PHYSICAL REVIEW D 93, 035025 (2016)

Leptomeson contribution to the muon g — 2

Dmitry Zhuridov™

Institute of Physics, University of Silesia, Uniwersytecka 4, 40-007 Katowice, Poland
(Received 10 December 2015; published 25 February 2016)

Many models on the market allow for particles carrying both lepton number and color, e.g., leptoquarks
and leptogluons. Some of the models with this feature can also accommodate color-singlet leptohadrons.
We have found that the long-standing discrepancy between the experimental result and the Standard Model

prediction for the muon anomalous magnetic moment can be explained by the effect of leptomesons with
masses of a few hundred GeV and couplings to the leptons and mesons either of O(1072) (vector-meson
case) or of O(1) (scalar case). These new particles are testable at the current run of the LHC.
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I. INTRODUCTION

Nowadays physics at small scales is established to the
characteristic distances for the nucleons substructure of about
10~!5 m. There are many interesting theories which explore
physics at even smaller distances, e.g., theories of extra
dimensions and string theories. Yet another type of models
constitute so-called composite models [1-10]. The composite
models—which contain colored preons—predict the possibil-
ity of leptoquarks and leptogluons. Leptoquarks are also
present in many theories of grand unification [1,11,12],
R-parity-violating supersymmetric models [13], and in the
extended technicolor models [14]. Many theories containing
particles that carry lepton number and color simultaneously
predict color-singlet leptohadrons, in particular the bound
states of leptoquark-antiquark pairs [15-17]. However, their
experimental signatures are poorly addressed in the literature.
In this paper we consider the possible phenomenology of a
particle that interacts with a lepton and a meson and can be
referred to as leptomeson (LM). Since LMs are colorless they
can be lighter (and more accessible for collider probes) than
the leptoquarks with their heavy color dressing.

At low energies the new heavy particles may reveal
themselves in the tiny effects on the lepton intrinsic
properties (magnetic moment, charge radius, etc.).
Currently one of the tools most sensitive to the new physics
is the precise measurement of the muon anomalous
magnetic moment (AMM) a, = (g, — 2)/2, which reveals
a 3—4¢ discrepancy with its theoretical prediction within
the Standard Model (SM) [18-20]. Among the possible
new heavy composites in the theories of compositeness,
leptogluons may contribute to the lepton AMM starting
only from the two-loop level. However, one-loop contri-
butions can be generated by the colorless excited leptons
[21,22] and leptoquarks [23-26]. Leptomesons may effec-
tively provide a new one-loop contribution to the muon
AMM. A not too large size for this contribution can be
achieved due to either large LM masses of O(100) GeV
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(scalar LM case) or small LM couplings of O(102) (vector
LM case), as shown below.

Many kinds of one-loop contributions to a, were
classified [27,28] by the types of particles that propagate
in the loop, which typically include light SM fermions
(Ieptons and light quarks) and heavy vectors, scalars, and
fermions (W, Z, H, t, and new heavy particles). In addition,
there is a possibility of very light [with the masses of
O(1) GeV] superweakly coupled new particles [29-33]
propagating in the loop, which is hard to test in collider
experiments. However, the discussed leptomeson contri-
bution to a, is the new physics contribution that involves
light vector and/or scalar particles (vector and scalar
mesons), and can be tested at colliders.

In this paper we investigate the effects of LMs on the
muon g — 2. To our knowledge, these effects have not been
considered yet in the literature. In the next section we give
analytical expressions for the characteristic LM contribu-
tions to a,. In Sec. Il we present and discuss the numerical
results, and we conclude in Sec. IV.

II. LEPTOMESONS IN MUON g -2

The present discrepancy between the experimental data
and the SM calculation for the muon AMM is [19]

Aa, = 26.1(8.0) x 1071, (1)

which is 3.36. Recent progress in calculating the hadronic
contribution increases this discrepancy up to 3.8 [34]. A
further essential increase is possible after more precise
measurements of a, in the near-future experiments at
Fermilab [35] and J-PARC [36]. We consider the possibil-
ities of explaining this anomaly using LM contributions.
For each lepton flavor one can expect several neutral LMs
£%; (£Y,), which interact with the mesons of scalar (vector)
type S (V) and decay into the lepton-meson pairs: £S5,
=S, v,8° V-, ¢~V*+, v,V?). Concerning the charged

LMs, we presume the singly charged fﬁ(v) and the doubly

charged z,”f(j{,) states, which can decay into {£#*5°,v,5%}
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FIG. 1. Feynman diagrams for the one-loop contribution to  FIG. 2. Feynman diagrams for the one-loop contribution to

gy — 2 for the leptomesons: neutral £% (left) and singly charged
¢ (right).

{5V, 1,VE}) and ££5* (££V7), respectively.' Due to
the large number of mesons and possible variety of LMs we
restrict our consideration by typical scalar and vector meson-
LM-lepton interactions, which may give significant correc-
tions to the lepton AMM a,.

The lowest-dimension Lagrangian for the interactions of
neutral, singly charged, and doubly charged LMs with the
charged leptons and the mesons can be written as

fu- Y
a,p=L,R(a#p)

= > Ca (G Vi + Gl Vi + G Car Vi)
a=L.,R

25(gost05S™ + GaslasS + G5 Cas ST)

+H.c., (2)

where £ = e, p, 7 is the charged lepton, and g,g and g,y are
the new dimensionless couplings with suppressed flavor
indices. For simplicity we require real couplings (to avoid
constraints from the electric dipole moment of the electron)

and flavor conserving interactions in Eq. (2).
The leading contributions to the lepton AMM from the
one-loop processes with neutral and singly charged scalar
|

1
fSSF(X)*m
~1—|—— + x1In
~ 3 6x x1Inx,
1
fFFS(x):m
J1lox
6 3
1
fVVF(x):6(1——x)4
2 11
Ng—ix—&clnx,
1
fFFV(x):m
zg—i'_xv

gy — 2 for the leptomesons: neutral £, (left) and singly charged
£y (right).

and vector LMs are represented in Figs. 1 and 2. Using the
generic analytic formulas for the one-loop contributions to
the lepton AMM [27,37] in the limit of large LM masses
with respect to the lepton mass m, and the meson masses,
these contributions can be written as

(gos)* m méi

Aao = -2 & , 3

afg 1672 M%fSSF M% ( )

(as)* m? m

Aag, == 85 5 fes| 7 ) (4)
(goy)* my m%/i

Aay =~ Svve ) (5)
Voo 1677 mi, M3
(Gav)* m; m%/(,

A - a b 6

ags 1622 mzof FEV\ 02 (6)

where mg (my ) is the scalar (vector) meson mass, M (M) is
the mass of the charged (neutral) LM, and the loop
functions are

7[243x - 6x* + x* + 6x1n x|

[1 —6x + 3x% 4+ 2x° — 6x* In x]

[4 — 49x + 78x% — 43x% + 10x* — 18x1n x]

[5 — 14x + 39x% — 38x> + 8x* + 18x In x]

(10)

"To be definite we classify LMs by the type of their interaction with mesons (either scalar or vector). However, in general, one LM

may have both scalar and vector type interactions.
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FIG. 3. Feynman diagrams for the one-loop contribution to the
AMM of £~ for the doubly charged leptomesons: £~ (upper)
and £y~ (lower).

where in the approximate expressions we neglected the
terms of O(x?). Clearly, these functions are positive for
small x, and the contributions in Egs. (3) and (5) are
negative, while in Egs. (4) and (6) they are positive. The
relations to the loop functions given in Eq. (A.l1) of
Ref. [27] are as follows:

fSSF(x)E_)_lcFSSF<1> = Frrs(x), (11)

X

Jres(x) = %FFFS G) = —Fssr(x), (12)

Jyve(x) = Fyyr <)—lc> (13)
o) = ~Fir 1) (14)

The contributions of the scalar LMs in Egs. (3) and (4)
are suppressed by the second power of the meson-to-LM
mass ratio. The case of vector LMs is special since their
contributions in Egs. (5) and (6) do not have this sup-
pression. Hence smaller values of the couplings are
required for the vector LM interactions to not to exceed
the discrepancy in Eq. (1).

Notice that in the case of one-loop contributions to a, of
a scalar S (g5 = grs) and a pseudoscalar P (g;5 = —ggs)
the lepton mass m, receives large loop corrections unless
the chirally symmetric limit mg = mp is satisfied [38,39].

The leading contributions to the lepton AMM from the
one-loop processes with doubly charged scalar and vector
LMs are shown in Fig. 3, and can be written as

(95 )* m7 (s

Aat’g‘ =~ 1%;2 sz fsk M; > (15)
(g )® 17 (3

Aaf;‘ = - 1672 mzifVF M2 > (16)
v ‘_
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where M__ is the mass of the doubly charged LM, and the
loop functions are

fse(x) = fssp(x) = 2fpps (%)

x
Y 5—dx—+ (2441
2(1—x)4[5 x —x” + (24 4x) Inx]

:%x—f—xlnx—k(’)(xz), (17)

fve(x) = =fyve(x) + 2 frey(x)

142
- ﬁ[z + 3x — 6x? + x° + 6xInx]
15
= 1+7x—|—3xlnx+(9(x2), (18)

where the factors of 2 in Eqgs. (17) and (18) come from the
fact that the electromagnetic interaction of the doubly
charged LM is twice as strong as that of a singly charged
particle. Both scalar and vector doubly charged LM
contributions are negative.

We demonstrate in Sec. III that a single mumeson
(muonic leptomeson)—which is either a charged scalar
Mg or neutral vector 4%, and dominantly interacts with a
specific meson—can provide the observed value of a,, for
the mass of a few hundred GeV with the couplings of g ¢ =
O(1) and ¢%, = O(1072), respectively. The case with
either several mumesons or one mumeson that has a
significant interaction with several mesons, which essen-
tially contribute to a,,, is more involved and potentially has
richer phenomenology. We discuss this case in several
examples.

III. RESULTS AND DISCUSSION

The new particles in various theories can be generically
constrained using the parameters S and 7 [40]. However,
large contributions to the 7" parameter are excluded in the
case of approximate mass degeneracy of the components of
the new weak multiplets, while a significant change of the S
parameter is avoided in case of vector-like couplings of
new fermions to the gauge bosons (this simultaneously
ensures the cancellation of axial-vector gauge anomalies)
[27]. The existence of the three generations of the SM
leptons supposes analogous generations of the leptoha-
drons. This allows one to accommodate the assumption of
minimal flavor violation [41], which may help to avoid the
constraints from the nonobservation of the flavor-violating
processes (such as 4 — ey) and to protect the muon mass
from large corrections induced by vector fermions [27].
The nonobservation of new fermions in e*e™ collisions at
the LEP collider at center-of-mass energies /s =~ 200 GeV
yields a generic lower bound on the LM mass of
M Z 100 GeV. Moreover, Z-pole precision measurements
at LEP strongly constrain the vector LM mixings.
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FIG. 4. Allowed regions for the charged mumeson(s) interacting with the scalar meson(s). Left: Mumeson mass M vs coupling |gg| for
a single meson-mumeson-lepton interaction. The light grey region is allowed by the current (g — 2),, data within the 16 range. The dark

grey regions represent the generic LEP mass bound of M > 100 GeV and the perturbativity bound of |gg| < v/4z. Right: Mass M vs
ratio r in case of two mumeson contributions to @,. The light grey region is allowed by the current a, data (within 1o) and the

perturbativity bound of |gg;| < v4z. The dark grey region is disfavored by the LEP data.

A. Scalar leptomeson contribution

For scalar mumesons the value of a,, is insensitive to the
meson masses of O(1) GeV. The proper value of a, can be
provided for a single charged mumeson pg with a mass M
below 280 GeV, as shown in Fig. 4 (left). In this figure we
assume a significant effect on a, of only one coupling
Js = g,s» Where a is either R or L. It is clear that small
values of the coupling |gg| below 1.2 are ruled out.
Constraints from four-lepton contact interactions are absent
if the meson S° is self-conjugate since the box diagram
shown in Fig. 5 (left) is canceled by a second diagram with
crossed fermion lines in the final state.

In the case of two significant scalar mumeson contri-
butions to a,, the lightest mumeson mass M can be as large
as 400 GeV, which is shown in Fig. 4 (right) for the charged
mumesons. In this figure the ratio r is defined as

_ Mgy M Vén

r_Ml 952 ﬁl@’ (19)

i.__ B 5_“0_ I e \% _l
€5 (5 o 4

e

FIG. 5. One-loop leptomeson #g (left) and #9, (right) contri-
butions to the effective four-lepton interactions eef?.

where M; (i=1, 2; M=M,<M,) and g5 = g,
(lgs1| = |gs2|) are the mumeson masses and couplings,
respectively. In particular, in the case of two scalar
mumesons yg; and g, that interact with a meson S° with
the same coupling this ratio is reduced to r = M,/M,
while in the case of one scalar mumeson, which sig-
nificantly interacts with two mesons S and S9 with
different couplings g¢g; # g5,, the ratio is reduced to
r=1gs1/9s2| < 4n/|gs|-

The lower bound on the i mass can be significantly
increased through the searches for their pair production at
the LHC. However, in this case the final state is composed
of a dimuon and neutral meson-antimeson pair (the decay
of which may give photons, leptons, 7%, etc.) instead of the
final state of a dilepton plus either gluonic or quark jets,
which was considered in the searches for leptoquarks
[42,43] and leptogluons [44—46]. Another alternatives
include searches for single u¢ productions, and u'u~
production in meson-meson fusion via 7-channel exchange
of us.

B. Vector leptomeson contribution

For vector mumesons uy the value of a, is sensitive to
the meson masses and almost insensitive to the mumeson
masses. For one neutral mumeson interaction the allowed
range of the mumeson mass values is 100 GeV < M <
180 GeV, which corresponds to the allowed area between
the lower and upper dark grey bands in Fig. 6 (left). The
three light grey areas in this figure correspond to the ranges
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FIG. 6. Allowed regions in the vector meson-mumeson mass plane for the neutral mumeson(s) with flavor-universal LM interactions.
The dark grey area in the bottom is disfavored by the generic mass bound of M, > 100 GeV. The top dark grey areas with solid and dot-
dashed boundaries are disfavored by LEP constraints on eeZ# contact interactions to explain a,, (within the 1o range) for the left-chiral
and right-chiral case, respectively. Left: Case of a single mumeson 49, with the coupling gy, where the light grey regions with dotted,
solid, and dashed boundaries are allowed by the current a, data (within 1o) for |gy| = 0.01, 0.03, and 0.03, respectively. Right: Case of
two mumeson-meson-lepton couplings gy; = £gy,, where the light grey regions with dotted and solid boundaries are allowed by a,
data (within 16) and correspond to gy = gy; = £5 x 1073 and £0.01, respectively.

allowed by the current a, data (within 1o) for the chosen
values of the coupling of |gy| = 0.01, 0.03, and 0.05, where
gy = ggv (a is either L or R). Clearly only small values of
lgy| = O(1072) are allowed.

The neutral leptomesons ¢?, generate four-lepton contact
interactions eeZ¢ through the box diagram shown in Fig. 5
(right). These interactions can be calculated and compared

to the effective expression containing the contact inter-
action scale A as [27,47]

(90)*(g7)?
64712m%/i

dr _
(T o)A (earuea) ([Car"Ca),

M2\ }
F( 2°>(ea7,,ea)(fay"fa)
mvi

(20)

where we restored the flavor index of the couplings ¢, =
g%, and assumed a common mass scale M, of the LMs £9,

the parameter § = 1(0) for £ = e (¢ # e), and the loop
function can be written as

F(y)

1
_ W[y‘ — 16y° 4 19y?

+2(3y? +4y—4)ylny—4] >0. (21)

For the flavor-universal couplings gy = g’{} the limit in
Eq. (20) can be rewritten using Eq. (5) as

. mzi M? mzi m2
ﬂ(Aamm)Z \% F< 0 >f—2 ( \% ) < H , (22)
O mE o \m3. ) VYR ME ) T (14 6)A?

where Aa},“i“ is the minimal allowed value of Aq,, e.g.,
within the 1o range: Aa"™ = 18.1 x 107'% from Eq. (1). In
the considered case of constructive interference between
the SM process and the contact interactions, the constraints
from the LEP measurements of ete™ — £7£~ processes
correspond to the lower limits of A = 12.7 TeV for « = R
and A=133TeV for a=L (for £=pu, 7, which
gives stronger limits) [48], and exclude parts of the
parameter space, which are labeled dark grey in the top
of Fig. 6 (left).

In the case of two neutral vector-mumeson contributions
to a,, which have the common LM and meson mass scales

M and my,, the left-hand side of Eq. (22) gets an additional
factor of

14 p*

—F >
(14+p%)?2 "

1

5 (23)
where p is the ratio of the two couplings. The minimal value
of 1/2 of this factor is achieved for the equal couplings (up
to the sign) and corresponds to the weakest constraint from
the contact interactions. Figure 6 (right) illustrates the case
of either two vector mumesons with approximately equal
masses My = My, interacting with the same charged
meson, or one mumeson with the mass My = M, which
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FIG. 7. Same as Fig. 6 but for the flavor-nonuniversal LM interactions. The dark grey regions with solid and dashed (dot-dashed and
dotted) boundaries are disfavored by LEP constraints on the eeuu contact interaction to explain a, within the 1o range for the left-chiral
and right-chiral case, respectively, taking |g¢| =3 x 107 (|g¢| = 2 x 1073).

significantly interacts with the two mesons with close
masses my: & my:. In this figure we assumed equal
meson-mumeson-lepton couplings |gy| = |gya|, where
gyi = g%, with fixed a. The allowed range for the values
of the mumeson mass of 100 GeV < My <250 GeV

corresponds to the space between the lower and upper
dark grey bands.

For flavor-nonuniversal couplings g% # ¢, the limit in
Eq. (20) can be rewritten as

(24)

which is also valid for the two neutral vector-mumeson
contributions to a, with the common LM and meson mass
scales. Figure 7 shows that in this flavor-nonuniversal case
the limits from the contact interaction eeuu can be relaxed
by a small value of the coupling g5

Concerning the LHC searches for ,u(‘),, in the case of a SM
gauge singlet, Drell-Yan production of singlet pairs may be
not possible. Then cascade decays from heavier charged
particles can be considered [27].

Notice that in the case of long-lived neutral LMs, which
can escape the detector, the generic LEP lower bound of
100 GeV may be weakened for their masses.’

Some questions of models with very light leptohadrons with
masses of O(1) MeV (which we do not consider in this paper)
were discussed in Refs. [49,50].

IV. CONCLUSION

We have found the regions for LM model parameters
which are allowed by the muon g — 2 data and the LEP
data. We considered various minimal models and have
shown that the scenarios with one (two) scalar meson-LM-
lepton interactions limit the value of the lightest charged
LM mass from above by 280 (400) GeV. However, the case
of vector meson-LM-lepton interactions is, in general, less
predictive.

This is very useful to investigate further collider restric-
tions on LM model parameters. In particular, the charged
scalar LM interactions can potentially be either strongly
bounded or even ruled out through the searches for their
Drell-Yan production at the LHC. Future collider experi-
ments such as the ILC and the FCC have great potential to
probe a significant part of the LM model parameter space,
which is still allowed.’
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035025-6



LEPTOMESON CONTRIBUTION TO THE MUON g —2

[1] J.C. Pati and A. Salam, Lepton number as the fourth color,
Phys. Rev. D 10, 275 (1974); 11, 703(E) (1975).

[2] H. Terazawa, K. Akama, and Y. Chikashige, Unified model
of the Nambu-Jona-Lasinio type for all elementary particle
forces, Phys. Rev. D 15, 480 (1977).

[3] Y. Ne’eman, Irreducible gauge theory of a consolidated
Weinberg-Salam model, Phys. Lett. 81B, 190 (1979).

[4] M. A. Shupe, A composite model of leptons and quarks,
Phys. Lett. 86B, 87 (1979).

[5] H. Harari, A schematic model of quarks and leptons, Phys.
Lett. 86B, 83 (1979).

[6] E.J. Squires, QDD: A model of quarks and leptons, Phys.
Lett. 94B, 54 (1980).

[7] H. Harari and N. Seiberg, A dynamical theory for the rishon
model, Phys. Lett. 98B, 269 (1981).

[8] H. Fritzsch and G. Mandelbaum, Weak interactions as
manifestations of the substructure of leptons and quarks,
Phys. Lett. 102B, 319 (1981).

[9] R. Barbieri, R. N. Mohapatra, and A. Masiero, Composite-
ness and a left-right symmetric electroweak model without
broken gauge interactions, Phys. Lett. 105B, 369 (1981);
107B, 455(E) (1981).

[10] S.F. King and S.R. Sharpe, Is the Z degenerate with an
exotic quarkonium? Phys. Lett. 143B, 494 (1984).

[11] H. Georgi and S.L. Glashow, Unity of All Elementary
Particle Forces, Phys. Rev. Lett. 32, 438 (1974).

[12] H. Georgi, The state of the art—gauge theories, AIP Conf.
Proc. 23, 575 (1975).

[13] R. Barbieri et al., R-Parity-violating supersymmetry, Phys.
Rep. 420, 1 (2005).

[14] K.D. Lane and M. V. Ramana, Walking technicolor sig-
natures at hadron colliders, Phys. Rev. D 44, 2678 (1991).

[15] T.K. Kuo and T. Lee, Rapidity gap of weakly coupled
leptoquark production in e p collider, Mod. Phys. Lett. A 12,
2367 (1997).

[16] V. V. Kiselev, Perturbative fragmentation of leptoquark into
heavy leptoquarkonium, Phys. Rev. D 58, 054008 (1998).

[17] D. Bowser-Chao, T. D. Imbo, B. A. King, and E. C. Martell,
Leptomesons, leptoquarkonium and the QCD potential,
Phys. Lett. B 432, 167 (1998).

[18] F. Jegerlehner and A. Nyffeler, The muon g — 2, Phys. Rep.
477, 1 (2009).

[19] K. Hagiwara, R. Liao, A.D. Martin, D. Nomura, and T.
Teubner, (g—2), and a(M?,) re-evaluated using new
precise data, J. Phys. G 38, 085003 (2011).

[20] K. A. Olive et al. (Particle Data Group), Review of particle
physics, Chin. Phys. C 38, 090001 (2014).

[21] F. M. Renard, Limits on masses and couplings of excited
electrons and muons, Phys. Lett. 116B, 264 (1982).

[22] P. Mery, S.E. Moubarik, M. Perrottet, and F. M. Renard,
Constraints on nonstandard effects from present and future
muon g — 2 measurements, Z. Phys. C 46, 229 (1990).

[23] A. Djouadi, T. Kohler, M. Spira, and J. Tutas, (eb), (et) type
leptoquarks at ep colliders, Z. Phys. C 46, 679 (1990).

[24] D. Chakraverty, D. Choudhury, and A. Datta, A non-
supersymmetric resolution of the anomalous muon mag-
netic moment, Phys. Lett. B 506, 103 (2001).

[25] K. Cheung, Muon anomalous magnetic moment and lep-
toquark solutions, Phys. Rev. D 64, 033001 (2001).

[26] C. Biggio and M. Bordone, Minimal muon anomalous
magnetic moment, J. High Energy Phys. 02 (2015) 099.

PHYSICAL REVIEW D 93, 035025 (2016)

[27] A. Freitas, J. Lykken, S. Kell, and S. Westhoff, Testing the
muon g — 2 anomaly at the LHC, J. High Energy Phys. 05
(2014) 145; 09 (2014) 155(E).

[28] F. S. Queiroz and W. Shepherd, New physics contributions
to the muon anomalous magnetic moment: A numerical
code, Phys. Rev. D 89, 095024 (2014).

[29] S. N. Gninenko and N. V. Krasnikov, The muon anomalous
magnetic moment and a new light gauge boson, Phys. Lett.
B 513, 119 (2001).

[30] P. Fayet, U-boson production in e e~ annihilations, y and
T decays, and light dark matter, Phys. Rev. D 75, 115017
(2007).

[31] M. Pospelov, Secluded U(1) below the weak scale, Phys.
Rev. D 80, 095002 (2009).

[32] H. Davoudiasl, H. S. Lee, and W. J. Marciano, Dark side of
higgs diphoton decays and muon g — 2, Phys. Rev. D 86,
095009 (2012).

[33] C.Y. Chen, H. Davoudiasl, W. J. Marciano, and C. Zhang,
Implications of a light “dark Higgs” solution to the g, —2
discrepancy, Phys. Rev. D 93, 035006 (2016).

[34] F. Jegerlehner, Leading-order hadronic contribution to the
electron and muon g — 2, arXiv:1511.04473.

[35] J. Grange (Muon g-2 Collaboration), The new muon g — 2
experiment at Fermilab, Proc. Sci. NUFACT2014 (2014)
099 [arXiv:1501.03040].

[36] N. Saito (J-PARC g-2/EDM Collaboration), A novel pre-
cision measurement of muon g —2 and EDM at J-PARC,
AIP Conf. Proc. 1467, 45 (2012).

[37] I. Vendramin, Constraints on supersymmetric parameters
from muon magnetic moment, Nuovo Cimento Soc. Ital.
Fis. 101A, 731 (1989).

[38] W. Marciano, Fermion Masses and Anomalous Dipole
Moments, in Particle Theory and Phenomenology, edited
by K. Lassila et al. (World Scientific, Singapore, 1996),
p- 22.

[39] A. Czarnecki and W.J. Marciano, The Muon anomalous
magnetic moment: Standard model theory and beyond,
arXiv:hep-ph/0010194.

[40] M.E. Peskin and T. Takeuchi, Estimation of oblique
electroweak corrections, Phys. Rev. D 46, 381 (1992).

[41] G. D’Ambrosio, G. E. Giudice, G. Isidori, and A. Strumia,
Minimal flavor violation: An effective field theory ap-
proach, Nucl. Phys. B645, 155 (2002).

[42] CMS Collaboration, Search for Pair-production of First
Generation Scalar Leptoquarks in pp Collisions at
/s = 8 TeV, Report No. CMS-PAS-EXO-12-041.

[43] G. Aad er al. (ATLAS Collaboration), Searches for scalar
leptoquarks in pp collisions at /s = 8 TeV with the
ATLAS detector, Eur. Phys. J. C 76, 5 (2016).

[44] D. Goncalves-Netto, D. Lopez-Val, K. Mawatari, I
Wigmore, and T. Plehn, Looking for leptogluons, Phys.
Rev. D 87, 094023 (2013).

[45] Y. C. Acar, U. Kaya, B. B. Oner, and S. Sultansoy, Resonant
production of leptogluons at the FCC based lepton-hadron
colliders, arXiv:1511.05814.

[46] T. Jelinski and D. Zhuridov, Leptogluons in dilepton
production at LHC, Acta Phys. Pol. B 46, 2185 (2015).

[47] H. Kroha, Compositeness limits from e*e™ annihilation
revisited, Phys. Rev. D 46, 58 (1992).

[48] J. Alcaraz et al. (ALEPH, DELPHI, L3, OPAL, and
LEP Electroweak Working Group Collaborations), A

035025-7


http://dx.doi.org/10.1103/PhysRevD.10.275
http://dx.doi.org/10.1103/PhysRevD.11.703.2
http://dx.doi.org/10.1103/PhysRevD.15.480
http://dx.doi.org/10.1016/0370-2693(79)90521-5
http://dx.doi.org/10.1016/0370-2693(79)90627-0
http://dx.doi.org/10.1016/0370-2693(79)90626-9
http://dx.doi.org/10.1016/0370-2693(79)90626-9
http://dx.doi.org/10.1016/0370-2693(80)90823-0
http://dx.doi.org/10.1016/0370-2693(80)90823-0
http://dx.doi.org/10.1016/0370-2693(81)90012-5
http://dx.doi.org/10.1016/0370-2693(81)90626-2
http://dx.doi.org/10.1016/0370-2693(81)90781-4
http://dx.doi.org/10.1016/0370-2693(81)91231-4
http://dx.doi.org/10.1016/0370-2693(84)91509-0
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://dx.doi.org/10.1063/1.2947450
http://dx.doi.org/10.1063/1.2947450
http://dx.doi.org/10.1016/j.physrep.2005.08.006
http://dx.doi.org/10.1016/j.physrep.2005.08.006
http://dx.doi.org/10.1103/PhysRevD.44.2678
http://dx.doi.org/10.1142/S0217732397002454
http://dx.doi.org/10.1142/S0217732397002454
http://dx.doi.org/10.1103/PhysRevD.58.054008
http://dx.doi.org/10.1016/S0370-2693(98)00636-4
http://dx.doi.org/10.1016/j.physrep.2009.04.003
http://dx.doi.org/10.1016/j.physrep.2009.04.003
http://dx.doi.org/10.1088/0954-3899/38/8/085003
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1016/0370-2693(82)90339-2
http://dx.doi.org/10.1007/BF01555999
http://dx.doi.org/10.1007/BF01560270
http://dx.doi.org/10.1016/S0370-2693(01)00419-1
http://dx.doi.org/10.1103/PhysRevD.64.033001
http://dx.doi.org/10.1007/JHEP02(2015)099
http://dx.doi.org/10.1007/JHEP05(2014)145
http://dx.doi.org/10.1007/JHEP05(2014)145
http://dx.doi.org/10.1007/JHEP09(2014)155
http://dx.doi.org/10.1103/PhysRevD.89.095024
http://dx.doi.org/10.1016/S0370-2693(01)00693-1
http://dx.doi.org/10.1016/S0370-2693(01)00693-1
http://dx.doi.org/10.1103/PhysRevD.75.115017
http://dx.doi.org/10.1103/PhysRevD.75.115017
http://dx.doi.org/10.1103/PhysRevD.80.095002
http://dx.doi.org/10.1103/PhysRevD.80.095002
http://dx.doi.org/10.1103/PhysRevD.86.095009
http://dx.doi.org/10.1103/PhysRevD.86.095009
http://dx.doi.org/10.1103/PhysRevD.93.035006
http://arXiv.org/abs/1511.04473
http://arXiv.org/abs/1501.03040
http://dx.doi.org/10.1063/1.4742078
http://dx.doi.org/10.1007/BF02844866
http://dx.doi.org/10.1007/BF02844866
http://arXiv.org/abs/hep-ph/0010194
http://dx.doi.org/10.1103/PhysRevD.46.381
http://dx.doi.org/10.1016/S0550-3213(02)00836-2
http://dx.doi.org/10.1140/epjc/s10052-015-3823-9
http://dx.doi.org/10.1103/PhysRevD.87.094023
http://dx.doi.org/10.1103/PhysRevD.87.094023
http://arXiv.org/abs/1511.05814
http://dx.doi.org/10.5506/APhysPolB.46.2185
http://dx.doi.org/10.1103/PhysRevD.46.58

DMITRY ZHURIDOV PHYSICAL REVIEW D 93, 035025 (2016)

combination of preliminary electroweak measurements [50] M. Pitkinen and P. Méhonen, Anomalous ete™ pairs in
and constraints on the standard model, arXiv:hep-ex/ heavy ion collisions and solar neutrinos, Int. J. Theor. Phys.
0612034. 31, 229 (1992).

[49] M. Pitkdnen, Are bound states of color excited leptons [51] D. Binosi and L. Theussl, JaxoDraw: A graphical user
responsible for the anomalous e™e™ production in heavy ion interface for drawing Feynman diagrams, Comput. Phys.
collisions? Int. J. Theor. Phys. 29, 275 (1990). Commun. 161, 76 (2004).

035025-8


http://arXiv.org/abs/hep-ex/0612034
http://arXiv.org/abs/hep-ex/0612034
http://dx.doi.org/10.1007/BF00673631
http://dx.doi.org/10.1007/BF00673255
http://dx.doi.org/10.1007/BF00673255
http://dx.doi.org/10.1016/j.cpc.2004.05.001
http://dx.doi.org/10.1016/j.cpc.2004.05.001

