
Light Colored Scalars as Messengers of Up-
Quark, Down-Quark and Charged Lepton 

Flavor Dynamics in Grand Unified Theories* 

*I.D., Svjetlana Fajfer, Jernej F. Kamenik and Nejc Košnik, Phys. Lett. B 682 (2009) 67-73; Phys. 
Rev. D 81 (2010) 055009, Phys. Rev. D 82 (2010) 094015. 
*I.D., Jure Drobnak, Svjetlana Fajfer, Jernej F. Kamenik and Nejc Košnik, JHEP (2011) 1111:002. 

Ilja Doršner 
University of Sarajevo, Bosnia and Herzegovina 

 
LES RENCONTRES DE PHYSIQUE DE LA VALLEE D’AOSTE, La Thuile 

March 2nd, 2012 



• MOTIVATION 
 

• EXPERIMENTAL STATUS 

•  d = 6 PROTON DECAY OPERATORS 
SCALAR CONTRIBUTION 

• LIGHT SCALARS IN SU(5) 
 

• CONCLUSIONS 

OUTLINE 
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Leptoquarks (LQ) can be produced directly in colliders.  



EXPERIMENTAL STATUS 
(PROTON DECAY) 

* 

*[Super-Kamiokande Collaboration], arXiv:0903.0676. 
@[Super-Kamiokande Collaboration], arXiv:hep-ex/0502026. 
¶ http://www.phys.utk.edu/blv2011/sessions01-06.html (Makoto Miura) 

@ 

¶ 



d=6 PROTON DECAY OPERATORS 
(SCALAR CONTRIBUTIONS*) 

≡ Yukawa coupling(s) ≡ Leptoquark mass 

PROTON DECAY MEDIATING LEPTOQUARKS SHOULD BE VERY HEAVY! 

*S. Weinberg, Phys. Rev. D 22:1694, 1980. 



p-
de

ca
y 

ex
pe

rim
en

ts
 

2 

3 

4 

12 

LH
C

 

re
gi

on
 o

f i
nt

er
es

t 

RELEVANT SCALES 



CASE STUDY: AN SU(5) SCENARIO* 

*H. Georgi and S.L. Glashow (1974). 

LEPTONS 

QUARKS 

FAMILY INDEX 

FERMIONS OF THE STANDARD MODEL (SM≡ SU(3)×SU(2)×U(1)): 
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FERMION MASSES 
(SCALAR REPRESENTATIONS IN SU(5)) 

*I.D., Pavel Fileviez Pérez, Nucl. 
Phys. B 723 (2005) 53-76. 
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LEPTOQUARKS IN SU(5) 

≡ Higgs doublet 

≡ “genuine” leptoquark 

*I.D., Svjetlana Fajfer, Jernej F. Kamenik and Nejc 
Košnik, Phys. Lett. B 682 (2009) 67-73. 

* 
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≡ p-decay mediating leptoquark 



LEPTOQUARKS IN SU(5) 
(p-DECAY MEDIATING SCALAR LEPTOQUARKS) 

ALL IN ALL, THERE ARE EIGHTEEN (FIFTEEN) PROTON DECAY 
MEDIATING SCALARS IF NEUTRINOS ARE DIRAC (MAJORANA)!* 

*I.D., Svjetlana Fajfer and Nejc Košnik, work in progress. 



LEPTOQUARKS IN THE 5 OF SU(5) 
(p-DECAY MEDIATING SCALAR LEPTOQUARKS) 

*I.D., Svjetlana Fajfer and Nejc Košnik, work in progress. 

* 







LEPTOQUARKS IN THE 5 OF SU(5) 
(p-DECAY MEDIATING SCALAR LEPTOQUARKS) 

*I.D., Svjetlana Fajfer and Nejc Košnik, work in progress. 
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LEPTOQUARKS IN THE 45 OF SU(5) 
(p-DECAY MEDIATING SCALAR LEPTOQUARKS) 

*I.D., Svjetlana Fajfer and Nejc Košnik, work in progress. 

* 







ASYMMETRY ANOMALY 



ASYMMETRY 

* 

*I.D., Svjetlana Fajfer, Jernej F. Kamenik and 
Nejc Košnik, Phys. Rev. D 81 (2010) 055009, 
Phys. Rev. D 82 (2010) 094015. 



CONSTRAINTS ON      ORIGINATE FROM 
THE UP-QUARK PHENOMENOLOGY! 

Δ6 LEPTOQUARK: UP-QUARK SECTOR 

t t  FORWARD-BACKWARD (FB) 
ASYMMETRY AT TEVATRON  

MIXING CONSTRAINTS  

SINGLE t PRODUCTION CROSS-SECTION 
AT TEVATRON 
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ANOMALY 
*I.D., Jure Drobnak, Svjetlana Fajfer, Jernej F. 
Kamenik and Nejc Košnik, , JHEP (2011) 1111:002. 
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*I.D., Jure Drobnak, Svjetlana Fajfer, Jernej F. Kamenik and Nejc Košnik, , JHEP (2011) 1111:002. 

Δ6 LEPTOQUARK: THE DOWN-QUARK AND 
CHARGED LEPTON SECTORS 



IMPLICATIONS FOR THE UP-QUARK SECTOR 



upper bound from 
the up-quark masses 

LHC 

perturbativity 

lower bound from the down-quark 
and charged lepton masses 



CONCLUSIONS 

Leptoquark states represent qualitatively new 
physics. 
 
Proton decay operators induced via scalar 
leptoquark exchanges exhibit strong model 
dependence. 
 
That feature opens up possibilities for existence 
of light leptoquark states with interesting 
phenomenological consequences without conflict 
with proton stability. 



CONCLUSIONS 

Light scalar leptoquarks can, for example address 
the issue of              anomaly or       asymmetry.  
 
Scenarios that incorporate light leptoquarks could 
thus be directly probed at colliders. 



THANK YOU! 

CONTACT E-MAIL: 
 

ILJA.DORSNER@IJS.SI 



FORWARD-BACKWARD ASYMMETRY 

SIMULTANEOUS FIT TO THE INTEGRATED CROSS SECTION σ exp AND AFB 

LEADING CONTRIBUTIONS TO t t 
PRODUCTION CROSS SECTION AND AFB 
AT TEVATRON. 



≡ RELATIVE PHASE BETWEEN          AND 

D0 – D0  MIXING CONSTRAINTS 

CONTRIBUTIONS TO                   : 
BOUND 



SINGLE t PRODUCTION CROSS-SECTION 

THE SINGLE t PRODUCTION IS SENSITIVE TO THE PRODUCT                   .  

TEVATRON RESULT:  

WE REQUIRE:  
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decay mode 90% C.L. exp. bound on B 1� upper bound in units (m�/400 GeV)4

Bd ! e�e+ 8.3⇥ 10�8 |YebY
⇤

ed|2 < 4.4

Bd ! µ�µ+ 4.2⇥ 10�9
��YµbY

⇤

µd

��2 < 5.0⇥ 10�6

Bd ! ⌧�⌧+ 4.1⇥ 10�3 |Y⌧bY
⇤

⌧d|2 < 1.3⇥ 10�2

Bs ! e�e+ 2.8⇥ 10�7 |YebY
⇤

es|2 < 10.1

Bs ! µ�µ+ 1.2⇥ 10�8
��YµbY

⇤

µs

��2 < 1.1⇥ 10�5

Bd ! e⌥µ± 6.4⇥ 10�8
��YebY

⇤

µd

��2 + |YµbY
⇤

ed|2 < 1.6⇥ 10�4

Bd ! µ⌥⌧± 2.2⇥ 10�5 |YµbY
⇤

⌧d|2 +
��Y⌧bY

⇤

µd

��2 < 2.2⇥ 10�4

Bd ! ⌧⌥e± 2.8⇥ 10�5 |Y⌧bY
⇤

ed|2 + |YebY
⇤

⌧d|2 < 2.7⇥ 10�4

Bs ! e⌥µ± 2.0⇥ 10�7
��YebY

⇤

µs

��2 + |YµbY
⇤

es|2 < 3.4⇥ 10�4

Table I: Limits on Y couplings coming from upper bounds of lepton flavor conserving and violating Bd(s) ! `�`+ decays [23, 31].

2. KS ! e�e+, µ+µ�

Since KS is approximately CP-even and is decaying to a CP-odd final state this decay mode is sensitive to the
imaginary parts of Y . In the muonic channel, the best limit still comes from the early seventies with B(KS ! µ+µ�) <
3.2⇥10�7 at 90% C.L. [23], while the best upper bound on the branching fraction B(KS ! e+e�) < 9⇥10�9 at 90%
C.L. was more recently set by the KLOE experiment [29]. Both are still far above the SM expectations, whose long
distance e↵ects through KS ! �⇤�⇤ ! e�e+(µ+µ�) reach 8⇥10�9(2⇥10�6)⇥B(KS ! ��) ⇠ 10�14(10�11) [23, 30].
These observables thus present clean probes of CP violating e↵ects in the e↵ective Lagrangian (6), through the decay
widths

�KS!e�e+ =
[Im (YesY ⇤

ed)]
2

128⇡

m3
Kf2

K

m4
�

m̂2
e , (13)

�KS!µ�µ+ =

h

Im
⇣

YµsY ⇤

µd

⌘i2

128⇡

m3
Kf2

K

m4
�

m̂2
µ

q

1� 4m̂2
µ . (14)

The resulting bounds, although diluted by helicity suppression in the electron mode and the short lifetime of KS , are
important constraints to be fulfilled by the following combinations of couplings at 1� C.L.

[Im (YesY
⇤

ed)]
2 < 0.13

⇣ m�

400 GeV

⌘4

, (15)

⇥

Im
�

YµsY
⇤

µd

�⇤2
< 1.1⇥ 10�4

⇣ m�

400 GeV

⌘4

. (16)

3. Bd(s) ! `�`+

In the SM these FCNC processes su↵er additional helicity-suppression (m2
`/m

2
B) leading to branching fractions of

the modes with electrons, which are negligibly small compared to the current sensitivities of experiments, as given by
the 90% C.L. upper bounds on B(Bd ! e�e+) < 8.3 ⇥ 10�8 and B(Bs ! e�e+) < 2.8 ⇥ 10�7 [23]. In the dimuon
channel the SM predictions for the branching fractions—of order ⇠ 10�10 (10�9) for Bd (Bs) decays—are closer to
but still an order of magnitude below current experimental 90% C.L. upper bounds 4.2⇥10�9 (1.2⇥10�8) [31]. Even
in the case of Bd ! ⌧�⌧+ where the helicity suppression is the least severe, the SM prediction of B ⇠ 10�7 [32] is
far below the current experimental reach of 4.1 ⇥ 10�3 at 90% C.L. [33]. Consequently we do not need to consider
pure SM or interference terms between SM and �-mediated amplitudes and focus our attention only to the pure �
contributions.

In Eq. (7) we substitute fP !
p
2fBd(s)

in order to conform with the standard normalization of heavy pseudoscalar
decay constants. The lepton flavor conserving decay widths then read

�Bd(s)!`�`+ =

�

�

�

Y`bY ⇤

`d(s)

�

�

�

2

128⇡

m3
Bd(s)

f2
Bd(s)

m4
�

m̂2
`

q

1� 4m̂2
` , (17)
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where q = p � p0. This is the most general form of the photon o↵-shell amplitude obeying the Ward identity of
quantum electrodynamics

qµAµ = 0 . (48)

Renormalized charge of a muon is �e and so F1(0) = 1 exactly. A finite F3(0) would signal a nonzero electric dipole
moment in presence of CP violating phases in the renormalized vertex. F4(0) is called the anapole moment. The
form factor F2, which is the source of the anomalous magnetic moment, enters in the gyromagnetic ratio as g =
2(F1(0) + F2(0)). Comparing precise measurements of these form factors against theoretical higher-order predictions
presents powerful tests of the SM and its extensions. In the recent years, the experimental result on the anomalous
magnetic moment of the muon aµ ⌘ (g�2)µ/2 from BNL [10] has been about 3� above theoretical predictions within
the SM [11]

aexpµ = 1.16592080(63)⇥ 10�3 , (49a)

aSMµ = 1.16591793(68)⇥ 10�3 . (49b)

Treating both experimental and theoretical uncertainties as Gaussian, we may identify the missing contribution to aµ

�aµ = aexpµ � aSMµ = (2.87± 0.93)⇥ 10�9 , (50)

with the presence of NP. The leading � contributions to aµ with � and down quarks di running in the loop (Fig. 2)

`

�

di `

�

�

` � `

didi

�

Figure 2: Diagrams with � and down-quarks contributing to the lepton anomalous magnetic moments.

are expected to be of the order ⇠ 1/(4⇡)2 m2
µ/m

2
� e|Yµi|2 and have been previously computed in [58]. We reproduce

the magnitude of aµ of [58], however with an opposite overall sign

aµ =
3m2

µ

16⇡2m2
�

X

i=d,s,b

|Yµi|2 [Q�f�(xi) +Qdfd(xi)] , xi = m2
di
/m2

�. (51)

Here the charges are Q�,d = 4/3, �1/3 while f�,d are the loop functions

f�(x) =
2x3 + 3x2 � 6x2 log x� 6x+ 1

6(x� 1)4
, (52a)

fd(x) =
�x3 + 6x2 � 6x log x� 3x� 2

6(x� 1)4
. (52b)

In the limit xi ! 0 the result becomes

aµ =
3m2

µ(Q� � 2Qd)

96⇡2m2
�

X

i=d,s,b

|Yµi|2 =
1

16⇡2

m2
µ

m2
�

X

i=d,s,b

|Yµi|2. (53)

If we now saturate �aµ with aµ we find that a non-zero magnitude is preferred for a combination of the second row
elements of Y

X

i=d,s,b

|Yµi|2 = (4.53± 1.47)⇥ 10�7 ⇥ m2
�

m2
µ

= (6.45± 2.09)⇥ m2
�

(400 GeV)2
. (54)

We will further explore the possible correlations of such e↵ects with other constraints in Sec. IV.

9

|✏K | 2.228(11)⇥ 10�3 [23]

�mK 3.483(6)⇥ 10�15 GeV [23]

�✏ 43.5(7)� [23]

fK 0.1560(11)GeV [27]

B̂K 0.725(26) [27]

✏ 0.94(2) [48]

⌘1 1.31(+25
�22) [49]

⌘2 0.57(1) [46, 50]

⌘3 0.496(47) [51]

Table V: Experimental, nonperturbative, and perturbative parameters relevant for ✏K and �mK observables.

S0 is the Inami-Lim box loop function [47] and factors �i = VisV ⇤

id are the appropriate CKM weights. Explicit �u

contributions are eliminated using the Glashow-Iliopoulos-Maiani mechanism. Parameters ⌘1, ⌘2, and ⌘3 account for
the QCD renormalization e↵ects and are known to NLO (⌘1,2) or NNLO (⌘3) order. The decay constant fK and the

reduced bag parameter B̂K , both nonperturbative QCD parameters, are provided by lattice QCD calculations. Values
of all the relevant experimental as well as theoretical parameters are compiled, together with their uncertainties, in
Tab. V. The K� K̄ transition is mediated also by box diagrams involving the � and leptons, as shown in Fig. 1, that
generate an additional right-handed current operator in the e↵ective Hamiltonian [52]

H�
�S=2 =

1

128⇡2m2
�

"

X

`

Y`dY
⇤

`s

#2

(d̄R�
µsR)(d̄R�µsR) . (30)

The dispersive mixing matrix element M12K induced by � is therefore

M�
12K =

1

384⇡2m2
�

f2
KmKB̂K⌘2

"

X

`

Y`dY
⇤

`s

#2

, (31)

where we have neglected the small QCD running e↵ects from the � mass scale to the EW scale and simply use
⌘2 to describe the renormalization group evolution of � contributions down to the hadronic scale. The observable
measuring the CP-even component of the KL mass-eigenstate, ✏K , is defined as the ratio of isospin singlet amplitudes
of KS(L) ! ⇡⇡ decays

✏K ⌘ A(KL ! (⇡⇡)I=0)

A(KS ! (⇡⇡)I=0)
, (32)

and is related to the imaginary part of the dispersive mixing amplitude as [48]

✏K = ✏
ei�✏

p
2

ImM12K

�mK
. (33)

Here �mK is the measured mass di↵erence between KL and KS eigenstates, while �✏ is the superweak phase, given
by �✏ = arctan(2�mK/��K). The overall factor ✏ contains long distance corrections and uncertainties [48]. The
resulting constraint on the Y couplings is then

�

�
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2
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t⌘2S0(xt) + 2�c�t⌘3S0(xc, xt)
⇤

+
⌘2

16m2
�

Re[
X

`

Y`dY
⇤

`s]Im[
X

`

Y`dY
⇤

`s]
�

�

�

=
12

p
2⇡2

f2
KB̂K✏

�mK

mK
|✏K | = 1.57(7)⇥ 10�13 GeV�2 , (34)

where on the right-hand side, we have combined the experimental and theoretical (hadronic) uncertainties by summing
them in squares. Nonetheless, some theoretical uncertainty coming from the QCD renormalization factors ⌘1,2,3 still
remains on the left-hand side. In the fit we allow them to freely vary within the intervals determined by their
theoretical uncertainties (see Tab. V).

The measured mass di↵erence �mK , on the other hand, mostly probes the real part of the mixing amplitude
M12K [53]. It receives potentially important contributions from SM long distance dynamics leading to large theoretical
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decay mode 90% C.L. exp. bound on B 1� upper bound in units (m�/400 GeV)4

B+ ! ⇡+`�`+ 4.9⇥ 10�8 |YebY
⇤

ed|2 +
��YµbY

⇤

µd

��2 < 3.0⇥ 10�7

B+ ! ⇡+e±µ⌥ 1.7⇥ 10�7
��YebY

⇤

µd

��2 + |YµbY
⇤

ed|2 < 1.1⇥ 10�6

B+ ! K+e±µ⌥ 9.1⇥ 10�8
��YebY

⇤

µs

��2 + |YµbY
⇤

es|2 < 4.3⇥ 10�7

B+ ! K+⌧±µ⌥ 7.7⇥ 10�5
��Y⌧bY

⇤

µs

��2 + |YµbY
⇤

⌧s|2 < 5.7⇥ 10�4

Table II: Limits on Y couplings coming from upper bounds on B+ ! ⇡(K)`�`0+ branching fractions, compiled by [23].

decay mode 90% C.L. exp. bound on B 1� upper bound in units (m�/400 GeV)4

⌧ ! e⇡0 8.0⇥ 10�8 |YedY
⇤

⌧d|2 < 1.9⇥ 10�4

⌧ ! µ⇡0 1.1⇥ 10�7 |YµdY
⇤

⌧d|2 < 2.7⇥ 10�4

⌧ ! eKS 3.3⇥ 10�8 |YedY
⇤

⌧s � YesY
⇤

⌧d|2 < 3.2⇥ 10�5

⌧ ! µKS 4.0⇥ 10�8 |YµdY
⇤

⌧s � YµsY
⇤

⌧d|2 < 4.0⇥ 10�5

⌧ ! µ⌘ 6.5⇥ 10�8 |0.69YµdY
⇤

⌧d � YµsY
⇤

⌧s|2 < 1.3⇥ 10�4

Table III: Limits on Y couplings coming from upper bounds on ⌧ ! P ` branching fractions, determined at the B-factories and
compiled by [23].

for Pd ⌘ ⇡ and Ps ⌘ K, where s = (p � p0)2. The fK
+,0 form factors have been computed using QCD sum rules

techniques and we employ the results of [39]. For the f⇡
+,0 form factors we use a more recent calculation [40]. The

B ! K⌧±µ⌥ di↵erential decay rate can be written in a compact form by neglecting the small muon mass

d�

ds
(B ! K⌧±µ⌥) =

|YµsY ⇤

⌧b|2 + |YµbY ⇤

⌧s|2
(16⇡)3m4
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⌧
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✓
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⌧
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⌧
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0 (s)2
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#

,

(24)
where � ⌘ �(1,m2

K/m2
B , s/m

2
B) and �(a, b, c) = a2 + b2 + c2 � 2(ab+ bc+ ca) . For the modes without tau leptons in

the final state one can neglect lepton masses completely, i.e.

d�

ds
(B ! Ke±µ⌥) =

|YµsY ⇤

eb|2 + |YµbY ⇤

es|2
(16⇡)3m4

�

m3
B�

3/2 2

3
fK
+ (s)2 . (25)

The modes with a pion in the final state can then be simply obtained from the above formula by replacing s with
d and K with ⇡ . Integrating over the available phase space and comparing to the experimental upper bounds on
B+ ! ⇡(K)`�`0+ decays [23], we obtain the constraints listed in Tab. II. Finally we note that the corresponding
rare K ! ⇡`+`0� decay modes are always less sensitive to the relevant Y entries compared to the rare leptonic
KL,S ! `+`0� modes [21].

6. LFV semileptonic ⌧ decays

These decays constitute important observables, uniquely sensitive to the third row of Y . Upper limits on their
branching fractions have been set by the Belle and BaBar experiments. The width of the pionic channel reads

�⌧!`⇡0 =
|Y`dY ⇤

⌧d|
2

2048⇡

f2
⇡m

3
⌧

m4
�

⇥

1� 3m̂2
` � 2m̂2

⇡

⇤

, (26)

where we have kept the leading powers of final state particle masses. Decay width for a channel with KS in the final
state is obtained from (26) by replacing Y`dY ⇤

⌧d ! Y`dY ⇤

⌧s � Y`sY ⇤

⌧d, f⇡ !
p
2fK , and m̂⇡ ! m̂K . For the decay

channel ⌧ ! µ⌘ we include amplitudes for both ss̄ and dd̄ components of ⌘ by replacing in Eq. (26) |Y`dY ⇤

⌧d|
2 f2

⇡ !
�

�fq
⌘YµdY ⇤

⌧d +
p
2fs

⌘YµsY ⇤

⌧s

�

�

2
, where fq,s

⌘ are the decay constants of ⌘ through (d̄�µ�5d + ū�µ�5u)/
p
2 and s̄�µ�5s

operators, respectively. Following [41], we include the e↵ects of ⌘�⌘0 mixing by using fq
⌘ = fq cos� and fs

⌘ = �fs sin�
with phenomenologically viable numerical values of fq = 1.07f⇡, fs = 1.34f⇡, and � = 39.3�. With remaining
numerical values f⇡ = 130.4MeV [42], fK = 156MeV [27], and the relevant 90% C.L. upper bounds on the branching
fractions [23] we find a set of constraints shown in Tab. III.
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+,0 form factors have been computed using QCD sum rules

techniques and we employ the results of [39]. For the f⇡
+,0 form factors we use a more recent calculation [40]. The
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The modes with a pion in the final state can then be simply obtained from the above formula by replacing s with
d and K with ⇡ . Integrating over the available phase space and comparing to the experimental upper bounds on
B+ ! ⇡(K)`�`0+ decays [23], we obtain the constraints listed in Tab. II. Finally we note that the corresponding
rare K ! ⇡`+`0� decay modes are always less sensitive to the relevant Y entries compared to the rare leptonic
KL,S ! `+`0� modes [21].

6. LFV semileptonic ⌧ decays

These decays constitute important observables, uniquely sensitive to the third row of Y . Upper limits on their
branching fractions have been set by the Belle and BaBar experiments. The width of the pionic channel reads
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where we have kept the leading powers of final state particle masses. Decay width for a channel with KS in the final
state is obtained from (26) by replacing Y`dY ⇤

⌧d ! Y`dY ⇤

⌧s � Y`sY ⇤

⌧d, f⇡ !
p
2fK , and m̂⇡ ! m̂K . For the decay

channel ⌧ ! µ⌘ we include amplitudes for both ss̄ and dd̄ components of ⌘ by replacing in Eq. (26) |Y`dY ⇤
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⌘ are the decay constants of ⌘ through (d̄�µ�5d + ū�µ�5u)/
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2 and s̄�µ�5s

operators, respectively. Following [41], we include the e↵ects of ⌘�⌘0 mixing by using fq
⌘ = fq cos� and fs

⌘ = �fs sin�
with phenomenologically viable numerical values of fq = 1.07f⇡, fs = 1.34f⇡, and � = 39.3�. With remaining
numerical values f⇡ = 130.4MeV [42], fK = 156MeV [27], and the relevant 90% C.L. upper bounds on the branching
fractions [23] we find a set of constraints shown in Tab. III.
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decay mode 90% C.L. exp. bound on B 1� upper bound in units (m�/400 GeV)4

µ ! e� 2.4⇥ 10�12 |
P

i=d,s,b YeiY
⇤

µi|2 < 4.6⇥ 10�8

⌧ ! µ� 4.4⇥ 10�8 |
P

i=d,s,b YµiY
⇤

⌧i|2 < 4.8⇥ 10�3

⌧ ! e� 3.3⇥ 10�8 |
P

i=d,s,b YeiY
⇤

⌧i|2 < 3.6⇥ 10�3

Table VII: Limits on Y couplings coming from upper bounds of LFV radiative lepton decay branching fractions, taken from [23,
59].

On the other hand, applying expression (54) to the electron case and requiring that a�e be smaller than the
experimental uncertainty, we find a 1� bound on the first row of Y

X

i=d,s,b

|Yei|2 < 8.8⇥ 10�11 ⇥ m2
�

m2
e

= 54⇥ m2
�

(400 GeV)2
, (55)

where we have used the experimental uncertainty estimate of �aexp

e
= 2.8⇥ 10�13 [23].

Finally, we note that due to the Hermitian structure of Y contributions to the EM interactions of quarks and
leptons, no electric (or chromoelectric) dipole moments of either quarks or leptons are generated at the one loop
level, regardless of the phases present in Y . Furthermore, even at the two loop level, non-zero contributions can only
originate from mixed W � � loops. However, since � interactions are purely right-handed, such contributions are
necessarily suppressed both by CKM factors and by insertions of the light quark or lepton masses. Therefore we do
not consider them further.

4. Flavor violating radiative decays

The computation of � contributions to the LFV radiative muon decay is analogous to the magnetic moment
diagrams in Fig. 2 and results in the e↵ective Lagrangian

L�
µ!e� =

e

64⇡2m2
�

"

X

i=d,s,b

YeiY
⇤

µi

#

ē(�µ⌫Fµ⌫)(mµPL +mePR)µ . (56)

The decay width of µ ! e� is then given by

�µ!e� =
↵m5

µ

4096⇡4m4
�

�

�

�

X

i=d,s,b

YeiY
⇤

µi

�

�

�

2

. (57)

The above expression can also be applied to the LFV decays of the ⌧ , with obvious replacements in Y indices and
masses. Inequalities following from upper limits on branching fractions of ` ! `0� are shown in Tab. VII. Consequently,
measurements of these flagship LFV processes impose strict requirements on the structure of Y , namely they require
that rows of Y are approximately orthogonal.

On the other hand, the analogous constraints coming from the quark sector radiative decays are much weaker.
The prominent example of b ! s� has recently been analyzed in [55], where it was found that this decay is not very
sensitive to the relevant � interactions, which contribute at one loop through the insertion of the Lagrangian (6). In
particular, the �ms constraint (45b) yields consistently stronger bounds on the same combination of Y elements for
the experimentally allowed range of � masses.

5. Decay width of Z ! bb̄

The experiments running on the LEP 1 collider performed precise measurements of the relative widths of Z ! bb̄
and Z ! hadrons. In particular the experimental value of

Rb =
�(Z ! bb̄)

�(Z ! hadrons)
, (58)


































