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Motivation for physics beneath lepton-quark level

Indications on possible nonfundamentality of the SM fermions

Large number of them: {e−, ν, u, d and their antiparticles} × 3 generations

Fractional electric charge of quarks

Arbitrary fermion masses and mixing parameters

Similarity between leptons and quarks in the SM flavor and gauge structure

Absence of gravity in the SM

Fermion spin 1/2 (spinning gravitating solution, circular current?)

Dark matter, cosmic-ray anomalies, etc.

Some of these issues are addressing in models with elementary ` and q,
and external relationships or symmetries:
GUT, SUSY, superstrings, etc.

Alternative possibility with non-elementary ` and q is investigated in

models of particle compositeness
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Although so many names of particle subcomponents are used in various theories:
subquarks, maons, alphons, quinks, rishons, tweedles, helons, haplons, Y-particles,
primons, (..?)
most commonly the fermion subcomponents are called preons [Pati, Salam, 1974].

Typically models of fermion compositeness predict new heavy composites, which
can be constructed using their sets of preons.

Current mass bounds for new composite fermions

Excited `∗ and q∗ differ from the SM ` and q only by larger values of masses.
Lower limits on their masses: m∗ > 100− 1000 GeV [PDG2014]

Color (anti)sextet quarks q6: mq6 > 84 GeV [CDF: Abe, PRL 63, 1447]

(3̄× 3̄ = 3 + 6̄)

Leptoquarks LQ: mLQ > 845 GeV [CMS PAS EXO-12-041]

(1st generation)

Color octet neutrinos ν8: mν8 > 110 GeV [CDF: Barger, PL B220, 464]

(3× 3̄ = 1 + 8)

Color octet charged leptons `8: m8 > 86 GeV [CDF: Abe, PRL 63, 1447]

New bound on `8 mass: m8 > 1.2 TeV [Goncalves-Netto et al., 2013]
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Quark and lepton compositeness should manifest itself at low energies
in contact interactions (lowest dim. interactions with 4 fermions)

L =
g 2

2Λ2
[ηLLψ̄LγµψLψ̄Lγ

µψL + ηRR ψ̄RγµψR ψ̄Rγ
µψR + ηLR ψ̄LγµψLψ̄Rγ

µψR ],

where Λ is the scale of compositeness, and ηαβ can be selected as either ±1 or 0,
e.g., Λ = Λ±LL for (ηLL, ηRR , ηLR) = (±1, 0, 0).

Present limits on Λψψψψ [PDG 2014]

Λψψψψ Bound on Λ+
LL (Λ−LL), TeV Experiment

Λeeee > 8.3 (> 10.3) RVUE - LEP2
Λeeµµ > 8.5 (> 9.5) L3 (ALEPH)
Λeeττ > 7.9 (> 7.2) ALEPH, DLPHI (OPAL)
Λ```` > 9.1 (> 10.3) DLPHI (ALEPH)
Λeeqq > 23.3 (> 26.4) LEP2, etc.

Λµµqq > 9.6 (> 13.1) ATLAS (CMS)
Λ`ν`ν > 3.1 [for Λ±LR ] SPEC - TRIUMF
Λeνqq > 2.81 CDF
Λqqqq > 9.9 CMS

However dominant effects of compositeness may come from ψψgg interactions.
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Similarity between quarks and leptons in the SM gauge and flavor structure
suggests that composite leptons likely contain SU(3) colored constituents.
At low energies such substructure of a lepton should slightly affect its intrinsic
properties. Relevant lowest order effective interaction among the SM particles is
`-g-g-`′ (dim.5)

This vertex may originate from an intermediate state `8 between emission
(absorption) of the “first” and the “second” gluon by a lepton `.

The effective interaction of `8 with the lepton and gluon can be written as

L =
gs

2Λ
`A8 σ

µνGA
µν(a`LPL + a`RPR))`+ H.c.

In the following we consider long-lived leptogluons `8 with the decay width

Γ`8→g` = αs(a2
`L + a2

`R)
m3

8

4Λ2
� m8.
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Selected papers on collider searches for leptogluons (LG)

M. A. Abolins, et al., eConf C 8206282 (1982) 274
discussed single production of LG in lepton-proton collisions

A. Celikel, M. Kantar and S. Sultansoy, Phys. Lett. B 443 (1998) 359
pair production of LG at LHC at LO (some misprints in cross-sections)

A. N. Akay, et al., Europhys. Lett. 95 (2011) 31001 [arXiv:1012.0189]
indirect production of LG at LC at LO (misprint in diff. cross-sect.)

J. L. Abelleira Fernandez, et al. [LHeC Study Group Collaboration],
J. Phys. G 39 (2012) 075001 [arXiv:1206.2913 [physics.acc-ph]]
prospects for the searches at LHeC

T. Mandal and S. Mitra, Phys. Rev. D 87 (2013) 9, 095008
[arXiv:1211.6394 [hep-ph]]
pair, single and indirect prod. of LG at LHC at LO
(expectations for 14 TeV LHC)

D. Goncalves-Netto, et al., Phys. Rev. D 87 (2013) 094023
(see next slide)
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Recent search for LG at the LHC at next-to-leading order

D. Goncalves-Netto, et al., Phys. Rev. D 87 (2013) 094023
[arXiv:1303.0845 [hep-ph]]

NLO calculation of LG pair production at LHC.
Based on pp → `+

8 `
−
8 → `+`−jj and the CMS leptoquark searches

they derived lower bound of 1.2-1.3 TeV for the mass of charged LG

12
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Figure 14: Correlated distributions for neutral leptogluon pair production giving rise to 2j + /ET final-state signatures (top
panels) and the leading Standard Model background pp → Z+jets (lower panels). We explore the correlations between the
leading and subleading jet transverse momenta (left) and the missing transverse energy vs the invariant mass of the leading
dijet system (right).

B. Data

After establishing the NLO description of leptogluon pair production and studying the main kinematic features of
the signal and background we are now ready to compare the precision predictions to LHC data. Specifically, we rely
on the leptoquark searches by CMS [46]. Leptoquarks (lq) are described by a minimal extension of the Standard
Model including one additional color triplet scalar. Our discussion henceforth will cover charged leptogluons only.
The event samples for the signal are originally generated using Pythia 6.422 for a range of leptoquark masses
mlq = 250 − 900 GeV, with a central renormalization and factorization scale µ = mlq. The major backgrounds are
determined either from control samples in data or from Monte Carlo simulations normalized to data in selected control
regions. The available experimental data corresponds to the

√
S = 7 TeV run with 5 fb−1 of integrated luminosity.
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Figure 15: Differential cross sections as a function of the jet multiplicity and the total visible (resp. missing) transverse energy
for charged (left panels) and neutral (right panels) leptogluons. We also include the leading background pp → Z+ jets. All the
histograms we normalize to unity.
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Figure 17: Expected and observed 95% CL limits on leptogluon pair production, followed by a decay into a lepton and a jet,
based on the CMS leptoquark searches [46, 53]. The uncertainty bands represent 68% and 95% CL. We overlay the predicted
production rates to NLO, including the theoretical uncertainty estimated from a full scale variation.

Finally, we take the CMS leptoquark limits from a modified frequentist confidence level (CL) analysis [55] and
translate them into the leptogluon limit, extending them to leptogluon masses me8

= 900 GeV − 1.5 TeV. This
procedure is valid so long as the reconstruction efficiency does not change significantly within this mass range. This
assumption is justified given the rather general analysis strategy and the experimental setup [53].

In Figure 17 we show the expected and observed 95% CL upper limits on the rate for charged leptogluon pair
production as a function of the mass. The uncertainty bands around the median expected limits correspond to 1 and
2σ. We overlay a two-sided magenta band accounting for the theoretical uncertainties using the NLO predictions,
derived from the independent variation of the renormalization and factorization scales around the central value,
µ0/2 < µ < 2µ0. The intersection of the expected and the predicted rates defines a 2σ exclusion of me8

<∼ 1.2−1.3 TeV.
This result constitutes a major improvement of the leptogluon mass bounds quoted at present [17].

IV. SUMMARY

We have studied the pair production of color-octet leptons at the LHC. These leptogluons constitute a minimal
extension of the Standard Model by charged e±

8 and neutral ν8 fields coupling to quarks and leptons via higher-
dimensional operators.

In the first part of the paper we have reported on the complete NLO calculation of the LHC production rate,
using MadGolem. The genuine new physics structures like Catani–Seymour dipoles and field as well as mass
renormalization are part of the automated setup. We find large production rates around O(10) fb for

√
S = 8 TeV

and leptogluon masses in the TeV range. Significant quantum corrections arise mostly from pure QCD, i.e. virtual
gluons and the massless initial/final state radiation. Leptogluon-mediated effects are mass-suppressed. The remaining
theoretical uncertainty reduces from ∼ 65% at LO down to ∼ 30% at NLO. The NLO predictions are stable across
the relevant phase space regions and agree well with results using LO multi-jet merging. This allows us to re-weight
event simulations using jet merging to the NLO total cross section.

In the second part we have studied LHC signatures of leptogluon pair production. We have described the leptogluon
couplings to matter fields in terms of a dimension 5, generation-diagonal l8lg chromomagnetic interaction. Leptogluon
pairs appear as characteristic dijet plus dilepton signatures, featuring hard transverse momenta and large invariant
masses. These quantities can easily be distinguished from the irreducible background, mainly governed by pp →
Z+jets. For charged leptogluons, the signature is the same to leptoquarks.

Finally, we use this fact to promote the current CMS leptoquark searches to leptogluon searches. We exclude the
existence of charged leptogluons in the above framework with masses below ∼ 1.2 − 1.3 TeV.

Aside from its phenomenological relevance our work shows how the automated MadGolem framework can be used
to efficiently study new physics models at the LHC. It completely automatizes the calculation of NLO cross sections

14 / 30



Leptogluons in

Dimuon Production
at the LHC

15 / 30



Dimuon mass spectrum measured by the CMS so far agrees with the SM
[JHEP 04 (2015) 025 [arXiv:1412.6302]]
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Figure 2: The invariant mass spectrum of µ+µ− (top) and ee (bottom) events. The points with
error bars represent the data. The histograms represent the expectations from SM processes:
Z/γ∗, tt, and other sources of prompt leptons (tW, dibosons, Z/γ∗ → τ+τ−), as well as the
multijet backgrounds. Multijet backgrounds contain at least one jet that has been misrecon-
structed as a lepton. The simulated backgrounds are normalized to the number of events in the
data in the region of 60 < m�� < 120 GeV, with the dimuon channel using events collected with
a prescaled lower-threshold trigger.

However the trend at the high-energy tail is clear: new physics may effect data
points at mµµ & 1.5 TeV. Coming LHC run-2 will address this possibility.
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Table from JHEP 04 (2015) 025 [arXiv:1412.6302] by CMS Collaboration.

How much may leptogluons with mass 1-2 TeV contribute to these data?
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Possible effect of muonic leptogluon µ8 ≡ muG

Indirect production of LG
µ+µ− pairs can be produced though t-channel exchange of µ±8

G G ! mu mu

T1 P1 N1

G

G

mu

mu

muG

T2 P1 N2

G

G

mu

mu
muG

Compare with pair production of LG
u u ! muGmuG

T1 P1 N1

u

u

muG

muGG

G G ! muGmuG

T1 P1 N1

G

G

muG

muGG

T2 P1 N2

G

G

muG

muG

muG

T3 P1 N3

G

G

muG

muG
muG

G G ! muGmuG

T1 P1 N1

G

G

muG

muG

mu

T2 P1 N2

G

G

muG

muG
mu

Bottom-left: LG pair production with a subsequent radiative decay
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Analytical results

σgg→µ+µ−(m2
µµ) =

πα2
s

12
ξ4m2

8 F

(
m2

8

m2
µµ

)
,

where ξ =
aµL

Λ is coupling-to-scale ratio, and we neglected the terms of O(Γ/m8),

F (r) =
1− 6 r − 24 r 2

2 r
+ 3 r(3 + 4r) ln

(
1 + r

r

)
.

The total cross section for the process pp → ggX → µ+µ−X can be written as

σpp→µ+µ−X =

1∫
y0

dy

y

1∫
y

dx

x
pg (x , µ2

F ) pg

(y

x
, µ2

F

)
σgg→µ+µ−(ys)

where y0 = 4m2
µ/s,

√
s is the total energy of the pp collisions, µF is the

factorization scale, and pg (x ,Q2) = x g(x ,Q) is a gluon PDF.

We do not show here the analytical results for σpp→µ+
8 µ

−
8 X and differential

cross-sections (including the diagrams with t-channel exchange of µ±) for short.

Full comparison with MadGraph5 (including the dependence on αs , PDFs and LQ decay widths) is on the way.
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Using MadGraph5 [Alwall, et al. ’11] we have got the cross-sections
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The indirect production of µ±8 dominates over their pair production for

m8 & 1.5 TeV for
√

s = 8 TeV and Λ = 3.4 TeV

m8 & 2.5 TeV for
√

s = 14 TeV and Λ = 5 TeV

Hence indirect production of LG is of particular importance for 8 TeV LHC.
(Relevant signature is two hard muons without alongside jets.)

21 / 30



PRELIMINARY

We have found that the effect of indirect production of LQ may reduce the
deviations of the central values of the CMS data points from the SM
background for µ+µ− production at 8 TeV LHC in region of large m(µ+µ−)
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Figure : Weighted difference between # of CMS data and background events in the
given ranges of the invariant mass m(µ+µ−) for

√
s = 8 TeV and L = 20.6 fb−1.

Solid line represents pure SM background.
Dashed line represents the combination of the SM background and the effect of

indirect production of µ±
8 with the mass m8 = 2 TeV and coupling-to-scale ratio

ξ = (2.1 TeV)−1, which corresponds to χ2
min = 2.06.

Wolfram Mathematica and CTEQ5 PDFs were used 22 / 30



Conclusion

We have derived the differential and full cross-sections for indirect and pair
production of leptogluons in pp collisions including the diagrams with the
t-channel exchange of leptons.

We have found that indirect production of LG dominates at 8 TeV LHC for the
leptogluon masses m8 > 1.5 TeV.

For dimuon production at 8 TeV LHC we have shown that the effect of indirect
production of leptogluons reduces the deviations of the central values of the CMS
data points from the SM background.

Our analysis shows great prospects of further searches for the lepton colored
compositeness in the modern collider experiments. In particular, combination of
8 TeV LHC data with coming results of 13 TeV LHC run would be useful for these
searches.
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Historical excurse

When the electron spin was discovered, Uhlenbeck and Goudsmit proposed
(in 1925) that it comes from rotation of the electron charge sphere. However
Lorentz argued that the surface of the sphere would have a tangential speed
v = 137c to produce the accurate spin angular momentum.

However in the picture of rotating wavepacket [Chuu, Chang, Niu, 2010] the
minimum intrinsic radius of the electron wavepacket is 137 times larger than the
classical electron radius used in Lorentz’s argument. Hence even tightest possible
electron wavepacket does not have to rotate faster than the speed of light.

May spin of the SM electron (and other fermions) have similar origin?

For this to happen e− should be a composite object.

Indeed, intrinsic structure can be responsible for the rotation
and, in particular, provides a preferred axis of rotation.
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Brief introduction to preons

By preons I mean subcomponents of leptons, quarks, etc.

Historically word “preon” originates from “pre-quark”.
However it can be understood more generically as “pre-particle”.

Other names, used in the literature: subquarks, maons, alphons, quinks, rishons,
tweedles, helons, haplons, Y-particles, primons, and (?)

Problem is that simple assignment of preons violates Heisenberg’s uncertainty
principle, giving the mass paradox: sum of the masses of preons, which compose a
SM fermion, should exceed the mass of this fermion.

Possible solutions of mass paradox

Classical limit (~→ 0, Nc →∞, etc.)

Confined preons with either small or zero mass [Yu. P. Goncharov, 1312.4049]

Nonlocality (includes application of SUSY and string theory methods)

Large binding force between preons, cancelling their mass-energies

27 / 30



Particles from gravity site

“It is commonly recognized now that black holes are akin to elementary particles”
[A. Burinskii, 1212.2920] Matching of metrics:

gµν = ηµν + 2Hkµkν ,

H =
mr − e2/2

r 2 + a2 cos2 θ

oblate spheroidal coordinates (Fig.2). The KN metric is singular at the circle
r = cos θ = 0, which is branch line of the Kerr space into two sheets r+ for
r > 0 and r− for r < 0, so that the field kµ(x) and the aligned with kµ metric
and vector potential of the electromagnetic (em) field,

αµ
KN = Re

e

r + ia cos θ
kµ, (2)

turn out to be twosheeted, taking different values on the different sheets of
the same point x ∈ M4. Twosheetedness represents one of the main puzzles
of the KN space-time. For electron parameters, gravitational field of the
KN solution is concentrated very close to singular ring, forming a circular
waveguide – analog of the closed relativistic string. It has been shown in
[2, 3] that the KN solution in vicinity of the Kerr ring corresponds to the ob-
tained by Sen solution to low-energy heterotic string theory. Meanwhile, the
long-term attack on the mysterious twosheetedness (Keres, Israel, Hamity,
López at all, [3]) resulted in the gravitating soliton model in the form of
the consistent with KN solution rotating vacuum bubble, metric of which is
regularized, approaching the flat minkowskian background in the Compton
region. It fixes unambiguously the form and some details of the consistent
with KN gravity electron model. Following [1] we discuss basic features of
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Figure 1: Congruence of the lightlike
lines kµ(x) is focused on singular ring,
creating twosheeted Kerr space.
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Figure 2: Oblate co-
ordinate system (r, θ)
covers the Kerr space
twice, for r > 0 and
r < 0. Truncation of
the sheet r < 0 creates
the source at r = 0.

the regular KN electron model as a gravitating soliton. The most wonderful
fact is emergence of the quantum condition for spin of the KN soliton, as
a consequence of the pure classical relations completed by the condition on
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FIG. 1: Matching of the metric for regular bubble interior with metric of external KN field.

matter equation’ (14). This analysis is extended to the rotating case, in which r has to be considered as the Kerr
oblate ellipsoidal coordinate, and the boundary of bubble takes the form of an oblate rotating disk, [12, 13, 36].

We restrict further the treatment by the case of a flat interior corresponding to α = ρ = f(r) = 0, r < r0.
Stringy effect. In the rotating case the Arnowitt-Deser-Misner (ADM) mass of the KN source is determined by T 0

0

component of the stress-energy tensor in the asymptotically flat coordinate system. Contributions to the ADM mass
coming from the interior of the bubble, the intermediate region, and the external electromagnetic field were calculated

in [13]. For the flat interior, α = 0, and an infinitely thin transitional shell we have: m
(int)
ADM = 0; and

m
(shell)
ADM =

m

2
[1 − (

r0

a
+

a

r0
) arctan(

a

r0
)]; (15)

m
(ext)
ADM =

m

2
[1 + (

r0

a
+

a

r0
) arctan(

a

r0
)]. (16)

For a >> r0, the second term in the square brackets of (16) tends to the expression δstring ≈ aπ
2r0

which may be
interpreted as a stringy contribution to the mass-energy caused by concentration of the electromagnetic field on the
edge of bubble. [47] Stringy structure of the region near the Kerr ring was discussed many times, [23, 24, 37, 38].
Assuming that the closed Kerr string has a tension T with the rising potential E ≡ m = Ta, one can combine it with
the basic KN relation J = ma, and obtain the linear Regge trajectory J = 1

T m2 with the slope 1/T. However, one sees
from (15) and (16) that the ‘stringy’ contributions from the shell and external em field are mutually cancelled, and

the total mass m
(total)
ADM = m

(int)
ADM +m

(shell)
ADM +m

(ext)
ADM turns out to be equal to m. Indeed, this result could be predicted

a priori, since the total ADM mass is determined only by the asymptotical gravitational field, i.e. by the parameter
m in function H, (1). The treatment of the Tolman mass expression, or the transitional zone of a finite thickness
does not change the result. The partial stringy contributions to the mass are very intense (δm/m > 100), but mutual
cancelling of the negative and positive contributions prevents exhibition of the stringy effect in the considered isolated
system. However, the balance of matter may apparently be destroyed by an external field, and a considerable effect
may be expected in the bound systems or in consequence of the radiative corrections.

5. Regularization of the KN electromagnetic field.

We assume that for r < r0 the phase transition is completed and inside the bubble the field Φ(x) has the form
Φ(x) = |Φ(x)|eiχ(x) with a nonzero vev, |Φ(x)|r<r0 = Φ0. We have to obtain a regular solution of equation (7) for
r < r0 in the presumption of the flat interior, α = 0, which fixes the boundary of bubble at r0 = re = e2/2m. The
flat interior allows us to use the flat d’Alemberian and Dµ = ∂µ + ieAµ in (7) and yields

!Aµ = Iµ = e|Φ|2(χ,µ +eAµ). (17)

The current has to be expelled from the bulk of the superconducting interior to the boundary of the bubble and we
should set in the interior Iµ = 0, which yields

!A(in)
µ = 0 = e|Φ|2(χ,µ +eA(in)

µ ). (18)

The external KN field Aµ is given by (9) and (10). Its matching with the interior turns out to be nontrivial, since
the Kerr angular coordinate φK (2) is very specific, and inside the bubble it turns out to be inconsistent with the

Electron may be explained by a regular solution (charged, spinning and
gravitating) of Kerr-Newman geometry (in the thin-wall approximation).

In non-abelian case this solution predicts a disk-like core of e− formed by the
Higgs field, which is spinning and oscillating, and is bounded by a closed circular
current of the Compton radius. [A. Burinskii, 1003.2928]

KN solution has gyromagnetic ratio g = 2 as of the Dirac electron, and the
gravitational field as expected for e− from asymptotics.
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Other possible directions for the searches

Very soft scattering of the polarized e− may probe the disk-like form of the
electron’s core (testing of this shape was discussed already by Compton in
1919) [Burinskii 1003.2928]

Effect of lepton colored substructure in AMM of e and µ

Effect in µ-e conversion on N (flavor-changing µegg vertex)

Search for colored substructure of neutrinos in neutrino-nucleus scattering

``′ production at high L and E colliders: LHC, Belle II, ILC, CLIC, etc.

Search for “leptonization” - jets from destroyed leptons (at Roman pots)

New global fits to neutrino data, etc.
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Contribution to muon g − 2

The lowest order contribution to the lepton AMM from the lepton color excitation
˜̀ can be represented by the diagram

Figure : Feynman diagram for the considered contribution to lepton AMM

The two limiting cases for the decay width of ˜̀ may generate the expressions for
the vertex `-`′-g -g , which differ by the factor i , depending on the values of m̃ and
Γ. This can switch the sign of the considered contribution to the lepton AMM.
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