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SUSY and SUSY dark 
matter under some stress. 
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In SUSY like scenario

DM candidate

Lightest superpartner (LSP)
Neutral and stable. 

- DM candidate embedded in an extended TeV new 
physics scenario

- Discovery should be ``straightforward”. Not yet.
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Narrow parameter space, could still work.
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Figure 4: Current limits on bino/Higgsino DM with ⌦� = ⌦
obs

for tan � = 2 (upper), 20

(lower). Dotted brown lines are contours of ⌦(th)

� /⌦
obs

, and the brown band shows the region

having ⌦(th)

� within ±3� of ⌦
obs

. Regions above (below) the brown band require an enhancement
(dilution) of the DM abundance after freeze-out. Regions currently excluded by XENON100,
IceCube, Fermi, and LEP are shaded. The black dashed line is the SI blind spot, ch�� = 0, and
is close to (far from) the brown band for low (high) tan�.

16

Cheung, Hall, Pinner, Ruderman, 1211.4873

Giudice,  Han, Wang and LTW,  1004.4902

- The  so called “well tempered” scenario. 

- Also, A-funnel, stau/stop/squark co-ann.

- Challenging to see at the LHC. 
Cahill-Rowley, Hewett, Ismail, Peskin, Rizzo, 1305.2419 
Cohen, Wacker, 1305.2914

Arkani-Hamed,  Delgado, Giudice, hep-ph/0601041 
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Figure 5: Spin-independent cross section versus the DM mass m�0
1
. All the points in the colored

shaded region give the correct relic abundance in Eq. (4.1), satisfy the collider constraints in Eq. (4.2)
and the flavor constraints in Eq. (4.3). The green region represents the model points with the Z

and Higgs resonances. The Z funnel and h funnel regions are clearly visible for WIMP masses
around half the Z mass and half the Higgs mass. The yellow points represent the region of co-
annihilation with Wino-like/Higgsino-like NLSPs. The magenta points represent the region with
⌧̃ , ⌫̃⌧ , b̃, t̃ contributions. The gray points represent the scenarios with special cancellations when
M1 and µ take opposite signs. The DAMA and CoGeNT contours (3�) are shown for astrophysical
parameters v0 = 220 km/s, vesc = 600 km/s, and for a local density ⇢0 = 0.3 GeV/cm3. CRESST
contours are 2� regions, from [6]. The blue region is excluded by the XENON-100 experiment (90%
exclusion curve from [8], for v0 = 220 km/s, vesc = 544 km/s, ⇢0 = 0.3 GeV/cm3). Recent results
from the TEXONO [12] collaboration are shown. Expected exclusion bounds from the ongoing
LUX experiment [10] and the future XENON-1T experiment [11] are also shown.

I-C (green) �0
1�

0
1 ! H,A ! SM predictsm� ⇡ mA,H/2 ⇠ 0.2�0.5 TeV, theH/A-funnel.

II-A (yellow) Neutralino/chargino coannihilation [86,87]: �0
i�

0
j , �0

i�
±
j ! SM.

II-B (magenta) Sfermion assistance [88–90]: �0
1⌧̃ , �

0
1t̃, �

0
1b̃ ! SM ; t-channel ⌧̃ , ⌫̃ in �0

i�
0
j .

We categorize model points as scenario I if the di↵erence between the mediator mass

and twice the LSP mass is within 8% of the mediator mass, namely

|mZ,h,A � 2m�0
1
|  0.08 mZ,h,A. (4.4)

– 12 –

Han, Liu, Natarayan, 2013.3040
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dark matter in RPV SUSY
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“Hiding SUSY” with R-parity violation:

- R-parity ⇒ stable LSP ⇒ MET.

- One can get rid of R-parity, and “turn on” some 
couplings without violating low energy constraints.

However, this looks ad hoc. 

- Many progresses on implementing RPV with 
symmetry principles. 

SU(3)C SU(2)L U(1)Y
Q 1/6
ū 1 �2/3
d̄ 1 1/3
L 1 �1/2
ē 1 1 1
Hu 1 1/2
Hd 1 �1/2

Table 1: The MSSM fields and their representations under the SM gauge group.

neutrino sector arising from bounds on proton decay. In §7 we estimate the LSP lifetime and
comment on LHC signals/constraints. We conclude in §8. In a collection of appendices, we
classify all possible holomorphic superpotential terms, discuss nonholomorphic corrections
from supersymmetry breaking, argue that diagrams other than those considered in the main
text will be subdominant for the processes of interest, and show that higher-dimensional
operators will not a↵ect our conclusions for a su�ciently high cuto↵.

2 MFV SUSY without neutrino masses

We first consider the limit of vanishing neutrino masses (we introduce them in §5). The
MSSM consists of the standard model (SM) gauge group SU(3)C ⇥SU(2)L⇥U(1)Y , together
with the usual chiral superfields as shown in Table 1. The matter fields Q, ū, d̄, L, and ē are
flavored, and come in three generations. The superpotential

W = µHuHd + YeLHdē+ YuQHuū+ YdQHdd̄ , (2.1)

is necessary to generate the SM fermion masses and charged higgsino masses. The additional
(renormalizable) superpotential terms allowed by gauge invariance are

W 0 = �LLē+ �0QLd̄+ �00ūd̄d̄+ µ̄LHu . (2.2)

These superpotential terms violate lepton and baryon number, and therefore should be absent
or very small. The traditional approach is to impose a Z

2

symmetry, called matter parity,
under which the matter fields Q, ū, d̄, L, and ē are odd and the Higgs fields Hu and Hd are
even. This Z

2

symmetry forbids all unwanted superpotential terms in W 0, leaving only those
in (2.1). A combination of matter parity with a discrete subgroup of the Lorentz group gives
R-parity, under which all SM fields are even and superpartners odd.

The imposition of R-parity is not the only ad-hoc assumption needed to make the MSSM
phenomenologically acceptable. Soft terms needed to break supersymmetry and mass-up the
superpartners generically induce large flavor-changing neutral currents. In order to reduce
FCNCs, one usually imposes flavor universality: i.e. the assumption that at some scale all soft

3

RPV:

6

known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [60, 61].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [62] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (5.1). This new symmetry is called
“R-parity” [7] or equivalently “matter parity” [63].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (5.10)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (5.7) and (5.8) is thus forbidden, while the good and necessary terms in
eq. (5.1) are allowed. This discrete symmetry commutes with supersymmetry, as all members of a given
supermultiplet have the same matter parity. The advantage of matter parity is that it can in principle
be an exact and fundamental symmetry, which B and L themselves cannot, since they are known to be
violated by non-perturbative electroweak effects. So even with exact matter parity conservation in the
MSSM, one expects that baryon number and total lepton number violation can occur in tiny amounts,
due to non-renormalizable terms in the Lagrangian. However, the MSSM does not have renormalizable
interactions that violate B or L, with the standard assumption of matter parity conservation.

It is often useful to recast matter parity in terms of R-parity, defined for each particle as

PR = (−1)3(B−L)+2s (5.11)

where s is the spin of the particle. Now, matter parity conservation and R-parity conservation are
precisely equivalent, since the product of (−1)2s for the particles involved in any interaction vertex in
a theory that conserves angular momentum is always equal to +1. However, particles within the same
supermultiplet do not have the same R-parity. In general, symmetries with the property that fields
within the same supermultiplet have different transformations are called R symmetries; they do not
commute with supersymmetry. Continuous U(1) R symmetries are often encountered in the model-
building literature; they should not be confused with R-parity, which is a discrete Z2 symmetry. In fact,
the matter parity version of R-parity makes clear that there is really nothing intrinsically “R” about
it; in other words it secretly does commute with supersymmetry, so its name is somewhat suboptimal.
Nevertheless, the R-parity assignment is very useful for phenomenology because all of the Standard
Model particles and the Higgs bosons have even R-parity (PR = +1), while all of the squarks, sleptons,
gauginos, and higgsinos have odd R-parity (PR = −1).

The R-parity odd particles are known as “supersymmetric particles” or “sparticles” for short, and
they are distinguished by a tilde (see Tables 1.1 and 1.2). If R-parity is exactly conserved, then there can
be no mixing between the sparticles and the PR = +1 particles. Furthermore, every interaction vertex
in the theory contains an even number of PR = −1 sparticles. This has three extremely important
phenomenological consequences:

35
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Minimal flavor violation (MFV) + RPV

- MFV, all flavor violation coming from SM yukawa 
couplings. 

A good framework to address the SUSY flavor 
problem. 

- Imposing MFV on R-parity breaking couplings?
MFV+RPV can satisfy all the constraints on RPV!

- For example, the often studied udd coupling 
would be 

SU(3)C SU(2)L U(1)Y U(1)B U(1)L ZR
2

(QQQ) 1 ⇤⇤⇤ 1/2 1 0 �
(QQ)Q 8 ⇤ 1/2 1 0 �

(Yuū)(Yuū)(Ydd̄) 8� 1 1 �1 �1 0 �
(Yuū)(Ydd̄)(Ydd̄) 8� 1 1 0 �1 0 �

det ū 1 1 �2 �1 0 �
det d̄ 1 1 1 �1 0 �
QYuū 8� 1 �1/2 0 0 +
QYdd̄ 8� 1 1/2 0 0 +
LYeē 1 1/2 0 0 +
Hu 1 1/2 0 0 +
Hd 1 �1/2 0 0 +

Table 3: The irreducible holomorphic flavor singlets. We omit flavor-singlet spurions (irrel-
evant to our analysis) as well as flavor singlets formed from SU(3)C ⇥ SU(2)L contractions
of products of the operators listed here.

proton stability will only constrain the neutrino sector, as discussed in §6.4
In addition to the R-parity conserving terms (2.1), MFV allows only one additional

renormalizable correction to the superpotential:

W
BNV

=
1

2
w00(Yu ū)(Yd d̄)(Yd d̄) , (2.4)

where w00 is an unknown O(1) coe�cient. In combination with the MFV structure of the soft
terms, most of the interesting phenomenology of our model arises from this baryon-number
and R-parity violating term.

The Kähler potential need not be canonical, and is subject to non-universal corrections.
At the renormalizable level, these take the form:

K = Q†
h
1 + fQ(YuY

†
u , YdY

†
d )

T + h.c.
i
Q+ ū†

h
1 + Y †

u fu(YuY
†
u , YdY

†
d )Yu + h.c.

i
ū

+d̄†
h
1 + Y †

d fu(YuY
†
u , YdY

†
d )Yd + h.c.

i
d̄

+L† ⇥1 + fL(YeY
†
e )

T + h.c.
⇤
L+ ē†

⇥
1 + fe(Y

†
e Ye) + h.c.

⇤
ē , (2.5)

where the fi are polynomials in the indicated (Hermitean) matrices. While the renormal-
izable Kähler potential can be made canonical by an appropriate change of basis, such a
change of basis is not compatible with the holomorphy of the spurions. The situation is
analogous to that of the supersymmetric beta function, where the one-loop NSVZ result
can be shown to be exact in an appropriate holomorphic basis, but the “physical” all-loop

4The situation changes if the gravitino (or another unflavored fermion, such as an axino) is lighter than
mp. We discuss the resulting constraints on m

3/2 in §6.

6

C. Csaki, Y. Grossman, B. Heidenreich, 1111.1239 
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But, what about dark matter?

- Need to add new states to MSSM. 

- New symmetries to make sure the dark matter 
candidate is stable. 

- However, MFV can be the new symmetry
If dark matter candidate is in a flavor multiplet

MFV itself could stabilize the dark matter. 
Batell,  Pradler, Spannowsky, 1105.1781
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MFV and DM stability

SU(3)c SU(3)Q SU(3)uR SU(3)dR

Q kc kQ 0 0

uR kc 0 ku 0

dR kc 0 0 kd

Yu 0 kQ �ku 0

Yd 0 kQ 0 �kd

� 0 (nQ �mQ)kQ (nu �mu)ku (nd �md)kd

Table 1: Phase in units of 2⇡/3 of the transformation in Eq. (12)

2 Stability from flavor symmetries

Here we consider the stability of Dark matter which arises from flavor symmetries and the
hypothesis of MFV.

Consider the SM fields, Yukawa spurions, and a possible dark matter candidate, �, which
have charges under

G = G
SM

⇥Gq, (11)

G
SM

= SU(3)c ⇥ SU(2)L ⇥ U(1)Y ,

Gq = SU(3)Q ⇥ SU(3)uR ⇥ SU(3)dR ,

given by

Q ⇠ (3,2, 1
6

)
SM

⇥ (3,1,1)Gq ,

uR ⇠ (3,1, 2
3

)
SM

⇥ (1,3,1)Gq ,

dR ⇠ (3,1,�1

3

)
SM

⇥ (1,1,3)Gq ,

Yu ⇠ (1,1, 0)
SM

⇥ (3, 3̄,1)Gq ,

Yd ⇠ (1,1, 0)
SM

⇥ (3, 1̄, 3̄)Gq ,

� ⇠ (1,RL, Y )
SM

⇥ ((nQ,mQ), (nu,mu), (nd,md))Gq .

We have denoted the irreducible flavor representation of � in tensorial notation, where ni

and mi are the number of fundamental and anti-fundamental indices, respectively, for the
flavor group SU(3)i. The stability criterion will not depend on the SU(2)L⇥U(1)Y quantum
numbers of �.

Now, consider the following finite transformation under SU(3)c ⇥ SU(3)Q ⇥ SU(3)uR ⇥
SU(3)dR :

U =
�
e2⇡ikc/3

�
SU(3)c

�
e2⇡ikQ/3

�
SU(3)Q

�
e2⇡iku/3

�
SU(3)uR

�
e2⇡ikd/3

�
SU(3)dR

(12)

The phase of the transformation in units of 2⇡/3 for the SM fields, Yukawa spurions, and �
are shown in Table 1.

2

SU(3)c SU(3)Q SU(3)uR SU(3)dR

Q kc kQ 0 0

uR kc 0 ku 0

dR kc 0 0 kd

Yu 0 kQ �ku 0

Yd 0 kQ 0 �kd

� 0 (nQ �mQ)kQ (nu �mu)ku (nd �md)kd

Table 1: Phase in units of 2⇡/3 of the transformation in Eq. (12)

2 Stability from flavor symmetries

Here we consider the stability of Dark matter which arises from flavor symmetries and the
hypothesis of MFV.

Consider the SM fields, Yukawa spurions, and a possible dark matter candidate, �, which
have charges under

G = G
SM

⇥Gq, (11)

G
SM

= SU(3)c ⇥ SU(2)L ⇥ U(1)Y ,

Gq = SU(3)Q ⇥ SU(3)uR ⇥ SU(3)dR ,

given by

Q ⇠ (3,2, 1
6

)
SM

⇥ (3,1,1)Gq ,

uR ⇠ (3,1, 2
3

)
SM

⇥ (1,3,1)Gq ,

dR ⇠ (3,1,�1

3

)
SM

⇥ (1,1,3)Gq ,

Yu ⇠ (1,1, 0)
SM

⇥ (3, 3̄,1)Gq ,

Yd ⇠ (1,1, 0)
SM

⇥ (3, 1̄, 3̄)Gq ,

� ⇠ (1,RL, Y )
SM

⇥ ((nQ,mQ), (nu,mu), (nd,md))Gq .

We have denoted the irreducible flavor representation of � in tensorial notation, where ni

and mi are the number of fundamental and anti-fundamental indices, respectively, for the
flavor group SU(3)i. The stability criterion will not depend on the SU(2)L⇥U(1)Y quantum
numbers of �.

Now, consider the following finite transformation under SU(3)c ⇥ SU(3)Q ⇥ SU(3)uR ⇥
SU(3)dR :

U =
�
e2⇡ikc/3

�
SU(3)c

�
e2⇡ikQ/3

�
SU(3)Q

�
e2⇡iku/3

�
SU(3)uR

�
e2⇡ikd/3

�
SU(3)dR

(12)

The phase of the transformation in units of 2⇡/3 for the SM fields, Yukawa spurions, and �
are shown in Table 1.

2

𝞆 in flavor rep nQ × mQ (tensorial), ...
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MFV and DM stability
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U is a symmetry of
Yukawa couplings if

𝞆 stable if 

Our basic observation is that there are choices for kQ, ku, kd, and the flavor representation
of � such that the SM fields and Yukawa spurions transform trivially under U in Eq. (12)
while the dark matter transforms nontrivially. For this to occur, we require

(kc + kQ)mod 3 = 0 (13)

(kc + ku)mod 3 = 0 (14)

(kc + kd)mod 3 = 0 (15)

(kQ � ku)mod 3 = 0 (16)

(kQ � kd)mod 3 = 0 (17)

( (nQ �mQ)kQ + (nu �mu)ku + (nd �md)kd )mod 3 6= 0 (18)

Eqs. (13-17) are satisfied for the choice kc = 2 and kQ = ku = kd = 1. The final condition,
Eq. (18) then becomes

(n�m)mod 3 6= 0 (19)

where we have defined n ⌘ nQ � nu � nd = 0 and m ⌘ mQ �mu �md = 0. Note that this is
the same condition derived in Ref. [1] by considering a general operator mediating the decay
of �.

Thus, we can summarize the results. For the specific finite transformation under SU(3)c⇥
SU(3)Q ⇥ SU(3)uR ⇥ SU(3)dR ,

U =
�
e4⇡i/3

�
SU(3)c

�
e2⇡i/3

�
SU(3)Q

�
e2⇡i/3

�
SU(3)uR

�
e2⇡i/3

�
SU(3)dR

, (20)

The SM fields and Yukawas transform trivially, while the � transforms nontrivially provided
Eq. (19) holds. Note that this transformation defines a Z

3

subgroup of SU(3)c ⇥ SU(3)Q ⇥
SU(3)uR ⇥ SU(3)dR . We can therefore state that the Dark Matter is stabilized by this Z

3

⇢
SU(3)c⇥SU(3)Q⇥SU(3)uR ⇥SU(3)dR . It is charged under this Z

3

, while the SM+Yukawas
are not. Provided we strictly enforce MFV, then the dark matter is exactly stable, even in
the presence of arbitrary higher dimension operators.

A question that has come to me several times is the following: The SM flavor symmetries
are anomalous, so couldn’t the anomalies spoil the Z

3

symmetry at the quantum level. This
is something I need to think about more. If we imagine that the SM flavor symmetries are
gauged in the UV, then ultimately it means there will be no fermion content which would
cancel those anomalies. This is an attractive possibility since the the Z

3

symmetry is a
discrete gauge symmetry and is not violated by the e↵ects of quantum gravity. Another
question is the scale where the UV completion (i.e. flavor gauge symmetry breaking) needs
to happen. Can it occur at a very high scale?

There may be an accidental symmetry in the low energy renormalizable Lagrangian which
is larger then Z

3

, that may appear to be responsible for stabilizing the DM. The point is
that if we consider the full set of higher dimensional operators, then there will at least be
an exact Z

3

symmetry to all orders that stabilizes the DM.
This argument can be easily generalized to include the mediators, but perhaps it is just

simplest to comment on it for the specific model we discuss. In that model, we have the new
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Stable reps under SU(3)Q×SU(3)u×SU(3)d: (3,1,1), (1,3,1), (6,1,1), ...
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A simple model with (1,3,1)

We now redefine the fields to bring the kinetic terms to the canonical form:

�̂X = ZX�X , �̂†
X = �†

XZ
†
X , Z†

XkXZX = 1, (30)

�̂X = �XZX , �̂
†
X = Z

†
X�

†
X , ZXkXZ

†
X = 1.

The Kahler potential KX becomes

KX = �†
X�X + �X�

†
X (31)

+


X†

M
�XµX�X +

X

M
�†

XX�X +
X

M
�XX�

†
X � X†X

M2

�XBX�X + h.c.

�

� X†X

M2

�†
XmX�X � X†X

M2

�XmX�
†
X + . . . ,

while the superpotential becomes

W = �XMX�X +MY�Y�Y + u��X �Y (32)

� X

M
�XbX�X � X

M
bY�Y�Y � X

M
uA�X �Y ,

where we have defined

µX = ZX µ̂XZX , (33)

X = Z†
X ̂XZX ,

X = ZX ̂XZ
†
X ,

BX = ZXB̂XZX ,

mX = Z†
Xm̂XZX ,

mX = ZXm̂XZ
†
X ,

MX = M̂XZXZX ,

� = �̂ZX ,

bX = b̂XZXZX ,

A = Â ZX .

7

4 Top flavored dark matter

Consider the following quantum numbers for �X and �Y under G
SM

⇥Gq:

�X � (�X , X) ⇠ (1,1)
0

⇥ (1,3,1)Gq , �X � (�X , X) ⇠ (1,1)
0

⇥ (1,3,1)Gq ,

�Y � (�Y , Y ) ⇠ (3,1)
2/3 ⇥ (1,1,1)Gq , �Y � (�Y , Y ) ⇠ (3,1)�2/3 ⇥ (1,1,1)Gq .(24)

Thus, �Y should be part of a 10.

4.1 Lagrangian

The Lagrangian is given by

L =

Z
d4✓ (KX +KY ) +

✓Z
d2✓W + h.c.

◆
. (25)

The individual terms are

KX = �̂†
X k̂X�̂X + �̂X k̂X�̂

†
X (26)

+


X†

M
�̂X µ̂X�̂X +

X

M
�̂†

X ̂X�̂X +
X

M
�̂X ̂X�̂

†
X � X†X

M2

�̂XB̂X�̂X + h.c.

�

� X†X

M2

�̂†
Xm̂X�̂X � X†X

M2

�̂Xm̂X�̂
†
X + . . . ,

KY = �†
Y�Y + �Y�

†
Y (27)

+


µY

X†

M
�Y�Y + Y

X

M
�†

Y�Y + Y
X

M
�Y�

†
Y � BY

X†X

M2

�Y�Y + h.c.

�

� mY
X†X

M2

�†
Y�Y �mY

X†X

M2

�Y�
†
Y + . . . ,

W = M̂X�̂X�̂X +MY�Y�Y + �̂u �̂X �Y (28)

� X

M
b̂X�̂X�̂X � X

M
bY�Y�Y � X

M
Âu �̂X �Y .

The couplings in the superpotential are flavor singlets (constant) while the couplings in KX

are matrices in the flavor space:

k̂X = 1 + k Y †
uYu + . . . , (29)

k̂X = 1 + k Y †
uYu + . . . ,

µ̂X = µ
0

+ µ
1

Y †
uYu + . . . ,

̂X = 
0

+ 
1

Y †
uYu + . . . ,

̂X = 
0

+ 
1

Y †
uYu + . . . ,

B̂X = B
0

+B
1

Y †
uYu + . . . ,

m̂X = m
0

+m
1

Y †
uYu + . . . ,

m̂X = m
0

+m
1

Y †
uYu + . . . .

6

Dark matter multiplet

colored

Batell, T. Lin, LTW, in progress 

Friday, May 31, 13



A simple model with (1,3,1)

We now redefine the fields to bring the kinetic terms to the canonical form:

�̂X = ZX�X , �̂†
X = �†

XZ
†
X , Z†

XkXZX = 1, (30)

�̂X = �XZX , �̂
†
X = Z

†
X�

†
X , ZXkXZ

†
X = 1.

The Kahler potential KX becomes

KX = �†
X�X + �X�

†
X (31)

+


X†

M
�XµX�X +

X

M
�†

XX�X +
X

M
�XX�

†
X � X†X

M2

�XBX�X + h.c.

�

� X†X

M2

�†
XmX�X � X†X

M2

�XmX�
†
X + . . . ,

while the superpotential becomes

W = �XMX�X +MY�Y�Y + u��X �Y (32)

� X

M
�XbX�X � X

M
bY�Y�Y � X

M
uA�X �Y ,

where we have defined

µX = ZX µ̂XZX , (33)

X = Z†
X ̂XZX ,

X = ZX ̂XZ
†
X ,

BX = ZXB̂XZX ,

mX = Z†
Xm̂XZX ,

mX = ZXm̂XZ
†
X ,

MX = M̂XZXZX ,

� = �̂ZX ,

bX = b̂XZXZX ,

A = Â ZX .
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B̂X = B
0

+B
1

Y †
uYu + . . . ,

m̂X = m
0

+m
1

Y †
uYu + . . . ,

m̂X = m
0

+m
1

Y †
uYu + . . . .
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4 Top flavored dark matter

Consider the following quantum numbers for �X and �Y under G
SM

⇥Gq:

�X � (�X , X) ⇠ (1,1)
0

⇥ (1,3,1)Gq , �X � (�X , X) ⇠ (1,1)
0

⇥ (1,3,1)Gq ,

�Y � (�Y , Y ) ⇠ (3,1)
2/3 ⇥ (1,1,1)Gq , �Y � (�Y , Y ) ⇠ (3,1)�2/3 ⇥ (1,1,1)Gq .(24)

Thus, �Y should be part of a 10.

4.1 Lagrangian

The Lagrangian is given by

L =

Z
d4✓ (KX +KY ) +

✓Z
d2✓W + h.c.

◆
. (25)

The individual terms are

KX = �̂†
X k̂X�̂X + �̂X k̂X�̂

†
X (26)

+


X†

M
�̂X µ̂X�̂X +

X

M
�̂†

X ̂X�̂X +
X

M
�̂X ̂X�̂

†
X � X†X

M2

�̂XB̂X�̂X + h.c.

�

� X†X

M2

�̂†
Xm̂X�̂X � X†X

M2

�̂Xm̂X�̂
†
X + . . . ,

KY = �†
Y�Y + �Y�

†
Y (27)

+


µY

X†

M
�Y�Y + Y

X

M
�†

Y�Y + Y
X

M
�Y�

†
Y � BY

X†X

M2

�Y�Y + h.c.

�

� mY
X†X

M2

�†
Y�Y �mY

X†X

M2

�Y�
†
Y + . . . ,

W = M̂X�̂X�̂X +MY�Y�Y + �̂u �̂X �Y (28)

� X

M
b̂X�̂X�̂X � X

M
bY�Y�Y � X

M
Âu �̂X �Y .

The couplings in the superpotential are flavor singlets (constant) while the couplings in KX

are matrices in the flavor space:

k̂X = 1 + k Y †
uYu + . . . , (29)

k̂X = 1 + k Y †
uYu + . . . ,

µ̂X = µ
0

+ µ
1

Y †
uYu + . . . ,

̂X = 
0

+ 
1

Y †
uYu + . . . ,

̂X = 
0

+ 
1

Y †
uYu + . . . ,

B̂X = B
0

+B
1

Y †
uYu + . . . ,

m̂X = m
0

+m
1

Y †
uYu + . . . ,

m̂X = m
0

+m
1

Y †
uYu + . . . .
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An example of spectrum
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Figure 1: A basic spectrum for flavored dark matter in MFV SUSY.
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Figure 2: Annihilation channels for �: ��̄ ! tt̄ (left) and ��̄ ! t̃t̃⇤ (right).
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dark matter
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Relic abundance
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Figure 1: A basic spectrum for flavored dark matter in MFV SUSY.
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Figure 2: Annihilation channels for �: ��̄ ! tt̄ (left) and ��̄ ! t̃t̃⇤ (right).
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Figure 3: Values of �t leading to h�vi = 2 pb. Left: Annihilation via ��̄ ! tt̄. The blue line
corresponds to m�Y = m�+mt. Below this line, the decays of �Y proceed through an o↵-shell top,
�Y ! t⇤�̄. Right: Annihilation via ��̄ ! t̃Rt̃⇤R for m

˜tR
= 100 GeV. The blue line corresponds to

m Y = m� +m
˜tR
. Below this line, the decays of  Y proceed through an o↵-shell stop,  Y ! t̃⇤�̄.

.

Pair production of �Y will thus yield signatures which are very similar to those of a standard
R-parity conserving stop. The production rates of �Y will be the same as that of a stop,
since they are both scalars and both color triplets. So the bounds on �Y should be very
similar to those of stops. (Need to consider both �Y, ¯Y states. ).

The fermion however will decay into a stop, which subsequently decays according to (47).
Thus, pair production of  Y will yield 4 jets + 6ET . There will be a bound coming from
standard squark and gluino searches in R-parity conserving SUSY.

4.6 Direct Detection

Need to compute loops, unfortunately... see Refs. [2], [3].
The leading contribution to spin-independent scattering, according to Ref. [3], comes

from a loop-induced exchange of a Z-boson. The e↵ective coupling is given by

L � aZ
g

cW
Zµ�̄�

µPL�. (50)

Details of the computation of aZ are given in Sec. 5. There are two important contributions:
1) the t� �Y loop, and 2) the t̃�  Y loop (Still need to compute this). For the t� �Y

loop, we obtain

aZ =
3�2t
32⇡2

J(xt, x�), (51)

where xi = m2

i /m
2

�Y
and J is defined in Eq. (62). In the limit x� ⌧ 1, Eq. (51) agrees with

15

�ann / �4
t

m2
�

m4
�Y , Y

W = �t�X�Y tR

contour of λt with correct relic abundance
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Direct detection vs relic abundance

xenon 100 limit



Z

� �̄f

� f

�� �̄

Z

Figure 6: Diagrams leading to �� �̄� Z e↵ective vertex.
.

Consider now concretely the amplitude for �(p
1

) ! �(p
2

)Z(p
3

). The vertex will have in
general the following Lorentz structure:

�µ = �µ(ALPL + ARPR) + (p
1

+ p
2

)µ(BLPL +BRPR) + qµ(CLPL + CRPR), (59)

where q = p
1

� p
2

. For the momenum flow we have chosen, the first term corresponds to
the operators OV (L,R)

, while the third term corresponds to OD(L,R)

above. Since the dark
matter particles will be on-shell in the processes we consider, we are free to use the Gordon
identity to trade the second term for the first and third terms. The identities are

ū�(p2)�
⌫u�(p1) = ū�(p2)


(p

1

+ p
2

)⌫

m�

PL +
iqµ�µ⌫

m�

PL

�
u�(p1)

ū�(p2)�
⌫u�(p1) = ū�(p2)


(p

1

+ p
2

)⌫

m�

PR +
iqµ�µ⌫

m�

PR

�
u�(p1) (60)

Now to the computation. The amplitudes for the diagrams in Fig. 6 are

M
1

= i
g

cW
Nc�

2✏⇤µ(p3)ū�(p2)

"Z
d4q

(2⇡)4
PR( 6q+ 6p

2

+mf )�µ(gLfPL+gRfPR)( 6q+ 6p
1

+mf )PL

[q2 �m2

�][(q + p
1

)2 �m2

f ][(q + p
2

)2 �m2

f ]

#
u�(p1)

M
2

= i
g

cW
Nc�

2✏⇤µ(p3)ū�(p2)

"Z
d4q

(2⇡)4
g�(2q + p

1

+ p
2

)µPR( 6q �mf )PL

[q2 �m2

f ][(q + p
1

)2 �m2

�][(q + p
2

)2 �m2

�]

#
u�(p1)

Combining denominators, shifting momenta, using dimensional regularization to perform the
integrals, using g� = gR, and trading terms proportional to (p

1

+p
2

)µ for �µ using the Gordon
identity, we find that aR = 0 and obtain following expression for the coupling aZ ⌘ aL:

aZ =
Nc�2

16⇡2

J(xf , x�), (61)
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LHC

- May find “heavy stop”, but theory is natural. 
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Figure 1: A basic spectrum for flavored dark matter in MFV SUSY.

t

t̄

�Y  Y

t̃

t̃⇤

�

�† �†

�

Figure 2: Annihilation channels for �: ��̄ ! tt̄ (left) and ��̄ ! t̃t̃⇤ (right).
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pp ! �Y �
⇤
Y , �Y ! t+ �

But not the stop.

pp !  Y �̄Y ,  Y ! t̃+ �

t̃ ! jj (udd RPV)

“hidden” stop
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Conclusions.

- SUSY and SUSY LSP dark matter could still be 
the answer, e.g. benchmarks in the pMSSM, etc. 

- Another route: Dark matter in RPV+MFV SUSY. 
Interesting collider signals. 
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