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Abstract

Kiselev V.V. Perturbative Fragmentation of a Scalar Leptoquark into a Heavy Lepto-
Quarkonium: IHEP Preprint 97-78. — Protvino, 1997. — p. 10, figs. 5, tables 1, refs.: 16.

The fragmentation function of a scalar leptoquark into possible S-wave bound states with a
heavy antiquark is calculated in the leading order of the perturbative QCD for the high energy
processes at large transverse momenta. The one-loop equations for the g?-evolution of moments
of the fragmentation function due to the hard gluon emission by the leptoquark are derived.
Integral probabilities of fragmentation are evaluated. The distribution of lepto-quarkonium over
the transverse momentum with respect to the fragmentation axis is calculated in the scaling
limit.
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Introduction

An abundant discussion about a possible appearance of new physics at HERA [1,2,3]
has provided an important and useful experience for a handling of almost-real properties
attributed to interactions beyond the Standard Model. So, if a leptoquark [4] is the correct
interpretation for the excess in the HERA data at high Q?, z, then the former has the
total width I', which is much less than the QCD-confinement scale, I'rg < Agep [5]. The
latter fact means that before a decay, the color-triplet leptoquark LQ can be bound with
quarks in the lepto-hadrons: (GLQ)-baryons or (g1¢2L@))-mesons, which are quite exotic
states as well as the double LQ-onia: (LQ,LQ>).

It is attractive and interesting to study the spectroscopy, production and decays of
such hadrons as a possible window of new physics independently of a success or failure of
the treatment of the HERA events.

The description of leptoquarks bound with light quarks is a subject of Leptoquark
Effective Theory, that can be developed as a straightforward continuation of analogous
Heavy Quark Effective Theory [6] with taking care on the spin structure of leptoquark.
The heavy lepto-quarkonia: (bLQ) and (¢LQ), can be considered in the framework of
Non-Relativistic QCD [7] keeping in mind again the spin features.

In this work we discuss the high energy production of heavy lepto-quarkonium con-
taining a scalar leptoquark.

The model-independent pair production of free leptoquarks in hadronic collisions was
considered in [8] with account for the next-to-leading order QCD corrections. Attaching
the result to the Tevatron search for the scalar leptoquarks [9], the authors have found
the constraint mprg > 190 GeV.

At high transverse momenta, the dominant production mechanism for the heavy lepto-
quarkonium bound states is the leptoquark fragmentation, which can be calculated in
perturbative QCD [10] after the isolation of soft-binding factor extracted from the non-
relativistic potential models [11,12]. The corresponding fragmentation function is univer-
sal for any high energy process for the direct production of lepto-quarkonia.



In the leading as-order, the fragmentation function has a scaling form, which is the
initial one for the perturbative QCD evolution caused by the emission of hard gluons
by the leptoquark before the hadronization. The corresponding splitting function differs
from that for the heavy quark because of the spin structure of gluon coupling to the
leptoquark.

In this work, the LO-scaling fragmentation
function is calculated in Section 1. The limit of
infinitely heavy leptoquark, mro — oo, is ob-
tained from the full QCD consideration for the frag-
mentation. The distribution of the heavy lepto-
quarkonium over the transverse momentum with
Fig. 1. The diagram of leptoquark respect to the fragmentation axis is analytically cal-
fragmentation into the heavy lepto- culated to the leading order of perturbative QCD
quarkonium. in Section 2. The splitting kernel of the DGLAP-

evolution is derived in Section 3, where the one-
loop equations of renormalization group for the moments of fragmentation function are
obtained and solved. The mentioned equations are universal, since they do not depend
on whether the leptoquark will be bound or free at low virtualities, where the perturba-
tive evolution stops. The integrated probabilities of leptoquark fragmentation into the
heavy lepto-quarkonia are evaluated in Section 4 with making the use of non-relativistic
wave-functions for the bound states. The results are summarized in Conclusion.

1. Fragmentation function in leading order

The contribution of fragmentation into the direct production of heavy lepto-
quarkonium has the form

dollu(p)] = [ dz d6{LQ(w/2), ] Dagr, (2,1),

where do is the differential cross-section of lepto-quarkonium with the 4-momentum p,
dé is that of the hard production of leptoquark with the scaled momentum p/z, and D is
interpreted as the fragmentation function depending on the fraction of momentum carried
out by the bound state. The value of p determines the factorization scale. In accordance
with the general DGLAP-evolution, the pu-dependent fragmentation function satisfies the
equation

ODrg1y (2, 1)

Olnp

1 dy
= /z ? Pro-1q(2/y, 1) Drg-uy (Y, 1), (1)

where P is the kernel caused by the emission of hard gluons off the leptoquark leg before
the production of heavy quark pair. Therefore, the initial form of fragmentation function
is determined by the diagram shown in Fig. 1, and, hence, the corresponding initial
factorization scale is equal to i = 2mg. Furthermore, this function can be calculated as
an expansion in a,(2mg). The leading order contribution is evaluated in this Section.



Consider the fragmentation diagram in the system, where the momentum of initial
leptoquark has the form g = (o, 0,0, ¢3) and the lepto-quarkonium one is p, so that

¢ =s, p’ =M.

In the static approximation for the bound state of leptoquark and heavy quark, the quark
mass is expressed as mg = rM, and the leptoquark mass equals m = (1 — r)M.
The matrix element has the form

_ 2V2may R(0) p o e
M= 3v3M3 r(l—r)(s — m2)2(q + (1 =r)p")pw & (B — M)lg Mo, (2)

where the sum over the gluon polarizations is written down in the axial gauge with
n=(1,0,0,—1)

kun, + k,n,

k-n 7
with £k = ¢ — (1 — r)p. The spinors of Iz and g correspond to the lepto-quarkonium and
heavy quark associated to the fragmentation. M, denotes the matrix element for the
hard production of leptoquark at high energy, R(0) is the radial wave-function at the
origin.

Define

Puv(k) = =g +

p-n
z=—.
q-n

The fragmentation function is determined by expression [13]

1 M2 md N\ M
d 0( ————Q> ,
167r2/ T T 12 M

in the limit of high energies g - n — oco. Then one can straightforwardly find

D(z) =

82 |R(O)? 21~ 2)°
DE) = Tz St T = (1= 1))

sl(1+r?) (14 (1—-7)%2%) =2(1=7)*(1+7)2], (3)

which tends to

2 2 2
by = S22 1RO =174 1y "
T mg r Yoy

at r — 0and y = (1 — (1 —7)z)/(rz). The coefficient at the (y — 1)? term is the same as
in the fragmentation of heavy quark with the mass m into the S-wave states of the heavy
quarkonium at y — 1, if one excepts the factor related with the wave-function of final
state. The limit of D(y) is in agreement with the general consideration of 1/m-expansion
for the fragmentation function [14], where

Dly) = Laly) + bly).

Eq.(4) determines the a(y)-function explicitly.



2. Transversal momentum of lepto-quarkonium

In the system with the infinitely large initial momentum of the leptoquark, its invariant
mass is expressed through both the fraction of longitudinal momentum carried out by
the lepto-quarkonium, z, and the
D(pr)/N; transverse momentum with respect
' ' ' to the axis of fragmentation, pr, in
the following form (see Fig. 1)

2

300 s = m2+7z(1M_ 2 [(1—(1=r)z)*+#7],

where t = pp/M. The calculation
of diagram in Fig. 1 gives the dou-

200 ble distribution for the fragmentation
probability
d*P
=D
100 7o, ~ Dlzs),
where the function D has the follow-
ing form
. . : 2 2
0 10 20 30 20 D(z,s) = 1605 |R(0)]
pr, GeV ’ 27m r2(1—r)?
M3
Fig. 2. The distribution over the transverse momen- (1—(1—r)2)2(s —m2)l

tum with respect to the axis of leptoquark fragmen-

tation into the heavy lepto-quarkonium, the factor N, {(1 —r)1+r—2(14+7r*)z+
2 2

is defined by the expression: N; = ;;‘; %,

the (bLQ)-state with 7 = 0.02. (1+r)(1—7)%2%

21 —z)(jﬁQ)Q}. (5)

Then one can easily see, that the distribution over the transverse momentum can be
obtained by the integration over z

for 9
S—m

D(t) = /01 dz D, s) %

Thus, one explicitely has

b _ et _IROP 1
T 27w r2(1—r)TMB 1

{(1 — 7)t[60r® + (15 — 12r — 11r%)t% — (1 + 3r*)t*] +




[~60r* — 3r2(1 — 24r — 13r)¢% + (34 12r + 16r° +127° + r)t* +

(1-— r)t> N

r 4 t2

(1 + 3r?)t] arctg(
8rt[2r3(2 + 3r) + (1 + r)t?] 1%%) } (6)

At large transverse momenta of the lepto-quarkonia, ¢ — oo, the distribution D(t)
decreases as 1/t3
3202 |R(0)|?

D = =
(t) 8l r2(1 —r)"M3

1
n (1+9 -9 =73 +6r(1+7)Inr). (7)

At low transverse momenta, ¢ — 0, one has

by — 28 __IROP

2
27r 3101 = s L ST (8)

An ordinary form of the distribution over the transverse momentum of lepto-quarkonium
with respect to the axis of leptoquark fragmentation is shown in Fig. 2.

3. Hard gluon emission

The one-loop contribution of hard gluon emission can be calculated in the way described
in the previous sections. Then the splitting kernel of the leptoquark is equal to

dos () [ 2z ]+’ (9)

PLQ—)LQ(x7M) = 37T 1 — T

where the "plus” denotes the ordinary action: [ dzf,(z)-g(x) = fy dzf(x)-[g(z)—g(1)].
The scalar leptoquark splitting function can be compared with that of the heavy quark

Ao (p) [1 + xQ] ’

which has the same normalization factor at x — 1.

Further, multiplying the evolution equation by 2" and integrating over z, one can
get from eq.(1) the y-dependence of moments a,) for the fragmentation function to the
one-loop accuracy of renormalization group,

damy _ 8os(p) [1

1
— S+ ——|amw, n>1. 10
Oln i 3 2+ +n+1 Gy T (10)

At n = 0 the right hand side of (10) equals zero, which means that the integral probability
of leptoquark fragmentation into the heavy lepto-quarkonium does not change during the



evolution, and it is determined by the initial fragmentation function calculated perturba-
tively in the previous section.
The solution of eq.(10) has the form

e = L] <n>
16 11 1

where one has used the one-loop expression for the QCD coupling constant

B 2
~ Boln(p/Agen)’

where By = 11 — 2n;/3 with ny being the number of quark flavors with m, < u < mpg.
Relation (11) is the universal one, since it is independent whether the leptoquark is
free or bound at the virtualities less than py. In this work we include the evolution for
the fragmentation into the heavy lepto-quarkonium.
As one can see in Fig. 3, the leptoquark can lose about 20% of its momentum before
the hadronization.

A (N)

= (W/a, 2m.) w(r)
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Fig. 3. The QCD-evolution for the aver- Fig. 4. The w-function for the leptoquark

aged fraction of scalar leptoquark
momentum, as it is developed in
the fragmentation with account for
the gluon emission to the scale p,
characterizing the hard production
of leptoquark, from the initial value
chosen g = 2m..

fragmentation into the heavy lepto-
quarkonium versus the fraction of
leptoquark mass, r = mg/m.



4. Integral probabilities of fragmentation

As has been mentioned above, the evolution conserves the integral probability of frag-
mentation, which can be calculated explicitly from eq.(3)

[ d= D(2) 27&;7@%' w(r),

(74 30r + 2072 4 20r® — 75r* — 275 + 30r(1 + 7 + 3r? + %) In7]
15(1 —r)7

(12)

w(r) (13)
The function of w(r) is shown in Fig. 4 at low 7.

To estimate numerically the yield of (bLQ)) and (¢LQ), one has to evaluate the radial
wave function at the origin from the non-relativistic potential models.

Table 1. The radial wave-functions at the origin, level energies and average sizes of heavy

lepto-quarkonia, as evaluated in the Martin potential.

Level | R(0), GeV®2 | E, GeV | (r), fm
1S(2LQ) 8 1.61 1.023 | 0.27
2S(2LQ) 1.20 1.606 | 0.58
1S(bLQ) 3.43 4.039 0.16
2S(bLQ) 2.56 4.594 0.35
As was found in [15,16], the Martin and
Buchmiiller-Tye potentials give close results Dz)/N
for the heavy quarkonia with the reduced .

mass about m. ~ 1.5 GeV. The character-
istics of charmed and beauty lepto-quarkonia
are presented in Tab.l, where we have used
the Martin potential in the limit of infinitely
heavy leptoquark, m > mg, so that the re-
duced mass equals the heavy quark mass, and
the level energy is given by the sum of quark
mass and the binding energy evaluated nu-
merically from the Schrodinger equation.
Then one finds for the probabilities of lep- 3
toquark fragmentation into the 1S-states with oL

300
250
200
150

100 |

50 |

b and c-quarks: P,(b) 1.22 - 107* and
P,(c) = 2.16 - 1073, respectively, at m; =
49 GeV, m. = 1.5 GeV, a,s(2mp) = 0.18,
as(2m.) = 0.26 and m = 245 GeV.

The perturbative fragmentation function
in the leading as-order is shown in Fig. 5
at r = 0.02. It is quite a hard distribution,
which becomes softer with the evolution (see
Fig. 5).

1
0.95 1
4

1
0.85

0.9

The fragmentation function of lepto-
quark into the heavy lepto-quarkonium,
the N-factor is determined by N =
8af __|R(0)?
27w M3r2(1—r)2>
solid line, for the (bLQ)-state with r =
0.02, the fragmentation function in-
cluding the evolution — dashed line, at
the scale u: %ﬁ In —M"—O = 0.25.

the initial function —



Conclusion

In this paper the dominant mechanism for the production of possible bound states
of a scalar leptoquark with a heavy anti-quark is considered for high energy processes at
large transverse momenta, where the fragmentation contributes as the leading term.

The corresponding fragmentation function of scalar leptoquark into the heavy lepto-
quarkonium can be calculated in the perturbative QCD, so that for the S-wave states one
finds

8a? R(0)?
D) = o M3|'r2((1)|— r)?
22(1 —2)?
(1-(1—-r)2)
(14 7r*)(1+ (1 —1r)%?) —
2(1 —7r)?(1417)2],

where r is the ratio of heavy quark mass to the mass of the bound state. In the infinitely
heavy leptoquark limit, D(z) has the form, which agrees with what is expected from the
general consideration of 1/m-expansion for the fragmentation functions.

The distribution over the transverse momentum of lepto-quarkonium with respect to
the axis of leptoquark fragmentation can be calculated in the analytic form to the leading
oreder of perturbative QCD, so that

40 |R(0)|? 1

D) = 2 —
( ) 27w ,,,2(1 _7,)7M3 t6

{(1 — r)t[60r® + r(15 — 12r — 117%)t* — (1 + 3r*)t*] +
[—60r* — 3r?(1 — 24r — 13r?)t? + (3 + 12r + 1672 + 127° + r*)t* +

(1 + 3r?)t9] arctg(t —_i— ;)t> +

8rt[2r*(2 4 3r) 4 (1 +r)t?] m(%) }

where t = pr/M.
The hard gluon corrections caused by the splitting of scalar leptoquark are taken into
account so that the evolution kernel has the form

dos () [ 2z ]
3 1—2x +’

Proro(z,p) =

which results in the corresponding one-loop equations for the moments of fragmentation
function (see Egs.(10), (11)).



The integral probabilities of scalar leptoquark fragmentation into the charmed and

beauty lepto-quarkonia are of the order of 1072 and 10~%, correspondingly.
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