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ABSTRACT: According to string theory, string ball is a highly excited long string which
decays to standard model particles at the Hagedorn temperature with thermal spectrum.
If there are extra dimensions, the string scale can be ~TeV, and we should produce string
balls at CERN LHC. In this paper we study top quark production from string balls at LHC
and compare with the parton fusion results at NNLO using pQCD. We find significant top
quark production from string balls at LHC which is comparable to standard model pQCD
results. We also find that d%T of top quarks from string balls does not decrease significantly
with increase in pr, whereas it deceases sharply in case of standard model pQCD scenario.
Hence, in the absence of black hole production at LHC, an enhancement in top quark cross
section and its abnormal pr distribution can be a signature of TeV scale string physics at
LHC. String theory is also studied at LHC via string Regge excitations in the weak coupling
limit in model independent framework. Since massive quark production amplitude is not
available in string Regge excitations scenario, we compute massless quark production in
string Regge excitations scenario and make a clear comparison with that produced from
string balls at LHC for a given luminosity.
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1 Introduction

It is now generally accepted that the scale of quantum gravity could be as low as one
TeV [1-18]. In the presence of extra dimensions, the string mass scale M, and the Planck
mass Mp could be around ~ TeV. In this situation we can look forward to search for TeV
scale string physics at CERN LHC. One of the most exciting possibility is to search for
TeV scale black hole and string ball production at LHC. These ‘brane-world’ black holes
and string balls will be our first window into the extra dimensions of space predicted by
string theory, and required by the several brane-world scenarios [19]. There may be many
other ways of testing string theory at LHC starting from from brane excitations to various
string excitations. The string balls of [20] is just one such model, where the predictions are
done in a toy string theory model. In this paper we will focus on studying string theory at
LHC based on string balls.

There has been arguments that the black hole stops radiating near Planck scale and
forms a black hole remnant [21]. These black hole remnants can be a source of dark mat-
ter [22, 23]. In the absence of a theory of quantum gravity, we can study other scenarios of
black hole emissions near the Planck scale. Ultimately, experimental data will determine
which scenarios are valid near the Planck scale. In this paper we will study string ball pro-
duction at LHC in the context of black hole evaporation in string theory. Recently, string
theory has given convincing microscopic calculation for black hole evaporation [24, 25].

String theory predicts that a black hole has formed at several times the Planck scale
and any thing smaller will dissolve into some thing known as string ball [20]. A string ball
is a highly excited long string which emits massless (and massive) particles at Hagedorn
temperature with thermal spectrum [26, 27]. For general relativistic description of the back



hole to be valid, the black hole mass Mgy has to be larger than the Planck mass Mp. In
string theory the string ball mass Mgp is larger than the string mass scale M. Typically

M
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S

M
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where g is the string coupling which can be less than 1 for the string perturbation theory
to be valid. Since string ball is lighter than black hole, more string balls are expected to
be produced at CERN LHC than black holes.

The Hagedorn temperature of a string ball is given by

M
8

Tsg = (1.2)
where M; ~TeV is the string scale. Since this temperature is very high at LHC (~
hundreds of GeV) we expect more massive particles (M ~ 3Tgp) to be produced at CERN
LHC from string balls.

Top quark is the heaviest observed particle in the standard model. It was discovered
in pp collisions at /s = 1.8 TeV at Tevatron. Run II of Tevatron at /s = 1.96 TeV has
triggered more studies on top quark properties. On the theoretical side, there have been
progress on next-to-next leading order (NNLO) pQCD calculations at LHC. Since LHC
energy (pp collisions at /s = 14TeV) is much larger than the Tevatron energy, LHC is
expected to be a top quark factory. This is because gluon-gluon fusion processes at low x
are expected to dominate the top quark cross section (about 90 percent).

In this paper we study top quark production at CERN LHC from string balls and make
a comparison with the top quark production from the parton fusion processes at NNLO
using pQCD. We present the results for the total cross section and dz% of top quarks.
There can be significant top quark production from black holes at LHC as well [28]. This
is because the black hole temperature increases as its mass decreases whereas the string
ball temperature remains constant (see eq. (1.2)). On the other hand the string ball mass
is smaller than the black hole mass and more string balls are produced at LHC. Hence top
quark production at LHC is from two competitive effects:

(1) string ball (black hole) production at LHC and
(2) top quarks emission from a single string ball (black hole) at LHC.

We find that top quark production from string balls can be comparable to that from black
holes at LHC. Hence, in the absence of black hole production at LHC, an enhancement in
the top quark cross section may be a signature of TeV scale string physics at LHC.
String theory is also studied at LHC via string Regge excitations in the weak coupling
limit in model independent framework [36]. Since massive quark production amplitude is



not available in string Regge excitations scenario, we compute massless quark production
in string Regge excitations scenario and make a clear comparison with that produced from
string balls at LHC for a given luminosity.

The paper is organized as follows. In section II we discuss string ball production and
its decay in string theory and at LHC. In section III we discuss top quark production
from string balls at the CERN LHC. Section IV describes top quark production in pQCD
at NNLO. In section V we briefly describe low mass string Regge excitations scenario
in partonic collisions at LHC. We present our results and discussions in section VI and

conclude in section VII.

2 String ball production and decay in string theory and at LHC

Fundamental scales used in string theory are as follows: [p is the Planck length scale, [ is
the quantum length scale of the string, o/ = 2 is the inverse of the classical string tension,
My = i is the string mass scale and g, is the string coupling. For small string coupling

lp ~ gsls. (2.1)
In d = 3 4+ n space dimensions one obtains
41~ g1, (2:2)

According to string theory as black hole shrinks it reaches the correspondence point [24,
25]
M
M< M. ~— (2.3)

2
s

and makes a transition to a configuration dominated by a highly excited long string. This
highly excited long string (known as string ball) continues to lose mass by evaporation at
the Hagedorn temperature [26] and ”puffs-up” to a larger "random-walk” size which has ob-
servational consequences. Evaporation, still at the Hagedorn temperature, then gradually
brings the size of the string ball down towards [;.

Production of a highly excited string from the collision of two light string states at
high /s can be obtained from the Virasoro-Shapiro four point amplitude by using string
perturbation theory. One finds the amplitude

_ 2mg2T[—1 — /s /4T [~1 — &/t /4T [-1 — &/u /4]

Als,?) [[2 4 o's/AL[2 + o't /4]T[2 + o'u/4] .
with
s+t+u=-16/d. (2:5)
The production cross section is
y o TREAWS/A=Nt=0) _ 72 (2.6)

s 8



The cross section in eq. (2.6) saturates the unitarity bounds at around g2a’s ~ 1. This
implies that the production cross section for string balls grows with s as in eq. (2.6) only for

Mg < /s < My/gs, (2.7)
while for

\/g > Mg/gs, 0SB — W (28)
S

which is constant.

Hence the string ball production cross section in a parton-parton collision is given

by [20]

92M2
o8B ~ STEB, My < Msp < Mg/ gs,
S
1
oS8 ~ T3 M,/gs < Msp < M,/g>. (2.9)

Highly excited long strings emit massless (and massive) particles at Hagedorn tem-
perature [26]. Hence the conventional description of evaporation in terms of black body
radiation can be applied. The emission can take place either in the bulk (in to the closed
string) or in the brane (in to open strings). The wavelength

\ = 2

_ 2.10
Ton (2.10)

corresponding to Hagedorn temperature is larger than the size of the string ball. So the
compact string ball is, to first approximation, a point radiator and, consequently, emits
mostly s-waves. This indicates that it decays equally to a particle on the brane and in the
bulk. This is because s-wave emission is sensitive only to the radial coordinate and does
not make use of the extra angular modes available on the bulk. Since there are many more
species of particles (~ 60) on our brane than our bulk, the string ball decays visibly to
standard model particles [20, 29].

However, when string ball puffs-up to a larger random walk size, its spatial extent can
approach or exceed the wavelength of the emitted quanta, which implies that it can use
more of the angular modes that the additional dimensions provide. The average radius of
the string ball is

Rsp ~ ls\/ Msgls (2.11)

This, however, is a temporary effect: as the string ball decays, its size shrinks towards [,
and once again, it becomes a small radiator emitting mostly at brane.

3 Top quark production from string balls at LHC

If string balls are formed at the LHC then they will quickly evaporate by emitting massless
(and massive) particles at Hagedorn temperature with thermal spectrum [26, 27]. The



emission rate for top quark with mass M;, momentum p and energy E = /p? + M} from
a string ball of temperature Tgp is given by

dN  cso5 1
d3pdt (27?)3(

& , (3.1)
eTss + 1)
where oy is the area factor [29] and ¢s = 6 is the multiplicity factor for top quark.

Note that we do not assume B and L or B-L conservation in this paper. Depending
on the assumptions made the probability of the top-quark emission change. In one case
the top quark has to be emitted together with an antiquark and in other case it needs
to be accompanied by either antiquark or a lepton. In our calculation we do not assume
any quantum number conservation. The case of no conservation at all would violate many
known bounds on baryon and lepton number conservation. Since we will compare our
results with the pQCD NNLO computation at LHC [33, 34] which assumes no quantum
number conservation we will assume no quantum number conservation in this paper.

This result in eq. (3.1) is for top quark production from a single string ball of temper-
ature Tsp. To obtain total top quark cross section at LHC we need to multiply the number
of top quarks produced from a single string ball with the total string ball production cross
section in pp collisions at LHC.

The string ball production cross section in pp collisions at y/s= 14 TeV at LHC is given
by [3, 15,

1 1
UIS)%HSBJFX(MSB) = Zab / dxa// dxbfa/p(xa’QQ)

xfb/p(xb, Q2)6ab_’SB(§) 0(zqzpy — MSQB/S). (3.2)

In this expression 6%~5B(3)

is the string ball cross section in partonic collisions which is
given by eq. (2.9), x4(xp) is the longitudinal momentum fraction of the parton inside the
hadron A(B) and 7 = M2, /s. Energy-momentum conservation implies § = z,xps = MZ3p.
We use (Q = Mgp as the factorization scale at which the parton distribution functions are
measured. ), represents the sum over all partonic contributions where a,b = ¢,q,g. We
use CTEQG6 [30] PDF to compute the string ball cross section at LHC.

The total top quark production cross section in the process pp — SB + X at LHC is
then given by

=N x OSB (3.3)

where ogp is given by eq. (3.2). To obtain pr distribution we use d*p = 2w dpy p2 dy coshy
in eq. (3.1) where y is the rapidity.

4 Top quark production via pQCD processes at the LHC

The top quarks at LHC are mainly produced in ¢t pairs. At the LHC proton-proton collider,
the QCD production process involves quark-antiquark and gluon-gluon fusion mechanism.
The gluon-gluon fusion processes give the dominant cross section (about 90 percent). This
subprocess at high energy is the main reason for larger rate of the cross section compared



to Tevatron at Fermilab. The single top quark production occurs via electroweak process.
The single top quark production cross section (~ 300 pb ) is smaller compared to t¢ total
cross section (~ 970 pb) at LHC at /s =14 TeV pp collisions. Hence we will not consider
the single top quark production cross section [31] in this paper. We will consider ¢t pair
production using parton fusion processes at LHC and will compare them with the top
quark production cross section from string balls.

At the next-to-next-to-leading order (NNLO) one needs to compute the following par-
tonic subprocesses. On the leading-order (LO) level we have

q+q—tt, g—+g—tt. (4.1)

In NLO we have in addition to the one-loop virtual corrections to the above reaction the
following two-to-three body processes

q+q—tt+g, g+ q(@) — tt + q(q), g+g—tt+g. (4.2)

At NNLO level we receive the two-loop virtual corrections to the LO processes in eq. (4.1)
and one-loop virtual corrections to NLO reactions in eq. (4.2). To these contribution one
has to add the results obtained from the following two-to-four body reactions

g+g—tt+g+g, g+g—tt+q+q,

g+ q(q) — tt+q(q) + g,
q+q—tt+g+g, qg+q—tt+q+q,
q+q—tt+q+q, qg+q—tt+q+q,

G+ q—tt+q + g, G+ —tt+q + Q. (4.3)

After the phase space integrals has been done the partonic cross section & is rendered
finite by coupling constant renormalization, operator renormalization and the removal of
collinear divergences. The renormalization scale pp is set equal to the mass factorization
scale pp. The cross section for top quark production in proton-proton collisions at the
LHC is given by

do= /dxl/d@ Jalwr, wh) folw2, pf) déap (4.4)
a,b=q,q,9

where dé,, is the partonic level differential cross section for top quark production. For the
details, see [32-34]. Reviews of present status of top quark physics at LHC can be found
in [35].

5 Parton production in 2 — 2 processes via string Regge excitations

If the string mass scale Mg ~TeV, we can also expect to discover string Regge excitations
with masses of order My in 2 — 2 partonic processes at LHC in the weak coupling limit



in a model independent framework [36]. In this case a whole tower of infinite string ex-
citations will open up and the new particles follow the well known Regge trajectories of
vibrating string

j=jo+ o' M (5.1)

with spin j. These stringy states will lead to new contributions to standard model scatter-
ing processes. This is based on the extensions of standard model where open strings ends
on D-branes, with gauge bosons due to strings attached to stacks of D-branes and chiral
matter due to strings stretching between intersecting D-branes [37].

Dijet production in the string resonance scenario in partonic collisions at LHC is stud-
ied in [36]. The 2 — 2 partonic scattering amplitudes are computed at the leading order in
string perturbation theory [38]. In this calculation §4£+4 = 0 is used which is the case for
massless partons in the initial and final states in the 2 — 2 partonic scattering processes.
Here §, £ and @ are the Mandelstam variables at partonic level. For top quark production
one needs to extend this string Regge formalism to the case § + ¢ + @ # 0 to calculate
the amplitude. Since massive quark production amplitude is not available in string Regge
excitations scenario, we will compute massless quark production in string Regge excitations
scenario and will make a clear comparison with that produced from string balls at LHC for
a given luminosity. It can be mentioned that a similar situation exists in AdS/CFT scenario
as well, where gluon scattering amplitude [39] and massless quark scattering amplitudes
are studied [40]. The partonic scattering amplitude for the massive quark production in
the final state in the AdS/CFT scenario is expected to be complicated and has not been
studied so far.

Since the gluon fusion process is dominant at LHC we will consider the process gg — q¢
via string Regge excitation in this paper. The matrix element square for this process is

given by [36]
7 16m2a?
M 7> = —
M99 — qa)|” = 55 N
. it (a2 + 2 - it (a2 + 2
x |Wg—aa__ UQ(QU + J)_2 4+ W9 UQ(QU + J)_2 - (5.2)
(8 — M2)* + (Iy=2My)? (8 = M3)? + (Tga® Ms)
where oy is the QCD coupling constant and
W99 = (.24, WEI—9 = 0.76,
=2 = 45(M,/TeV)GeV, /7% = 75(M,/TeV)GeV. (5.3)
The differential cross section for jet production in pp collisions at LHC is given by
o sdo .
= [ [ dnar(er @) (02, @) Z(s + 40 (5.4
where ‘fg is the partonic level differential cross section. This gives for the quark jet pro-
duction

dPT 87T5 / /dy2 : fg(xl,QQ) fg(x%Qz) x |M(gg — qq)I (5.5)



String Ball Cross Sectionsat LHC

pp collisionsat 14 TeV; g=0.3
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Figure 1. Total cross sections for string ball production at the LHC.

where

] = p—\/g[ey + e¥?], To = %[efy +e 2. (5.6)
M (g9 — qq)|? is given by eq. (5.2) for the process gg — ¢q in the string Regge excita-
tion scenario [36]. We will compare eq. (5.5) with dcl% from eq. (3.3) for massless quark
production from string balls at LHC. We have used CTEQ6 PDF [30] in our calculation.

6 Results and discussions

In this section we will compute the top quark production cross section from string balls
at /s = 14 TeV in pp collisions and will compare them with the top quark production via
parton fusion processes at NNLO. The top quark production from string ball is described
in section I1II. For the string ball production we choose the factorization and normalization
scale to be the mass of the string ball. As the temperature of the string ball is very large
there is not much difference in the top quark production cross section from string balls if
the top quark mass M; is increased from 165 to 180 GeV. String ball mass Mg should be
larger than the string scale Mg. We take

Msp > 3M,, gs = 0.3. (6.1)

in our calculation [27].



Average Number of Top Quarks Produced From a Single String Ball
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Figure 2. Average Number of top quark production from a single string ball at LHC.

In figure 1 we present the string ball production cross section at the LHC. The y-axis
is the string ball production cross section ogp in pb and the z-axis is the string ball mass
Mgp in TeV. The upper curve is for string scale My = 1TeV. The solid line in the upper
curve is for the string ball mass in the range My, < Mgp < Ms/gs and the dashed line
is for My/gs < Msp < My/g?, see eq. (2.9). The middle curve is for string scale M, =
2TeV. The dot-dashed line in the middle curve is for the string ball mass in the range
My < Msp < Ms/gs and the solid line in the middle curve is for M/g, < Msp < M/ g>.
The lower curve is for string scale My = 3TeV. The dotted line in the lower curve is for
the string ball mass in the range M; < Msp < M,/gs and the dot-dashed-dashed line in
the lower curve is for M,/gs < Msp < M,/g2. As can be seen from the figure the cross
sections decrease rapidly when both the string mass scale M, and string ball mass Mgsp
increases. These string ball production cross sections will be multiplied with the number
of top quarks produced from a single string ball to obtain the top quark production cross
section from string balls at the CERN LHC.

In figure 2 we present results for the average number of top quarks produced from
a single string ball as a function of top quark mass. The y-axis is the average number
of top quark production from a single string ball and the z-axis is the mass of the top
quark in GeV. The solid, dashed and dotted lines are for string ball masses equal to
10, 6 and 3TeV respectively. Unlike black hole case, the average number of top quarks
produced from a string ball is larger for larger mass string balls. This is because the



Top Quark Cross Sections From String Ballsat LHC

pp collisions at 14 TeV; M =1TeV, ¢,=03
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Figure 3. Total cross section for top quark production at LHC from string balls and from direct
pQCD processes at NNLO.

Hagedorn temperature, eq. (1.2), is independent of the string ball mass whereas the black
hole temperature decreases as black hole mass increases. The increase in number of top
quarks is due to the increase in area of the string ball, see egs. (2.11) and (3.1). This is the
case for emission from a single string ball. The string ball production cross section itself
decreases at LHC as the mass of the string ball increases, see figure 1. Hence the total
cross section of top quark production from string balls at LHC is a competitive effect from
the above two factors (see eq. (3.3)).

In figure 3 we present total top quark production cross section from string balls and
compare them with the pQCD predictions at NNLO. The former is given for three different
choices of the string ball mass, namely Mgp= 3, 6 and 10 TeV respectively. We plot for
comparison the NNLO top quark cross section with up = ug = M, [33]. The dotted line for
NNLO curve is for MRST 2006 PDF and the thin-solid line for NNLO curve is for CTEQG6.6
PDF'. The thick-solid line is for string ball mass equal to 3 TeV, the dashed line is for string
ball mass equal to 6 TeV and the dot-dashed line is for string ball mass equal to 10 TeV.
For larger value of string mass scale My the cross section becomes even smaller and hence
we do not plot them. It is clear that the total top quark cross section from string balls is
comparable to pQCD cross section for small value of string mass scale (Mg ~ 1TeV) and
string ball mass (Mgp ~ 3TeV) and is not sensitive to the increase in top quark mass M.

In figure 4 we present d;% of top quark production from string balls at LHC and
compare them with the pQCD predictions at NNLO. The top quark mass is chosen to be

,10,



P_ Distribution of Top Quarks From String Ballsat LHC
ppcollisionsat 14 TeV; M_=1TeV, g¢.=03
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Figure 4. Transverse momentum distribution of top quark production at LHC from string balls
and from direct pQCD processes at NNLO.

175 GeV. The ;;%‘T of top quark from string balls is given for three different choices of the
string ball mass, namely Mgsp= 3, 6 and 10 TeV respectively with string mass scale M
= 1TeV in each case. We plot for comparison the NNLO results for d%T of top quark
using pQCD [34]. The dashed line is the NNLO pQCD result. The solid line is for string
ball mass equal to 3 TeV, the dotted line is for string ball mass equal to 6 TeV and the
dot-dashed line is for string ball mass equal to 10 TeV. For larger value of string scale
My the cross section becomes even smaller and hence we do not plot them. It is clear
that the cgv% of the top quark via string ball production is larger than the standard model
pQCD predictions for larger values of pr (pr > 250 GeV) of top quark and for smaller
value of string ball mass (Mgp ~ 3 TeV). For larger values of pr, the dz% of top quark from
string balls does not sharply decrease with increasing pp, whereas in case of NNLO pQCD
processes it decreases sharply. This fact can be used to distinguish between top quark
production from string balls and from parton fusion processes at NNLO in pQCD at LHC.

Since massive quark production amplitude is not available in string Regge excitations
scenario, in figure 5 we present ;;%‘T of massless quark production from string balls and
compare with the process gg — ¢q at LHC in the string Regge excitation scenario [36] by
using eq. (5.5). We have considered single quark flavor which corresponds to the massless
limit of the top quark. See section V for details. The thick solid line is for string mass
scale My = 1TeV and string ball mass Mgg= 3 TeV. The dotted line is for My = 1 TeV and

Mgp= 6TeV. The dot-dashed line is for My = 1TeV and Mgg= 10 TeV. For comparison

— 11 —



Quark Jets From String Balls vs String Regge Excitations at LHC
pp collisions at 14 TeV; g,=03
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Figure 5. Transverse momentum distribution of quark jet production from string balls and from
string Regge excitations at LHC.

we present cgn% of massless quark production in the string Regge excitation scenario. The

thin solid, dashed and dot-dashed-dashed lines are in the string Regge excitation scenario
for My = 1, 2 and 4 TeV respectively. It can be seen that the resonances are observed in
case of string excitation scenario which is absent in the string ball scenario.

In figure 6 we present number of quark jets per GeV from string balls at LHC and
compare with the process gg — ¢ at LHC in the string Regge excitation scenario [36] with
the luminosity of 10 pb~!. The thick solid line is for string mass scale M, = 1TeV and
string ball mass Mgg= 3TeV. The dotted line is for My = 1TeV and Mgg= 6 TeV. The
dot-dashed line is for My = 1TeV and Mgsg= 10 TeV. For comparison we present number
of quark jets per GeV in the string Regge excitation scenario. The dot-dashed-dashed
and dot-dot-dashed lines are in the string Regge excitation scenario for My = 1 and 2 TeV
respectively. We also present the results of the QCD jets at the CMS detector at LHC. The
thin solid line is the result for CMS QCD jets taken from [41] with the same luminosity
of 10 pb™!. It can be seen that the resonances are observed in case of string excitation
scenario which is absent in the string ball scenario and in QCD jets scenario.

7 Conclusions

In summary, we have computed top quark production cross section and its pp distribution
from string balls in proton-proton collisions at the LHC at /s = 14 TeV in the context of
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Quark Jets From String Balls vs String Regge Excitationsat LHC

pp collisionsat 14 TeV;  Luminisity = 10/pb; g, =0.3
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Figure 6. Number of quark jets per GeV (in 50 GeV pr bin) as a function of pr from string balls
and from string Regge excitations at LHC. The luminosity used is 10 pb~*. CMS QCD jets are
from [41].

string theory and TeV scale gravity. We have compared the result with the pQCD cross
sections at NNLO. As the temperature of the string ball is large there is a huge amount of
top quark production from string balls at the LHC if the string scale is ~ 1TeV and the
string ball mass is ~ 3 TeV. We have found that, unlike standard model predictions, the top
quark production cross section from string ball is not sensitive to the increase in top quark
mass. We have also found that d%T of top quark from string balls does not sharply decrease
with increasing pp, whereas in standard model processes it decreases sharply. Hence, in
the absence of black hole production at LHC, an enhancement in top quark cross section

and its abnormal pr distribution can be a signature of TeV scale string physics at LHC.

String theory is also studied at LHC via string Regge excitations in the weak coupling
limit in model independent framework [36]. Since massive quark production amplitude
is not available in string Regge excitations scenario, we have computed massless quark
production in string Regge excitations scenario and have made a clear comparison with
that produced from string balls at LHC for a given luminosity.

String balls might also be produced in PbPb collisions with a larger rate [15]. In this
case there can be additional effects of quark-gluon plasma [42] on the string ball radia-
tion [26].
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