

FIG. 2. Asymmetry in Λþ
c =Λ−

c production as a function of (a) rapidity y and (b) transverse momentum pT in the kinematic region
2 < y < 5 and 2 GeV < pT < 20 GeV in 7 TeV (grey band) and 14 TeV (black band) pp collisions.
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heavy quark recombination works reasonably well at
regions of pT as low as pT ∼ 2 GeV in explaining the
D� asymmetries at LHCb. Therefore, it seems reasonable
to include the pT ∼mQ region in our calculations.
Shown in Fig. 7 are the CMS data [3], which are

the rapidity and transverse momentum distributions of
σðΛ̄0

bÞ=σðΛ0
bÞ for 7 TeV pp collisions in the kinematic

region 0 < y < 2 and 10 GeV < pT < 50 GeV. The CMS

data, in spite of the large error bars, do have a slight trend of
surplus of Λ0

b over Λ̄0
b in the regions of high rapidity and

low transverse momentum respectively. However, with the
values of η’s we used above, the asymmetry predicted from
the heavy quark recombination mechanism is negligible in
this kinematic region. To see the limit of the heavy quark
recombination mechanism in explaining the data, in Fig. 7
we also plot the prediction with larger values of η’s. Here
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FIG. 5. Integrated asymmetry in Λ0
b=Λ̄

0
b production as a function of (a) upper y cut and (b) lower pT cut in the kinematic region

2 < y < 5 and 5 GeV < pT < 20 GeV in 7 TeV (grey band) and 14 TeV (black band) pp collisions.
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FIG. 6. Distributions in (a) rapidity and (b) transverse momentum of ratio of recombination cross section to standard perturbative QCD
cross section for Λþ

c and Λ−
c productions in 7 TeV pp collisions. ρ’s and η’s are taken to be the central values of those used in Fig. 2.
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FIG. 7. σðΛ̄0
bÞ=σðΛ0

bÞ as a function of (a) rapidity y and (b) transverse momentum pT in the kinematic region 0 < y < 2 and 10 GeV <
pT < 50 GeV for 7 TeV pp collisions. The data are from CMS [3]. The grey band is our prediction from the heavy quark recombination
mechanism with all ηinc’s set equal to each other, the range being 0.2 < ηinc < 1. The ranges of ρ’s are as those used in Fig. 3.
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all ηinc’s are set equal to each other, with the range being
ΛQCD=mb ∼ 0.2 < ηinc < 1. The ranges of the ρ’s are as
those used in Fig. 3. Although the prediction shows a
significant asymmetry ∼10% at the high-rapidity and
low-pT ends, it still fails to hit the bin with the largest
rapidity. Figure 8 shows the prediction in the forward
region 2 < y < 5 and 5 GeV < pT < 20 GeV for 7 TeV
pp collisions with the ranges of η’s and ρ’s as in Fig. 7. The
asymmetry is huge (∼50%). We believe that our previous
predictions with smaller ηinc’s (Figs. 2–5) are more rea-
sonable since those values of η’s were obtained from better
fit to fixed-target experiments. Moreover, the surplus of Λ̄0

b
over Λ0

b at y ∼ 1 and pT > 20 GeV in the CMS data cannot
be explained by any existing model. We hope that data from
LHCb in the future will settle the issue.
An appealing feature of the heavy quark recombination

mechanism is that it has its basis in perturbative QCD and
thus is model independent [18]. However, it should be
emphasized that the heavy quark recombination mecha-
nism is not the only possible way to give rise to production
asymmetries of heavy hadrons at the LHC. Other models
for soft processes in QCD also give qualitatively similar
asymmetries. While a quantitative analysis of the
differences of these models is beyond the scope of this
paper, we discuss the qualitative properties of a few of the
models below.
The first example of another model is the valon model

[4]. In this model, initial-state hadrons involved in soft
scatterings are composed of valons, which are valence
quarks dressed by gluons and quark-antiquark pairs.
A heavy quark induced by fluctuations in a valon would
combine with light quarks in the valons from the same
initial-state hadron to form a heavy hadron. The valon
distributions are nonperturbative and were obtained by
fitting to data of soft hadronic scattering, so are the
distributions of light valence and sea quarks inside a valon.
Since a heavy quark-antiquark pair is a tightly bound
system in a valon, it has a wide momentum spread. The

probability to find a heavy quark in a valon is therefore
assumed to be uniform in momentum fraction. The prob-
ability for a heavy quark and quarks to combine and form a
heavy hadron has its dependence on momentum fractions
determined by a counting rule. The model predicts a
surplus of the produced Λ over Λ̄ in pp collisions since
the light valence quarks of the Λ or Λ̄ come from the valons
of the initial-state protons. This model has the nice feature
of the absence of free parameters in the prediction of Ap.
However, it makes no prediction on the pT distribution of
the produced heavy hadron since the effect of a transverse
kick is neglected [4].
The second model is the intrinsic heavy quark model [7].

In this model, an initial-state proton is in a superposition
of Fock states juud…i, where “…” denotes an arbitrary
number of quark-antiquark pairs and gluons. The heavy
quark Q in juudQQ̄i can combine with the valence quarks
ud to form a ΛQ. The probability for Fock state juudQQ̄i
with a given momentum fraction distribution among the
quarks is assumed to be a simple form proportional to
α4sðmQQ̄Þ. The produced ΛQ has momentum fraction given
simply by the sum of those of the u, d, and Q forming it.
The idea is therefore very similar to that of the valon model.
Formally, this model gives an asymmetry suppressed by an
extra power of αs relative to that predicted by the heavy
quark recombination mechanism.
The third model is the string-drag model [9], in which a

heavy quark produced by parton fusion is dragged toward
the spectator quarks by color strings connecting them. The
surplus of the produced Λ over Λ̄ is due to the surplus of
spectator valence quarks over the sea quarks. The dragging
effect is nonperturbative and can only be taken into account
by Monte Carlo simulations.
Comparison of predictions on the asymmetry from the

heavy quark recombination mechanism and these three
models will be an interesting work to follow up.
Qualitatively all the models are similar since in order to
have any asymmetry, some type of interaction that
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FIG. 8. σðΛ̄0
bÞ=σðΛ0

bÞ as a function of (a) rapidity y and (b) transverse momentum pT in the kinematic region 2 < y < 5 and
5 GeV < pT < 20 GeV for 7 TeV pp collisions. The grey band is our prediction from the heavy quark recombination mechanism with
all ηinc’s set equal to each other, the range being 0.2 < ηinc < 1. The ranges of ρ’s are as those used in Fig. 3.

W. K. LAI AND A. K. LEIBOVICH PHYSICAL REVIEW D 91, 054022 (2015)

054022-6



distinguishes the initial state is necessary. The interaction is
with a spectator quark or the proton remnant, giving rise to
the possibility of a hadron-antihadron asymmetry. Given
the fact that we are dealing with hadronic initial and final
states, there will always be some nonperturbative input into
any calculation. Of note, however, is that the heavy quark
recombination model only has standard PDFs in the initial
state. The other models mentioned above must include
additional nonperturbative inputs for the initial state.
In summary, we have used the heavy quark recombina-

tion mechanism to calculate the production asymmetries for
Λþ
c =Λ−

c and Λ0
b=Λ̄

0
b at the LHCb experiment. The heavy

quark recombination mechanism is a correction of order

ΛQCDmQ=p2
T to the leading order QCD prediction.

Therefore, we expect large effects at small pT and/or large
rapidity. Our calculation confirms this expectation, where
the differential distributions are significant at the high-
rapidity and low-pT ends (∼2–15%). The integrated asym-
metries in the LHCb region are of the order of ∼1–3% and
should be measurable.
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