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Outline

• Relating the SM & NP puzzles of Flavor & DM

• The case for MFV DM

• Flavored DM beyond MFV - general discussion

• Maximally non-MFV DM: a gauged flavor symmetric model
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Fig. 1. Result of the SM CKM fit projected onto the ρ̄ − η̄ plane, as obtained by the UTFit
(left)1 and CKMfitter (right)2 collaborations. Shown shaded are the 95% C.L. regions selected by
the given observables.

In order to interpret results of experimental measurements involving hadronic

initial and final states, a final step needs to involve non-perturbative matching to an

effective description involving QCD bound states Leff
weak → Leff(π, N,K,D,B, . . .) ,

i.e. the computation of hadronic �Qi� matrix elements. It has predominantly been

due to the tremendous improvements in lattice QCD approaches to such calculations

that propelled the field into the era of precision flavor constraints (for discussion on

recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining

the SM quark flavor sector, it has become possible to complete the above sketched

program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor

changing transitions among SM quarks mediated by new heavy degrees of freedom

with masses mNP � v and described by a Lagrangian LBSM. At scales µ below

the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any

such effects can be described in complete generality in terms of local operators (Qi)

involving only SM fields6 via the matching procedurea

LBSM → LνSM +

�

i,(d>4)

Q(d)
i

Λd−4
, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these

new contributions can lead to (a) shifts in the Wilson coefficients corresponding to

Qi present in Leff
weak already within the SM; (b) the appearance of new effective local

operators. In both cases, the resulting effects on the measured flavor observables can

be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7



DM as a thermal relic (WIMP)

Stable on cosmological scales 

• new continuos or discrete symmetries (U(1),ZN)

• accidental symmetries of SM  

Weak scale interactions to ensure late time-decoupling

• SM weak interactions

• Higgs portal

• new mediators
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SM & NP Flavor problems

• Flavor is approximately conserved in SM

• The breaking is very specific (hierarchical, aligned)
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We show that new physics that breaks the left-handed SU(3)Q quark flavor symmetry induces

contributions to CP violation in ∆F = 1 processes which are approximately universal, in that

they are not affected by flavor rotations between the up and the down mass bases. Therefore,

such flavor violation cannot be aligned, and is constrained by the strongest bound from either

the up or the down sectors. We use this result to show that the bound from ��/� prohibits an

SU(3)Q breaking explanation of the recent LHCb evidence for CP violation in D meson decays.

Another consequence of this universality is that supersymmetric alignment models with a moderate

mediation scale are consistent with the data, and are harder to probe via CP violating observables.

With current constraints, therefore, squarks need not be degenerate. However, future improvements

in the measurement of CP violation in D −D mixing will start to probe alignment models.

I. INTRODUCTION

Measurements of flavor-changing neutral-current (FCNC) processes in the quark sector put strong constraints on
New Physics (NP) at the TeV scale and provide a crucial guide for model building. Generically, NP models can avoid
existing bounds by aligning the flavor structure with one of the quark Yukawa matrices. However, new flavor breaking
sources involving only the SU(2)L doublet quarks Qi (i.e., breaking only the SU(3)Q quark flavor symmetry) cannot
be simultaneously diagonalized in both the up and the down quark mass bases, and new contributions to FCNCs
are necessarily generated. To constrain such models of flavor alignment, processes involving both up and down type
quark transitions need to be measured. Consequently, one would näıvely conclude that robust constraints on the
corresponding microscopic flavor structures come from the weaker of the bounds in the up and the down sectors.

Below we argue, however, that in a large class of models, contrary to flavor violation in ∆F = 2 processes [1], in
the case of ∆F = 1 CP violation, it is the strongest of the up and down sector constraints which applies. We show
that in these scenarios, to a good approximation, the sources of ∆F = 1 CP violation are universal, namely they do
not transform under flavor rotations between the up and the down mass bases. This is particularly important for the
NP interpretation of the recent LHCb evidence for CP violation in D decays. Employing the ��/� constraint on new
CP violating ∆s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressed D decays, in particular to ∆aCP measured by the LHCb experiment [2].

Furthermore, applying our argument to rare semileptonic K and B decays, we show how the present and future
measurements of these processes constrain the sources of CP violation in rare semileptonic D decays and FCNC top
decays. In particular, the observation of non-SM CP asymmetries in these processes would, barring cancellations,
signal the presence of new sources of SU(3)U,D flavor symmetry breaking.

Finally, an additional implication of our result is that in viable flavor alignment models the universal flavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the first two generation squarks can have mass splittings as large as 30% at the TeV scale, consistent
with mass anarchy at a supersymmetry breaking mediation scale as low as 10 TeV.

II. UNIVERSALITY OF CP VIOLATION WITH TWO GENERATIONS

It is well known that the gauge sector of the Standard Model (SM) respects a large global flavor symmetry. In the
quark sector, the corresponding flavor group, GF = SU(3)Q × SU(3)U × SU(3)D , is broken by the up and the down
Yukawa matrices Yu,d , formally transforming as (3, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,

Au ≡ (YuY
†
u )/tr , Ad ≡ (YdY

†
d )/tr , (1)
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measurements of these processes constrain the sources of CP violation in rare semileptonic D decays and FCNC top
decays. In particular, the observation of non-SM CP asymmetries in these processes would, barring cancellations,
signal the presence of new sources of SU(3)U,D flavor symmetry breaking.

Finally, an additional implication of our result is that in viable flavor alignment models the universal flavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the first two generation squarks can have mass splittings as large as 30% at the TeV scale, consistent
with mass anarchy at a supersymmetry breaking mediation scale as low as 10 TeV.
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It is well known that the gauge sector of the Standard Model (SM) respects a large global flavor symmetry. In the
quark sector, the corresponding flavor group, GF = SU(3)Q × SU(3)U × SU(3)D , is broken by the up and the down
Yukawa matrices Yu,d , formally transforming as (3, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,
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Fig. 1. Result of the SM CKM fit projected onto the ρ̄ − η̄ plane, as obtained by the UTFit
(left)1 and CKMfitter (right)2 collaborations. Shown shaded are the 95% C.L. regions selected by
the given observables.

In order to interpret results of experimental measurements involving hadronic

initial and final states, a final step needs to involve non-perturbative matching to an

effective description involving QCD bound states Leff
weak → Leff(π, N,K,D,B, . . .) ,

i.e. the computation of hadronic �Qi� matrix elements. It has predominantly been

due to the tremendous improvements in lattice QCD approaches to such calculations

that propelled the field into the era of precision flavor constraints (for discussion on

recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining

the SM quark flavor sector, it has become possible to complete the above sketched

program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor

changing transitions among SM quarks mediated by new heavy degrees of freedom

with masses mNP � v and described by a Lagrangian LBSM. At scales µ below

the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any

such effects can be described in complete generality in terms of local operators (Qi)

involving only SM fields6 via the matching procedurea

LBSM → LνSM +

�

i,(d>4)

Q(d)
i

Λd−4
, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these

new contributions can lead to (a) shifts in the Wilson coefficients corresponding to

Qi present in Leff
weak already within the SM; (b) the appearance of new effective local

operators. In both cases, the resulting effects on the measured flavor observables can

be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7
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SM & NP Flavor problems
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such flavor violation cannot be aligned, and is constrained by the strongest bound from either

the up or the down sectors. We use this result to show that the bound from ��/� prohibits an

SU(3)Q breaking explanation of the recent LHCb evidence for CP violation in D meson decays.
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in the measurement of CP violation in D −D mixing will start to probe alignment models.

I. INTRODUCTION
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sources involving only the SU(2)L doublet quarks Qi (i.e., breaking only the SU(3)Q quark flavor symmetry) cannot
be simultaneously diagonalized in both the up and the down quark mass bases, and new contributions to FCNCs
are necessarily generated. To constrain such models of flavor alignment, processes involving both up and down type
quark transitions need to be measured. Consequently, one would näıvely conclude that robust constraints on the
corresponding microscopic flavor structures come from the weaker of the bounds in the up and the down sectors.

Below we argue, however, that in a large class of models, contrary to flavor violation in ∆F = 2 processes [1], in
the case of ∆F = 1 CP violation, it is the strongest of the up and down sector constraints which applies. We show
that in these scenarios, to a good approximation, the sources of ∆F = 1 CP violation are universal, namely they do
not transform under flavor rotations between the up and the down mass bases. This is particularly important for the
NP interpretation of the recent LHCb evidence for CP violation in D decays. Employing the ��/� constraint on new
CP violating ∆s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressed D decays, in particular to ∆aCP measured by the LHCb experiment [2].

Furthermore, applying our argument to rare semileptonic K and B decays, we show how the present and future
measurements of these processes constrain the sources of CP violation in rare semileptonic D decays and FCNC top
decays. In particular, the observation of non-SM CP asymmetries in these processes would, barring cancellations,
signal the presence of new sources of SU(3)U,D flavor symmetry breaking.

Finally, an additional implication of our result is that in viable flavor alignment models the universal flavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the first two generation squarks can have mass splittings as large as 30% at the TeV scale, consistent
with mass anarchy at a supersymmetry breaking mediation scale as low as 10 TeV.

II. UNIVERSALITY OF CP VIOLATION WITH TWO GENERATIONS

It is well known that the gauge sector of the Standard Model (SM) respects a large global flavor symmetry. In the
quark sector, the corresponding flavor group, GF = SU(3)Q × SU(3)U × SU(3)D , is broken by the up and the down
Yukawa matrices Yu,d , formally transforming as (3, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,

Au ≡ (YuY
†
u )/tr , Ad ≡ (YdY

†
d )/tr , (1)
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We show that new physics that breaks the left-handed SU(3)Q quark flavor symmetry induces

contributions to CP violation in ∆F = 1 processes which are approximately universal, in that

they are not affected by flavor rotations between the up and the down mass bases. Therefore,

such flavor violation cannot be aligned, and is constrained by the strongest bound from either

the up or the down sectors. We use this result to show that the bound from ��/� prohibits an

SU(3)Q breaking explanation of the recent LHCb evidence for CP violation in D meson decays.

Another consequence of this universality is that supersymmetric alignment models with a moderate

mediation scale are consistent with the data, and are harder to probe via CP violating observables.

With current constraints, therefore, squarks need not be degenerate. However, future improvements

in the measurement of CP violation in D −D mixing will start to probe alignment models.

I. INTRODUCTION

Measurements of flavor-changing neutral-current (FCNC) processes in the quark sector put strong constraints on
New Physics (NP) at the TeV scale and provide a crucial guide for model building. Generically, NP models can avoid
existing bounds by aligning the flavor structure with one of the quark Yukawa matrices. However, new flavor breaking
sources involving only the SU(2)L doublet quarks Qi (i.e., breaking only the SU(3)Q quark flavor symmetry) cannot
be simultaneously diagonalized in both the up and the down quark mass bases, and new contributions to FCNCs
are necessarily generated. To constrain such models of flavor alignment, processes involving both up and down type
quark transitions need to be measured. Consequently, one would näıvely conclude that robust constraints on the
corresponding microscopic flavor structures come from the weaker of the bounds in the up and the down sectors.

Below we argue, however, that in a large class of models, contrary to flavor violation in ∆F = 2 processes [1], in
the case of ∆F = 1 CP violation, it is the strongest of the up and down sector constraints which applies. We show
that in these scenarios, to a good approximation, the sources of ∆F = 1 CP violation are universal, namely they do
not transform under flavor rotations between the up and the down mass bases. This is particularly important for the
NP interpretation of the recent LHCb evidence for CP violation in D decays. Employing the ��/� constraint on new
CP violating ∆s = 1 operators, we exclude sizable contributions of SU(3)Q breaking NP operators to the direct CP
asymmetries in singly-Cabibbo-suppressed D decays, in particular to ∆aCP measured by the LHCb experiment [2].

Furthermore, applying our argument to rare semileptonic K and B decays, we show how the present and future
measurements of these processes constrain the sources of CP violation in rare semileptonic D decays and FCNC top
decays. In particular, the observation of non-SM CP asymmetries in these processes would, barring cancellations,
signal the presence of new sources of SU(3)U,D flavor symmetry breaking.

Finally, an additional implication of our result is that in viable flavor alignment models the universal flavor and CP
violating phases are naturally small. Applying this insight to supersymmetric (SUSY) alignment models leads to the
conclusion that the first two generation squarks can have mass splittings as large as 30% at the TeV scale, consistent
with mass anarchy at a supersymmetry breaking mediation scale as low as 10 TeV.

II. UNIVERSALITY OF CP VIOLATION WITH TWO GENERATIONS

It is well known that the gauge sector of the Standard Model (SM) respects a large global flavor symmetry. In the
quark sector, the corresponding flavor group, GF = SU(3)Q × SU(3)U × SU(3)D , is broken by the up and the down
Yukawa matrices Yu,d , formally transforming as (3, 3̄, 1) and (3, 1, 3̄) under GF , respectively. From these, one can
construct two independent sources of SU(3)Q breaking,

Au ≡ (YuY
†
u )/tr , Ad ≡ (YdY

†
d )/tr , (1)
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(left)1 and CKMfitter (right)2 collaborations. Shown shaded are the 95% C.L. regions selected by
the given observables.

In order to interpret results of experimental measurements involving hadronic

initial and final states, a final step needs to involve non-perturbative matching to an

effective description involving QCD bound states Leff
weak → Leff(π, N,K,D,B, . . .) ,

i.e. the computation of hadronic �Qi� matrix elements. It has predominantly been

due to the tremendous improvements in lattice QCD approaches to such calculations

that propelled the field into the era of precision flavor constraints (for discussion on

recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining

the SM quark flavor sector, it has become possible to complete the above sketched

program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor

changing transitions among SM quarks mediated by new heavy degrees of freedom

with masses mNP � v and described by a Lagrangian LBSM. At scales µ below

the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any

such effects can be described in complete generality in terms of local operators (Qi)

involving only SM fields6 via the matching procedurea

LBSM → LνSM +

�

i,(d>4)

Q(d)
i

Λd−4
, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these

new contributions can lead to (a) shifts in the Wilson coefficients corresponding to

Qi present in Leff
weak already within the SM; (b) the appearance of new effective local

operators. In both cases, the resulting effects on the measured flavor observables can

be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7

Q(6)
AB ∼ zij [q̄iΓ

Aqj ]⊗ [q̄iΓ
Bqj ]

NP Flavor Puzzle

UTFit, 0707.0636
Isidori, Nir & Perez, 1002.0900

Lenz et al., 1203.0238
ETMC, 1207.1287



SM & NP Flavor problems

• Idea of MFV: NP formally invariant under      , all breaking can be 
(Taylor) expanded in terms of only YU,D

• Example:

12

“Minimal Flavor Violation”ai>2 � a1,2

z = 1+ a1Au + a2Ad + . . .

d’Ambrosio et al., hep-ph/0207036
Colangelo et al., 0807.0801

Λ [TeV]

Q(6) ∼ [Aij
u (Q̄iγµQj)]

2

zijQ̄
iγµQ

j

GSM
F

⇒

Relevance for DM?

http://arxiv.org/abs/hep-ph/0207036
http://arxiv.org/abs/hep-ph/0207036
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        can ensure proton stability in absence of B

• Exact          : 

• all contractions antisymmetric in color, weak and flavor indices

• MFV:

• most constraining operator involves two up-Yukawa insertions

BNV in presence of MFV

model of type II in anticipation of the Minimal Supersymmetric Standard Model (MSSM) discussion,
but the SM case is trivially recovered through the identifications Hu → H∗, Hd → H.

To systematically parametrize the impact of these breaking terms, the MFV strategy is first
to promote them to spurions, so as to artificially restore the GF (Nf ) symmetry. Then, effective
operators are constructed as formally invariant under GF (Nf ), as well as under the gauge group
SU(3)C ⊗SU(2)L ⊗U(1)Y , using the fermion fields and the Yu,d,e spurions as building blocks. Once
done, the Yu,d,e spurions are frozen back to their physical values,

vuYu = muV, vdYd = md, vdYe = me , (5)

with mu,d,e the Nf ×Nf diagonal mass matrices, V the Nf ×Nf generalized CKM matrix, and vu,d
the H0

u,d vacuum expectation values. In this way, the specific flavor-breaking character of the Higgs
sector, i.e. the transformation properties of its spurions as well as their hierarchical structures, is
exported onto the effective operators.

Basically, the main feature of the Yukawa spurions is to interconnect the flavor SU(Nf )s, see
Fig. 1. For example, Q†, UYu, and DYd all transform in the same way under SU(Nf )Q. So, en-
forcing GF (Nf ) no longer means constructing simple invariants like εIJKQIQJQK for Nf = 3 or
εIJKLQIQJQKQL for Nf = 4. This allows for simpler effective operators, since monomials trans-
forming identically under GF (Nf ) need not have the same charges under the SM gauge group.

With three generations, and in the presence of the Yu,d,e spurions, ∆B or ∆L operators arise
much earlier than at O(Λ−14). Since three lepton or three quark fields are needed to form a ∆L $= 0 or
∆B $= 0 but GF (3)-invariant combination, the leading SU(3)C ⊗SU(2)L ⊗U(1)Y invariant operators
involve six fermion fields:

HY ukawa,SM3
eff =

1

Λ5
(EL†2U3 + L†3Q†U2 +D4U2 +D3UQ†2 +D2Q†4 + h.c.) , (6)

and respect either (∆B,∆L) = ±(1, 3) or (∆B,∆L) = ±(2, 0). All these operators require at least
one Yu,d,e insertion to form GF (3) singlets, for example (spinor, SU(2)L, and color contractions are
understood)

L†3Q†U2 = εIJKL†IL†JL†K ⊗ εLMNQ†L(UYu)
M (UYu)

N + ... , (7a)

EL†2U3 = εIJK(EYe)
IL†JL†K ⊗ εLMN (UYu)

L(UYu)
M (UYu)

N + ... . (7b)

Also, none of them breaks GF (3) in the same way as Eq. (1), which remain the simplest operators
satisfying ∆B = ∆L, even in the presence of the Yukawa spurions. In other words, and without
surprise, the anomalous breaking of B+L does not spill over to lower dimensional operators. Still, it
is interesting to note that the flavor contractions in Eq. (7) take place entirely in the SU(3)Q⊗SU(3)L
space, as for the anomalous operator of Eq. (1).

The (∆B,∆L) = ±(1, 3) operators can induce proton decay, but are very suppressed by the GF (3)
symmetry, the limited spurion content, and their high dimensionality. The former suppression comes
from the need to extract only first-generation up quarks, and no bottom quark or tau lepton, while
the epsilon antisymmetry asks for the flavors to be different. To compensate, one needs to insert
the nondiagonal Yu as appropriate, and extract a ντ instead of a τ . From Eq. (7), the piece of the
L†3Q†U2 operator contributing to proton decay ends up suppressed by (mu/vu)2Vub ∼ 10−13, while
that from the EL†2U3 operator by (mu/vu)3VusVub ∼ 10−19. This flavor suppression, combined with

5

GSM
F

GSM
F

global flavor symmetry is present. Since the U(1)s associated with B and L are linear combinations
of the five U(1) factors of U(Nf )5, and since we know that for such chiral symmetries, anomalies can
arise, let us immediately restrict the flavor symmetry to GF (Nf ) = SU(Nf )5, and see what are the
possible GF (Nf )-symmetric interactions violating B and/or L.

With three generations, only the GF (3) ≡ SU(3)5 symmetric contractions εIJKXIXJXK with
X = Q,U,D,L,E have a nonzero B or L charge (I, J,K = 1, 2, 3 are generation indices; repeated
indices are summed over). An even number of such factors is needed to form a Lorentz scalar. No
SU(3)C ⊗SU(2)L ⊗U(1)Y invariant operators violating B or L can be constructed with six fields, so
the leading ∆B or ∆L operators are dimension 18:

Hgauge,SM3
eff =

1

Λ14
((LQ3)3 + (EU2D)3 + (EUQ†2)3 + (LQD†U †)3 + h.c.) , (1)

where the flavor, SU(2)L, SU(3)C , and Lorentz spinorial contractions are understood (only those
contractions that maximally entwine the antisymmetric tensors do not vanish identically). These
operators are all (∆B,∆L) = ±(3, 3). Different patterns of B and L violation are possible but require
at least six more fermion fields. For instance, with 18 fermion fields, dimension-27 operators inducing
±(∆B,∆L) = (6, 0), (0, 6), (3, 9), or (3,±3) transitions can be written down.

At this level, in the absence of any flavor sector, it does not make much sense to discuss the
phenomenology or a possible NP origin for these operators. Rather, the purpose of this construction
is to point out a few basic features of the procedure used throughout the paper.

First, the GF (3) symmetry requirement is very restrictive, since∆B or ∆L interactions are at least
of dimension 18, and cannot induce proton decay. By contrast, imposing only the SM gauge invariance
would allow for the dimension-six LQ3, EU2D, EUQ†2, and LQD†U † effective interactions [25]. We
thus immediately conclude that these interactions are not flavor-blind, i.e. require a nontrivial flavor
structure to exist. Second, among the operators in Eq. (1), the one involving only SU(2)L doublets,
(LQ3)3, can be recognized as arising from the U(1)B+L anomaly [26], i.e. from the nonperturbative
SM gauge dynamics. Though enforcing only the GF (3) symmetry requirement allows for additional
operators in Eq. (1), it is nevertheless encouraging that it correctly predicts the order at which such
effects are generated. Further, the SM itself thus provides an example of how the apparently peculiar
εIJK contractions in flavor space can come into play. Third, inverting the argument, the anomalous
nature of the U(3)5 symmetry justifies enforcing only SU(3)5. Note, though, that from a flavor point
of view, the (LQ3)3 operators violate U(1)Q ⊗ U(1)L but respect U(1)U ⊗ U(1)D ⊗ U(1)E . So in
principle, one can keep more than just SU(3)5 as exact.

With four generations, the∆L or ∆B contractions invariant under GF (4) ≡ SU(4)5 must involve
four fields, εIJKLXIXJXKXL. The crucial difference with the three generation case is that for
quarks, these monomials cannot be color singlets. Since the smallest common multiple of three and
four is twelve, three factors of such quartic quark contractions are needed. The four-generation
equivalents of the operators in Eq. (1) are thus of dimension 24:

Hgauge,SM4
eff =

1

Λ20
((LQ3)4 + (EU2D)4 + (EUQ†2)4 + (LQD†U †)4 + h.c.) , (2)

and induce (∆B,∆L) = ±(4, 4). Again, the one involving only SU(2)L doublets originates from the
B + L anomaly. However, another difference with the three generation case is that here, the GF (4)

3
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model of type II in anticipation of the Minimal Supersymmetric Standard Model (MSSM) discussion,
but the SM case is trivially recovered through the identifications Hu → H∗, Hd → H.

To systematically parametrize the impact of these breaking terms, the MFV strategy is first
to promote them to spurions, so as to artificially restore the GF (Nf ) symmetry. Then, effective
operators are constructed as formally invariant under GF (Nf ), as well as under the gauge group
SU(3)C ⊗SU(2)L ⊗U(1)Y , using the fermion fields and the Yu,d,e spurions as building blocks. Once
done, the Yu,d,e spurions are frozen back to their physical values,

vuYu = muV, vdYd = md, vdYe = me , (5)

with mu,d,e the Nf ×Nf diagonal mass matrices, V the Nf ×Nf generalized CKM matrix, and vu,d
the H0

u,d vacuum expectation values. In this way, the specific flavor-breaking character of the Higgs
sector, i.e. the transformation properties of its spurions as well as their hierarchical structures, is
exported onto the effective operators.

Basically, the main feature of the Yukawa spurions is to interconnect the flavor SU(Nf )s, see
Fig. 1. For example, Q†, UYu, and DYd all transform in the same way under SU(Nf )Q. So, en-
forcing GF (Nf ) no longer means constructing simple invariants like εIJKQIQJQK for Nf = 3 or
εIJKLQIQJQKQL for Nf = 4. This allows for simpler effective operators, since monomials trans-
forming identically under GF (Nf ) need not have the same charges under the SM gauge group.

With three generations, and in the presence of the Yu,d,e spurions, ∆B or ∆L operators arise
much earlier than at O(Λ−14). Since three lepton or three quark fields are needed to form a ∆L $= 0 or
∆B $= 0 but GF (3)-invariant combination, the leading SU(3)C ⊗SU(2)L ⊗U(1)Y invariant operators
involve six fermion fields:

HY ukawa,SM3
eff =

1

Λ5
(EL†2U3 + L†3Q†U2 +D4U2 +D3UQ†2 +D2Q†4 + h.c.) , (6)

and respect either (∆B,∆L) = ±(1, 3) or (∆B,∆L) = ±(2, 0). All these operators require at least
one Yu,d,e insertion to form GF (3) singlets, for example (spinor, SU(2)L, and color contractions are
understood)

L†3Q†U2 = εIJKL†IL†JL†K ⊗ εLMNQ†L(UYu)
M (UYu)

N + ... , (7a)

EL†2U3 = εIJK(EYe)
IL†JL†K ⊗ εLMN (UYu)

L(UYu)
M (UYu)

N + ... . (7b)

Also, none of them breaks GF (3) in the same way as Eq. (1), which remain the simplest operators
satisfying ∆B = ∆L, even in the presence of the Yukawa spurions. In other words, and without
surprise, the anomalous breaking of B+L does not spill over to lower dimensional operators. Still, it
is interesting to note that the flavor contractions in Eq. (7) take place entirely in the SU(3)Q⊗SU(3)L
space, as for the anomalous operator of Eq. (1).

The (∆B,∆L) = ±(1, 3) operators can induce proton decay, but are very suppressed by the GF (3)
symmetry, the limited spurion content, and their high dimensionality. The former suppression comes
from the need to extract only first-generation up quarks, and no bottom quark or tau lepton, while
the epsilon antisymmetry asks for the flavors to be different. To compensate, one needs to insert
the nondiagonal Yu as appropriate, and extract a ντ instead of a τ . From Eq. (7), the piece of the
L†3Q†U2 operator contributing to proton decay ends up suppressed by (mu/vu)2Vub ∼ 10−13, while
that from the EL†2U3 operator by (mu/vu)3VusVub ∼ 10−19. This flavor suppression, combined with
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•                  also leave a discrete         subgroup exactly preserved

•          accidental symmetry of SM, exactly preserved in presence of any MFV NP

• Color neutral matter charged under                                 automatically stable

• Suitable        representations

Flavor - DM connections

16

�Yu�, �Yd� GSM
F

SU(3)U

SU(3)D

SM quarks transform as (we work with left handed chiral fields)

QL ∼ (3, 1, 1) , U
c
R ∼ (1, 3̄, 1) , D

c
R ∼ (1, 1, 3̄) . (1)

This global symmetry is broken by the SM Yukawa terms

LY = Q̄LH̃YuUR + Q̄LHYdDR + h.c. . (2)

This interaction is formally invariant under GF , if Yu,d are promoted to spurions that trans-

form as (3, 3̄, 1) and (3, 1, 3̄).

If only the renormalizable terms are allowed, then the breaking due to (2) is U(3)3 →

U(1)B, where U(1)B is the baryon number. This accidental symmetry can be broken by

higher dimensional operators. If Yu,d are the only spurions that break GSM
F , there is a

remaining discrete subgroup that is conserved even for nonrenormalizable interactions. This

is the center group ZUDQ
3 of U(3)3, under which all three generations of quarks transform

as {UR, DR, QL} → e
i2π/3{UR, DR, QL} . Following [4] this transformation can be combined

with a Zc
3 subgroup of color SU(3)c, under which {UR, DR, QL} → e

−i2π/3{UR, DR, QL} .

Since DM is color neutral the combined transformations give a representation of Zχ
3 ⊂

ZUDQ
3 × Zc

3 under which the DM field will transform as χ → e
i2π/3χ, while UR, DR, QL are

the Zχ
3 singlets. This will ensure the DM stability.

We note that Zχ
3 would not broken by any field that is in an adjoint or in a bifundamental

of GSM
F . One can thus have additional flavor breaking sources that transform as (8, 1, 1),

(1, 3, 3̄), ..., and still the DM will remain stable. In particular, any function f(Yu, Yd) will

automatically leave Zχ
3 unbroken. While the flavor structure of such NP models will not be

of MFV type in general, the stability of DM would still be a consequence of an unbroken

flavor subgroup. DM would be in a nontrivial representation of the flavor group, leading to

distinct phenomenology depending on the nature of the flavor breaking and in which flavor

multiplet χ belongs to.

In this paper we focus on the model of Ref. [8] where the SM quark flavor symmetry

U(3)Q×U(3)U ×U(3)D is fully gauged. The SM Yukawa’s will arise from vets of new scalar

fields that transform as

Φu ∼ (3̄, 3, 1) , Φd ∼ (3̄, 1, 3) , (3)

3

ZQ/D
3

ZQ/U
3

ZQUD
3
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c
R ∼ (1, 3̄, 1) , D

c
R ∼ (1, 1, 3̄) . (1)

This global symmetry is broken by the SM Yukawa terms

LY = Q̄LH̃YuUR + Q̄LHYdDR + h.c. . (2)
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We note that Zχ
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F . One can thus have additional flavor breaking sources that transform as (8, 1, 1),

(1, 3, 3̄), ..., and still the DM will remain stable. In particular, any function f(Yu, Yd) will

automatically leave Zχ
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R ∼ (1, 3̄, 1) , D

c
R ∼ (1, 1, 3̄) . (1)

This global symmetry is broken by the SM Yukawa terms
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which is broken only by Yukawa interactions. When con-
sidering theories of physics beyond the SM, the MFV
principle dictates that new particles also respect Gq and
the only sources of flavor breaking arise from insertions of
the SM Yukawa matrices Yu and Yd [2, 3]. Formally, this
is achieved by promoting the Yukawa matrices to spu-
rion fields which transform nontrivially under Gq. The
SM Yukawa interactions are written as

− LY ⊃ Q̄YddRH + Q̄YuuRH
† + h.c., (1)

so that the Yukawa spurions transform as Yu ∼ (3, 3̄,1),
Yd ∼ (3,1, 3̄) under Gq.

A number of studies considering new MFV matter con-
tent exist in the literature [10–15]. In all of these works,
the Gq representations of the new particles have been
chosen such that renormalizable tree-level couplings to
the SM fermions are allowed. An immediate consequence
of this is that such particles are unstable and decay to SM
quarks or leptons. We now investigate the generality of
this conclusion, and show in particular that MFV implies
stability for particles in certain representations of Gq.
With further assumptions about their electroweak quan-
tum numbers, these stable particles become perfectly vi-
able DM candidates.

Let χ be a matter multiplet that transforms non-
trivially under flavor but is color-neutral, i.e. a singlet
under SU(3)c. The most general operator that induces
the decay of χ then reads

Odecay = χ Q . . .︸ ︷︷ ︸
A

Q̄ . . .︸ ︷︷ ︸
B

uR . . .︸ ︷︷ ︸
C

ūR . . .︸ ︷︷ ︸
D

dR . . .︸ ︷︷ ︸
E

d̄R . . .︸ ︷︷ ︸
F

(2)

× Yu . . .︸ ︷︷ ︸
G

Y †
u . . .

︸ ︷︷ ︸
H

Yd . . .︸ ︷︷ ︸
I

Y †
d . . .

︸ ︷︷ ︸
J

Oweak,

where A is the number of Q fields, B is the number of Q̄
fields, etc. Oweak is a potential electroweak operator so
that (2) is rendered invariant under SU(2)L×U(1)Y . The
flavor and color indices of the remaining fields are to be
contracted by use of the SU(3) group invariant tensors
δ and ε so that (2) becomes a color and flavor singlet.
This, however, can only be achieved if the triality ti of
each SU(3)i tensor product (p, q)i with p factors of 3i

and q factors of 3̄i, vanishes for the operator Odecay:

ti ≡ (p− q)i mod 3 = 0, i = c, Q, uR, dR. (3)

On the contrary, the decay operator (2) will be forbid-
den if ti &= 0 for at least one i. Denoting the irreducible
representation of χ under Gq as

χ ∼ (nQ,mQ)Q × (nu,mu)uR
× (nd,md)dR

, (4)

where nQ, mQ, etc. can take values 0, 1, 2, . . . , the triality

(n,m) SU(3)Q × SU(3)uR × SU(3)dR Stable?

(0, 0) (1,1, 1)

(1, 0) (3,1,1), (1,3, 1), (1,1,3) Yes

(0, 1) (3̄,1,1), (1, 3̄,1), (1,1, 3̄) Yes

(2,0)
(6,1,1), (1,6, 1), (1,1,6)

Yes
(3,3,1), (3,1, 3), (1,3,3)

(0,2)
(6̄,1,1), (1, 6̄,1), (1,1, 6̄)

Yes
(3̄, 3̄,1), (3̄,1, 3̄), (1, 3̄, 3̄)

(1,1)

(8,1,1), (1,8, 1), (1,1,8)

(3, 3̄,1), (3,1, 3̄), (1,3, 3̄)

(3̄,3,1), (3̄,1, 3), (1, 3̄,3)

TABLE I. Flavored DM candidates. Listed are the lowest-
dimensional representations of Gq , organized according (n,m)
where n ≡ nQ + nu + nd, m ≡ mQ +mu +md. We have also
indicated the representations that are stable once MFV is
imposed. Depending on their electroweak quantum numbers,
these multiplets may contain viable DM candidates.

conditions (3) become

tc = (A−B+C−D+E−F )mod 3 = 0, (5)

tQ = (nQ−mQ+A−B+G−H+I−J)mod 3 = 0, (6)

tuR
= (nu−mu+C−D−G+H)mod 3 = 0, (7)

tdR
= (nd−md+E−F−I+J) mod 3 = 0. (8)

Adding together Eqs. (6-8) and subtracting Eq. (5), we
find that a necessary condition for Odecay to be allowed,
and thus for χ to be unstable is (n−m)mod3 = 0, where
n ≡ nQ + nu + nd and m ≡ mQ +mu + md. It follows
that that Odecay is forbidden and χ is stable if

(n−m) mod 3 &= 0. (9)

Once (9) holds, χ contains a stable component. In this re-
gard, it is important to note that for operators with mul-
tiple fields χ, χ† which may potentially mediate a loop
induced decay, the stability condition above still holds.
Table I lists the lowest-dimensional representations of Gq

that are stable according to the condition (9).
In order to provide a viable theory of DM, any stable

state in the flavored multiplet χ must further be electri-
cally neutral. It thus remains to specify the electroweak
quantum numbers of χ. One possibility is that χ is a SM
gauge singlet [16]. Alternatively, as discussed in Ref. [17],
χ may be a n-plet of SU(2)L with hypercharge Y such
that a component of χ is neutral, Q = T3+Y = 0, with T3

being the diagonal SU(2)L generator. According to this
condition, a SU(2)L doublet has hypercharge Y = ±1/2,
a SU(2)L triplet has hypercharge Y = 0,±1, and so on.
Note that the logic leading to the stability condition (9)

made no assumption about renormalizability. Therefore,
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Effective theory. By construction, the scalars do not
couple to quarks at the renormalizable level since such
operators lead to the decay of the would-be DM can-
didate. However, couplings between pairs of DM multi-
plets and quarks may occur in an effective theory through
higher dimensional operators. At the dimension six level,
we can write the following effective operators coupling
two scalar multiplets to a quark and anti-quark:

O1
ijk! = (Q̄iγ

µQj)(S
∗
k

←→
∂µS!), (18)

O2
ijk! = (ūRiγ

µuRj)(S
∗
k

←→
∂µS!), (19)

O3
ijk! = (d̄Riγ

µdRj)(S
∗
k

←→
∂µS!), (20)

O4
ijk! = (Q̄iuRj)(S

∗
kS!)H

† + h.c., (21)

O5
ijk! = (Q̄idRj)(S

∗
kS!)H + h.c., (22)

where i, j, k, l are flavor indices. From these operators we
can construct the effective Lagrangian:

Leff =
1

Λ2

5∑

I=1

cIijk!OI
ijk! . (23)

The coefficients cIijk! in general contain all possible flavor
contractions consistent with MFV. For example, for the
operator O1 we have

c1ijk! = c111ij1k! + c121i!1kj + c13(YuY
†
u )ij1k!

+ c141ij(YuY
†
u )k! + c15(YuY

†
u )i!1kj

+ c1∗5 1i!(YuY
†
u )kj + . . . , (24)

where c1i are Wilson coefficients for a given flavor con-
traction, and where we display the leading terms in the
MFV expansion up to one insertion of YuY †

u .
Such higher-dimension operators can have a significant

impact on the cosmology by providing the DM with effi-
cient annihilation channels to SM quarks, as long as the
effective scale Λ/

√
cIi suppressing the operators is not too

much larger than the weak scale. The same operators can
potentially be probed by direct and indirect detection ex-
periments, colliders, and precision flavor studies.
Indeed, certain operators and flavor structures are

more constrained than others. To illustrate this fact,
consider for concreteness the “inverted” spectrum from
Eq. (15) in which the DM particle is S3. For the operator
O1, the flavor structures associated with the coefficients
c11 and c14 in Eq. (24) lead to the vector coupling of the
DM particle S3 to valence quarks in the nucleon, and are
therefore strongly constrained by direct detection exper-
iments. On the other hand, the flavor structures associ-
ated with c12, c

1
3, and c15 imply that the vector couplings

of the DM state S3 are dominantly to the third genera-
tion quarks, while the couplings to valence quarks either
vanish or are Yukawa and/or CKM suppressed. There-
fore, these coefficients are far less constrained by direct
DM searches.
Continuing on with this example, there is the possibil-

ity of new FCNCs induced by the operator O1 once the

DM multiplet is integrated out. Whereas the coefficients
c11 and c14 in Eq. (24) lead to strictly flavor-diagonal cou-
plings in the quarks, the flavor structures associated with
c12, c

1
3, and c15 indeed do induce FCNCs in the down-quark

sector due to the presence of CKM mixing.
A number of other phenomenological considerations

must be taken into account, each of which potentially
constrain the Wilson coeffcients cIijkl for the operators in
Eqs. (19-22). Depending on the UV completion some of
these coefficients may be sizable while others may be sup-
pressed or vanish. From the effective theory perspective,
one can explore the consequences of each operator on the
cosmology and phenomenology in a model-independent
way. Understanding which operators are constrained and
which are allowed may then point towards the underly-
ing dynamics at scales greater than Λ. A comprehensive
analysis of the effective operators (18-22) and their vari-
ous flavor structures will be left for future work. Instead,
we shall specialize to one particular operator and examine
in detail the associated cosmology and phenomenological
constraints and prospects.
For the remainder of the paper let us consider operator

O5 in Eq. (22) with the following flavor structure:

Leff =
c

Λ2
[Q̄iSi][S

∗
j (Yd)jkdRk]H + h.c, (25)

where the flavor indices are contracted within the brack-
ets, while the Lorentz, color, and SU(2)L, indices are
contracted outside. The coefficient c is taken here to be
a phase, so that |c| = 1. As we will demonstrate, this
operator allows for a viable cosmology while being con-
sistent with a variety of constraints.
After electroweak symmetry breaking and diagonaliza-

tion of the quark and scalar masses, we are left with the
following effective Lagrangian:

Leff →
c

Λ2

v√
2
[d̄LiV

†
ijSj ][S

∗
k(V λd)k!dR!] + h.c. . (26)

Focusing on the “inverted” spectrum below, m3 < m1 $
m2, S3 is the stable DM candidate, while S1 and S2 are
unstable.
Relic abundance. First we consider the thermal relic

abundance of S3. If the DM mass m3 is larger than the
bottom quark mass mb, the dominant annihilation mode
is S3S∗

3 → b̄b, coming from the following term contained
in Eq. (26):

Leff ⊃
c

Λ2
mb|Vtb|2S∗

3S3b̄LbR + h.c. , (27)

where |Vtb| $ 1 is the top-bottom CKM matrix element.
The above term in the Lagrangian leads to the following
thermally averaged annihilation cross section:

〈σv〉33→b̄b =
3

4πΛ4
m2

b |Vtb|4
(
1−

m2
b

m2
3

)1/2

(28)

×
{
[Re(c)]2

(
1−

m2
b

m2
3

)
+ [Im(c)]2

}
.
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the DM candidates are absolutely stable if we strictly en-
force MFV, even at the nonrenormalizable level. We also
made no assumptions about the Lorentz quantum num-
bers of χ, so one may consider scalars, fermions, vectors,
and so on. Furthermore, if additional particle content is
added besides the DM candidate our stability condition
holds provided we demand that χ contains the lightest
mass eigenstate among the new particles.
There exist variations in the precise implementation

of MFV. For example, in the case of ‘linear MFV’, one
imagines that each Yukawa insertion comes with a small
coefficient, so that only the leading terms are important,
whereas in ‘general MFV’ all Yukawa insertions are con-
sidered to be of similar size [18]. The number of Yukawa
spurions in Eq. (2) was arbitrary, so that the stability
condition (9) holds for general MFV. The case of linear
MFV is more restrictive and may thus lead to additional
DM candidates.
Accounting for the different possible Lorentz, gauge,

and flavor quantum numbers, we conclude that the MFV
principle leads to a wide variety of DM candidates. MFV
thus provides an attractive alternative to other well-
known stabilization symmetries, such as the canonical
Z2 parity, as well as higher Abelian or non-Abelian dis-
crete or continuous symmetries [19]. To be viable, these
models must pass a number of constraints from cosmol-
ogy and experiment. We now discuss these issues in an
example model with a flavored DM candidate.
Flavor SU(3)Q triplet dark matter. To illustrate

in more detail the general phenomenological considera-
tions in the flavored DM scenario, here we examine in
some detail the physics of a simple flavored DM candi-
date: a SU(3)Q triplet, SM gauge singlet scalar field.
We consider an effective theory with higher dimensional
operators coupling the DM to quarks, and examine the
constraints coming from cosmology, direct and indirect
detection probes, and cosmology. We shall see that the
theory has a rich phenomenology and leads to novel phe-
nomena at hadron colliders.
For concreteness, we consider a model with a scalar

field with the following SU(3)c × SU(2)L × U(1)Y ×Gq

quantum numbers:

S ∼ (1,1, 0)SM × (3,1,1)Gq
. (10)

The Lagrangian is

L = ∂µS∗
i ∂µSi − V (Si, H) + Leff , (11)

where i = 1, 2, 3 is a flavor index, V (Si, H) is the scalar
potential involving Si and the SM Higgs H , and Leff

contains higher dimensional operators involving two S
fields and two quark fields.
Spectrum. Let us first consider the scalar potential,

which determines the mass spectrum of the flavored DM
multiplet. The scalar S may have a bare mass term as
well as contribution from electroweak symmetry breaking

due to a Higgs portal coupling [16]. The relevant terms
in the potential are

V ⊃ m2
SS

∗
i (a1ij + b (YuY

†
u )ij + . . . )Sj (12)

+ 2λS∗
i (a

′1ij + b′(YuY
†
u )ij + . . . )Sj H

†H,

where a, b, a′, b′ are dimensionless MFV parameters. The
ellipsis indicate further MFV spurion insertions involving
Yd which generally lead to mass fine-splittings; for sim-
plicity we neglect these terms. The Higgs field obtains
a vacuum expectation value 〈H〉 = v/

√
2, breaking the

electroweak gauge symmetry and giving a contribution
to the S mass-squared matrix:

L ⊃ −S∗
i

[
m2

A1ij +m2
B(YuY

†
u )ij

]
Sj , (13)

where we have defined

m2
A = m2

Sa+ λv2a′,

m2
B = m2

Sb+ λv2b′. (14)

Without loss of generality, we freeze the Yukawa spu-
rions to the background values Yd = λd, Yu = V †λu,
where (λu)ij = yu,iδij , (λd)ij = yd,iδij are diagonal in
the physical Yukawa couplings yu,i and yd,i; quark mass
eigenstates are then obtained via uL → V †uL. The mass
matrix in Eq. (13) is diagonalized by S → V †S:

L → −S∗
i

[
m2

A1ij +m2
B(λ

2
u)ij

]
Sj . (15)

Up to fine splittings induced by up and charm Yukawa
couplings, we find m2

1 ) m2
2 ) m2

A and m2
3 ) m2

A +
m2

By
2
t . There are two possibilities for the spectrum: 1)

a “normal” spectrum with two lighter, nearly degenerate
states S1,2 and one heavier state S3, or 2) an “inverted”
spectrum with two heavier states S1,2 and one lighter
state S3.
Of phenomenological importance are the trilinear cou-

plings of scalars to the Higgs h [16], which in the mass
eigenbasis read:

L ⊃ −2λvhS∗
i (a

′1ij + b′(λ2
u)ij)Sj

≡ −2λ̃ivhS
∗
i Si, (16)

where we have defined λ̃i ≡ λ(a′ + b′y2u,i) These cou-
plings provide annihilation channels into SM particles,
and are furthermore constrained by direct and indirect
DM searches. For light DM particles in the 10 − 100
GeV range, the recent XENON100 null results [20] im-

ply a limit of λ̃i ! 0.015 (mi/10 GeV)(mh/120GeV)2

for the DM particle. In addition, the Higgs portal inter-
actions above lead to nonstandard decay channels of the
SM Higgs, h → S∗

i Si, provided that the scalars Si are
light enough. The partial width for h → S∗

i Si is given by

Γh→S∗

i Si
=

λ̃2
i v

2

4πmh

(
1−

4m2
i

m2
h

)1/2

. (17)

For values of λ̃i on the order of the b-quark Yukawa cou-
pling yb, these decay modes become competitive with the
SM h → bb̄ mode for a light Higgs.
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In the limit m3 ! mb, the annihilation cross section
approximately scales as

〈σv〉33→b̄b $ 1 pb

(
200GeV

Λ

)4

, (29)

suggesting that an effective scale of Λ ≈ 200 GeV is re-
quired in order to match with the nominal 3σ DM abun-
dance Ω3σ

DMh2 = 0.1109±0.017 as inferred from the seven
year data sample of the WMAP satellite experiment [21].
This can also be seen in Fig. 1 where the gray shaded
band indicates the region in which S3 + S∗

3 attain the
right relic abundance. Below the threshold of bb̄ an-
nihilation, m3 ! 4.2GeV, the most efficient channel is
S∗
3S3 → sb̄, bs̄ with 〈σv〉 ∝ |Vts|2|Vtb|2mbms/Λ4.
CMB constraints. Residual annihilation of S3-pairs

has its strongest impact at cosmic redshifts z ∼ 1000
at the time of recombination of electrons with hydrogen
(and helium.) The electromagnetic cascades formed in
the annihilation delay recombination thus affecting the
temperature and polarization anisotropies of the cosmic
microwave background radiation (CMB) [22, 23]. Since
the rate of injected energy scales as 〈σv〉n2

DMmDM ∝
〈σv〉/mDM where nDM is the DM number density, the
CMB limit on the annihilation cross section can conve-
niently, and in a rather model-independent fashion, be
expressed in the form

(1− fν)〈σv〉/m3 < r. (30)

Here, fν is the fraction of energy carried away by neutri-
nos and we employ r = 0.191GeV/cm3s−1 as obtained
in [23]. Using the PYTHIA [24] model for e+e− annihila-
tions to hadrons we have verified that fν always remains
below 10%; as a representative value we choose fν = 0.08.
The resulting lower limit on the effective scale Λ is shown
by the dashed line in Fig. 1 and is strongest for small val-
ues of m3, excluding the otherwise cosmologically viable
region m3 ! 5GeV.
Direct detection. The effective operator (26) also in-

duces the elastic scattering of S3 on nuclei. The following
terms lead to spin-independent scattering:

Leff ⊃
Re(c)

Λ2

3∑

i=1

mdi
|V3i|2S∗

3S3d̄idi. (31)

Though the couplings have the usual dependence on the
quark masses, as for example expected in Higgs-mediated
DM scattering on nuclei, the couplings to light quarks s
and d are additionally CKM suppressed. This implies
that only the scattering of S3 on the b-quark content of
the nucleons is relevant in constraining the scale Λ as well
as the phase c of the higher-dimensional operator (26).
The nucleon matrix element under question reads

fn,b ≡ 〈n|mbb̄b|n〉 = mn
2

27
f (n)
TG $ 0.04, (32)

Re (c) = 1
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FIG. 1. Constraints: Shown are lower limits on the effective
scale Λ as a function of m3 for Re(c) = 1. The dashed line is
a constraint on the annihilation cross section from CMB tem-
perature and polarization anisotropies. The solid (red) line
is the exclusion bound from the recent XENON100 direct de-
tection experiment with 100 live-days of exposure; the dotted
(blue) line shows the sensitivity of a future ton-scale liquid
xenon experiment. In the lower right shaded region, the ef-
fective field theory description breaks down. Within the gray
shaded band, the relic density of S3 matches the observed DM
density, ΩS3+S∗

3
h2 = ΩDMh2.

where we have used that the fact that the b-quark matrix
element can be expressed in terms of the matrix element

of the gluon scalar density [25], f (n)
TG = 1−

∑
u,d,s f

(n)
Tq $

0.57 [26].
This leads to the effective spin-independent elastic

DM-nucleon cross section,

σn =
[Re(c)]2|Vtb|2f2

n,b µ
2
n

4πm2
3Λ

4
(33)

$ 3× 10−43 cm2 [Re(c)]2
(
10GeV

m3

)2 (200GeV

Λ

)4

.

The upper limit on σn from direct detection experi-
ment can be translated into a lower limit on Λ. The
most constraining data in this respect comes from the
recent 100 live-day result of the XENON100 collabora-
tion [20]. We obtain the constraint by using Yellin’s max-
imum gap method [27] which accounts for the 3 observed
events within the 48 kg fiducial detector volume and em-
ploy the results of [28] to account for detector resolu-
tion, efficiency, and acceptance. The resulting limit in
the (mDM ,σn) plane is in very good agreement with the
one of [20]. For the sake of exploring future sensitivity
of direct detection experiments we also simulate a ton-

σ(S∗
3S3 → didj) ∝ |Vti|2|Vtj |2

mimj

Λ4

Dynamical origin of Λ & MFV?
see also

Lopez-Honorez & Merlo, 1303.1087
Batell, Lin & Wang, 1309.4462
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•  any such flavor structure can still be decomposed in a finite 
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Deconstructing MFV DM

         in SM coincides with subgroup of U(1)B

• automatically respected by any B preserving (flavor) NP - even 
beyond MFV

• in absence of B,           preserved by any BSM flavor breaking 
commuting with the center of

•  any such flavor structure can still be decomposed in a finite 
sum involving only YU,D and their traces

• MFV corresponds to a limit with |zi|<1
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For the R-parity conserving sector of the MSSM, on which we concentrate in the present
paper, these ε-tensor terms have been shown to be very suppressed [8]. Hence, ignoring them
altogether, MFV permits to write m2

Q as the infinite sum:

m2
Q = a11 + b1Y

†
uYu + b2Y

†
dYd + c1Y

†
uYuY

†
uYu + c2Y

†
dYdY

†
dYd + . . . (8)

Actually, the infinite sum collapses on its first few terms: the Yukawa couplings are 3 × 3
matrices, hence they respect the corresponding Cayley-Hamilton identities. The hermitian
matrix m2

Q does not contain more than nine independent real parameters and it can be
shown that the sum in Eq. (8) spans the space of hermitian matrices [9].

The Cayley-Hamilton identities read for 3 × 3 matrices

X3 − 〈X〉X2 +
1

2
X

(

〈X〉2 −
〈

X2
〉)

− detX = 0 , (9)

and can be rewritten in terms of traces only if the determinant is expressed as

detX =
1

3

〈

X3
〉

−
1

2
〈X〉

〈

X2
〉

+
1

6
〈X〉3 . (10)

In other words, all powers of three or more of a combination of Yukawa matrices, Xn>2,
can be eliminated in terms of only X2,X, 1, with coefficients involving the trace of X2 and
X. Further, identities involving two (or more) different combinations, A and B say, can be
found by substituting X = aA+ bB in Eq. (9) and extracting a given power of a and b. For
example, a relevant identity is

A2B + ABA + BA2 = A2 〈B〉 + (AB + BA) 〈A〉 + A (〈AB〉 − 〈A〉 〈B〉)

+
1

2
B

(〈

A2
〉

− 〈A〉2
)

+
1

2
〈B〉

(

〈A〉2 −
〈

A2
〉)

+
〈

A2B
〉

− 〈A〉 〈AB〉 , (11)

with A = Y†
uYu and B = Y†

dYd.
Taking into account these identities, the most general expression for m2

Q respecting MFV
becomes

m2
Q = z11 + z2Y

†
uYu + z3Y

†
dYd + z4(Y

†
uYu)

2 + z5(Y
†
dYd)

2

+ z6

(

Y†
dYdY

†
uYu + h.c.

)

+ z7Y
†
uYuY

†
dYdY

†
uYu

+ z8Y
†
dYdY

†
uYuY

†
dYd + z9

(

(Y†
uYu)

2(Y†
dYd)

2 + h.c.
)

+ iz10(Y
†
dYdY

†
uYu − h.c.) + iz11

(

(Y†
uYu)

2Y†
dYd − h.c.

)

+ iz12

(

(Y†
dYd)

2Y†
uYu − h.c.

)

+ iz13

(

(Y†
uYu)

2(Y†
dYd)

2 − h.c.
)

+ iz14

(

Y†
uYuY

†
dYd(Y

†
uYu)

2 − h.c.
)

+ iz15

(

Y†
dYdY

†
uYu(Y

†
dYd)

2 − h.c.
)

+ iz16

(

Y†
uYu(Y

†
dYd)

2(Y†
uYu)

2 − h.c.
)

+ iz17

(

Y†
dYd(Y

†
uYu)

2(Y†
dYd)

2 − h.c.
)

, (12)

4

zijQ̄
iγµQ

j

zijQ̄
iγµQ

j

Example:

Is this limit necessary for successful flavored DM?



General Flavored DM

Basic requirements for DM stability due to

•         good symmetry of the UV theory

• broken by spurions Xij 

• ⇒ stable QCD singlets 
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which is broken only by Yukawa interactions. When con-
sidering theories of physics beyond the SM, the MFV
principle dictates that new particles also respect Gq and
the only sources of flavor breaking arise from insertions of
the SM Yukawa matrices Yu and Yd [2, 3]. Formally, this
is achieved by promoting the Yukawa matrices to spu-
rion fields which transform nontrivially under Gq. The
SM Yukawa interactions are written as

− LY ⊃ Q̄YddRH + Q̄YuuRH
† + h.c., (1)

so that the Yukawa spurions transform as Yu ∼ (3, 3̄,1),
Yd ∼ (3,1, 3̄) under Gq.

A number of studies considering new MFV matter con-
tent exist in the literature [10–15]. In all of these works,
the Gq representations of the new particles have been
chosen such that renormalizable tree-level couplings to
the SM fermions are allowed. An immediate consequence
of this is that such particles are unstable and decay to SM
quarks or leptons. We now investigate the generality of
this conclusion, and show in particular that MFV implies
stability for particles in certain representations of Gq.
With further assumptions about their electroweak quan-
tum numbers, these stable particles become perfectly vi-
able DM candidates.

Let χ be a matter multiplet that transforms non-
trivially under flavor but is color-neutral, i.e. a singlet
under SU(3)c. The most general operator that induces
the decay of χ then reads

Odecay = χ Q . . .︸ ︷︷ ︸
A

Q̄ . . .︸ ︷︷ ︸
B

uR . . .︸ ︷︷ ︸
C

ūR . . .︸ ︷︷ ︸
D

dR . . .︸ ︷︷ ︸
E

d̄R . . .︸ ︷︷ ︸
F

(2)

× Yu . . .︸ ︷︷ ︸
G

Y †
u . . .

︸ ︷︷ ︸
H

Yd . . .︸ ︷︷ ︸
I

Y †
d . . .

︸ ︷︷ ︸
J

Oweak,

where A is the number of Q fields, B is the number of Q̄
fields, etc. Oweak is a potential electroweak operator so
that (2) is rendered invariant under SU(2)L×U(1)Y . The
flavor and color indices of the remaining fields are to be
contracted by use of the SU(3) group invariant tensors
δ and ε so that (2) becomes a color and flavor singlet.
This, however, can only be achieved if the triality ti of
each SU(3)i tensor product (p, q)i with p factors of 3i

and q factors of 3̄i, vanishes for the operator Odecay:

ti ≡ (p− q)i mod 3 = 0, i = c, Q, uR, dR. (3)

On the contrary, the decay operator (2) will be forbid-
den if ti &= 0 for at least one i. Denoting the irreducible
representation of χ under Gq as

χ ∼ (nQ,mQ)Q × (nu,mu)uR
× (nd,md)dR

, (4)

where nQ, mQ, etc. can take values 0, 1, 2, . . . , the triality

(n,m) SU(3)Q × SU(3)uR × SU(3)dR Stable?

(0, 0) (1,1, 1)

(1, 0) (3,1,1), (1,3, 1), (1,1,3) Yes

(0, 1) (3̄,1,1), (1, 3̄,1), (1,1, 3̄) Yes

(2,0)
(6,1,1), (1,6, 1), (1,1,6)

Yes
(3,3,1), (3,1, 3), (1,3,3)

(0,2)
(6̄,1,1), (1, 6̄,1), (1,1, 6̄)

Yes
(3̄, 3̄,1), (3̄,1, 3̄), (1, 3̄, 3̄)

(1,1)

(8,1,1), (1,8, 1), (1,1,8)

(3, 3̄,1), (3,1, 3̄), (1,3, 3̄)

(3̄,3,1), (3̄,1, 3), (1, 3̄,3)

TABLE I. Flavored DM candidates. Listed are the lowest-
dimensional representations of Gq , organized according (n,m)
where n ≡ nQ + nu + nd, m ≡ mQ +mu +md. We have also
indicated the representations that are stable once MFV is
imposed. Depending on their electroweak quantum numbers,
these multiplets may contain viable DM candidates.

conditions (3) become

tc = (A−B+C−D+E−F )mod 3 = 0, (5)

tQ = (nQ−mQ+A−B+G−H+I−J)mod 3 = 0, (6)

tuR
= (nu−mu+C−D−G+H)mod 3 = 0, (7)

tdR
= (nd−md+E−F−I+J) mod 3 = 0. (8)

Adding together Eqs. (6-8) and subtracting Eq. (5), we
find that a necessary condition for Odecay to be allowed,
and thus for χ to be unstable is (n−m)mod3 = 0, where
n ≡ nQ + nu + nd and m ≡ mQ +mu + md. It follows
that that Odecay is forbidden and χ is stable if

(n−m) mod 3 &= 0. (9)

Once (9) holds, χ contains a stable component. In this re-
gard, it is important to note that for operators with mul-
tiple fields χ, χ† which may potentially mediate a loop
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state in the flavored multiplet χ must further be electri-
cally neutral. It thus remains to specify the electroweak
quantum numbers of χ. One possibility is that χ is a SM
gauge singlet [16]. Alternatively, as discussed in Ref. [17],
χ may be a n-plet of SU(2)L with hypercharge Y such
that a component of χ is neutral, Q = T3+Y = 0, with T3

being the diagonal SU(2)L generator. According to this
condition, a SU(2)L doublet has hypercharge Y = ±1/2,
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which is broken only by Yukawa interactions. When con-
sidering theories of physics beyond the SM, the MFV
principle dictates that new particles also respect Gq and
the only sources of flavor breaking arise from insertions of
the SM Yukawa matrices Yu and Yd [2, 3]. Formally, this
is achieved by promoting the Yukawa matrices to spu-
rion fields which transform nontrivially under Gq. The
SM Yukawa interactions are written as

− LY ⊃ Q̄YddRH + Q̄YuuRH
† + h.c., (1)

so that the Yukawa spurions transform as Yu ∼ (3, 3̄,1),
Yd ∼ (3,1, 3̄) under Gq.

A number of studies considering new MFV matter con-
tent exist in the literature [10–15]. In all of these works,
the Gq representations of the new particles have been
chosen such that renormalizable tree-level couplings to
the SM fermions are allowed. An immediate consequence
of this is that such particles are unstable and decay to SM
quarks or leptons. We now investigate the generality of
this conclusion, and show in particular that MFV implies
stability for particles in certain representations of Gq.
With further assumptions about their electroweak quan-
tum numbers, these stable particles become perfectly vi-
able DM candidates.

Let χ be a matter multiplet that transforms non-
trivially under flavor but is color-neutral, i.e. a singlet
under SU(3)c. The most general operator that induces
the decay of χ then reads
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where A is the number of Q fields, B is the number of Q̄
fields, etc. Oweak is a potential electroweak operator so
that (2) is rendered invariant under SU(2)L×U(1)Y . The
flavor and color indices of the remaining fields are to be
contracted by use of the SU(3) group invariant tensors
δ and ε so that (2) becomes a color and flavor singlet.
This, however, can only be achieved if the triality ti of
each SU(3)i tensor product (p, q)i with p factors of 3i

and q factors of 3̄i, vanishes for the operator Odecay:

ti ≡ (p− q)i mod 3 = 0, i = c, Q, uR, dR. (3)

On the contrary, the decay operator (2) will be forbid-
den if ti &= 0 for at least one i. Denoting the irreducible
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× (nd,md)dR

, (4)

where nQ, mQ, etc. can take values 0, 1, 2, . . . , the triality
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Explicit non-MFV model example?



Maximally non-MFV DM

•  A model of fully gauged        :

• spontaneously broken by

• anomaly cancelation via additional chiral fermions                                 
(vector-like under SM gauge)

• fermion masses
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GSM
F

Grinstein, Redi & Villadoro, 1009.2049

SM quarks transform as (we work with left handed chiral fields)

QL ∼ (3, 1, 1) , U
c
R ∼ (1, 3̄, 1) , D

c
R ∼ (1, 1, 3̄) . (1)

This global symmetry is broken by the SM Yukawa terms

LY = Q̄LH̃YuUR + Q̄LHYdDR + h.c. . (2)

This interaction is formally invariant under GF , if Yu,d are promoted to spurions that trans-

form as (3, 3̄, 1) and (3, 1, 3̄).

If only the renormalizable terms are allowed, then the breaking due to (2) is U(3)3 →

U(1)B, where U(1)B is the baryon number. This accidental symmetry can be broken by

higher dimensional operators. If Yu,d are the only spurions that break GSM
F , there is a

remaining discrete subgroup that is conserved even for nonrenormalizable interactions. This

is the center group ZUDQ
3 of U(3)3, under which all three generations of quarks transform

as {UR, DR, QL} → e
i2π/3{UR, DR, QL} . Following [4] this transformation can be combined

with a Zc
3 subgroup of color SU(3)c, under which {UR, DR, QL} → e

−i2π/3{UR, DR, QL} .

Since DM is color neutral the combined transformations give a representation of Zχ
3 ⊂

ZUDQ
3 × Zc

3 under which the DM field will transform as χ → e
i2π/3χ, while UR, DR, QL are

the Zχ
3 singlets. This will ensure the DM stability.

We note that Zχ
3 would not broken by any field that is in an adjoint or in a bifundamental

of GSM
F . One can thus have additional flavor breaking sources that transform as (8, 1, 1),

(1, 3, 3̄), ..., and still the DM will remain stable. In particular, any function f(Yu, Yd) will

automatically leave Zχ
3 unbroken. While the flavor structure of such NP models will not be

of MFV type in general, the stability of DM would still be a consequence of an unbroken

flavor subgroup. DM would be in a nontrivial representation of the flavor group, leading to

distinct phenomenology depending on the nature of the flavor breaking and in which flavor

multiplet χ belongs to.

In this paper we focus on the model of Ref. [8] where the SM quark flavor symmetry

U(3)Q×U(3)U ×U(3)D is fully gauged. The SM Yukawa’s will arise from vets of new scalar

fields that transform as

Φu ∼ (3̄, 3, 1) , Φd ∼ (3̄, 1, 3) , (3)

3

under SU(3)Q × SU(3)U × SU(3)D. In order to ensure anomaly cancelation of the new

gauged sector, the minimal set of chiral fermions that one has to introduce is

Ψc
uR ∼ (3̄, 1, 1) , Ψc

dR ∼ (3̄, 1, 1) , ΨuL ∼ (1, 3, 1) , ΨdL ∼ (1, 1, 3) , (4)

The SM gauge quantum numbers are the same as for UL, DL, U
c
R, D

c
R, respectively. The

relevant Yukawa and mass terms in the Lagrangian are then [8]

Lmass ⊃ λuQ̄LH̃ΨuR + λ�
uΨ̄uLΦuΨuR +MuΨ̄uLUR

+ λdQ̄LHΨdR + λ�
dΨ̄dLΦdΨdR +MdΨ̄dLDR + h.c., (5)

where H is the SM Higgs, H̃ = iτ2H∗
and λ(�)

u,d are universal coupling constants and Mu,d

universal mass parameters. The SM Yukawas are generated after Φu,d obtain a vev, and Ψi

fields are integrated out. This gives (to first order in Mu,d/�Φu,d�)

Yu =
λuMu

λ�
u�Φu�

, Yd =
λdMd

λ�
d�Φd�

. (6)

Note that the SM Yukawas are non-analytic in spurions �Φu,d�. This means that �Φu,d� ∼

Y
−1
u,d and are not of MFV-type. JZ Do they diagonalize in roughly the same basis as

the SM Yukawas?.

A. Dark Matter

We assume that DM is SM gauge singlet, but is in nontrivial representation of the flavor

group. We focus on the case where DM is a fermion.
1

In order not to generate gauge

anomalies, it should be vector-like, thus we introduce two DM fields, χL and χc
R. They have

a Dirac mass term

LDM
mass = mχχ̄LχR + h.c.. (7)

The simplest possibility for flavor assignments are that they are in a fundamental of one

of the SU(3)Q,U,D groups. Taking for instance

χL ∼ (1, 3, 1), χc
R ∼ (1, 3̄, 1), (8)

1
In the case of scalar DM there is also a possibility of Higgs portal couplings (χ†χ)(H†

H), obscuring the

relation between flavor dynamics and DM interactions.
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SM quarks transform as (we work with left handed chiral fields)

QL ∼ (3, 1, 1) , U
c
R ∼ (1, 3̄, 1) , D

c
R ∼ (1, 1, 3̄) . (1)

This global symmetry is broken by the SM Yukawa terms

LY = Q̄LH̃YuUR + Q̄LHYdDR + h.c. . (2)

This interaction is formally invariant under GF , if Yu,d are promoted to spurions that trans-

form as (3, 3̄, 1) and (3, 1, 3̄).

If only the renormalizable terms are allowed, then the breaking due to (2) is U(3)3 →

U(1)B, where U(1)B is the baryon number. This accidental symmetry can be broken by

higher dimensional operators. If Yu,d are the only spurions that break GSM
F , there is a

remaining discrete subgroup that is conserved even for nonrenormalizable interactions. This

is the center group ZUDQ
3 of U(3)3, under which all three generations of quarks transform

as {UR, DR, QL} → e
i2π/3{UR, DR, QL} . Following [4] this transformation can be combined

with a Zc
3 subgroup of color SU(3)c, under which {UR, DR, QL} → e

−i2π/3{UR, DR, QL} .

Since DM is color neutral the combined transformations give a representation of Zχ
3 ⊂

ZUDQ
3 × Zc

3 under which the DM field will transform as χ → e
i2π/3χ, while UR, DR, QL are

the Zχ
3 singlets. This will ensure the DM stability.

We note that Zχ
3 would not broken by any field that is in an adjoint or in a bifundamental

of GSM
F . One can thus have additional flavor breaking sources that transform as (8, 1, 1),

(1, 3, 3̄), ..., and still the DM will remain stable. In particular, any function f(Yu, Yd) will

automatically leave Zχ
3 unbroken. While the flavor structure of such NP models will not be

of MFV type in general, the stability of DM would still be a consequence of an unbroken

flavor subgroup. DM would be in a nontrivial representation of the flavor group, leading to

distinct phenomenology depending on the nature of the flavor breaking and in which flavor

multiplet χ belongs to.

In this paper we focus on the model of Ref. [8] where the SM quark flavor symmetry

U(3)Q×U(3)U ×U(3)D is fully gauged. The SM Yukawa’s will arise from vets of new scalar

fields that transform as

Φu ∼ (3̄, 3, 1) , Φd ∼ (3̄, 1, 3) , (3)

3

(after flavor & EWSB)

kinetic 
mixing

flavon Yukawas 
to q-parners

       symmetric 
Higgs Yukawas
GSM
F



Maximally non-MFV DM

•  A model of fully gauged        :

• spontaneously broken by

• anomaly cancelation via additional chiral fermions                                 
(vector-like under SM gauge)

• fermion masses

• SM effective Yukawas non-analytic in fundamental flavor spurions!  

22

GSM
F

Grinstein, Redi & Villadoro, 1009.2049

SM quarks transform as (we work with left handed chiral fields)

QL ∼ (3, 1, 1) , U
c
R ∼ (1, 3̄, 1) , D

c
R ∼ (1, 1, 3̄) . (1)

This global symmetry is broken by the SM Yukawa terms

LY = Q̄LH̃YuUR + Q̄LHYdDR + h.c. . (2)

This interaction is formally invariant under GF , if Yu,d are promoted to spurions that trans-

form as (3, 3̄, 1) and (3, 1, 3̄).

If only the renormalizable terms are allowed, then the breaking due to (2) is U(3)3 →

U(1)B, where U(1)B is the baryon number. This accidental symmetry can be broken by

higher dimensional operators. If Yu,d are the only spurions that break GSM
F , there is a

remaining discrete subgroup that is conserved even for nonrenormalizable interactions. This

is the center group ZUDQ
3 of U(3)3, under which all three generations of quarks transform

as {UR, DR, QL} → e
i2π/3{UR, DR, QL} . Following [4] this transformation can be combined

with a Zc
3 subgroup of color SU(3)c, under which {UR, DR, QL} → e

−i2π/3{UR, DR, QL} .

Since DM is color neutral the combined transformations give a representation of Zχ
3 ⊂

ZUDQ
3 × Zc
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gauged sector, the minimal set of chiral fermions that one has to introduce is

Ψc
uR ∼ (3̄, 1, 1) , Ψc

dR ∼ (3̄, 1, 1) , ΨuL ∼ (1, 3, 1) , ΨdL ∼ (1, 1, 3) , (4)

The SM gauge quantum numbers are the same as for UL, DL, U
c
R, D

c
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relevant Yukawa and mass terms in the Lagrangian are then [8]
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uΨ̄uLΦuΨuR +MuΨ̄uLUR

+ λdQ̄LHΨdR + λ�
dΨ̄dLΦdΨdR +MdΨ̄dLDR + h.c., (5)

where H is the SM Higgs, H̃ = iτ2H∗
and λ(�)

u,d are universal coupling constants and Mu,d

universal mass parameters. The SM Yukawas are generated after Φu,d obtain a vev, and Ψi

fields are integrated out. This gives (to first order in Mu,d/�Φu,d�)

Yu =
λuMu

λ�
u�Φu�

, Yd =
λdMd

λ�
d�Φd�

. (6)

Note that the SM Yukawas are non-analytic in spurions �Φu,d�. This means that �Φu,d� ∼

Y
−1
u,d and are not of MFV-type. JZ Do they diagonalize in roughly the same basis as

the SM Yukawas?.

A. Dark Matter

We assume that DM is SM gauge singlet, but is in nontrivial representation of the flavor

group. We focus on the case where DM is a fermion.
1

In order not to generate gauge

anomalies, it should be vector-like, thus we introduce two DM fields, χL and χc
R. They have

a Dirac mass term

LDM
mass = mχχ̄LχR + h.c.. (7)

The simplest possibility for flavor assignments are that they are in a fundamental of one

of the SU(3)Q,U,D groups. Taking for instance

χL ∼ (1, 3, 1), χc
R ∼ (1, 3̄, 1), (8)

1
In the case of scalar DM there is also a possibility of Higgs portal couplings (χ†χ)(H†

H), obscuring the

relation between flavor dynamics and DM interactions.
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Maximally non-MFV DM

•  A model of fully gauged        :

• extra fermions exhibit inverted hierarchy - lightest top, bottom partners

• even for sizable departures from MFV, FCNCs under control via heaviness of 
corresponding FGBs

• Benchmark:
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Figure 3: Spectrum of the flavor spin-1 (left) and spin-1/2 (right) fields for the first example (see text for

details). Each vector fields is represented by a set of three 3× 3 matrices representing the associated generators

to the three gauged SU(3) groups (SU(3)Q, SU(3)U , SU(3)D respectively), the intensity of the color (from white

to red) correspond to the size of each entry in the generators (from 0 to 1). The position in the vertical axis

represent instead the corresponding mass in TeV, analogously for the masses of the heavy quark partners, on

the right.

where V is the unitary experimental CKM matrix [12].

The couplings are chosen to be smaller than 1 to avoid possible problems with early Landau-poles

except for λu, which must be larger than yt =
√
2mt/v � 1 (or slightly smaller when mt� < mt; see

Sec. 3). For λu = 1, as in this example, the mixing of the left doublet is small and the lowest eigenvalue

of Yu approaches zero.

Given the parameters above we can calculate both the spectrum and couplings of the spin-1 and

spin-1/2 sectors of the theory. The spectrum is summarized in Fig. 3.

The masses of the four lightest spin-1 states are 2.8, 53, 53, and 66 TeV. The lightest state, which

is one order of magnitude lighter than the next to lightest one, couples to fermions through the λ8

flavor generator and with equal strength to left/right up/down type fermions (the unequal intensity of

shading in Fig. 3 is compensated by the different values of the gauge couplings). Although its coupling
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5 Examples

The details of a particular realization of the mechanism described in Sec. 2 depend strongly on the

actual model and parameters chosen. Depending on the gauge group (U(3)3, SU(3)3×U(1)2, SU(3)3,

SU(3), U(1)n,. . . ), the number and representations of scalar flavon fields and the different parameters

of the Lagrangian, the spectrum of the new particles and their couplings may vary substantially. Still

there are some features that are rather model independent and characterize the model.

As shown before, with the exception of the top quark sector, the structure of the fermionic part

of the model is quite rigid, depending only on the two scales Mu and Md, the rest being fixed by

the SM Yukawa couplings. Once the gauge group and the scalar content has been chosen so is the

basic structure of the spin-1 sector. But as a result of the larger number of parameters connecting

its spectrum and couplings to the SM Yukawa terms, such as the gauge couplings and extra Yukawa

couplings (λu,d, λ�
u,d), it is far from being specified in detail.

In the following we will provide two explicit examples where all the parameters have been fixed,

in order to demonstrate how easy it is to build explicit models with O(1) couplings, new flavor non-

universal states at the TeV scale and compatibility with all existing experimental bounds. In fact,

depending on the choice of the parameters the strongest bounds may come from different sources, such

as EWPT, Z → bb̄, single top production at Tevatron, Z � searches and other direct bounds for spin-1

and spin-1/2 particles, ∆MK , etc...

The two examples below correspond to the two different flavor gaugings SU(3)3 and SU(3)3×U(1)2,

respectively. For definiteness in both cases the flavon content have been chosen to be minimal: just

the two Yu and Yd fields of Sec. 2. The couplings have been chosen to be O(1) and the two mass scales

Mu and Md to be low enough to produce interesting physics for high-energy colliders and possibly for

next generation flavor experiments.

5.1 First example: An SU(3)3 model

In the first example we choose the following parameters:

Mu (GeV) Md (GeV) λu λ�
u λd λ�

d gQ gU gD

400 100 1 0.5 0.25 0.3 0.4 0.3 0.5

Given the parameters above the entries of the flavon VEVs are fixed by requiring the right SM Yukawa

couplings be reproduced, this gives6:

Yu ≈ Diag
�
1 · 105 , 2 · 102 , 8 · 10−2

�
· V TeV ,

Yd ≈ Diag
�
5 · 103 , 3 · 102 , 6

�
TeV ,

(5.1)

6The values of the Yu,d VEVs (and the the results that follow) have been calculated taking into account the running

of the Yukawa couplings only up to the TeV scale. The effects coming from the running from the TeV scale up to the

flavor breaking scales are more model dependent and affect mainly the value of the highest Yu,d VEVs, which we do not

need to know with high accuracy. In fact the knowledge of the order of magnitude for these quantities is enough for our

purposes.
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mt� ∼ 520GeV

mmin
FGB ∼ 3.2TeV

m
i [

Te
V

]

(possibly in tension 
with LHC bounds)

see also Buras et al., 1112.4477



Maximally non-MFV DM

•  A model of fully gauged         + DM:

• introduce SM gauge singlet (vector-like fermion)

• mass degeneracy broken at 1-loop

• Benchmark: only the lightest FGB relevant for DM phenomenology

• approximate SU(3) (T8) relations between χ123 interactions

• annihilation into t’t’, tt, jj  with comparable fractions

• DM mass the only relevant new parameter of the model  
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under SU(3)Q × SU(3)U × SU(3)D. In order to ensure anomaly cancelation of the new

gauged sector, the minimal set of chiral fermions that one has to introduce is

Ψc
uR ∼ (3̄, 1, 1) , Ψc

dR ∼ (3̄, 1, 1) , ΨuL ∼ (1, 3, 1) , ΨdL ∼ (1, 1, 3) , (4)

The SM gauge quantum numbers are the same as for UL, DL, U
c
R, D

c
R, respectively. The

relevant Yukawa and mass terms in the Lagrangian are then [8]

Lmass ⊃ λuQ̄LH̃ΨuR + λ�
uΨ̄uLΦuΨuR +MuΨ̄uLUR

+ λdQ̄LHΨdR + λ�
dΨ̄dLΦdΨdR +MdΨ̄dLDR + h.c., (5)

where H is the SM Higgs, H̃ = iτ2H∗
and λ(�)

u,d are universal coupling constants and Mu,d

universal mass parameters. The SM Yukawas are generated after Φu,d obtain a vev, and Ψi

fields are integrated out. This gives (to first order in Mu,d/�Φu,d�)

Yu =
λuMu

λ�
u�Φu�

, Yd =
λdMd

λ�
d�Φd�

. (6)

Note that the SM Yukawas are non-analytic in spurions �Φu,d�. This means that �Φu,d� ∼

Y
−1
u,d and are not of MFV-type. JZ Do they diagonalize in roughly the same basis as

the SM Yukawas?.

A. Dark Matter

We assume that DM is SM gauge singlet, but is in nontrivial representation of the flavor

group. We focus on the case where DM is a fermion.
1

In order not to generate gauge

anomalies, it should be vector-like, thus we introduce two DM fields, χL and χc
R. They have

a Dirac mass term

LDM
mass = mχχ̄LχR + h.c.. (7)

The simplest possibility for flavor assignments are that they are in a fundamental of one

of the SU(3)Q,U,D groups. Taking for instance

χL ∼ (1, 3, 1), χc
R ∼ (1, 3̄, 1), (8)

1
In the case of scalar DM there is also a possibility of Higgs portal couplings (χ†χ)(H†

H), obscuring the

relation between flavor dynamics and DM interactions.

4

LDM = χ̄(i /D −mχ)χ



Maximally non-MFV DM

•  A model of fully gauged         + DM:

• introduce SM gauge singlet (vector-like fermion)

• mass degeneracy broken at 1-loop

• Benchmark: only the lightest FGB relevant for DM phenomenology

• approximate SU(3) (T8) relations between χ123 interactions

• annihilation into t’t’, tt, jj  with comparable fractions

• DM mass the only relevant new parameter of the model  
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R, respectively. The

relevant Yukawa and mass terms in the Lagrangian are then [8]
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uΨ̄uLΦuΨuR +MuΨ̄uLUR
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dΨ̄dLΦdΨdR +MdΨ̄dLDR + h.c., (5)
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The simplest possibility for flavor assignments are that they are in a fundamental of one

of the SU(3)Q,U,D groups. Taking for instance

χL ∼ (1, 3, 1), χc
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In the case of scalar DM there is also a possibility of Higgs portal couplings (χ†χ)(H†

H), obscuring the

relation between flavor dynamics and DM interactions.
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Figure 1: The predictions for SI direct detection cross section (Left) and thermal relic abundance

(Right) for the first benchmark example.

where we consider only the contribution of the lightest V 1
µ with the mass mV 1 and total

decay width ΓV 1 . The decay width for V → q̄q when m1
V > 2mq is

Γ(V 1 → q̄q) =
1

4πm1
V

�

1−
4m2

q

m2
V 1

�
2m2

q

�
(gV,1q )2 − 2(gA,1

q )2
�
+m2

V 1

�
(gV,1q )2 + (gA,1

q )2
��

. (18)

The same formula can be used for V 1 → χχ after replacing mq with mχ, gV,1q with g1χ and

setting gA,1
q = 0. Γ1

V is obtained after summing over all opened decay channels. If mχ < mV ,

the annihilation channel χχ → V V is not relevant.

The thermal average of the DM annihilation cross section (σ) is given by [12]

�σv� =
� ∞

�th

d�
4x�

√
1 + �

K2(x)2
K1(2x

√
1 + �) σ, (19)

where x ≡ mχ/T , � ≡ s/(4m2
χ) − 1 and Ki(x) is the i−th order modified Bessel function

of the second kind. Moreover, �th = 0 if mχ ≥ mq, and �th = m2
q/m

2
χ − 1 otherwise. The

freeze-out temperature Tf is determined through (xf ≡ mDM/Tf )

xf = ln
0.038gMPlmχ �σv�√

g∗xf
, (20)

with g the number of DM degrees of freedom, MPl = 1.22 × 1019 GeV is the Planck mass

and g∗ is the number of effective relativistic degrees of freedom at the freeze-out.

Integrating the Boltzmann equation gives the relic abundance [12, 13]

Ωh2 =
1.07× 109 GeV−1

√
g∗MPl

�� ∞

xf

dx
�σv�
x2

�−1

. (21)
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Conclusions

• DM charged under SM flavor presents intriguing possibilities of 
relating two of outstanding SM puzzles

• DM stability by existing SM flavor symmetry can be ensured in a 
large class of flavor models well beyond MFV

• including models of B violation

• A toy model example based on maximally gauged SM flavor 
symmetry can relate DM signals to LHC searches for top-
partners, flavored Z’ resonances
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see also  Agrawal et al., 1109.3516
Agrawal, Blanke & Gemmler, 1405.6709

Bishara & Zupan, 1408.3852


