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Lepton flavor universality violating B → Kll and K�ll decays tentatively observed by LHCb can be
explained by leptoquark exchange. We explore a simple model for the B anomalies with a composite
leptoquark from new strong dynamics at the TeV scale, a confining SU(NHC) hypercolor interaction. The
new matter fields, fundamentals under SUðNHCÞ, are heavy vectorlike fermions Ψ, S, and an inert scalar
doublet ϕ.Ψ is colored under QCD while S is neutral, and the hyperbaryon SN is an asymmetric dark matter
candidate. The model is tightly constrained by meson-antimeson oscillations, lepton flavor violation,
and LHC searches for resonant production of the exotic bound states. The dark matter may be detectable
through its magnetic dipole moment. If mS is sufficiently small, composite leptoquarks and heavy lepton
partners can be pair-produced at an observable level at LHC.

DOI: 10.1103/PhysRevD.97.015013

I. INTRODUCTION

While the Standard Model (SM) continues to accurately
describe particle interactions at the shortest probed distance
scales, there is an encouraging hint of new physics from
decays of neutral Bmesons toK or K� and charged leptons.
The LHCb collaboration measures the ratios of branching
ratios [1,2]

Rð�Þ
K ¼ BðB → Kð�Þμþμ−Þ

BðB → Kð�Þeþe−Þ ð1Þ

to be (20–30)% below the SM prediction for both K and K�
final states. Uncertainties from the hadronic matrix ele-
ments cancel in the ratios, greatly reducing the theoretical
errors and making these ratios particularly interesting
probes of new physics that could violate lepton flavor
universality. Although the discrepancies between theory
and experiment in the individual measurements are below
3σ, combining them increases the significance to 4σ [3–13].
This conclusion remains true when other observables are
included in the fit, like the branching ratio for Bs → ϕμþμ−,
which also has a deficit, and angular decay distributions that
are subject to hadronic uncertainties.
Model-independent fits to the data show that the addition

of the single effective operator

ObLμL ¼ c
Λ2

ðs̄LγαbLÞðμ̄LγαμLÞ ð2Þ

to the effective Hamiltonian is sufficient to give a good fit to
the observations, with [4]

c
Λ2

¼ 1.0 × 10−3

TeV2
: ð3Þ

The form (2) arises in the standardmodel fromW exchange at
one loop, and can be realized in models of new physics loop
effects [14–20]. It could also be induced by exchange of a
heavy Z0 vector boson, inspiring the construction of many
models of this kind [21–54]. By Fierz rearrangement, (2)
takes the form suggestive of vector leptoquark exchange.
Global analyses identify two possible vector leptoquarksU1

andU3 and one scalar S1 as viable candidates, in the notation
of Ref. [55] where the subscript denotes the SUð2ÞL
representation. Models involving leptoquark exchange have
been studied in Refs. [15,56–87].
In the present work we offer a simple, UV complete model

in which the vector U1 leptoquark arises from confining
dynamics of an SU(NHC) gauge theory, referred to as
hypercolor. It is an example of vectorlike confinement [88]
in which the constituent fermions have bare masses that can
be freely chosen. Our proposal differs from previous models
for RKð�Þ with composite leptoquarks [57,71,78,81] where
the constituent masses were assumed to be much lighter than
the confinement scale ΛHC. In that case, approximate chiral
symmetry is important, and the lightest bound states are
pseudo–Nambu-Goldstone bosons (pNGBs).
Here we instead assume that the constituent masses M

are larger than ΛHC (but not too much larger) so that chiral
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dynamics plays no role, yet the system is not quirky [89] as
occurs if ΛHC ≪ M. One advantage of this choice is that
the strong dynamics is somewhat more calculable, via a
nonrelativistic potential model that works reasonably well
for QCD-onium states like J=ψ and ϒ.1 Moreover, collider
constraints on production of the new bound states are under
better control in this regime, where resonant production is
suppressed by the wave function of the constituents, and
pair production is limited by the large bound state masses.
We also thereby avoid complications associated with
composite Higgs scenarios.
Another distinctive feature of our model is that it

provides a dark matter (DM) candidate, which is intimately
linked to the B decay phenomenology. In particular, one of
the hyperquarks (denoted by S) is a singlet under the SM
gauge group. It is a constituent of the composite leptoquark,
and the baryonlike SNHC bound state is the dark matter.
Exceptionally, S can be lighter than ΛHC without entailing
a pNGB, since the approximate Uð1ÞA flavor symmetry
associated with S is anomalous. Since it carries a conserved
number, this is an asymmetric DM particle, which can
attain the observed relic density through generation of an
asymmetry by a genesis mechanism that we do not specify.
It will be shown that the symmetric component is much
smaller than the observed DM relic density.
A further difference relative to previous models of

composite leptoquarks is that we invoke a scalar hyper-
quark ϕ, a doublet under SUð2ÞL. It is motivated by the
need to couple the new physics to left-handed quarks and
leptons [Eq. (2)]. Previous models achieved this by taking
the fermionic hyperquarks to be doublets, but it is more
straightforward to have a dark matter candidate if this is
avoided, and the massless limit of S can be safely taken
without introducing new relatively light scalars that would
be easily produced in colliders. In our model both
fermionic hyperquarks, S and Ψ, are isosinglets, while Ψ
carries color. The SΨ̄ bound state is the leptoquark.
After defining the model in Sec. II and reducing it to an

effective theory suitable for addressing the B decay anoma-
lies in Sec. III, we identify (without fully delineating) some
regions of parameter space that are consistent with con-
straints on flavor changing neutral currents (FCNCs) in
Sec. IV, dark matter direct detection (Sec. V), and collider
searches (Sec. VI). The examples we focus on have potential
for associated new signals in all of these categories of
observables. A summary and conclusions are given.
Appendixes provide details of the potential model for
estimating bound state properties, the formalism for comput-
ing dipole moments from partial compositeness of the light
fermions, and themagnetic dipolemoment of the darkmatter
constituent fermion.

II. MODEL

Our model introduces three matter fields that are
fundamentals of hypercolor (HC): a Dirac fermionic DM
particle S, a vectorlike fermionΨ that carries SM color, and
a scalar ϕ that is an SUð2ÞL doublet. The quantum numbers
are shown in Table I. Gauge symmetry allows these fields
to couple to left-handed SM quarks and leptons only
through the interactions

L ¼ ~λiQ̄i;aϕ
a
AΨA þ λiS̄Aϕ�A

a La
i ; ð4Þ

where aðAÞ is the SUð2ÞL (SUðNÞHC) index and i is the
flavor index. These interactions explicitly break the
approximate flavor symmetries of the standard model
(SM), and so one can anticipate that the matching of the
observed b → sμþμ− FCNC will give rise to other FCNC
observables. The observed B decay anomaly is mediated
by tree-level exchange of a composite leptoquark Φ ¼ ΨS̄,
while the other kinds of bound states ΨΨ̄ and SS̄ give
analogous contributions to neutral meson mixing and
flavor-violating decays of charged leptons, depicted in Fig. 1.
To fully specify the model, we must define the flavor

basis of the SM fields in (4). For simplicity we assume that
the mass matrices of the charged leptons and down-type
quarks are already diagonal in this basis, so that all the
mixing giving rise to the CKM matrix is due to diagonal-
izing the up-type quark masses. Then going to the mass
eigenbasis of the quarks,

~λiQ̄i → ~λjðūL;iVij; d̄L;jÞ≡ ð~λ0iūi; ~λid̄iÞ: ð5Þ

Thus, the couplings to up-type quarks are given by
~λ0i ¼ Vij

~λj.
It is worth noting that the individual lepton flavor

symmetry for generation i becomes exact in the limit
λi → 0: these couplings are only multiplicatively renor-
malized, up to neutrino mass insertions. Therefore, if we
only wish to explain lepton flavor universality violation in
the muon sector, it is technically natural to set the couplings
λ1, λ3 → 0.
If S is lighter than ϕ and Ψ, the hyperbaryon bound state

Σ ¼ SN is a dark matter candidate. Its stability is protected
by the accidental Z2 symmetry under which all the new
matter fields are odd. It is a consequence of the SUðNHCÞ
gauge symmetry, analogous to baryon number conservation

TABLE I. Quantum numbers of new physics particles.

SU(3) SUð2ÞL Uð1Þy Uð1Þem SUðNÞHC Z2

Ψ 3 1 2=3 2=3 N −1
S 1 1 0 0 N −1
ϕ 1 2 −1=2 ð0;−1Þ N̄ −1

1Nevertheless, we don’t expect better than ∼30% accuracy
from this approach, and will indicate any determinations that are
subject to theoretical uncertainty by using “≅,” “≲,” or “≳”.
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in the SM. Moreover, the fieldsΨ and S can consistently be
assigned normal baryon and lepton numbers, respectively.

III. LOW-ENERGY EFFECTIVE THEORY

The Ψ̄S bound states of our model have the quantum
numbers of leptoquarks and contribute to the decays
B → Kð�Þμþμ−. The leptoquarks can be either pseudoscalar
Π or vector ρμ, with decay constants

h0jðS̄γμγ5ΨÞjΠi ¼ fΠp
μ
Π;

h0jðS̄γμΨÞjρλi ¼ fρmρϵ
μ
λ ; ð6Þ

where λ labels the helicity state of the vector. These currents
couple to the SM fields via Q̄γμL and so the interactions of
the pseudoscalar are suppressed by small quark and lepton
masses through the equations of motion due to the
momentum factor pμ

Π ¼ pμ
q þ pμ

l . This can also be under-
stood in terms of the helicity suppression of the amplitude
for pseudoscalar decay to approximately chiral states in
analogy to charged pion decay. Hence, we are interested in
the vector leptoquark for explaining the B decay anomalies.
We seek an effective description of the leptoquark

interaction with the SM fields,

gijρ ρμðQ̄iγ
μLjÞ: ð7Þ

The coupling gijρ can be determined by matching the decay
rate for ρμ → QiL̄j in the effective theory and the under-
lying model. In the effective theory, the rate is

Γðρμ → QiL̄jÞ ¼
jgijρ j2
24π

mρ; ð8Þ

neglecting the quark and lepton masses. In the UV theory,
this rate can be computed as Γ ¼ σvreljψð0Þj2, where ψ is
the wave function for the ΨS̄ bound state and σ is the cross
section for ΨS̄ → QiL̄j annihilation,

σvrel ¼ NHC

j~λ2i λ2j jðmS þmΨÞ2
96πðmSmΨ þm2

ϕÞ2
; ð9Þ

ignoring the initial velocities of the bound particles,
and assuming only the spin-1 configuration of S and Ψ
contributes in the sum over spins. This gives

gijρ ¼
�
NHC

4mρ

�
1=2 ~λiλ

�
jðmS þmΨÞ

ðmSmΨ þm2
ϕÞ

ψð0Þ: ð10Þ

Once the effective interaction (7) is specified, we can
integrate out the leptoquark to generate the dimension-6
operator shown in Fig. 1(a),

δL ¼ −
gijg�i0j0
m2

ρ
ðQ̄a

i γ
μQi0;bÞðL̄b

j0γ
μLj;aÞ; ð11Þ

after Fierz transforming [90], where a, b are SUð2ÞL
indices. This contribution must interfere destructively with
the SM contribution to b → sμþμ−, requiring g�32g22 to be
approximately real and positive.
In addition to the composite leptoquarks, there are

composite Ψ̄Ψ≡ ρΨ and S̄S≡ ρS vector bosons, whose
exchanges are shown in Figs. 1(b) and 1(c). The ensuing
operators are

δL ¼ −
hijh�i0j0
2m2

ρS

ðL̄a
i γ

μLi0;bÞðL̄b
j0γ

μLj;aÞ

−
kijk�i0j0
2m2

ρΨ

ðQ̄a
i γ

μQi0;bÞðQ̄b
j0γ

μQj;aÞ; ð12Þ

where hij and kij are determined analogously to (10), with
~λiλ

�
j → λiλ

�
j and ~λi ~λ

�
j , respectively.

IV. FLAVOR CONSTRAINTS

The fit of Ref. [4] implies that the RKð�Þ anomalies can be
explained by taking

g22g�32
m2

ρ
¼ 1 × 10−3

TeV2
: ð13Þ

To translate this into a constraint on parameters of the
model, we must determine ψð0Þ and the bound state mass.
For this purpose we use a potential model that is described
in Appendix A. To simplify this preliminary analysis,
we assume that mΨ ≅ mΦ.

2 We consider two possibilities
for the dark constituent mass, ΛHC ≲mS ≲mϕ ≡M and
mS ≪ ΛHC ≲mϕ, such that S is respectively nonrelativistic
or relativistic within the bound state. Two versions of the
potential model are given to treat these cases. We avoid the
quirky regime where ΛHC ≪ M [89] since collider con-
straints are expected to become more stringent (and
difficult to quantify), as we will discuss in Sec. VI.
In either case, the coefficients of the dimension-6

operators (12) are proportional to

ζ ≡ jψð0Þj2
m3

R
; ð14Þ

L L

QLL

Q Q

L QL

(a) (b) (c)

S
ψ

S

Q Q
S ψ

ψ

FIG. 1. Tree-level contributions to flavor-violating processes
from exchange of composite vector bosons.

2Also this choice maximizes the wave function at the origin.
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which encodes the effects of the confining dynamics (see
Appendix A), where mR is the mass of the exchanged
resonance. ζ is dimensionless and thus only depends upon
ratios of mass or energy scales (andNHC). In the case where
all masses are approximately equal to scale M, there is just
one such ratio, r ¼ M=ΛHC. Using the nonrelativisitic
potential model in the region M=ΛHC > 1, we numerically
determine ζðrÞ for NHC ¼ 2, 3, 4, shown in Fig. 2 (solid
curves). It reaches a maximum value of ∼0.0037 for r ≅ 3
if NHC ¼ 3, 4, and is smaller if NHC ¼ 2. For the case
mS ≪ ΛHC, the low scale mS becomes irrelevant and we
can still express ζ as a function of the same r ¼ M=ΛHC,
using the relativistic version of the potential model. ζ is
smaller for these models, ∼0.002 for r ∼ ð2–3Þ.
Since ζ is small, the best case for avoiding large

couplings λ2, ~λ2;3 in the underlying model is to have mϕ ∼
mΨ ∼M and ΛHC ∼ ð0.3–0.4ÞM for NHC ¼ 3 or 4. Then
with ζ ¼ 0.0037, Eq. (13) implies

jλ22 ~λ2 ~λ3j ≅ 0.3

�
M
TeV

�
2
�

3

NHC

�
: ð15Þ

From thepotentialmodel, the bound statemassmρ atΛ=M ¼
0.4 and NHC ¼ 3 is predicted to be 1.75 times the naive
value of2M that ignores the contribution from the hypercolor
flux tube. For M ¼ 1 TeV, therefore, mρ ≅ 3.5 TeV.
In the case where mS ≪ ΛHC, the couplings must be

increased by ∼15%, to compensate for the smaller ζ factor.
From the partially relativistic version of the potential model,
the mass of the resonance is found to be approximately

mρ ≅ ð0.56þ 1.8NHCÞΛHC þmΨ; ð16Þ

valid formΨ=ΛHC ≳ 3; for smaller valuesmρ tends toward a
constant independent of mΨ.

A. Meson-antimeson mixing

Diagrams of the type Fig. 1(c) contribute to the oscil-
lations of neutral mesons: K0 − K̄0, D0 − D̄0, B0 − B̄0 and
B0
s − B̄0

s , placing constraints on different combinations of
the ~λi couplings by similar reasoning as led to Eq. (15).
For the fiducial model parameters with ζ ¼ 0.0037 and
NHC ¼ 3, we find the upper limits given in Table II.
These are inferred by comparing the operator coefficients
k2ij=2mρ2Ψ

with the upper limits from Ref. [16] for Bs mixing
and Refs. [91–95] forK,D, and Bd mixing (which gives the
most stringent bounds in each case). The bounds on K and
D mixing are conservative in the sense that we have
assumed that the contribution to the imaginary part of
the amplitude, which is much more strongly constrained, is
as large as that of the real part.
As an example of parameters that can satisfy these

constraints, we take M ¼ 1 TeV and

~λ1 ¼ −0.01; ~λ2 ¼ 0.1; ~λ3 ¼ 0.66; λ2 ¼ 2.1

ð~λ01 ¼ 0.014; ~λ02 ¼ 0.13; ~λ03 ¼ 0.66Þ: ð17Þ

The primed couplings (pertaining to the up-type quarks)
are determined by the unprimed ones through Eq. (5). The
resulting contributions to the products of couplings relevant
to meson mixing are shown in Table II (last column). The
relative minus sign between ~λ1 and ~λ2 leads to an accidental
cancellation in Vij

~λj such that the D0 mixing contribution
is just below the limit; without this sign, we would get
~λ01 ~λ

0
2 ¼ 0.004, saturating the limit.
The fact that all the mixing constraints are close to

being saturated, with the exception of Bs, can be under-
stood from the lack of any approximate flavor symmetry
such as minimal flavor violation (MFV) [96] in this model
[although the hierarchical nature of our choice of couplings
in (17) functions in a similar way to MFV]. By requiring a
large enough b → sμþμ− transition and trying to avoid
couplings much larger than 1, we are pushed into this
restricted region of parameter space.
One way to relieve the tension is to take smaller values of

M, say 800 GeV. Then the couplings could on average be

2 4 6 8 10
r = M / Λ

HC

0

0.001

0.002

0.003

0.004

|ψ
(0

)|2  / 
m

R3 N=2 N=3
N=4

m
S

≈ mΨ

m
S
 ≈ 0

FIG. 2. The function ζ ¼ jψð0Þj2=m3
R [Eq. (14)] that encodes

the strong dynamics dependence of the exchange of bound state
resonances between SM fermion bilinears. Solid curves are for all
constituents having same mass M, while dashed are for the case
of mS ≪ ΛHC.

TABLE II. 3rd column: Bounds from meson-antimeson mixing
on quark couplings. M is the (assumed) universal mass of the
constituents. Last column: Values following from fiducial param-
eter choices, Eq. (17).

Meson Quantity
Upper limit

(units M=TeV)
Fiducial value
(units M=TeV)

K0 j~λ1 ~λ2j 1.3 × 10−3 1 × 10−3

D0 j~λ01 ~λ02j 2 × 10−3 7 × 10−4

B0 j~λ1 ~λ3j 0.026 0.0066

B0
s j~λ2 ~λ3j 0.066 0.066
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smaller by a factor of
ffiffiffiffiffiffiffi
0.8

p
than in Eq. (17). If we keep the

leptonic coupling large, λ2 ¼ 1.1, the quark couplings can
all be reduced by 0.8, and the last column in Table II is
reduced by 0.64, leading to a 60% reduction in the actual
amplitude. Allowing for larger leptonic coupling can
further ameliorate the situation, which is thus not as
marginal as the limiting case makes it appear. M cannot
be made lower than 800 GeV because of LHC constraints,
as we will see in Sec. VI. Our main goal in this paper
is to establish some region of viability for the model.
A thorough exploration of the parameter space will become
more strongly motivated if the B decay anomalies are
confirmed with greater significance.

B. Lepton flavor violating decays

As mentioned above, nothing obliges us to turn on the
couplings λ1, λ3 to e and τ leptons in this model, apart from
aesthetic considerations. If these couplings are nonvanish-
ing, then the diagram of Fig. 1(b) contributes to lepton-
flavor violating (LFV) decays τ → 3l (where l is μ or e)
and μ → 3e. We can derive upper bounds on jλ1j, jλ3j by
comparing the amplitude from exchange of the ρS ¼ SS̄
vector meson,

3

4
ζ
λiλ

�
j jλjj2
2M2

ðl̄jγ
μliÞðl̄jγ

μljÞ; ð18Þ

to the SM amplitude 2
ffiffiffi
2

p
GFðν̄iγμliÞðl̄jγ

μνjÞ for the
corresponding allowed decay, giving a ratio of branching
ratios of Rij ¼ 1.8 × 10−9jλij2jλjj6. From τ → 3μ we
require Rτμ < 1.2 × 10−7 and from μ → 3e, Rμe < 10−12,
giving

jλ1j≲ 0.23; jλ3j≲ 0.9: ð19Þ

This implies that the anomalous contribution to the
b → seþe− amplitude (which goes as jλ1j2) is less than
0.01 times that of b → sμþμ−.

C. Radiative transitions

Another potentially important class of FCNCs is the
radiative decays such as b → sγ, τ → μγ. They arise
through the mass mixing of SM fermions with heavy
composite fermions from the confining sector. These are
vectorlike doublet leptons and quarks, ϕS≡ Fl and
ϕΨ≡ Fq, that naturally have magnetic moments coming
from their charged constituents. They contribute to dipole
operators of the light fermions in the mass eigenbasis,
including transition magnetic moments.
The mass mixing in this kind of model was previously

considered in Ref. [97]. Here we make the connection to
transition moments more precise, using methods that were
previously applied to the rare decays of Z → Υγ in the SM
in Ref. [98]. The contributions look like loop diagrams

(Fig. 3), but the integral is over the relative momentum
of the bound constituents and is weighted by the wave
function in momentum space. Details are given in
Appendix B. There we show that the mass-mixing between
the SM and heavy fermions takes the form

~λfQ̄f;aϕ
aΨþ λiS̄ϕ�

aLa
i →

ψð0Þffiffiffiffiffi
M

p ð~λiQ̄iFq þ λiF̄lLiÞ

≡ μiqQ̄iFq þ μilF̄lLi; ð20Þ
where ψ is the wave function of the bound state and M is
the mass of the constituents, which we continue to take to
be equal for simplicity. For unequal masses, M is replaced
by twice the reduced mass.
In addition, as shown in Appendix B, the diagrams of

Fig. 3 give rise to dimension-6 transition moment operators
of the form

L ¼ −eFμν

2M2
F

ðqqμfqQ̄fσμνFq þ qlμ
f
lF̄lσμνLfÞ; ð21Þ

where qf is the electric charge of particle f, a quark or
lepton. Reference [99] noted that these lead to transition
magnetic moments among the light fermion states upon
diagonalization of the mass matrices, which take the form

ð f̄R F̄R Þ
�
mf 0

μf MF

��
fL
FL

�
; ð22Þ

where f, F denote the SM and heavy fermions, respec-
tively, with mf being the SM mass matrix and MF the
heavy composite mass. To leading order for small mixing,
(22) is diagonalized by separate left- and right-handed
transformations OL;R ¼ ð 1

−θTL;R
θL;R
1
Þ with mixing angles that

are vectors in flavor space,

θR ¼ mfμf
M2

F
; θL ¼ μf

MF
: ð23Þ

(a) (b)

(c) (d)

k,

F
Q

−Q/2+q+k

μ

−Q/2 
+ q

Q/2 + q

Q−k
f

iλ i

k, μ

F
Q Q−k

f
iλ i

−Q/2 + q

Q/2+q

Q/2+q−k

F
Q−k

f
iλ i

−Q/2 + q

Q
F

Q

Q/2 + q
f

iλ i

−Q/2 + q

Q−k

Q/2+q−k

FIG. 3. Diagrams for transition magnetic moment from heavy
composite to light fundamental fermion. Equal constituent
masses are assumed for routing of momenta. Cross represents
the bound-state wave function.
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After transforming to the mass eigenbasis, a transition
moment for the light fermions is generated,

L ¼ e
qfμifμ

j
fm

j
f

2M4
F

ðf̄L;iσμνfR;jÞFμν: ð24Þ

It is proportional to jψð0Þj2=M4
F ¼ ζ=MF rather than just ζ

[recall Eq. (14)]. The same potential model can be used
to compute MF as we used for the bosonic bound states,
since quantum mechanics is insensitive to the spins of the
constituent particles, and we are ignoring the spin-spin
interactions in our simple treatment. Then for the fiducial
parameters with ΛHC ¼ 0.4M, jψð0Þj2=M4

F ≅ ζ=ð3.5MÞ.

1. FCNC quark transitions

From the general formula (24), the operator contributing
to b → sγ is

e~λ2 ~λ3jψð0Þj2mb

6M4
Fd
M

s̄LqγμbR: ð25Þ

This implies that the conventionally normalized Wilson
coefficient of the dipole operator O7 is

C7 ¼
ffiffiffi
2

p
π2 ~λ2 ~λ3ζ

10.5GFVtsVtbM2
≅ 7 × 10−4; ð26Þ

using the parameter values (17) with ΛHC ¼ 400 GeV,
well below the experimental limit of ∼0.02 [100]. Under
the scaling of parameters described at the end of Sec. IVA,
this prediction remains unchanged.
Similarly for c → uγ, we predict a transition magnetic

moment like (25) with ~λi → ~λ0i, Eq. (5). Using the values
(17), the contribution to the c → uγ amplitude is ∼10−2
smaller than the SM contribution. Likewise, the contribu-
tion to d → sγ is orders of magnitude below the limit from
KS → π0lþl− decays (see Sec. VII.7 of [101]).

2. FCNC leptonic decays

The radiative decays li → ljγ proceed analogously to
those of the quarks, due to mixing with the heavy
composite lepton whose mass is MFl

≅ 3.5M for our
fiducial parameter choice. The induced transition magnetic
moment is

μij ¼
eλiλjζmi

MFl
M

: ð27Þ

and the partial decay width is δΓ ¼ μ2ijm
3
i =8π [102]. This

gives limits

jλ1j≲ 7.5 × 10−4; jλ3j≲ 0.56; ð28Þ
respectively, from μ → eγ and τ → μγ that are more
stringent than (19).

3. Muon anomalous magnetic moment

The contribution to the muon anomalous magnetic
moment is

aμ ¼
ðg − 2Þ

2
¼ jλ2j2

m2
μζ

MFl
M

: ð29Þ

For our benchmark values, we get aμ ∼ 10−11, which is 300
times too small for addressing the current discrepancy with
predictions of the SM [103]. It will be seen below that LHC
constraints prevent taking MFl

to be smaller than the TeV
scale, leaving little room for increasing aμ.

D. Precision electroweak constraints

The composite vector states ρμϕ made from ϕaϕ�
b can be a

singlet or a triplet of SUð2ÞL. The latter have mass mixing
with the SM electroweak gauge bosons, induced by
diagrams analogous to those in Fig. 3, without the external
photon line, with ρμϕ and Wμ as the external states,
and ϕ=ϕ� as the internal ones. The amplitude for
ρϕ → W, which is related to the off-diagonal element
m2

ρϕW
in the mass matrix, is

Aðρϕ → WÞ ¼ 2g2ffiffiffiffiffiffiffimϕ
p ϵ⃗ ·∇ψð0Þ; ð30Þ

where g2 is the weak gauge coupling, ϵ⃗ is the W
polarization vector, and j∇ψð0Þj2=m5

ρϕ ¼ðμ�=mρϕÞ5=96π ≅
5×10−5 from the potential model for p-wave states,
evaluated at ΛHC ¼ 0.4mϕ. For our fiducial parameter
choices, this leads to m2

ρϕW
≅ 0.34 TeV2, while the

diagonal element is m2
ρϕ ≅ 19.0 TeV2.

Naively this would lead to a large shift in m2
W , but as

noted in Ref. [88], models like ours respect custodial
symmetry, so that the electroweak precision Peskin-
Takeuchi parameters [104] T and U vanish. Moreover,
S ¼ 0 so long as the new physics does not contribute to
electroweak symmetry breaking, since in this case it
induces no kinetic mixing of the form Wμν

3 Yμν between
the neutral SM gauge bosons. In our model this could come
only from the composite scalar triplet that is also a bound
state of ϕϕ�. However, its squared mass is positive, coming
largely from the constituent masses, so it does not get a
vacuum expectation value. Reference [78] explicitly con-
firmed these statements in a related model having
composite vector bosons that mix with W and Z.

E. Higgs coupling strengths

Because the SM fermions mix with the heavy fermionic
partners, the light fermion mass eigenstates are admixtures
of the two fields, whereas only the SM component couples
to the Higgs boson. The coupling of the Higgs to fermions
is thus reduced by mixing angle factors
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f̄LhfR → cos θL cos θRf0Lhf
0
R: ð31Þ

Here the primed fields are the mass eigenstates, and θL;R are
the mixing angles given in Eq. (23). The largest deviations
come from the θL for the fermions with the largest λi or ~λi
couplings, namely μ, b, t and possibly τ. Denoting the
coupling generically by λ, we find θL ≅ 0.1λ, leading to a
reduction in the Higgs coupling strength by a factor of
κ ¼ 1 − 0.005λ2. This is too small a deviation compared
to the current sensitivity of LHC experiments to be

constraining.

V. COMPOSITE DARK MATTER

The η0-like SS̄ bound state is unstable to self-annihilation
into μþμ− through ϕ exchange, but the hyperbaryonic
bound state Σ≡ SN is a stable dark matter candidate.
Determination of its thermal relic density can depend upon
the annihilation of the constituent SS̄ particles above the
SU(NHC) confinement transition, as well as ΣΣ̄ annihila-
tions following confinement. For the parameters of interest,
with ΛHC ∼ 400 GeV and mS ≲ 1 TeV, it has been shown
[97,105] that the resulting relic density is too small (by a
factor of ∼1000). However, since hyperbaryon number
is conserved,3 it is possible that an asymmetry between S and
S̄was produced in the early universe, soΣ can be asymmetric
darkmatter.Wemake this assumption here, without attempt-
ing to account for the origin of the asymmetry.
From the nonrelativistic potential model, the DM mass

can be numerically determined as a function of mS. In the
range 1 < mS=ΛHC < 10, we find the approximate fit

mΣ ≅ ð3.8ð1 − NHCÞ þ N2
HCÞΛHC þ ð0.3þ 0.8NHCÞmS:

ð32Þ

The dependence on mS is shown in Fig. 4 (left), including
the limit mS → 0 (heavy dots on y axis), obtained from the
relativistic version of the potential model.
Although S has no direct interactions with nuclei, it gets

a magnetic moment at one loop (with ϕ� or μ� in the loop),
depending upon R≡m2

S=m
2
ϕ,

μS ¼
ejλ2j2mS

32π2m2
ϕ

fðRÞ; ð33Þ

with

fðRÞ ¼
Z

1

0

du

�
u2

1 − Ru
þ uð1 − uÞ
1 − Rþ Ru

�
ð34Þ

in the approximation of neglecting mμ (see Appendix C
for details). The loop function diverges logarithmically as
R → 1 in this approximation; for example, if mS ¼ 0.9mϕ,
fð0.81Þ ¼ 1.3, while for mS ¼ 0.8mϕ, fð0.64Þ ¼ 0.93.
If Σ has spin, it inherits a magnetic moment from its S

constituents. This will be the case if NHC is odd. If
NHC ¼ 3, the wave function of SaSbSc is ϵabc in hypercolor
space, and if the spatial wave function is s-wave, total
antisymmetry demands that the spins be aligned, like the Δ
baryon in QCD. The quark model then predicts that Σ has a
magnetic moment that is three times that of S.
The gyromagnetic ratio of Σ is given (for odd NHC)

by gΣ ¼ 4NHCμsMΣ=e. Reference [107] derived an upper
limit on g versus DM mass based upon early XENON100
data [108]. We update their limit by comparing the relative
sensitivities of that search to the recent PandaX-II result
[106] in the high mass regime, to constrain our model.
Allowing mS to vary between ΛHC ≅ 400 GeV (the value
that maximizes ζ if M ¼ 1 TeV) and 1 TeV, we rescale λ22
by ðζmax=ζÞ1=2 where ζmax ¼ 0.0037 for the fiducial model
parameters, and ζ is smaller for mS < M. This keeps the
predicted B decay signals constant while varying mS, if all
the couplings scale in the same way. Using (32), gΣ and mΣ

0.4 0.5 0.6 0.7 0.8 0.9 1
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10
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Σ
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(Banks et al.)
composite Σ
dark matter

FIG. 4. Left: Hyperbaryonic dark matter mass mΣ versus constituent mass mS for NHC ¼ 2, 3, 4 and ΛHC ¼ 400 GeV. Heavy dots
show the value of mΣ in the limit mS → 0. Right: Predicted gyromagnetic moment for the NHC ¼ 3 model (orange dashed) and current
constraint from direct detection [106] (solid blue), based on rescaling of earlier limit from Ref. [107] (solid red). Dashed red is an
estimate of the improved relative sensitivity at low mass in recent experiments, compared to the XENON 100 [108] limit.

3Note that S, Ψ, and ϕ� can be assigned hyperbaryon
number þ1.
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are determined as a function ofmS. The result for NHC ¼ 3
is shown in Fig. 4 (right). It translates to an upper limit
mS ≲ 800 GeV. (ζ is not appreciably decreased at this
value of mS.)

VI. COLLIDER CONSTRAINTS

Because of hypercolor confinement, only HC-neutral
bound states of the new particles ϕ,Ψ, S can be produced in
high-energy collisions. We expect the dominant mode for
discovery to be resonant production of vector and scalar
HC mesons, through the diagrams in Fig. 5. We work in a
region of parameter space whereΛHC is not too much lower
than the constituent masses M, which avoids the compli-
cations of quirks [89]. In the quirky regime, there are many
excited quantum states to scatter into, that can efficiently
radiate hypergluons and settle to the ground state before
self-annihilating. Then partons with energy above that of
the resonance could still be effective for production.
On the other hand for ΛHC ≲M, the resonances are well-

separated and can only radiate QCD gluons or electroweak
gauge bosons since the HC glueball mass is too heavy,
∼7ΛHC [109] forNHC ¼ 3. In this regime, the parton center
of mass energy must match the mass of the resonance, and
we can use similar techniques for computing resonant
production of bound states as for J=ψ and Υ in eþe−
collisions. This approximation misses events in which the
bound state is produced by partons above the threshold for
the resonance, plus QCD radiation to take away the excess
energy. We defer study of such higher-order corrections.

A. Production cross section

In general, the production cross section from colliding
protons to form a narrow resonance R from partons pi, pj
can be expressed as

σðpp → RÞ ¼ 16π2

mRs

ð2J þ 1ÞNcΓðR → pipjÞ
ð2s1 þ 1Þð2s2 þ 1ÞNc1Nc2

·
Z

1

mR=s

dx
x
½fiðxÞfjðmR=sxÞ þ fi ↔ jg�;

ð35Þ
where fi is the parton distribution (PDF) for pi, 2si þ 1 and
Nci are the number of spin states and colors, respectively,
of the incoming particles, 2J þ 1 and Nc likewise for the

resonance, and Γ is the partial width for the decay that is
inverse to the production process. (In the case of incoming
gluons, the doubling of PDFs in the second line is correct,
compensating for the factor of 1=2 in the phase space for
decay of R into identical particles.) The generalization to
resonances carrying SUð2ÞL rather than QCD quantum
numbers is obvious.

B. Predicted widths

The decay widths of bound states have been quantita-
tively addressed in regimes where the constituent masses
are either much heavier than the confinement scale [89] or
much lighter [88,110]. We are interested in the case where
ΛHC ∼ 0.4M (with the possible exception of mS ≪ ΛHC,
but this is not relevant here because the SS̄ bound states
cannot be produced at LHC). For NHC ¼ 3, the potential
model predicts that the kinetic energy of the constituent is
0.3 of its mass energy, so the nonrelativistic approximation
is not very bad. Ultimately, lattice calculations should be
done to make more quantitative predictions.
We ignore decays of bound states into hypergluons,

since we work in a regime where any hyperhadrons are too
heavy to be produced. Even if mS < ΛHC, the ΠS ¼ SS̄
pseudoscalar is not a light pseudo–Nambu-Goldstone
boson, because the approximate chiral U(1) flavor sym-
metry is anomalous, like for the η0 of QCD. Likewise, the
glueballs of the SUðNHCÞ are also too heavy.
Reference [89] calculates (in terms of jψð0Þj2) the decay

widths assuming that the bound state constituents do not
form a resonance of definite spin, but these are straightfor-
ward to rescale for the physical eigenstates of spin.4 Doing
this gives results in agreement with the treatment of bound
state decays in Ref. [111]. In our model, the ΨΨ̄ states can
be in the QCD color singlet or octet representations. Given
that ΛHC ≫ ΛQCD, this distinction is unimportant for the
dynamics since the lifetime of the bound state is much
shorter than the QCD hadronization time scale.

1. ΨΨ̄ resonances

Starting with the ΨΨ̄ bound states, there is the pseudo-
scalar ΠΨ that can be produced by gluon fusion [diagram
(d) of Fig. 5] or the vector ρΨ coming from qq̄ annihilation,
Fig. 5(c). The respective decay widths are [89]

ΓðΠΨ → ggÞ ¼ 128π

27
NHCα

2
s
jψð0Þj2
m2

ΠΨ

ð36Þ

ψ
_

q

q
_

qg

q
_

g

ψ

g

q

q

g

q

q
*φ

ψ

ψ
_
ψg

gg

g

(γ)

(γ)

q

q
_

*φ

γ, Z,W γ, Z,Wφ
_
l

l

(a) (b)

(c) (d)

FIG. 5. Resonant production of HC bound states leading to
dileptons (a), dijets (b)–(d), or diphotons (d).

4For example, decay via a single virtual gauge boson into
fermions ff̄ gets a factor of 4=3 to correct for the fact that only
the spin-1 state contributes in the average over spins of the initial
constituents. Similarly, decays to two gauge bosons occur only
for spin-0 resonances, requiring a factor of 4 correction to the
spin-averaged rate. Likewise, the results of [89] ignore QCD
color correlations of the constituents and must be rescaled for
states of definite color.
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ΓðρΨ → uūÞ ¼ 8π

27
NHCα

2
s
jψð0Þj2
m2

ρΨ

ð37Þ

ΓðρΨ → eþe−Þ ¼ 4π

9
NHCα

2
jψð0Þj2
m2

ρΨ

: ð38Þ

The last one, unlike the previous two, involves only
the color singlet state so it does not entail an average over
QCD colors. We include it because it is potentially relevant
for the dilepton final state. However, counting channels,
it predicts a branching ratio of Blþl− ¼ ðα=αsÞ2=2 ≅
2.5 × 10−7 into electrons or muons, implying that the
dilepton channel is actually unimportant for this resonance.

2. ϕϕ̄ resonance

There are four kinds of ρϕ ¼ ϕϕ� vector bound states,
three components in an SUð2ÞL triplet and one singlet.
Since the SUð2ÞL dynamics are not important at the TeV
scale, we average over the isospins of the bound state
constituents. The angular momentum of ρϕ is purely
orbital, so the constituents are in a relative p-wave for
which ψð0Þ ¼ 0. Therefore, the width depends upon the
derivative of ψ at the origin. Following [112], we find that
the SUð2ÞL contribution to the width is

Γðρϕ → W� → qiq̄jÞ ¼
3π

2
NHCα

2
2

j∇⃗ψð0Þj2
m4

ρϕ

ð39Þ

for decay into a single generation of approximately mass-
less quarks. For decays into leptons, the result is 1=3 times
smaller (from lack of QCD color), giving a branching ratio
of 3=4 to quarks and 1=4 to leptons. Hence, this process
leads to both dijet and dilepton signals. For decays into
muons, there is an additional, potentially larger contribu-
tion from S exchange (that interferes with the W exchange
contribution, but we ignore this interference for purposes
of estimation), given by

Γðρϕ → μþμ−Þ ¼ 2π

3
NHC

�jλ2j2
4π

�
2 j∇⃗ψð0Þj2
ð1
4
m2

ρϕ þm2
SÞ2

: ð40Þ

3. Composite fermion

For decay of the composite fermion to qg, taking
mϕ ≅ mΨ as before, we find

ΓðFq → gqiÞ ≅ NHC
αsj~λð0Þi j2
2m2

Ψ
jψð0Þj2; ð41Þ

where i is the generation index of the quark and, as usual,
the prime is for couplings to up-type quarks. The squared
coupling must be absorbed into sum over quark flavors in
the parton luminosity factor for production via qg fusion.

4. Vertex correction

For all of the annihilation decays, a more quantitative
estimate can be made by taking account of perturbative
corrections that dress the annihilation vertex. For charmo-
nium and upsilon, the correction from a gluon loop is
known to be important, and we adopt the analogous
correction for the HC gluon exchange, with αHC evaluated
at the scale of the constituent mass. The correction factors
depend upon the annihilation process, and in analogy with
QCD we take [113]

C ¼ 1 −
ðN2 − 1ÞαHC

8π

� ð20 − π2Þ=3; Πψ → gg

16=3; ρψ → ff̄

�
; ð42Þ

with αHC evaluated at the scale μ�, twice the inverse Bohr
radius. We have assumed that the known NHC ¼ 3 results
generalize to other values by rescaling by the number of
hypergluons.

C. Resonant search constraints

Combining the decay widths with the general formula
for the production cross section (35), we find that it
depends upon the same combination ζ, Eq. (14), that
appeared in the dimension-6 FCNC operators. One finds
a production cross section for the color octet plus singlet
states ΠΨ given by

σðpp → ΠΨÞ ¼
8π3α2sNHC

3s
ζCLgg; ð43Þ

where Lgg is the parton luminosity factor for gluon
fusion. The perturbative correction (42) is C ¼ 0.5 at
mΨ ¼ 2.5ΛHC, similar to the value that occurs in QCD
for J=ψ, and ζ ¼ 0.0037 as in the previous sections. In
Fig. 6 we plot this prediction along with current constraints
from ATLAS [114] and CMS [115] resonant dijet searches,
assuming an acceptance of events passing experimental
cuts of A ¼ 50%, comparable to that of various models
tested in the searches. The resonance mass must exceed
2.3 TeV, which is satisfied for our fiducial model with
mΠ ¼ 3.6 TeV. Keeping mΨ=ΛHC fixed, this limit would
allow mΨ to be no lower than 650 GeV.
Similarly, for production of the color octet vector ρΨ

resonance for NHC ¼ 3 we find

σðpp → ρΨÞ ¼
64π3α2sNHC

9s
ζCLqq̄: ð44Þ

The loop correction factor (42) is 0.7 for this process.
The corresponding prediction is also plotted in Fig. 6.
We infer a limit of mΨ > 820 GeV for the fiducial model.
At larger values of mΨ=ΛHC ¼ 5, 10, this limit becomes
more stringent, mΨ ≳ 1 TeV, approximately independent
of the value of mΨ=ΛHC.
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In addition to the ΠΨ → gg channel, the color singlet
pseudoscalar can decay to two photons. Its decay width
into gluons is smaller than the color average (36) by a factor
of 16=9, and its branching ratio into photons is Bγγ ¼
9α2q4ψ=2α2s [116]. The cross section for pp → ΠΨ → γγ is
therefore ð9=128ÞBγγ times Eq. (43). The predicted cross
section is shown along with the ATLAS diphoton limit
[117] in Fig. 7; it constrains mΠ > 1.7 TeV.
The ρϕ resonance has the electroweak production cross

section

σðpp → ρϕÞ ¼
2π3α22NHC

s
ζpLqq̄; ð45Þ

where ζp ¼ j∇ψð0Þj2=m5
ρϕ ¼ ðμ�=mρϕÞ5=96π ≅ 5 × 10−5

from the potential model for p-wave states, evaluated at

ΛHC ¼ 0.4mϕ. The ATLAS dilepton limit [118], slightly
rescaled to account for dominant decay of ρϕ to muons
(see Ref. [49] for details) is plotted in Fig. 8 along with
the prediction for a branching ratio of 100% into μþμ−
(this neglects decays into electroweak gauge bosons).
The resulting limit mρϕ > 2 TeV is stronger than that from
diphotons but weaker than that from dijets for the ΠΨ and
ρΨ states, respectively.
The cross section for heavy quark Fq production is

σðpp → FqÞ ¼
NHCαs
2s

ζ
X
i

j~λð0Þi j2Lgqi : ð46Þ

The result assuming couplings (17) and 100% branching
into dijets is plotted in Fig. 6, giving a weaker constraint
than those from ρΨ and ΠΨ resonant production.

D. Pair production of bound states

The wave function at the origin (the ζ factor) suppresses
the predicted resonant production significantly below the
cross section that would govern the creation of free pairs of
hypercolored constituents. This penalty is avoided if bound
states are pair-produced by hadronization in the HC sector,
as depicted in Fig. 9. Then each possible kind of final state
will occur with a relative probability not much smaller than
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1 since for every pair there are only three kinds of particles
(Ψ, ϕ, S) that can appear from the vacuum. The only other
bottleneck is that the incoming partons must have at least
enough energy to make both bound states. Then the cross
section averaged over PDFs takes the form

σ ¼
Z

1

0

dx1

Z
1

0

dx2f1ðx1Þf2ðx2ÞΘðx1x2s − 4m2
cÞσ̂; ð47Þ

where mc is the mass of the composite state. The largest
cross sections are for qq̄ → ΨΨ̄ and gg → ΨΨ̄,

σ̂qq̄ ¼
8πα2sNHC

27ŝ2
ð2m2

Ψ þ ŝÞχ; ð48Þ

σ̂gg ¼
πα2sNHC

3ŝ

�
−
χ

4
ð7þ 31m2

Ψ=sÞ

þ ð1þ 4m2
Ψ=ŝþm4

Ψ=ŝ
2Þ ln

�
1þ χ

1 − χ

��
; ð49Þ

with χ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

Ψ=ŝ
q

and ŝ ¼ x1x2s.

We find that the composite mass mc must be as small as
possible to get interesting constraints from this process.
This occurs for mS ≪ ΛHC in the ΨS̄ bound states, for
which the potential model gives

mc ≅ ð0.75þ 1.8NHCÞΛHC þmΨ: ð50Þ
These are leptoquark states that decay into ql, and have been
searched for by ATLAS [119] and CMS [120,121]. The
searches look for two jets and two leptons, either μþμ− or
τþτ−, respectively, for second or third generation lepto-
quarks. The limits are on the production cross section times
β2 where β is the branching ratio into the final state searched
for. In our model, β ≤ 1=2 since ρ can decay into either a
charged lepton or neutrinowith equal probability. Moreover,
the branching ratio into muons is jλ2j2=ðjλ2j2 þ jλej2Þ, and
that into tau is jλ3j2=ðjλ2j2 þ jλej2Þ, typically giving a further
reduction in β. (Recall that LFV constraints on λ1 make the
branching into eþe− negligible in our model.)
The predicted cross sections and observed limits are

shown in Fig. 10 for a model with ΛHC ¼ 100 GeV and
mS ≪ ΛHC, which is a limiting case for lowering the
masses of bound states containing S. We have assumed
λ3 ∼ λ2 so that β ≅ 1=4. The most stringent limits come
from the search for final state muons, with production via
the gg → ΨΨ̄ cross section (49). It requires the leptoquark
mass to be ≳1.1, 1.2, 1.26 TeV for NHC ¼ 2, 3, 4, hence
mΨ ≳ 670, 590, 470 GeV, respectively.
Other bound states not involving S as a constituent,

although they have potentially interesting signals, are too
heavy to be produced at a significant level relative to
current constraints from LHC. The composite lepton
Fl ¼ Sϕ� arises from electroweak qq̄ → ϕϕ� pair produc-
tion, with parton-level cross section

σ̂ ¼ πα22NHC

4

ŝð1 − 4M2=ŝÞ3=2
ðŝ −m2

WÞ2 þm2
WΓ2

W
: ð51Þ

in the simplifying approximation g0 ≪ g (sin θW → 0).
CMS has searched for excited muons and taus decaying
to the normal state plus photon [122]. Figure 11 shows the
limit on excited μ production, which is more stringent
than that for excited τ, versus the predicted cross sections
(100% branching of Fl → μγ is assumed). Again, we take
the extreme choice with ΛHC ¼ 100 MeV and mS ¼ 0 to
obtain light enough mFl

to fall within the currently probed
mass range; larger values of ΛHC and mS are not excluded.
Comparison with Fig. 10 shows that Fl is excluded up to
similar masses as the leptoquarks, mFl

≲ 1.3–1.5 TeV,
depending upon NHC.
The remaining mechanism to produce the lightest states

is diagram (g) of Fig. 9, which has partonic cross section
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Λ
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FIG. 10. Cross section for pair production of composite
leptoquarks times branching ratio squared for decays into μ or
τ plus jet (j). Solid is CMS upper limit for jjμμ [120] or jjττ
[121] final states, dotted is prediction from qq̄ → ρρ�, dashed is
prediction from gg → ρρ�, assuming low compositeness scale
ΛHC ¼ 100 GeV and massless S constituents.

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
m

F
l
 (TeV)

1

10

σ 
× 

B
 (

fb
)

CMS excited muon

N = 2 N = 4

FIG. 11. Cross section for production of composite heavy
leptons decaying to μ plus photon. Solid (orange) curve is
CMS upper limit, dashed are predicted values from Fl pair
production, assuming low compositeness scale ΛHC ¼ 100 GeV
and massless S constituents. Neighboring solid curves are from
production of Fl-leptoquark pairs, Eq. (52).
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σ̂ ¼ NHC
αsj~λð0Þi j2
24ŝ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4M2=ŝ

q
; ð52Þ

neglecting the quark mass (a good approximation since
the top quark PDF is very small). This produces the heavy
lepton Fl in conjunction with a leptoquark, and would be
probed by the CMS search [122]. The predicted cross
section (assuming 100% Fl → μγ) is also shown in Fig. 11
and happens to be close to that coming from Fl pair
production. Since the leptoquark is produced singly, it does
not produce the same signal as for the existing searches that
assume pair production and would require a new analysis,
searching for the unusual final state of two leptons, a jet and
a photon.

VII. SUMMARY AND CONCLUSIONS

We have presented a particularly simple realization of
composite leptoquarks to explain the anomalous B decay
ratios RKð�Þ , as well as providing a composite asymmetric
dark matter candidate. The new ingredients are an
SUðNHCÞ confining gauge sector under which three types
of matter fields Ψ, S, ϕ transform as fundamentals. Only
two kinds of interactions with SM fermions are allowed,
and these break the approximate flavor symmetries of the
SM through the six couplings λi to leptons and ~λi to quarks.
The leptoquark is the ΨS̄ vector bound state.
There is a limited region of parameter space allowed by

FCNC constraints on meson-antimeson oscillations (medi-
ated by the ΨΨ̄ vector bound states), direct dark matter
searches, and LHC searches for resonant dijets, which
require the Ψ and ϕ constituents to be near the TeV scale,
and the new confinement scale ΛHC must be ≳100 GeV.
(Our benchmark model takes ΛHC ¼ 400 GeV.) The dark
matter is a baryonlike bound state Σ ¼ SNHC with mass
∼ð1–5Þ TeV. If NHC is odd, Σ can have a magnetic dipole
moment that requires mΣ < 2.5 TeV to avoid direct
detection.
For very light dark matter constituent and low confine-

ment scale with mS ≪ ΛHC ∼ 100, the new bound states
(leptoquarks and heavy lepton partners) are light enough
(∼1 TeV) to be pair-produced and significantly constrained
by ATLAS or CMS searches for leptoquarks and excited
leptons. The model also predicts production of the lep-
toquark and heavy lepton in association, leading to the
unusual signal of two muons, a jet and a photon. The dark
matter dipole moment is below direct detection constraints
for small mS.
The predictions are sensitive to nonperturbative aspects

of confinement, especially bound state masses and wave
functions. We have used a simple potential model that
works reasonably well for known examples from QCD, but
which is not necessarily reliable for the parameters of
interest here, and neglects spin interactions between the
fermionic consituents. Lattice studies of the masses and

decay constants would allow for a useful improvement.
Nevertheless, it seems likely that the kind of model
presented here should give rise to other anomalous signals
in FCNC, dark matter, or collider searches. It is encour-
aging that the experimental status of the B decay anomalies
should become more clear from future data at LHCb and
Belle II during the next few years [123].
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APPENDIX A: POTENTIAL MODEL FOR
BOUND STATES

1. Nonrelativistic constituents

We first consider bound states where all the constituents
are heavier than ΛHC and hence nonrelativistic. Following
[112,124], we estimate the size of hypercolor mesonic
bound states using a variational method, with hydrogen-
like Ansätze for the wave functions. The Coulomb-like
contribution to the potential from hypergluon exchange
is [125]

Vc ¼ −
αHC

2r

�
NHC −

1

NHC

�
≡ −cα

αHC

r
ðA1Þ

for a hyperquark-antiquark pair in the hypercolor singlet
state. There is a linear confining potential

Vl ¼ σr; ðA2Þ

where σ ≅ 2ðNHC − 1ÞΛ2
HC is the string tension and ΛHC

is identified with the Λ parameter of the 0-flavor running
coupling in the MS scheme. The coefficient is deduced for
the case of NHC ¼ 3 from lattice studies [126] and its
generalization to other values of NHC is inferred from
large-N scaling. The energy of an s-wave state with wave
function

ψ sðrÞ ¼
μ3=2�ffiffiffiffiffiffi
8π

p e−μ�r=2 ðA3Þ

is

Es ¼ m1 þm2 þ
μ2�
8mr

−
cα
2
αHCμ� þ 3

σ

μ�
; ðA4Þ

where mr is the reduced mass of the constituent particles,
and αHC implicitly depends on μ� since it is the running
coupling evaluated at that scale. We thus minimize the
energy numerically. We use the 4-loop, 0-flavor expres-
sion for the running coupling given in [127,128]. For μ� <
ΛHC the perturbative coupling diverges and we cut it off
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at αHC ¼ 2. (Larger cutoffs lead to numerical artifacts in
the minimization.)
This model gives reasonable results for J=ψ and ϒ using

mc ¼ 1.3 GeV, mb ¼ 4.2 GeV for the quark masses, and
ΛQCD ¼ 200 MeV. For these systems ψð0Þ is measurable
through the electromagnetic decays via γ� to eþe−. For J=ψ
we find ψð0Þ2 ¼ 1=ð0.5 fmÞ3, close to the measured value
1=ð0.53 fmÞ3, while the mass is predicted to be 3.0 GeV,
compared to the measured 3.1 GeV. The model predicts
ψð0Þ2Υ=ψð0Þ2J=ψ ¼ 4.6, while experimentally one finds 4.7,
by comparing the decay rate formula [including the
correction (42)] to the observed partial widths. The worst
agreement is for mΥ, predicted to be 8.6 GeV versus the
measured value 9.5 GeV.
For p-wave states with

ψpðrÞ ¼
μ5=2�ffiffiffiffiffiffiffiffi
96π

p re−μ�r=2; ðA5Þ

we find the energy

Ep ¼ m1 þm2 þ
μ2�
8mr

−
cα
4
αHCμ� þ 5

σ

μ�
: ðA6Þ

For baryons in an s-wave state, we take the Ansatz
ψ ∼ e−μ�ðr1þr2þ���Þ, and the energy is

Eb ¼
XNHC

i¼1

�
mi þ

μ2�
8mi

�

þ 1

2
NHCðNHC − 1Þ

�
−

5cααHCμ�
16ðNHC − 1Þ þ f

35σ

8μ�

�

ðA7Þ
(note that the Coulomb attraction between qq in an
antisymmetric hypercolor state is 1=ðNHC − 1Þ times
weaker than that between qq̄). Comparison to the nucleon
of QCD motivates the correction factor f ¼ 0.065, indicat-
ing that the string tension is much smaller between qq than
qq̄ states.

2. Heavy-light or relativistic systems

In the case wheremS < ΛHC, one or more constituents is
relativistic. Then, in the center of mass system of a heavy-
light meson we have mass plus kinetic energy m1 þ p2=
ð2m1Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

p
in the Hamiltonian [129]. Still using

the wave function Ansatz ψ ∼ e−μ�r=2 for s-wave states,
the expectation value of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

p
can be found by

Fourier transforming ψ and evaluating the integral in the
momentum eigenstate basis. The result is a complicated
analytic function that can be fit to the simpler form

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

q �
≅ μ�

�
0.84þ 0.52

�
m
μ�

�
1.6
�
: ðA8Þ

[At m ¼ 0 the exact result is 8μ�=ð3πÞ.] We find that
this approximation is good to better than 1% for m < μ�.
The kinetic energy in (A4) and (A6) is then replaced by

m1 þ
μ2�
8m1

þ
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2 þm2
2

q �
: ðA9Þ

For baryons with some constituents light, the appropriate
replacement is obvious. The coupling αHC should be
evaluated taking into account running with the appropriate
number of light constituents.

APPENDIX B: TRANSITION MOMENTS FROM
COMPOSITENESS

Here we semiquantitatively estimate the transition mag-
netic moment interactions between heavy composite fer-
mions FR and their elementary SM counterparts, fR,
following the same formalism used by Ref. [98] for
radiative decays of the Z boson to quarkonium bound
states. The formalism is appropriate for nonrelativistic
systems, which is not a very good approximation in our
case since we prefer the constituent masses and confine-
ment scale to be of the same order. Hopefully it gives a
reasonable estimate, which would require a dedicated
lattice study to improve upon.
The amplitude for F → fiγ can be written as

AðF → fiγÞ ¼ −i λi
ð∼Þ

ūfi

Z
d4q
ð2πÞ4Oγðq; k;QÞχðQ; kÞ;

ðB1Þ
where the momenta are indicated in Fig. 3. Q is the
momentum of they decaying heavy F, k is that of the
photon, q is the relative momentum between the heavy
fermion constituents and χðQ; qÞ is the Bethe-Salpeter
wave function for the bound state. The operator Oγ comes
from the part of the diagram that is introduced by insertion
of the photon vertex, which depends upon what kind of
particle FðfÞ is. For downlike quarks, the photon attaches
to both Ψ and ϕ�; for uplike quarks it attaches only to Ψ
(since ϕ0 is the other constituent), while for leptons it
attaches only to ϕ� since S is neutral.
For simplicity we take the constituent masses to be equal

so that, in the absence of exchanged momenta, each carries
half of the momentum Qμ of the bound state. The general
form of O can then be written as

Oγ ¼ −ieqϕ
ið−Qþ 2qþ kÞμ

ð−Q=2þ qþ kÞ2 −m2
ϕ

PR

− ieqψðSÞ
i

=Q=2þ q − =k −mψðSÞ
γμPR; ðB2Þ

where PR projects onto right-handed chirality. The spinor
wave function takes the form
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χðQ; qÞ ¼ 2πffiffiffiffiffi
2μ

p δ

�
q0 −

q⃗2

2μ

�
uψðSÞðQ=2þ qÞ ~ψðqÞ; ðB3Þ

where μ is the reduced mass of the bound state constituents,
uψðSÞ is the Dirac spinor for the fermionic member, and ~ψ is
the Fourier transform of the spatial wave function.
For nonrelativistic systems, the wave function is strongly

peaked at small q⃗ and it is a good approximation to set
q ¼ 0 inOγ. Then the factor

R
d3q=ð2πÞ3 ~ψðqÞ ¼ ψð0Þ, the

spatial wave function evaluated at the origin, and the
amplitude becomes

AðF → fiγÞ ¼ −i
λi
ð∼Þ

ψð0Þffiffiffiffiffi
2μ

p ūfiOγð0; k; QÞPRuψðSÞ: ðB4Þ

It is pertinent to compare this to the corresponding
amplitude with no photon, which is just the mass mixing
amplitude,

AðF → fiÞ ¼ −i
λi
ð∼Þ

ψð0Þffiffiffiffiffi
2μ

p ūfiPRuψðSÞ ¼ −iμifūfiPRuψðSÞ:

ðB5Þ
This allows us to infer that the transition moment is related
to the mass mixing in a definite way.
For leptons, the decay amplitude from diagram (a) of

Fig. 3 is

AðFl → liγÞ ¼ −ieμilūliL

ðQ − kÞμ
1
4
m2

Fl
þm2

ϕ

uSR

→ −ie
μil
m2

Fl

ūliL iσ
μνkνuSR; ðB6Þ

where in the second line we used the Gordon identity

ðpþ p0Þμū0LuR ¼ m0ū0Rγ
μuR þmū0Lγ

μuL þ ū0Liσ
μνkνuR

ðB7Þ

and took mϕ ≃mFl
=2. The extra terms going as γμ in the

Gordon identity are canceled by diagrams (c) and (d) of
Fig. 3, which serves as a check on the sign. We ignored
terms going as kμ that do not contribute to the amplitude
because of the transversality of the photon polarization
vector.
Similarly for up- and down-type quarks, respectively, we

obtain

AðFu → uiγÞ ¼ i
2e
3

μ0iu
m2

Fu

ūuiL iσ
μνkνuΨR

;

AðFd → diγÞ ¼ −i
e
3

μid
m2

Fd

ūdiL iσ
μνkνuΨR

; ðB8Þ

whereμ0iu ¼ ~λ0iΛHCwith ~λ
0
i given inEq. (5), andμid ¼ ~λiΛHC.

After rotating the heavy and light fields to eliminate mass
mixing, these lead to magnetic moments involving just the
light states.

APPENDIX C: DM DIPOLE MOMENT

We give details for the one-loop contribution to the
magnetic dipole moment of the elementary dark matter
particle S, with diagrams shown in Fig. 12. They turn out to
be infrared convergent in the limit mμ → 0 for the internal
muon, hence we make this simplification. The 1PI dia-
grams (a) and (b) in Fig. 12 respectively give

ejλ2j22
Z

1

0

dx
Z

1−x

0

dy
Z

d4l
ð2πÞ4 ūp0

×
ð=lþ p0Þγμð=lþ pÞPR

½ðlþ xp0 þ ypÞ2 −M2
a�3

up;

ejλ2j22
Z

1

0

dx
Z

1−x

0

dy
Z

d4l
ð2πÞ4 ūp0

×
ð2l − p − p0Þμ=lPR

½ðl − xp − yp0Þ2 −M2
a�3

up;

where, defining u ¼ xþ y,

M2
a ¼ ð1 − uÞ½m2

ϕ − um2
S�;

M2
b ¼ u½m2

ϕ − ð1 − uÞm2
S�: ðC1Þ

As usual, one shifts the loop momentum variable to
simplify the denominators. Only the finite parts contribute
to the dipole operator. To extract the dipole moment, one
makes the replacements

PLpγμ → PLðpþ qÞγμ → ðPRmS þ PLqÞγμ;
γμ=p0PR → γμðp − qÞPR → γμðmSPL − qPRÞ ðC2Þ

p’p
p’p

q q

p’p

q

l

l+p l+p’

(c)

l

p p’
l+p l+p’

q (b)(a)

(d)

FIG. 12. Contributions to elementary dark matter magnetic
dipole moment.
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in the diagram in Fig. 12(a), using the Dirac equation (and
similarly letting =p0γμ → mSγ

μ, γμp → mSγ
μ), and keeping

the terms linear in =q. Both of these can be put into the form
γμ=q up to terms going as qμ, which give a vanishing
contribution when contracted with the external photon
polarization vector. These are directly related to the
magnetic moment since −iσμνqν → γμq in this way.
In the diagram in Fig. 12(b), we again use the Dirac

equation to rewrite pPR → mSPL, PL=p0 → mSPR, and
reexpress pμ, p0μ as linear combinations of ðpþ p0Þμ and
qμ, of which only the former contribute to the amplitude.
Using the Gordon identity, ðpþ p0Þμ → iσμνqν → −γμ=q.
We find that both diagrams (a) and (b) in Fig. 12
contribute with the same sign. A check on this relative
sign is provided by gauge invariance: the coupling
S̄γμSAμ is forbidden, and must not be generated by
loops. The divergent parts of diagrams (a) and (b) in
Fig. 12 contribute with the same magnitude and sign to

the vector current, and these cancel the contributions
from Figs. 12(c) and 12(d). Such a cancellation would
not occur if Figs. 12(a) and 12(b) came with opposite
signs.
Defining R ¼ m2

S=m
2
ϕ, the final expression for the

magnetic moment (which is the coefficient of ūp0γμ=qup) is

μS ¼
ejλ2j2
32π2m2

ϕ

ðfaðRÞ þ fbðRÞÞ ðC3Þ

with

faðRÞ ¼
Z

1

0

du
u2

1 − Ru

fbðRÞ ¼
Z

1

0

du
uð1 − uÞ

1 − Rþ Ru
: ðC4Þ

In the limit of light dark matter, fað0Þ þ fbð0Þ ¼ 1=2.
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