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1 Introduction

Like Higgs bosons, scalar leptoquarks S have renormalisable couplings A" to two fermions.
One could anticipate that the flavour structure of the leptoquark and of the Yukawa cou-
plings has the same origin, suggesting that, from a phenomenological bottom-up perspec-
tive, the A"Q might be constructible out of the Standard Model (SM) Yukawa matrices
Y. We explore various possibilities in this paper. Since our building blocks are the known
mass matrices, we call this “Minimal Flavour Violation (MFV) for leptoquarks”.
Leptoquarks! do not address topical open questions such as the identity of dark matter
or the origin of the electroweak scale. However, they have some motivation. The SM
contains bosons with either colour (gluons) or charge (Higgs and SU(2) gauge bosons),
but no coloured and charged bosons which could have renormalisable interactions with a
lepton and a quark (leptoquarks). Nonetheless, anomaly cancellation implies that the quark
and lepton sectors are related. Theories (GUTSs) that unify the strong and electroweak
interactions frequently have B and L violating leptoquark gauge bosons, whose values are
kept at the GUT scale because they could mediate proton decay [3]. In this paper, we are
interested in B and L conserving scalar leptoquarks, with LHC-accessible masses. They
could arise in technicolour models [4], in R-parity violating Supersymmetry (see e.g. [5]),
or be low-energy remnants of a GUT [6, 7]. From a more phenomenological perspective,

!For a review see e.g. the following and references and citations thereof [1, 2].



their strong interactions make them interesting for hadron colliders, and their lepton-quark
couplings can be probed in rare decay experiments. The prospects for detecting leptoquarks
at the LHC have been discussed in various models [8-11].

Some insight into “where to look for leptoquarks”, would be useful. For instance, are B
decays, involving third generation fermions, a more promising place to look for leptoquarks
than the more sensitive Kaon decays? And how do they compare with ¢f production at
hadron colliders ? To address such questions requires some knowledge about the lepto-
quark masses mg and couplings A¥@. From a phenomenological perspective, the first solid
step is to extract from current rare process data the bounds on |[A\¥Q|?/ m%, as was done
recently, for instance, in [12]? and [13, 14]. In this paper, we fix mg ~ 300 GeV, which is
of order of the Tevatron lower limits® [15-18]

mg = 250 — 300 GeV (1.1)

and accessible to the LHC [19-22]. Then we explore various patterns for the A'Q, con-
structed from the SM Yukawa couplings, which are consistent with the bounds. The
patterns give predictions for the most promising search channels for leptoquarks.

To combine SM Yukawa couplings into a leptoquark coupling is not immediately obvi-
ous, because the quark Yukawa couplings connect the quark flavour spaces, and Y, connects
the lepton flavour spaces:

up <Yy, —q«— Yy —dgp

{—Y,—ep

but there is no bridge between leptons and quarks. We consider three independent ways
to construct a lepton-quark-leptoquark interaction, which differ by the quark- and lepton-
flavour assigned to the leptoquarks:

(1) flavour-singlet leptoquarks;

(2) leptoquarks with non-trivial transformation properties only under the quark-flavour
groups;

(3) leptoquarks with both quark and lepton flavour indices.

In the first case, we are forced to introduce a new flavour-breaking structure connecting
the quark and lepton flavour spaces. In the second, following [23], we can build flavour-
invariant operators using the majorana neutrino mass matrix, and in the third case, we need
only the SM Yukawa couplings as symmetry breaking structures. In all cases, there are a
number of options, so we make additional assumptions, aimed to maximise the leptoquark
coupling A\MQ.

2Some errors in the arXiv version are corrected in the journal.
3The Tevatron bounds vary depending on the final state fermions and assumed Branching Ratios.



2 Notation

2.1 Flavour symmetries and symmetry breaking terms

The kinetic terms of three generations of Standard Model (SM) fermions have a global
U@3)g x U(3)y x U3)g x U(3) x U(3)e symmetry, which is broken by the quark and
charged lepton Yukawa couplings to U(1)y x U(1)p x U(1)re x U(1)r, x U(1)r, (where
U(1)y is global hypercharge, U(1)g is baryon number, and the U(1)z; are lepton flavours).
Majorana neutrino masses* will be included in section 4. As is well known, the Yukawa
couplings give hierarchical masses to the charged leptons and quarks, and identify a unique
“mass eigenstate basis” in the flavour spaces of the u,d,e and ¢. In the flavour space of
the gs, there are the two mass eigenstate bases of the dys and the uzs, which are related
by the CKM matrix K.

There is a large body of precise flavour data in the quark sector, which agrees with
SM expectations. This implies that any flavoured interactions of new particles accessible
to the LHC, should, somehow, “align” themselves on the eigenbases of the quark Yukawa
couplings and share their eigenvalues. This is elegantly obtained with the Minimal Flavour
Violation (MFV) hypothesis [24-26]: only the Yukawa matrices can break the global U(3)3.
Extending the MFV framework to sectors other than the quarks has been previously con-
sidered by various authors [27-31].

We write the SM Yukawa matrices with the flavour indices ordered doublet-singlet.

For instance, in the case of the charged leptons:
[Ye]ln<H>en€1 +h.c. DO meerer + h.c. (2.1)

where (H) = v = 175 GeV and the diagonal Yukawa matrix of fermion f will be denoted
Dy. Capitalised roman indices I, J, K correspond to SU(2) doublets ¢, ¢, lower case roman
indices (i, j, k) are carried by the singlets: e, u, d. Preference is given to the beginning of the
alphabet for leptons, and the later part for quarks. Chiral subscripts L, R are suppressed
to avoid confusion with flavour indices.

We take the perspective that the largest eigenvalue of the [Yy] may be O(1). We im-
plement this by considering a Higgs sector of two doublets, H,, and Hg, coupled separately
to up-type quarks (H,) and down-type quarks and charged leptons (Hy). This possibil-
ity allows us to change the relative normalization of the Yukawa couplings, changing the
ratio of the two Higgs vacuum expectation values: tan 3 = (H,)/(Hg). In particular, for
tan 8 > 1, we have:

. tan 3 _.
D, = dlag{yeayuayr} = . dlag{me7muam7}a
t 1
D, = anﬁdiag{md,ms,md}, D, = diag{my,m.,m}, (2.2)
v v

and the one-Higgs doublet case is recovered for tan 5 = 1. Given the misalignment of the
two quark Yukawa couplings is not affected by their overall normalization, present flavour
4Dirac neutrino masses are beyond the scope of this preliminary analysis. They allow additional lep-

toquarks, interacting with the singlet vrs. But larger quark and lepton flavour-changing rates might be
obtained in this case.



data are compatible with large tan 3 values. The latter choice is particularly interesting
since it could allow to consider a scenario where top, bottom and tau Yukawa couplings
are of order 1.

For further convenience, we define the following combinations of SM Yukawa matrices:

W.=YY!, Wy=Yy¥], W,=vyl, W.=Ylv., Wy=Y]vy, W,=VY]v,.
(2.3)
In section 4, we will include neutrino masses, assumed to be majorana, with a mass
matrix [m,] included in the Lagrangian as

I vervy + h.c. (2.4)

2.2 Leptoquarks

We consider SU(2) singlet and doublet scalar leptoquarks, with renormalisable B and L
conserving interactions. In the notation of Buchmuller,Ruckl and Wyler [32],°> these can
be added to the SM Lagrangian as:

Lrq = So(Ausolitaq + Arsoeu) + Sodpg, ed°
+(ALs, lu + Ars, eqlim])S2 + S‘Lézgd*% t hec. (2:5)

where the As are 3 x 3 matrices with index order lepton-quark, and 7 is a Pauli matrix, so
ity provides the antisymmetric SU(2) contraction. Notice that (¢¢pials) ~ uper — dpur,
so the leptoquark Sy does not interact with de, and cannot mediate processes such as
K, — pe at tree level (see table 1). In this Lagrangian, the leptoquark leaves the vertex
into which enter the leptons. So for instance, the SU(2) singlets leptoquarks have fermion

number 2, the doublets carry no fermion number. Other quantum numbers are listed below
(Qem = Y/2+ T3, Ty = +1/2 for doublets)

leptoquark Y B L SU(2) couplings

So —2/3 1/3 1 1 ALy, RSo

So -8/3 1/3 1 1 MRS, (2.6)
SQ —7/3 —1/3 1 2 ALSza)‘RS2

S, -1/3-1/31 2 ALS,

In addition to the Tevatron lower bound on leptoquark masses given in eq. (1.1), there
is a lower bound from HERA [33-35] mg > 250—300 GeV (for leptoquarks coupling to first-
generation fermions with A ~ 0.1) and a variety of constraints from low energy/precision
experiments which are sensitive to the coefficients of dimension six operators mediated by
leptoquarks. Such operators include the quark and charged lepton dipoles and four fermion
operators involving a quark, an anti-quark, a lepton and an anti-lepton (which we refer to
as two-quark-two-lepton operators). The four-fermion operators can be Fierz-rearranged to

®We took the complex conjugate of £, to obtain fermion field order lepton-quark, without taking the
hermitian conjugate of the As. So our As are Agrw-



(lepton-current) x (quark current) form (see table 1) which is more convenient for compar-
ing to SM processes. Following [12],2 the coefficients of these V 4 A two-quark-two-lepton
operators can be normalised as -
C;grs _ _igrs 4GF
mE XV

and experimental constraints can be set on these four-index €/P4s .We use the recent bounds

2.7)

of [14], which arise from leptonic and semi-leptonic decays of pseudoscalar mesons (e.g.
Rx =T(K*T — e™v)/T(KT — p™v) and KT — 7tvi), flavour-changing but generation-
diagonal meson decays such as Kj — puteT, contact interaction searches at colliders and
1 — e conversion on nuclei (we neglect leptoquark loop contributions to four-quark oper-
ators, which are constrained by meson-anti-meson mixing [13]).  Considering absolute
values only and assuming mg ~ 300 GeV, the upper bounds of [14] on the es imply that

22
6 Se (2.8)
for appropriate indices.

At dimension six, there are also flavour changing dipole operators involving two
fermions and a gauge boson (v, Z, g), which can contribute to anomalous Z decays [36, 37|
and processes such as b — sy and y — ey. After Spontaneous Symmetry Breaking, the
dipole that mediates fo — f17y can be written as [12]

€em T2 GF
2

CemM
emQ 2flaaﬁ(ALPL+ARPR)f2Fa/3—|—h.C. =

flo-aﬁ(6{1f2PL"—&QfQPR)fQFaﬁ—'—h.C.

(2.9)
where the second equality defines the dimensionless (two-index) es for these operators.
Notice that these effective couplings are defined factorising the heavy fermion mass, as ex-
pected from a chirality flip on the external leg. They can be bounded from the experimental

limits on the branching ratio, for instance as

4813 v

BR(p— ey) =
G

(A7 + A%) = 8r%a (|12 + |e%1?) (2.10)
A list of experimental bounds on selected es, relevant to the scenarios we consider, can be
found in tables 2, 3 and 4.

We estimate /271, arising from the diagrams of figure 1 and of wave function
renormalisation, as [38]

cl2h —

1 { Ax A% (QF + Qs/2) (2.11)

X m2
9672 mEALAR([9 + 61n(mg NQF — 3Q5)

where X = L or R, and the sign of the electric charges @ is given by the line directions
of figure 1. These estimates apply to the case mp — 0; for a top quark in the loop, the
numerical factor is a bit smaller [38].

In principle, additional constraints on leptoquarks could be obtained from electroweak
precision observables (such as the oblique parameters S,T,U...). However, by construc-
tion, the oblique parameters are sensitive to the breaking of the SM gauge symmetry (the



interaction 4 — fermion vertex Fierz — transformed vertex

(Ansy@ioal + Ansyuce)S) 0 (uee)(eus) I (ayt Pru) (€7, Pre)
)\LS:;]QESO (q%iool) (lioaq®) LSO LSO (uy* Pru)(éyuPre)
“SO ”0( A PLu) (P, PLe)
*“° LSO( 7 PLd) (77, PLv)
o i) L (@Pyu)(eue) +
ARSO LSO( Prd)(ePuy) + ---
A doeS] D (o) ) Anf (¥ Prd) (v, Pre)
(ALs,ul + ARs, (jiage)S;r ALS;%ESQ (wl)(fu) - AL;Q);SZSQ (any" Pru)(vy,Prv)
ALSQ 5 %2 (iy" Pru) (e, Pre)
o @) e) 0 sy e P
—”SQ “2( Iy Pyd) (4, Pre)
M at) (eq) ALS2 %2 (AP d)(EPyv) + -
ALSQ RSQ( Pru)(ePre) +
A5, deS] M5 () (1) ALS? L2 (dn# Prd)(77, Pyv)
252 (@94 Prd) (4, Pre)

Table 1. Four fermion operators induced by leptoquarks. After Fierz rearrangement, the effective
interactions o< Ap Ag also have tensor components, represented as + - - -, which we neglect.

relevant non-renormalisable operators contain the Higgs field), and the Higgs-leptoquark
couplings [39] do not concern our analysis. Therefore we expect electroweak precision
contraints on the flavoured leptoquark couplings to be unimportant. To check this, one
can estimate [40-42]

16m2cy d Y A?
S = 2 ~ —NgN, 2.12
925W dq2 WSB(q ) q2:0 S c67T m% ( )
o b (Mww(0) Tzz(00) _ NsNe o (2.13)
T« m%,V mQZ o 1671'812/le2/v '

where A? can be the mass-squared splitting in a doublet, or the singlet-doublet mixing
mass mgASySs [43], and Ng is the number of copies of the leptoquark: three if the
leptoquark has quark flavour, nine if it has quark and lepton flavours. Requiring
0<ST—-S5<.1,-25 <SS+ T <255 suggests that

2

A
Ns , <1 (2.14)
mg

SFor numerical values of masses mass differences and mixing angles see [44].
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Figure 1. One-loop diagrams mediated by a leptoquark S that could induce f; — for.

is acceptable. A Higgs-leptoquark coupling will neccessarily arise in our models at one
loop. If the mass splitting is induced by a third generation fermion loop, with the Higgs
boson interacting with the ¢ quark, then A? < v?/167, eq. (2.14) is satisfied even for 9
leptoquark flavours, and we conclude the oblique parameters do not provide significant
constraints on the masses and flavoured couplings of leptoquarks.

3 Flavour singlet leptoquarks

Ideally, we would like to construct, out of SM Yukawa matrices, a leptoquark coupling
matrix [\], with one quark flavour index and one lepton flavour index. To see why this
is not possible, recall the popular formulation of MFV [26], which identifies the Yukawa
matrices as auxiliary fields, or “spurions”, whose transformations under the global U(3)%
are chosen to ensure the invariance of the Yukawa interactions. Then the spurions get
“vacuum expectation values”, and the U(3)® is “spontaneously broken”, leaving baryon
and lepton number as global symmetries. That is, Lorentz scalars constructed out of SM
fermions and spurions do not transform under B or L. However, since the leptoquarks carry
baryon and lepton number, [\]“? (where L and @ are SM lepton and quark fields) cannot

be constructed out of the SM spurions. So in this section we consider adding a new spurion.

3.1 Adding a new spurion

This new interaction should depart as little as possible from SM flavour structures, and
should be consistent with current bounds. We therefore make three assumptions. First, we
connect the u singlets to leptons, because constraints on new interactions involving wu,c, ¢
quarks are weaker than those involving d-type quarks. Secondly, the spurion is taken to be
proportional to the unit matrix Z, because it only breaks the SU(3); x SU(3),, symmetry
of the kinetic terms to SU(3);4, (where | = ¢ or e). This suggests two possible couplings:

[)\Rso]ipSQQiu; = )\50 [I]ipSoeiug (3.1)
ALsa)PlruySy = As, [Z)P0ru,Ss (3.2)

where the \g, and Ag, are constants not matrices. If [Ars,] o< Z in generic bases for the u
and e flavour spaces, then it would become a unitary matrix in the mass eigenstate bases of
e and u. This brings us to our third assumption: we impose that the unit matrix is in the
mass bases(because otherwise there are severe constraints from uN — eN and 7 — 79¢).



With these assumptions, the most restrictive experimental bound comes from Tevatron
searches for contact interactions of the form (uyPru)(eyPr re), and gives elll! < 1072
and 6%11 < 1.4 x 1072. These would be satisfied, for mg ~ 300 GeV, by ASpy As, S 1/4.
From the new spurion of eq. (3.1), we can construct couplings of leptoquarks carrying
two units of fermion number, to other types of leptons or quarks by multiplying by the

SM Yukawas:

[ALso]Solitaq® = [YIIY ! ]'F Solrimoqs (3.3)
[S\Rgo]goedc = [IY:rle]ipgoeidg

We have not included Ag, in the definition of these other couplings, because this allows
them to be larger, and because such an overall scaling of flavoured interactions may be
due to some unflavoured physics. So we identify as our new ”spurion” the unit matrix Z,
rather than A\g,Z or A\g,Z. See also the comments in section 3.2.

Similarly, from the new spurion of eq. (3.2), we can construct couplings of the
leptoquarks with zero fermion number:

[)\Rsz]e[iqu]TSQ = [YEIYE]iPGi[iquP]TSQ (3.4)
~ I ~ " ~
Mra,)  CrdpSy = [IY Y 3]7¢1d,S
The four fermion operators induced respectively by Sy, So, So, and Ss, and their
coefficients, are:

)\5 2 _ ¢ 1P )\5 . _ ¢
sl een@us), DY TS (e pimytn) (@),
mg mg
IP Js 1 ) = .
DYT] " DY) " (q°pitoly)(LriToqs) So (3.5)
S
7 * | s 1 — I R
[DLKD4]?[D K Dy}’ > (depe;)(E;dC) Sy (3.6)
S
Mg, |2 _ D\
sl oy, DTS @ e @),
mg mg
iP o1 N
D.Y!]" DY) 2 (qpei)(€5qs) So (3.7)
S
1 _ N
[DuK*Dd]Ip[DuKDd]JS ms2 (dpf[)(fjds) So (38)

where the YT = Dy [ = D,K*| for an up-type [down-type] quark on the external leg.
Notice that generation number can only change when down-type quarks are involved.
The amplitudes induced by these operators are suppressed by zero, two or four Yukawa
eigenvalues. By construction, the couplings o |Ag,|?, |\s,|? of the operators unsuppressed
by Yukawa couplings, are generation diagonal, and small enough to satisfy the bounds.
Now, consider the pseudoscalar operators (middle operator of eq. (3.5) and eq. (3.7)),
which are suppressed by yj% These operators, mediated by Sy or S, always contain an
up-type quark and a lepton of the same generation, so they can induce Dy — p*e™, but not

K1, — p*eF or Ny — Ne. Only in the charged current case, where the down-type quark



brings an element of the CKM matrix K, is non-conservation of generation number possible.
These operators contribute to the leptonic decay of pseudoscalar mesons M+ =7, KT or
BT. Recall that in the SM, the V — A amplitude for M+ decay is suppressed by a factor
of the charged lepton mass, which is required to flip the chirality on the external leg. This
suppression is absent for a pseudoscalar operator. The leptoquark Sy induces M — v,€,
with & ~ |Agy|Kimyty-/6, where m = d,s,b as the case may be. This expectation is
less than the experimental bound for m and K decays, which is ¢ < 2 x 107° [14]. The
decay BT — ve™ is not observed, consistently with its tiny expected SM branching ratio.
However, we can compare to the SM prediction for the observed decay BT — 77 v:

BR(B+ — e+1/T) m2B |>\50Ktbytyr| m’
~ ~ 870yz ~ 870 T t 3.9
BR(Bt — 7ttv)  m2 | Kup|? v s )

For \g, ~ 1/4 and tan 3 > 1/v/2, this exceeds the upper bound BR(B* — etv) <4x 1072
BR(BT™ — 77v) by a factor ~ 2. So for tan 3 = 1, BT — etv provides the best bound
on Sp with both chiral couplings, in this model. Or, if we allow tan 3 as a free parameter,
BT — eTv is a sensitive probe for this pattern of couplings for the singlet Sp.

Charged current pseudoscalar operators are also induced by the doublet leptoquark
S, but with different index contractions, such that it induces the observed BT — 1,7 with
e ~ |As, | Kwyry- /6. This contribution can be competitive with the SM, for tan 5 2 4, which
can be interesting in view of the experimental anomaly in BR(B* — 75v) (see e.g. [45-47]).

It is easy to check that the operators suppressed by the fouth power of Yukawa eigen-
values are of V' + A form, and harmless. For instance, experimentally, K — [ie gives one of
the most stringent limits on generation-diagonal flavour violation: ¢ < 3x10~7. The expec-
tation from Sy or Sy exchange would be & ~ Yu K uayaye K esys /6 ~ 2tan? 3x 10716, Genera-
tion number changing operators proportional to y;%, neccessarily involve down-type quarks,
and are CKM suppressed. For instance for uN — eN’, € ~ |y,yqycKcqya| /6 at tree level,
which is unobservably small even for large tan 3. The expectation for By — pi (mediated
by So or 5'2) would be & ~ |y KapypycKesys|/6, which is much less than the experimental
limit [14] of 7x 107°. Since lepton generation change occurs via CKM mixing angles, which
appear in A suppressed by quark Yukawa eigenvalues, 7 — py is more sensitive than p — ey
because it involves higher generations. The 7 — p~y loop has an internal down-type quark,
and gives [38] (for Sy — the factor of 1/6 is a function of the charges of the loop particles):

1
6 167 QytchKtrydr cr ™ 967Tycngcb (3'10)

which is less than the experimental bound (see table 2). In the last approximation of
eq. (3.10), and in all the tables, we approximate m ~ N, and y; ~ K;; ~ 1. The most
sensitive process we found was K™ — 71,7, due to Sy exchange, for which we estimate

6 ~ y2y; KiaKss , <yt2thKtsydys) <5x107° (3.11)

expt

which is in agreement with the bounds for tan 8 < 45 (in parentheses is the estimate for
Sy exchange).



Table 2 lists some interesting rare processes, with the experimental bounds, and, in the
third colomn, the largest rates mediated by any of the leptoquarks with this pattern of cou-
plings. These estimates suggest that our “unflavoured” leptoquarks Sy or Se could be found
in leptonic B decays BT — [Tv, and that the rare process most sensitive to Sy is 7 — py.

Alternatively, hadron colliders could search for all these leptoquarks, which would
decay near the production point as assumed in Tevatron searches. Sy and Sy decay with
similar branching ratios to eu, uc and 7¢, and Sy and Sy would preferentially decay to
third generation fermions.

3.2 Some comments

In our estimates, and in the table 2, we quote the largest rate mediated by any of the
leptoquarks. This is not because all the leptoquarks are present with mg ~ 300 GeV,
but rather that we prefer to present one concise table, rather than one for each of the six
leptoquark couplings. In this section, we assume the presence at the “flavour scale” of the
new flavour structures (“spurions”) corresponding to the identity matrix linking the u-type
and lepton flavour spaces. With these new spurions, we can construct A matrices for any
leptoquark and guestimate the induced rates. The largest rates, for any leptoquark, are
in the table. So if only one, or some of the leptoquarks are light, not all our guestimates
will be fulfilled. For example, the bound on tan 3 from eq. (3.9) only applies if there is an
So with both chiral couplings and mg ~ 300 GeV.

Rather than assuming that the new spurion was the identity matrix, with a coefficient
Asy, that we are free to ajust, we could take the approach that the spurions were Ag, 7
and A\g,Z. Then the operator coefficients in eq. (3.5) to eq. (3.8) would all be proportional
to the same coeflicient )\%O’Q /m%. In table 2, this would multiply the coefficients of
pseudoscalar operators (above the double bar) by Ag,, ~ 1/4, and the coeflicients of
vector operators (below the double bar) would be multiplied by )\%O’Q ~ 1/16. The ratio
eq. (3.9) is suppressed by a further factor of order of )\%O < 1/16, making the upper
bound on Br(B*T — e'v) compatible with tan 3 = O(1). The contributions from the
operators suppressed by four powers of Yukawa couplings, already negligible, are even
more suppressed in this case. The most sensitive probe would be K+ — 7wt v, in
agreement with the current bound for all values of tan 3.

An interesting question which models can address, is the relative sensitivity of B and
K decays to leptoquarks. The experimental bounds on the various es arising from K decays
are lower than those from B mesons. However, leptoquarks could have larger couplings
to third generation fermions, resulting in larger contributions in B decays than K decays.
As discussed around eq. (3.9), the (’)(y?) charged current pseudoscalar decays, which can
be x y,Ky;, are more tightly constrained by B decays than by K mesons, whereas the
best bound on the (’)(y;%) operators, which can be o< y2K, Ky, is from K — mvi. This
illustrates the interest of this decay for Beyond the Standard Model physics: it can probe
the interactions of third generation leptons, and also of the top via the CKM matrix.

The final issue is the relative importance of loop and tree diagrams. With the hier-
archical couplings we consider, it is possible that (third generation) loops dominate over
(first generation) tree level processes. For instance, this occurs in uN — eN’, which is well

,10,
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Ry

BT —etv

BT = rttu

Dy — pteF

Kt —atup

K — pFet

i,u:F

Bs —u
Bt — Ktr®,¥
uN — eN’

p— ey

T 1y

e <

2x107°

2x 1074

8 x 1074

6 x 1074

9x 106

3x 1077

7x107°

2% 1073

8 x 1077

~ 1076

10~*

estimates (unflavoured S)

é\)\SO\KtsytyT ~ 2x1075g

eI Xso [yry K ~ 3 x 1074

618, [Yrye Ky ~ 3 x 10~ 45

IS [ypye ~ 2 x 1077t

§Y2yi Kis Ka ~ 5 x 10793

§Yulayeys ~ 2 x 107162

V2K epypys ~ 5 x 1071242

SYYbYcYs ~ 2 x 10753

9617r2 ycychbngub ~ 107171%

géﬂycychbngub ~ 2% 10*17t%

géﬂ'ycytKbegKtb ~ 7 X 10_10t%

Table 2. The largest predicted coefficient ¢, induced by any of the scalar leptoquarks we consider,
of mass ~ 300 GeV, with the flavoured coupling A"® following the patterns considered in section 3.

The second colomn is the bound on e (defined in eq. (2.7)) for the process in the first colomn.

The bounds above the double line are on pseudoscalar operators (which can be induced by the
two interactions of Sy and Sz), those below are V + A. In the third colomn, Ag,, As, < 0.25. The

~

expectation quoted for y — e conversion is from a loop diagram; the tree level expectation is smaller,

as discussed around eq. (3.13).
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Figure 2. Loop and tree leptoquark contributions to uN — eN’. The diagram represents lep-
toquarks with quark flavour (= generation number), as considered in section 4 . For the various
patterns of \’s that we consider, the loop diagram involving third generation quarks dominates.

known to be a sensitive probe of the effective u - e -y vertex. The tree level amplitudes for
uN — eN' give
be ~ {yuydchcdyd ~2x 1071862 (S, 50) (3.12)
YeyuYpYeKea ~ 1071813 (S2)
and are smaller than loop leptoquark exchange (see the diagrams of figure 2). We take
the loop contribution to be [12]* [e%|* Xcem log(miy,/m?), and obtain the loop to tree
ratio (mediated by Sp):

2
chyg Kub
ngcd

2
Ne 2
962 YclYu Kevyy Kup

~1073
YulYdYeYaea

>10 . (3.13)

In table 2, we quote the loop expectation.

It can also arise in the SM that third generation loops exceed tree level amplitudes (for
instance in pp — Higgs). This problem is exacerbated for our A couplings, because they
can be proportional to (Yukawa coupling)”, for n > 2. This raises two questions. First,
have we considered the most restrictive loop-induced processes, and secondly, are there
loop contributions which exceed the tree estimates in the tables. With respect to the first
question, we expect that the most sensitive one loop diagrams will have external lepton
legs and an internal leptoquark and ¢ or b loop, because the coloured loop is enhanced by
N,, and there are several strict limits on New Physics in the lepton sector. So 7 — uv,
w — ey and g — 2 should give the best limits. We did not consider the box contributions
to meson-anti-meson mixing, which would be proportional to Yukawa eigenvalues for the
external quarks and for the internal (third generation) leptons.

It is difficult to ascertain whether there could be loop diagrams larger than our tree
estimates. To avoid the suppression present in the tree amplitudes, due to small Yukawa
eigenvalues, the leptoquark should not interact with the external leg fermions. This would
not be possible for the lepton flavour violating decays, because the lepton flavour violation is
provided by the leptoquarks. In table 2, that leaves K™ — 77 v and By — pup~. An SM
loop would be required to induce the flavour off-diagonal quark current, so the leptoquark
loop would merely modify flavour diagonal lepton interactions already present in the SM.
Such leptoquark loops should be better constrained by precision observables, such as g — 2,
which probe lepton interactions more directly. So even if there is a loop contribution that
exceeds our tree estimates, we doubt that it would be phenomenologically relevant.
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4 Leptoquarks with quark flavour

In R-parity violating supersymmetric (RPV SUSY) theories, the squarks can have
interactions with quarks and leptons. Insofar as a leptoquark is a boson interacting with a
lepton and a quark, such squarks can therefore be identified as leptoquarks (with a quark
flavour index). An implementation of the MFV hypothesis in RPV SUSY seesaw models
has recently been investigated by Nikolidakis and Smith [23], who showed that the lepton
number violating couplings were sufficiently suppressed that R-parity was not required to
ensure proton stability.

The idea used by Nikolidakis and Smith to obtain spurions with a single lepton flavour
index, was the cross product. Since SM flavour spaces are 3 dimensional, the fully anti-
symmetric 775 tensor can be contracted with an anti-symmetric two-index object (such
as Y.YJ [my), where [m,] is the symmetric majorana mass matrix of the light neutrinos) to
obtain a spurion with a singlet lepton index

- 1
T[ = €[JK[}/;}/;TmV]JK (4.1)

atm

2

where maim = \/Amatm

~ .05eV is the atmospheric mass difference which we take as the
neutrino mass scale.

This formula requires some discussion, because it is phenomenologically peculiar to
promote the coefficient of the non-renormalisable operator [m,] to the status of fundamen-
tal flavour structure (or spurion): non-renormalisable operators are not spurions in the
quark sector, where MFV is approximately confirmed by the data. It is also theoretically
peculiar: one can anticipate that the flavour pattern was generated at some high scale,
and transmited to low energy via renormalisable couplings. So the flavour pattern in [m,]
can arise from the product of several spurions (as in the seesaw mechanism), and the
overall magnitude is controlled by a ratio of energy scales, which may have nothing to do
with the flavour structure.

We will use [m,] as a spurion anyway, because a product of spurions is also a spurion,
the neutrino mass matrix is the only available information about lepton flavour violation,
and an object with two indices in lepton doublet space is required to contract with k.
However, we normalise to the light neutrino mass scale may,, rather than to the Higgs
vacuum expectation value as in [23], because we think MFV is about the flavour pattern,
whereas majorana neutrino masses may be small because they violate lepton number.”
Phrased another way: the ratio (H)/M,, in the seesaw mechanism may have nothing to
do with flavour.

For hierarchical® [m,]7;, and tri-bi-maximal mixing [44],% this gives

2 _ 2)(4 — 36) y2

- IIK YeYeTmy 1 (yﬂ 2l 1 T
P SRy (s — i) |~ 0B (42)

am —V2(yp, — y2) (V30 + 4s13) Y0

"With our normalisation, the demonstration of [23] that MFV suppresses RPV sufficiently would no
longer hold.
®For the inverse hierarchy, we would obtain T ~ y2(1, 6%, 6%y}, /y2).
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for & = mgo1/Matm ~ 1/6 and s13 = sinfy3 < .1. We can already anticipate that in this
pattern, a leptoquark interacts with all flavours of leptons, and most strongly to the first
and second generation doublets (there will be an additional Y, in the couplings to singlet
charged leptons). This is unsurprising, since the lepton flavour violation is related to the
large mixing angles of the lepton mixing matrix. However, lepton flavour changing rates
are suppressed by at least a factor y2.

The spurion Y, of the authors of [23], which has only one lepton doublet index, allowed
them to construct the R-parity violating N LQD°® as

N ox YTYy (4.3)

In an analogous fashion, using Y;, we can construct the A couplings of leptoquarks
carrying quark generation number. To do this, we must assign the leptoquark to live in
one of the quark flavour spaces. A possibility would be for the leptoquark to carry the
flavour of the quark with which it interacts, in which case no quark Yukawa matrix is
required at the vertex (the identity matrix is sufficient). Since we explicitly wish the
leptoquark couplings to have flavour structure, we do not consider this option — although
it is interesting because it could give large couplings. We discuss two possibilities below,
where the leptoquark coupling matrices are proportional to quark Yukawa matrices.

4.1 Maximal coupling

The largest leptoquark couplings are obtained by allowing only one power of the quark
Yukawa coupling at the vertex, selected according to the type of quark. Suppose, for
instance, that the leptoquark interacts with singlet d quarks. Then Y, imposes that S has
doublet quark flavour indices. With this “maximum coupling” hypothesis, we obtain

ALSS0liToq" — [T*]I[ ] SOEIZTQQP So ~d,u (4.4)
ARs,Soeu’ — [Yo Y *][ o] 1S58 e So ~q (4.5)
Arg, Soed® — [YI XY ] S b eds So~q (4.6)
ALs, Solu — [T Y577 SE e, Sy~ G (4.7)
ARs, Saeliag] — [YIT*] YT ]r Sreilitaqp) Sy ~@ord (4.8)
Mg, S2ld — [X] "rvs)P ”Sféld Sy~ q (4.9)

where we added the appropriate quark flavour indices to the leptoquarks, and indicate
in the last colomn the flavour space they live in. The interactions involving the doublet
quarks Ars,, ArRs, can be taken o« Yq or Y,; we take Y, because the eigenvalues are
larger. The leptoquarks Sy and Ss both can have two distinct interactions. In this
“maximal” pattern, the two interactions assign the leptoquarks to different flavour spaces,
which disfavours this pattern, or the presence of both couplings.

This naive attempt to obtain large couplings leads to a peculiar behaviour: the Uy (1)
charges of the leptoquarks do not match those of the corresponding quarks with the same
flavour structure. This is not an internal inconsistency: the original U(3)° symmetry can
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be decomposed into five distinct U(1) and SU(3) subgroups [26], and we are not forced
to choose the same SU(3) and U(1) assignments for quarks and leptoquarks. However, it
is clearly an unusual choice. A flavour assignment for the leptoquarks that match their
gauge quantum numbers will be discussed in the next subsection.

In this pattern, all generations of leptoquarks have similiar couplings (< 32y) to
all flavours of leptons. However, the couplings to quarks are hierarchical and generation
diagonal (between the quark and leptoquark), up to insertions of CKM matrix elements.
For instance, third generation leptoquarks only interact with third generation quarks, and
doublet down-type quarks of the first and second generations via CKM-suppressed terms.

The absence of a spurion which links quarks and leptons has two consequences: fermion
generation diagonal interactions are not favoured, and the Yukawa suppression of quark
and lepton bilinears can be studied separately. The e factor (as defined in eq. (2.7)) for
a dimension six operator formed from the product of two bilinears, will be the product of
the coefficients given for the two bilinears. The quark bilinears induced by leptoquarks of
generation T (or t), with their coefficients, are:

KipyarKrs(dpy* Prds) Kisye r(dsy* Pour) , v r(ury* Prur) . ya ((uey* Prug) — So
K7 pynrKrs(dpy* Prds) ye (ury* Prur) Yo o (wey" Pruy) So
Y1 (dy" Prdy) | S2,50

(4.10)

where s,t (T, P,S) are singlet (doublet) generation labels, not to be summed over. As
expected, since we construct the quark flavour structure of the leptoquark coupling
with SM Yukawa matrices, we find an MFV-like suppression: quark flavour change can
only occur in charged current interactions, or among the drs. Since the two possible
interactions of Sy and Ss assign the leptoquark to different flavour spaces, they cannot be
simultaneous present, and bilinears like qd, or foeF cannot be generated (except with an
external mass insertion).

The lepton bilinears, with the flavour factors of their coefficients, are
YT (vt ye,iyw'fi*'fj(efy“ej) (4.11)

where [, .J,1,j are not summed. Lepton flavour violation is suppressed by an extra lep-
ton Yukawa coupling in the singlets, so focussing on the doublet bilinears which are all

suppressed by an overall yf_ /4, the relative ratio of flavours is”
my\ 2 my\ 2
ee:ep:er i ur=1:9: < “) §:6%:6° < “) normal hierarchy4.12)
mr mr

where § ~ 1/6 is defined after eq. (4.2). This pattern predicts BR(u — ey) > BR(1 —
wy)/BR(T — pvw), and for a top and third generation (S2) leptoquark in the loop,

1 N, 4
op C yryRs ~ 2 x 10—47347 tan? 3 . (4.13)

LR~ 4 64m2

2 2
9For the inverse hierarchy, we would obtain ee : ey : et : pju : pr ~ 1 : 6% : 62 (Z‘:) cot ot (m“) ,

mr
which is sufficiently similar that we do not consider it further.
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For Sy in the loop, we estimate [38] 7", a factor ~ 1/3 smaller. This is within the current
experimental bound £ < 107% for tan B < 25. This dipole induced by the third generation
leptoquark, will give the dominant contribution to uN — eN’ (see eq. 3.13) because the
tree level exchange of a first generation leptoquark is suppressed by first generation quark
Yukawa couplings (we estimate the tree-level & ~ y2dy32/24).

In table 3, various rare decays are estimated. Generation number is not conserved in
this pattern, so the experimentally prefered rare decay Bs; — pji is also the more sensitive
one

BR(By — p %) |yuyry7 yp 0% KoK

<1 4.14
BR(Bs — p*pT) [yiy: 6% KisKp|? ()

However, the meson decay rates in this pattern are very small. From eq. (4.10), one sees
that no flavour change in induced at tree level among singlet quarks, or up-type doublet
components. The FCNC decays of K and B mesons only occur through the first bilinear
of eq. (4.10), which combines with (7, Prv) or (év,Pgre) in the four fermion interactions
induced at tree level by Sps and Sas (see table 1). Hence in eq. (4.14), the charged leptons
are singlets, and have the additional y. ;y. j factor of the second bilinear of eq. (4.11). As

Tvi, mediated

can be seen from table 3, the least suppressed meson decay is KT — 7
by Sp, which reaches the experimental bound for tan 3 ~ 100. However, as shown in
eq. (4.13), u — ey, which can also be mediated by Sy, is detectable for tan 5 ~ 35.

The most promising precision searches for this pattern of leptoquark couplings would
be p — ey (or uN — eN’).

At hadron colliders, leptoquarks can be produced via strong interactions, and decay via
their A couplings. Searches frequently suppose that A > 1078, so that the leptoquark decays
within a few centimetres of its production point. This condition is verified, for tan 3 > 1,
for all the third generation leptoquarks in this pattern except Sy (which requires tan 5 2> 2).
So searches for leptoquarks decaying to a ¢ or b are interesting. The third generation quark
would be accompagnied by an electron or a muon, due to the comparatively democratic
coupling to leptons in this pattern, as can be seen from equations (4.4) to (4.9).

4.2 Coherent gauge and flavour assignments

In this section, we suppose that the flavour space of the leptoquarks is determined by their
gauge couplings. For instance, doublet leptoquarks should be in the ¢ flavour space, and
the hypercharge of Sy implies that it should live in d space. This suggests the following
leptoquark interactions:

: c Y * rP Ty c
)\LSOSO&TQQ — [T ]I[Y:ri] SOKIZTQQP SO ~d (4.15)
ARSoS0eu’ — [YIXH YY" Sheus So~d (4.16)
Mg, Satd — (X' Y578 0d, Sy~ q (4.17)

The hypercharge of So and Sy do not match that of any SM coloured particles, so we do
not consider them further. So Sy and Sy ressemble, respectively, a singlet d squark, and
a anti-squark doublet, and the interactions of these “leptoquarks” should correspond to
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process £ < S with quark flav (max) S with quark flav (gauge)

Dt —atutet 2x1072 ou Kev s Kupy?d ~7x10718¢§
Kt —atur 9x1070 J yty? K Kyg ~ 1071384

Kp — pret  3x1077 214yﬁyﬂye5Ktsyt2th ~ 5 x 10_23t%

B — pFp® Tx 1077 Jytyl 0 Ky Ky ~ 1071945

BY - KTr5u® 21078 ) y2ys 0 Koy Ky ~ 10720t

PN = eN' 8x 1077 i yrypd ~ 10712t Lo taydoy? ~ 8 x 107154,
p— ey ~1070 L yrd ~ 2 x 107128 L tayASyR ~ 2 x 1071447,
T — Wy ~ 1074 25167r ?/3?/352 ~ 10_15t% 1éwtﬁy$?/i5292N8X 10—18%

Table 3. Predicted coefficients €, induced by a scalar leptoquark of mass ~ 300GeV, with the
flavoured coupling A\? arising when leptoquarks carry quark flavour. The second colomn is the
bound on e (defined in eq. (2.7)) for the process in the first colomn, and the third and fourth
colomns are the largest expected values of € mediated by any of the leptoquarks, for respectively
the cases considered in sections 4.1 and 4.2.

those of squarks with the R-parity violating superpotential W > X} LQD® 4+ Ny D“*E°U*
(where we allow the non-holomorphic interaction corresponding to Ags,)-

The coefficients of the lepton bilinears of eq. (4.11) remain the same. The chirality
flipping dipole operator ¢ JUaﬁeiFaﬁ can now arise, due to the simultaneous presence of
ALSy, and Ags,. From eq. (2.11), with a top and third generation leptoquark in the loop:

my Nc

e~4

o J A N,
. 1672 Y'Y ey — tan 3 [yg 16;22/& 5] (4.18)
e,

where after the arrow is the expectation for y — evy. This is enhanced by a single tan 3
with respect to the € obtained with an external m, insertion, and has a larger numerical
factor. For tan 3 ~ 1, this is less than the expectation in the previous “maximal” pattern
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(see eq. (4.13)), due to the additional factors of Y. However, € oc tan” 3 grows rapidly
with tan 3, and would exceed the current bound on p — ey for tan 8 = 10.

Unlike the “maximal” pattern of section 4.1, the coefficients of quark bilinears
are flavour changing for doublet and singlet up-type quarks, as well as the charged
current. Since the Sy and Sy leptoquarks carry “down-type” flavour, they do not mediate
flavour-changing interactions among down-type quarks at tree level.!? The induced quark
bilinears are for Sy are

[KDCZl]PS(uPryMPLdS)a [KDSKT]PS(UP’)/MPLUS),
[DuKDglKTDu]ps(up'Y“PRUS) ) y?l,s(dS'Y“PLdS) (So), (4.19)
and for Sy:
Ya.s(dsv" Prds) (S2), (4.20)

where p, s (P, S) are singlet (doublet) generation labels, not to be summed over. Flavour
changing V + A bilinears among the up-type quarks, are suppressed by yj% for doublets
and y? for singlets, so neutral pseudoscalar meson decays induced in this pattern with be
undetectable: B and K decays do not arise, and D — pé is small. Any quark bilinear is
suppressed by yjzc or y;%, as compared to the (undetected) interactions of the Higgs, which
couples to quark bilinears with a single power of y.

Pseudoscalar operators are generated by the two chiral couplings of Sy, with quark
bilinears and coefficients:

yg,P :Pyu,r(dPPRur) 5 KsPyg,sK:gyu,r(uPPRur) (4-21)

The flavour diagonal pseudoscalars are undetectable compared to the pseudoscalar cou-
plings of the Higgs o< yy. From eq. (4.15) and eq. (4.16), we see that ArsyArs, ~
ye7iyu7r)\% s, SO the contribution of the pseudoscalar operator to pseudoscalar meson decays
is smaller, by the factor y,, ;, than that of the V' — A operator. Therefore in table 3, we do
not estimate rates for pseudoscalar meson decays in this pattern.

Some estimates for es can be found in table 3. Since this ansatz does not induce tree
level FCNC among down-type quarks (no By — ufi, K1 — pFeT), the most sensitive rare
decay is yu — ev.

Leptoquark decay to a charged lepton (e, ) and a t or b is an interesting search channel
for this pattern at hadron colliders (similarly to the “maximal” pattern of couplings dis-
cussed in section 4.1). For third generation leptoquarks, the couplings Arg,, A LS, > 1078
for tan 8 ~ 1, so the leptoquarks would decay within a few centimetres of the production
point. However, a third generation Sy with only the coupling Arg,, could appear as a track
in the detector, since the largest A < yuyféyb tan? B ~ 1071%tan? 3. Lower generation
leptoquarks have very small As, potentially allowing them to hadronise and escape the de-
tector. However, we imagine that in a more realistic model, there would be intergeneration

mixing among leptoquarks, which could allow faster decays.

107f the possibility of generation-mixing via the leptoquark mass matrix was included — as happens for
instance for squarks — this would no longer be the case.
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5 Leptoquarks with quark and lepton flavour

The final possibility that we consider is to attribute both quark and lepton flavour to the
leptoquarks. There are numerous possibilities. To avoid listing them all, we require, as
discussed prior to section 4.1, that the A matrices be proportional to quark Yukawa matri-
ces, and that hypercharge survive as a global symmetry in the presence of the leptoquark
couplings A (see section 4.2). In practice, the second condition requires the sum of the
hypercharges of the flavour spaces in which the leptoquark lives should be the hypercharge
of the leptoquark. This allows the following As:

SoALsolimaq® — SYUY YR Urimag
ij e .

SQ)\RSOGUC — Séq[We]U [Wu] €ily

(5
(5

&3 c cigrar 19 P4 e
So)\Rgoed —>SO [We] [Wd] eidp (5.
Aus,luSy — [YIY Y5 U u,85" (5
AR, €[iT2q)T Sy — [We]” W] 9P eilqqirs) T S5F (5
(5

Mg, ldSs — [Wel [Wa] " t1d, 857

Giving lepton and quark flavour to the leptoquarks will lead to a multiplicity of leptoquarks:
each of the five possible singlet and doublet leptoquarks will come in 3 colours and 9
flavours. This can be consistent with precision electroweak data, if these particles obtain
mass other than by interacting with the Higgs, as discussed at the end of section 2.

The quark and lepton indices of the As are unrelated in this pattern, so the quark and
lepton bilinears, and their coefficients, can be studied separately. In the mass eigenstate
bases of the quarks, the bilinears are suppressed by two or four powers of Yukawa eigenval-
ues, and FCNC arise via CKM. The V' + A bilinears mediated by the nine types of Sy are

[DiK]ps(upy"Prds), [K'D2K|ps(dpy*Prds), yag(usy"Prus), yu,(upy"Pruy),

(5.7)
where the (dyPpd) bilinear combines with neutrinos, and the others with two charged
leptons or a charged current as required (see table 1). The doublet Sy gives

[KTDyK]pr(dpy* Prdr),  yn ,(upy" Prup) ,  ya ,(upy Pruy) (5.8)
and both Sy and Sy can mediate pseudoscalar operators, with coefficients
Kipys (dpPrus), v, (u,Pruy) (5.9)
Finally the leptoquarks interacting with singlet ds (5'2, 5‘0) induce:
Yi.s(dsy" Prs). (5.10)

Lepton flavour is conserved for the As of eq. (5.1) to eq. (5.6), because the leptonic
part of the As is constructed only with Y,. At tree level, this pattern therefore generates
V + A four fermion operators that arise in the SM, with coefficients o y;%, y? or yfc. These
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can be compared to four fermion interactions induced by the Higgs boson, which have
a coefficient o yj% and are unobserved. The most sensitive process would be By — pji
(induced by a V £+ A operator, because the leptoquarks of eq. (2.5) do not generate a
pseudoscalar operator (dPgd)(ePpre), see table 1). However,the By — puji amplitude is
suppressed by an extra yi with respect to the SM, so large tan 8 would be required to
detect it. The pseudoscalar operators are also sufficiently suppressed.

Leptoquark-quark loops can induce flavour diagonal lepton dipole operators, such as
(9—2), [48, 49]. However, it is easy to see that the contribution to (g—2), is always neglige-
able. The one loop SM electroweak contribution ~ ¢ pmi /(87?%) is of order the experimen-
tal uncertainty, and we can guesstimate that the leptoquark loops < NC)\sz / (87T2m%).
Since the As which couple to muons are proportional to y,,, this is very small.

Another potentially interesting process is b — sv; with a 7 or v, in the loop. From
eq. (2.11), we obtain (for Sy and v, in the loop)

11
e D Yoy Ko K s (5.11)

~ 696w

Assuming that the leptoquarks can contribute at most ~ 30% of the SM b — sv rate,

we estimate €% < 2 x 107, As can be seen from table 4, b — sv is less sensitive than

Bs — uji, because the loop suppression more than compensates for the larger 7 Yukawas.

To obtain lepton flavour violation in this pattern, we can introduce the lepton number
conserving spurion associated to the majorana mass matrix:
W 1 i 277t

W,= o [m]m,]' =UD;U (5.12)

matm

where U is the leptonic mixing matrix, we assume a normal hierarchy for neutrino masses
so D? = diag {0,6%,1}, and we neglected the lightest neutrino mass.

This additional spurion could multiply various lepton doublet indices appearing in the
construction of the As. For instance, if we maintain the lepton doublets in the phenomeno-

logically relevant charged lepton mass basis, we can nonetheless perform the replacement:!!
W, — YW, Y, (5.13)

in eq. (5.1) to eq. (5.6) above, which allows the LFV bilinears

2
[D.UD2UT DU DU D) (67 Pre;) ~ yeiUss y; Ujsye ; (67" Pre;) (5.14)
[D2UDUT D] (€1 Pre;j) = y2 ;UrsUjsye, (€ Pre;) (5.15)

The last approximation assumes that U,z = sin ;3 > 6% ~ .03. This allows the es listed
in the last colomn of table 4, where we approximate U,3 ~ U;3 ~ 1.

In this pattern which allows for lepton flavour violation, the most sensitive rare decay
would be 7 — p7y, where the predicted amplitude (due to Sy exchange) becomes of order
of the current bound for tan 3 ~ 80. As in previous sections, the loop contribution to

HThe replacement W, — W, W, in eq. (5.6) is also possible, but for simplicity we do not consider it.
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process e < S with Q and L flav S with Q and L flav, and LFV
Kt —atvr 9x107° 12Ky Kig ~ 5 x 10*975% V2K sy Kia ~ 5 x 10*%%
Kp —pFe™  3x1077 Lo Ynyzs13yeyi Kis Kua

~ B 5 x 107t

B — pFp® Tx 107 Qylyt K Ky ~ 10756 S22y Ko Ky ~ 2 x 10713t

Bt —Ktrf ¥ 2x 1073 o Ynyey Kis Ky ~ 1071284

b— sy ~2x 107 b o yRyR Ky Ky sror2 YRYR K Kys ~ T X 10*10%

—1042

uN — eN’ 8 x 107 s Y28 13Ye R ~ 258 10717%
p—ey ~107° 6iwyu93513yeytz ~ P 10_16%

T — Wy ~ 1074 Giwyuyiy? ~ 2 X 10_1225?3

Table 4. The largest expected amplitudes, induced by any scalar leptoquark of mass ~ 300 GeV,
with the flavoured coupling A'? arising when the leptoquark carries quark and lepton flavour. The
second colomn is the bound on e (defined in eq. (2.7)) for the process in the first colomn, the
following colomns are the expectations respectively with and without lepton flavour violation via
the neutrino mass matrix.

uN — eN’, of a third generation Sy (with a b in the loop) or Sy (with ¢ or b in the loop),
which is listed in table 4, dominates over the tree contribution of an Sy to uN — eN":

1
e~y 2513y Kyl ~ 9713 10719% (tree, So) (5.16)

6 1

The estimates in table 4 show that leptoquarks with quark and lepton flavour remains dif-
ficult to detect in rare decays, even with the addition of lepton flavour violation. However,
if intergeneration mixing among the leptoquarks was allowed, as could be expected in a
realistic model of leptoquark masses, the rare decay rates could be enhanced.
Leptoquarks with such a pattern of couplings could have interesting signatures at
colliders. In the absence of intergeneration mixing, the lower generation leptoquarks could
hadronize and travel in the detector before they decay. However the third generation
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leptoquarks decay promptly to ts or bs and 7s, and in the case of Sy and Sy leptoquarks of
second lepton and third quark generation, the decay to a p and a third generation quark
also takes place within a few centimetres of the production point for tan g ~ 1.

6 Summary and discussion

Data from rare decay searches and collider experiments implies that leptoquarks with
mg < TeV should not have O(1) couplings to leptons and quarks of arbitrary flavour. This
can be quantified as constraints on a dimensionless ¢ coefficient of dimension six operators,
as defined in equations (2.7) and (2.9). Indeed, it is well known that New Physics at the
electrweak scale should have its flavoured interactions patterned on those of the Standard
Model. For several New Physics scenarios, such as Supersymmetry, this can be elegantly
obtained by imposing Minimal Flavour Violation (MFV). However, since the Standard
Model does not provide a template interaction (which could serve as a “spurion”) linking
leptons and quarks, it is not obvious how to apply the elegant formulation of MFV of
d’Ambrosio et al. [26] to leptoquarks. Phrased another way, the leptoquark coupling
matrix A has one lepton generation index and one quark generation index; how can this
be constructed from the SM mass matrices, which have two lepton, or two quark indices?
In this paper, we explore three ways to construct the leptoquark-quark-lepton couplings A
out of the observed mass matrices. For simplicity, to reduce the permutations, we consider
only electroweak singlet and doublet scalar leptoquarks.

1. In section 3, the leptoquarks have neither lepton nor quark flavour, but a new
“spurion”, or flavour structure, is introduced. It is a unit matrix, because this is
the most minimal of structures, and it connects the mass eigenstate basis of singlet
u-type quarks, to the mass eigenstate basis of charged leptons. This ensures that
the new spurion does not introduce any new bases in the vector spaces of flavour,
and avoids the stringent bounds from B and K decays. The leptoquark couplings
to other types of quark or lepton can be obtained by multiplying the unit matrix by
Yukawa matrices, as given in eq. (3.3) and eq. (3.4).

This pattern of leptoquark couplings has the interesting feature of favouring inter-
actions between leptons and quarks of the same generation. This is an “intuitive”
expectation for leptoquark couplings, which could be interpreted as a leptoquark
signature. It is to avoid the strict constraint from K — pFe¥ that the unit matrix

connects singlet u-type quarks to leptons.

The (tree level) four fermion operator coefficients generated in this pattern are given
in eq. (3.5) to eq. (3.8). Generation non-diagonal quark-lepton couplings can arise
due to CKM, in the presence of d-type quarks. Since the unit matrix connects singlet
us to the leptons of the same generation, the A couplings of leptons to d-type quarks
are proportional to quark Yukawa matrices. Leptoquarks therefore have stronger
couplings to b quarks than s quarks; B — ev,, T, are among the most sensitive low

+

energy processes, followed by K+ — 77v, .. In the table 2 are listed the ¢ factors for

various rare processes which could be sensitive to this pattern of leptoquark couplings.
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2. The second prospect, explored in section 4, is to attribute quark generation number
to the leptoquark. The A couplings thus have one quark flavour index for the
leptoquark and one for the quark, so can be proportional to a quark Yukawa matrix.
The single lepton index of A can be obtained following an idea of Nikolidakis and
Smith [23], discussed around eq. (4.1), which combines the antisymmetrric erjx
with the majorana neutrino mass matrix [m,]r.

In this approach, we must choose the quark flavour space in which to place the
leptoquark. The first possibility which we study, in section 4.1, is to choose the
largest Yukawa matrix interacting with the quark at the vertex, which fixes the
flavour space for the leptoquark. However, a more “consistent” approach, studied
in section 4.2, might be to place the leptoquark in the flavour space of quarks who
have the same hypercharge.

Leptoquark couplings A constructed according to this pattern do not relate the quark
to lepton generation indices. The interaction with quarks is proportional to (one or
two powers of ) quark Yukawa matrices, so they are hierarchical, with flavour changing
neutral currents suppressed as in the usual Minimal Flavour Violation. This can be
seen from the coefficients of quark bilinears, which contribute to the four fermion
operators induced by the leptoquarks, and which are given in eq. (4.10), eq. (4.19)
and eq. (4.20). The two cases we consider differ in that the tree level FCNC are
among d-type quarks in section 4.1, and among u-type quarks in section 4.2. All
three generations of leptoquark have similar interactions to es and pus, with some
suppression to 7s (see eq. (4.12)), due to the democratic structure of the majorana
neutrino mass matrix, which provides the flavour violation. Due to the hierarchy in
couplings to quarks, the most sensitive decay for these patterns would be y — ey with
at or bin the loop. In the table 3 the ¢ factors for various other processes are listed.

3. Finally in section 5 we consider leptoquarks carying lepton and quark generation
indices. This implies a large number of leptoquarks (3 colours x 3 x 3 generations),
and very hierarchical couplings A\ o y]%,y?c or y;%, where y; is a Yukawa coupling.
Table 4 lists some estimates for rare processes in two cases: quark generation
change via CKM, with or without lepton flavour violation via the lepton mixing
matrix. Processes such as 7 — py could be sensitive to third generation leptoquarks,
particularily for large tan 5. If produced at hadron colliders, such third generation
leptoquarks would decay to ¢ or b and 7, or possibly u. However, realistically, lep-
toquarks of different generations could be expected to mix, which could significantly
modify the expectations, due to the steep hierarchy of couplings.

In the tables 2, 3 and 4 are listed the ¢ factors, for selected rare processes, which arise
for the patterns of leptoquark couplings considered in this paper. Although the expectation
for the various patterns differ, various prospects can be anticipated:

e For tanf3 = 1, the expectations are well below the experimental bounds. So
electroweak-scale leptoquarks are possible, and could be produced via their gauge
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interactions at hadron colliders. The particular collider signatures of each pattern
are briefly discussed at then ends of sections 3.1, 4.1, 4.2 and 5. Several of the
leptoquarks we consider decay preferentially to third generation fermions, so
leptoquark searches at the Tevatron and the LHC for final states containing tops
and/or taus would be interesting.

e Lepton flavour violating observables, such as 7 — pvy,u — ey, and uN — eN’,
are sensitive probes of (third generation) leptoquarks, because the leptoquarks can
contibute via loops with third generation couplings, and the experimental bounds
on these clean processes are good.

e Finally, a question for models of A couplings, is “which meson decays are most
sensitive to leptoquarks?” Putting aside the D decays, because the experimental
bounds are less restrictive, this amounts to comparing the predicted branching
ratios for B and K decays to the current bounds. The latter can be several orders
of magnitude more stringent for Ks than for Bs. One can roughly estimate that K
decays may be slightly more sensitive, when A o< yy, as can arise in section 3, or if

A x \/ Y fy}. The patterns discussed in this paper did not give a square root, but it

is expected in the Cheng-Sher ansatz [50], and can arise in various types of models
such as [8] (expectations with this ansatz also are discussed in [14]). However, if
A x (yfy})", for n > 1, as arises in most of the patterns we consider here, then B
decays are a better place to look for leptoquarks.

Acknowledgments

We thank Gino Isidori for contributions, and SD thanks Uli Haisch for a seminar invitation.
This work was partially supported by the EU Contract No. MRTN-CT-2006-035482,
FLAVIAnet.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution Noncommercial License which permits any noncommercial use, distribution,
and reproduction in any medium, provided the original author(s) and source are credited.

References
[1] S. Davidson, D.C. Bailey and B.A. Campbell, Model independent constraints on leptoquarks
from rare processes, Z. Phys. C 61 (1994) 613 [hep-ph/9309310] [SPIRES].

[2] J.L. Hewett and T.G. Rizzo, Much ado about leptoquarks: a comprehensive analysis,
Phys. Rev. D 56 (1997) 5709 [hep-ph/9703337] [SPIRES].

[3] P. Langacker, Grand Unified Theories and proton decay, Phys. Rept. 72 (1981) 185
[SPIRES].

[4] E. Farhi and L. Susskind, Technicolor, Phys. Rept. 74 (1981) 277 [SPIRES].

[5] R. Barbier et al., R-parity violating supersymmetry, Phys. Rept. 420 (2005) 1
[hep-ph/0406039] [SPTRES].

— 24 —


http://dx.doi.org/10.1007/BF01552629
http://arxiv.org/abs/hep-ph/9309310
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9309310
http://dx.doi.org/10.1103/PhysRevD.56.5709
http://arxiv.org/abs/hep-ph/9703337
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9703337
http://dx.doi.org/10.1016/0370-1573(81)90059-4
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRPLC,72,185
http://dx.doi.org/10.1016/0370-1573(81)90173-3
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRPLC,74,277
http://dx.doi.org/10.1016/j.physrep.2005.08.006
http://arxiv.org/abs/hep-ph/0406039
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0406039

[6] S.S. Gershtein, A.A. Likhoded and A.I. Onishchenko, TeV-scale leptoquarks from
GUTs/string/M-theory unification, Phys. Rept. 320 (1999) 159 [SPIRES].

[7] I. Dorsner and P. Fileviez Perez, Unification without supersymmetry: neutrino mass, proton
decay and light leptoquarks, Nucl. Phys. B 723 (2005) 53 [hep-ph/0504276] [SPIRES].

[8] B. Gripaios, Composite leptoquarks at the LHC, JHEP 02 (2010) 045 [arXiv:0910.1789]
[SPIRES].

[9] P. Fileviez Perez, T. Han, T. Li and M.J. Ramsey-Musolf, Leptoquarks and neutrino masses
at the LHC, Nucl. Phys. B 819 (2009) 139 [arXiv:0810.4138] [SPIRES].

[10] D. Aristizabal Sierra, M. Hirsch and S.G. Kovalenko, Leptoquarks: neutrino masses and
accelerator phenomenology, Phys. Rev. D 77 (2008) 055011 [arXiv:0710.5699] [SPIRES].

[11] P.Y. Popov, A.V. Povarov and A.D. Smirnov, Fermionic decays of scalar leptoquarks and
scalar gluons in the minimal four color symmetry model, Mod. Phys. Lett. A 20 (2005) 3003
[hep-ph/0511149] [SPIRES].

[12] M. Raidal et al., Flavour physics of leptons and dipole moments,
Eur. Phys. J. C 57 (2008) 13 [arXiv:0801.1826] [SPIRES].

[13] J.P. Saha, B. Misra and A. Kundu, Constraining scalar leptoquarks from the K and B
sectors, Phys. Rev. D 81 (2010) 095011 [arXiv:1003.1384] [SPIRES].

[14] M. Carpentier and S. Davidson, Constraints on two-lepton, two quark operators,
arXiv:1008.0280 [SPIRES].

[15] DO collaboration, V.M. Abazov et al., Search for pair production of first-generation
leptoquarks in pp collisions at \/s = 1.96 TeV, Phys. Lett. B 681 (2009) 224
[arXiv:0907.1048] [SPIRES].

[16] DO collaboration, V.M. Abazov et al., Search for pair production of second generation scalar
leptoquarks, Phys. Lett. B 671 (2009) 224 [arXiv:0808.4023] [SPIRES].

[17] DO collaboration, V.M. Abazov et al., Search for third generation scalar leptoquarks decaying
into Tb, Phys. Rev. Lett. 101 (2008) 241802 [arXiv:0806.3527] [SPIRES].

[18] DO collaboration, V.M. Abazov et al., Search for scalar bottom quarks and third-generation
leptoquarks in pp collisions at /s = 1.96 TeV, Phys. Lett. B 693 (2010) 95
[arXiv:1005.2222] [SPIRES].

[19] M. Kréamer, T. Plehn, M. Spira and P.M. Zerwas, Pair production of scalar leptoquarks at the
LHC, Phys. Rev. D 71 (2005) 057503 [hep-ph/0411038] [SPIRES].

[20] O.J.P. Eboli, R. Zukanovich Funchal and T.L. Lungov, Signal and backgrounds for
leptoquarks at the CERN LHC, Phys. Rev. D 57 (1998) 1715 [hep-ph/9709319] [SPIRES].

[21] A. Belyaev, C. Leroy, R. Mehdiyev and A. Pukhov, Leptoquark single and pair production at
LHC with CalcHEP/CompHEP in the complete model, JHEP 09 (2005) 005
[hep-ph/0502067] [SPIRES].

[22] ATLAS collaboration, C. Boulahouache, Prospects for early discoveries in final states with
dileptons and jets: LRSM and leptoquarks, AIP Conf. Proc. 1078 (2009) 584 [SPIRES].

[23] E. Nikolidakis and C. Smith, Minimal Flavor Violation, seesaw and R-parity,
Phys. Rev. D 77 (2008) 015021 [arXiv:0710.3129] [SPIRES].

,25,


http://dx.doi.org/10.1016/S0370-1573(99)00063-0
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRPLC,320,159
http://dx.doi.org/10.1016/j.nuclphysb.2005.06.016
http://arxiv.org/abs/hep-ph/0504276
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0504276
http://dx.doi.org/10.1007/JHEP02(2010)045
http://arxiv.org/abs/0910.1789
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0910.1789
http://dx.doi.org/10.1016/j.nuclphysb.2009.04.009
http://arxiv.org/abs/0810.4138
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0810.4138
http://dx.doi.org/10.1103/PhysRevD.77.055011
http://arxiv.org/abs/0710.5699
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0710.5699
http://dx.doi.org/10.1142/S0217732305019109
http://arxiv.org/abs/hep-ph/0511149
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0511149
http://dx.doi.org/10.1140/epjc/s10052-008-0715-2
http://arxiv.org/abs/0801.1826
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0801.1826
http://dx.doi.org/10.1103/PhysRevD.81.095011
http://arxiv.org/abs/1003.1384
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1003.1384
http://arxiv.org/abs/1008.0280
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1008.0280
http://dx.doi.org/10.1016/j.physletb.2009.10.016
http://arxiv.org/abs/0907.1048
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0907.1048
http://dx.doi.org/10.1016/j.physletb.2008.12.017
http://arxiv.org/abs/0808.4023
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0808.4023
http://dx.doi.org/10.1103/PhysRevLett.101.241802
http://arxiv.org/abs/0806.3527
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0806.3527
http://dx.doi.org/10.1016/j.physletb.2010.08.028
http://arxiv.org/abs/1005.2222
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1005.2222
http://dx.doi.org/10.1103/PhysRevD.71.057503
http://arxiv.org/abs/hep-ph/0411038
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0411038
http://dx.doi.org/10.1103/PhysRevD.57.1715
http://arxiv.org/abs/hep-ph/9709319
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9709319
http://dx.doi.org/10.1088/1126-6708/2005/09/005
http://arxiv.org/abs/hep-ph/0502067
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0502067
http://dx.doi.org/10.1063/1.3052035
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=APCPC,1078,584
http://dx.doi.org/10.1103/PhysRevD.77.015021
http://arxiv.org/abs/0710.3129
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0710.3129

[24]

[25]

[26]

[27]

28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

A.J. Buras, P. Gambino, M. Gorbahn, S. Jager and L. Silvestrini, Universal unitarity
triangle and physics beyond the standard model, Phys. Lett. B 500 (2001) 161
[hep-ph/0007085] [SPIRES].

R.S. Chivukula and H. Georgi, Composite technicolor standard model,
Phys. Lett. B 188 (1987) 99 [SPIRES].

G. D’Ambrosio, G.F. Giudice, G. Isidori and A. Strumia, Minimal Flavour Violation: an
effective field theory approach, Nucl. Phys. B 645 (2002) 155 [hep-ph/0207036] [SPTRES].

T. Feldmann and T. Mannel, Minimal Flavour Violation and beyond, JHEP 02 (2007) 067
[hep-ph/0611095] [SPIRES].

V. Cirigliano, B. Grinstein, G. Isidori and M.B. Wise, Minimal Flavor Violation in the
lepton sector, Nucl. Phys. B 728 (2005) 121 [hep-ph/0507001] [SPIRES].

S. Davidson and F. Palorini, Various definitions of Minimal Flavour Violation for leptons,
Phys. Lett. B 642 (2006) 72 [hep-ph/0607329] [SPIRES].

M.B. Gavela, T. Hambye, D. Hernandez and P. Hernandez, Minimal flavour seesaw models,
JHEP 09 (2009) 038 [arXiv:0906.1461] [SPIRES].

B. Grinstein, V. Cirigliano, G. Isidori and M.B. Wise, Grand unification and the principle of
Minimal Flavor Violation, Nucl. Phys. B 763 (2007) 35 [hep-ph/0608123] [SPIRES].

W. Buchmiiller, R. Ruckl and D. Wyler, Leptoquarks in lepton quark collisions,
Phys. Lett. B 191 (1987) 442 [Erratum ibid. B 448 (1999) 320] [SPIRES].

ZEUS collaboration, S. Chekanov et al., A search for resonance decays to lepton + jet at
HERA and limits on leptoquarks, Phys. Rev. D 68 (2003) 052004 [hep-ex/0304008]
[SPIRES].

H1 collaboration, A. Aktas et al., Search for leptoquark bosons in e p collisions at HERA,
Phys. Lett. B 629 (2005) 9 [hep-ex/0506044] [SPIRES].

H1 and ZEUS collaborations, R. Ciesielski, Search for leptoquarks and contact interactions
at HERA, PoS(EPS-HEP 2009)269 [SPIRES].

J.K. Mizukoshi, O.J.P. Eboli and M.C. Gonzalez-Garcia, Bounds on scalar leptoquarks from
Z physics, Nucl. Phys. B 443 (1995) 20 [hep-ph/9411392] [SPIRES].

G. Bhattacharyya, J.R. Ellis and K. Sridhar, Bounds on the masses and couplings of
leptoquarks from leptonic partial widths of the Z, Phys. Lett. B 336 (1994) 100 [Erratum
ibid. B 338 (1994) 522] [hep-ph/9406354] [SPIRES].

L. Lavoura, General formulae for f1 — fay, Eur. Phys. J. C 29 (2003) 191
[hep-ph/0302221] [SPTRES].

M. Hirsch, H.V. Klapdor-Kleingrothaus and S.G. Kovalenko, New low-energy leptoquark
interactions, Phys. Lett. B 378 (1996) 17 [hep-ph/9602305] [SPTIRES].

E. Keith and E. Ma, Oblique S and T parameters and leptoquark models of the HERA events,
Phys. Rev. Lett. 79 (1997) 4318 [hep-ph/9707214] [SPIRES].

P.H. Frampton and M. Harada, Constraints from precision electroweak data on leptoquarks

and bileptons, Phys. Rev. D 58 (1998) 095013 [hep-ph/9711448] [SPIRES].

A.D. Smirnov, Bounds on scalar leptoquark and scalar gluon masses from S, T, U in the
minimal four color symmetry model, Phys. Lett. B 531 (2002) 237 [hep-ph/0202229]
[SPIRES].

,26,


http://dx.doi.org/10.1016/S0370-2693(01)00061-2
http://arxiv.org/abs/hep-ph/0007085
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0007085
http://dx.doi.org/10.1016/0370-2693(87)90713-1
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B188,99
http://dx.doi.org/10.1016/S0550-3213(02)00836-2
http://arxiv.org/abs/hep-ph/0207036
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0207036
http://dx.doi.org/10.1088/1126-6708/2007/02/067
http://arxiv.org/abs/hep-ph/0611095
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0611095
http://dx.doi.org/10.1016/j.nuclphysb.2005.08.037
http://arxiv.org/abs/hep-ph/0507001
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0507001
http://dx.doi.org/10.1016/j.physletb.2006.09.016
http://arxiv.org/abs/hep-ph/0607329
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0607329
http://dx.doi.org/10.1088/1126-6708/2009/09/038
http://arxiv.org/abs/0906.1461
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0906.1461
http://dx.doi.org/10.1016/j.nuclphysb.2006.11.005
http://arxiv.org/abs/hep-ph/0608123
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0608123
http://dx.doi.org/10.1016/0370-2693(87)90637-X
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B191,442
http://dx.doi.org/10.1103/PhysRevD.68.052004
http://arxiv.org/abs/hep-ex/0304008
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-EX/0304008
http://dx.doi.org/10.1016/j.physletb.2005.09.048
http://arxiv.org/abs/hep-ex/0506044
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-EX/0506044
http://pos.sissa.it/cgi-bin/reader/contribution.cgi?id=PoS(EPS-HEP 2009)269
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=POSCI,EPS-HEP2009,269
http://dx.doi.org/10.1016/0550-3213(95)00162-L
http://arxiv.org/abs/hep-ph/9411392
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9411392
http://dx.doi.org/10.1016/0370-2693(94)00927-9
http://arxiv.org/abs/hep-ph/9406354
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9406354
http://dx.doi.org/10.1140/epjc/s2003-01212-7
http://arxiv.org/abs/hep-ph/0302221
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0302221
http://dx.doi.org/10.1016/0370-2693(96)00419-4
http://arxiv.org/abs/hep-ph/9602305
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9602305
http://dx.doi.org/10.1103/PhysRevLett.79.4318
http://arxiv.org/abs/hep-ph/9707214
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9707214
http://dx.doi.org/10.1103/PhysRevD.58.095013
http://arxiv.org/abs/hep-ph/9711448
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9711448
http://dx.doi.org/10.1016/S0370-2693(02)01432-6
http://arxiv.org/abs/hep-ph/0202229
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0202229

[43] L. Lavoura and L.-F. Li, Mechanism for obtaining a negative T oblique parameter,
Phys. Rev. D 48 (1993) 234 [SPIRES].

[44] PARTICLE DATA GROUP collaboration, C. Amsler et al., Review of particle physics,
Phys. Lett. B 667 (2008) 1 [SPIRES].

[45] CKM fitter homepage, http://ckmfitter.in2p3.fr/.
[4

4

@I_‘

| A. Lenz et al., Anatomy of new physics in B-B mizing, arXiv:1008.1593 [SPIRES)].

7] UTFIT collaboration, M. Bona et al., An improved standard model prediction of
BR(B — 7v) and its implications for new physics, Phys. Lett. B 687 (2010) 61
[arXiv:0908.3470] [SPIRES)].

[48] K.-M. Cheung, Muon anomalous magnetic moment and leptoquark solutions,
Phys. Rev. D 64 (2001) 033001 [hep-ph/0102238] [SPIRES].

[49] U. Mahanta, Implications of BNL measurement of 6(a,) on a class of scalar leptoquark
interactions, Eur. Phys. J. C 21 (2001) 171 [Phys. Lett. B 515 (2001) 111]
[hep-ph/0102176] [SPTRES].

[50] T.P. Cheng and M. Sher, Mass matriz ansatz and flavor nonconservation in models with
multiple Higgs doublets, Phys. Rev. D 35 (1987) 3484 [SPIRES].

,27,


http://dx.doi.org/10.1103/PhysRevD.48.234
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D48,234
http://dx.doi.org/10.1016/j.physletb.2008.07.018
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B667,1
http://ckmfitter.in2p3.fr/
http://arxiv.org/abs/1008.1593
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1008.1593
http://dx.doi.org/10.1016/j.physletb.2010.02.063
http://arxiv.org/abs/0908.3470
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0908.3470
http://dx.doi.org/10.1103/PhysRevD.64.033001
http://arxiv.org/abs/hep-ph/0102238
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0102238
http://dx.doi.org/10.1007/s100520100705
http://dx.doi.org/10.1016/S0370-2693(01)00865-6
http://arxiv.org/abs/hep-ph/0102176
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0102176
http://dx.doi.org/10.1103/PhysRevD.35.3484
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D35,3484

	Introduction
	Notation
	Flavour symmetries and symmetry breaking terms
	Leptoquarks

	Flavour singlet leptoquarks
	Adding a new spurion
	Some comments

	Leptoquarks with quark flavour
	Maximal coupling
	Coherent gauge and flavour assignments

	Leptoquarks with quark and lepton flavour
	Summary and discussion

